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PREFACE

This dictionary is one of a series designed for use in schools. It is intended for stu-
dents of astronomy, but we hope that it will also be helpful to other science students
and to anyone interested in the subject. Facts On File also publishes dictionaries in a
variety of disciplines, including chemistry, biology, computer science, Earth science,
physics, mathematics, forensic science, weather and climate, and marine science.

This book is based on an edition first published by the Macmillan Press in 1979 and
revised in 1985, 1994, and 2000. This fifth edition has been extensively revised and
extended and now contains over 3700 headwords covering the terminology of mod-
ern astronomy. A totally new feature of this edition is the inclusion of over 1500 pro-
nunciations for terms that are not in everyday use. A number of appendixes have
been included containing useful astronomical data. There is also a list of Web sites
and a bibliography. A guide to using the dictionary has also been added to this lat-
est version of the book.

We would like to thank all the people who have cooperated in producing this book.
A list of contributors is given on the acknowledgments page. We are also grateful to
the many people who have given additional help and advice.
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GUIDE TO USING THE DICTIONARY

The main features of dictionary entries are as follows.

Headwords
The main term being defined is in bold type:

apparent solar time Time measured by
reference to the observed (apparent) mo-
tion of the Sun, ...

Plurals
Irregular plurals are given in brackets after the headword.

catena (plural: catenae) A chain of
craters. The word is used in the approved
name of such a surface feature on a planet
or satellite.

Variants
Sometimes a word has a synonym or alternative spelling. This is placed in brackets after
the headword, and is also in bold type:

sun dogs (mock suns) Two bright, dif-
fuse patches of light occasionally seen in
the daytime sky, ...

Here, ‘mock suns’ is another term for  ‘sun dogs’. Generally, the entry for the synonym
consists of a simple cross-reference:

mock suns Another name for SUN DOGS.

Abbreviations
Abbreviations for terms are treated in the same way as variants:

Anglo-Australian Observatory (AAO)
An observatory at the Siding Spring Obser-
vatory site in New South Wales, Australia. 

The entry for the abbreviation consists of a simple reference:

AAO Abbrev. for Anglo–Australian Ob-
servatory.

Multiple definitions
Some terms have two or more distinct senses. These are numbered in bold type

ADS 1. Abbrev. for Astrophysics Data
System.
2. Prefix used to designate an object as
listed in the New General Catalog of Dou-
ble Stars, 

viii



Cross-references
These are references within an entry to other entries that may give additional useful in-
formation. Cross-references are indicated in two ways. When the word appears in the de-
finition, it is printed in small capitals:

armillary sphere A device, dating back
to antiquity, composed of a set of gradu-
ated rings representing circles on the CELES-
TIAL SPHERE, such as the ecliptic, celestial
equator, and colures. 

In this case the cross-reference is to the entry for ‘celestial sphere.’ 

Alternatively, a cross-reference may be indicated by ‘See’, ‘See also’, or ‘Compare’, usu-
ally at the end of an entry:

C-M diagram Abbrev. for color-magni-
tude diagram. See Hertzsprung–Russell
diagram.

Hidden entries
Sometimes it is convenient to define one term within the entry for another term:

Be stars Irregular variables of spectral
type B in which bright emission lines of hy-
drogen are superimposed on the normal
absorption spectrum. .... Some Be stars are
young stars, rather more massive than AE

STARS: together they are sometimes classed
as Herbig Ae-Be stars, ....

Here, ‘Herbig Ae-Be stars’ is a hidden entry under ‘Be stars,’ and is indicated by italic type.
The individual entries consists of a simple cross-reference:

Herbig Ae-Be stars See Be stars.

Pronunciations
Where appropriate pronunciations are indicated immediately after the headword, en-
closed in forward slashes:

baryons /ba-ree-onz/ A class of ELEMEN-
TARY PARTICLES, including the proton and
neutron, that take part in strong interac-
tions (see fundamental forces).

Note that simple words in everyday language are not given pronunciations. Also head-
words that are two-word phrases do not have pronunciations if the component words are
pronounced elsewhere in the dictionary.
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/a/ as in back /bak/, active /ak-tiv/
/ă/ as in abduct /ăb-dukt/, gamma /gam-ă/
/ah/ as in palm /pahm/, father /fah-ther/,
/air/ as in care /kair/, aerospace /air-ŏ-

spays/
/ar/ as in tar /tar/, starfish /star-fish/, heart

/hart/
/aw/ as in jaw /jaw/, gall /gawl/, taut /tawt/
/ay/ as in mania /may-niă/ ,grey /gray/
/b/ as in bed /bed/
/ch/ as in chin /chin/
/d/ as in day /day/
/e/ as in red /red/
/ĕ/ as in bowel /bow-ĕl/
/ee/ as in see /see/, haem /heem/, caffeine
//kaf-een/,/ baby /bay-bee/
/eer/ as in fear /feer/, serum /seer-ŭm/
/er/ as in dermal /der-măl/, labour /lay-ber/
/ew/ as in dew /dew/, nucleus /new-klee-ŭs/
/ewr/ as in epidural /ep-i-dewr-ăl/
/f/ as in fat /fat/, phobia /foh-biă/, rough

/ruf/
/g/ as in gag /gag/
/h/ as in hip /hip/
/i/ as in fit /fit/, reduction /ri-duk-shăn/
/j/ as in jaw /jaw/, gene /jeen/, ridge /rij/
/k/ as in kidney /kid-nee/, chlorine /klor-

een/, crisis /krÿ-sis/
/ks/ as in toxic /toks-ik/
/kw/ as in quadrate /kwod-rayt/
/l/ as in liver /liv-er/, seal /seel/
/m/ as in milk /milk/
/n/ as in nit /nit/
/ng/ as in sing /sing/

/nk/ as in rank /rank/, bronchus /bronk-ŭs/
/o/ as in pot /pot/
/ô/ as in dog /dôg/
/o/ as in buttock /but-ŏk/
/oh/ as in home /hohm/, post /pohst/
/oi/ as in boil /boil/
/oo/ as in food /food/, croup /kroop/, fluke

/flook/
/oor/ as in pruritus /proor-ÿ-tis/
/or/ as in organ /or-găn/, wart /wort/
/ow/ as in powder /pow-der/, pouch

/powch/
/p/ as in pill /pil/
/r/ as in rib /rib/
/s/ as in skin /skin/, cell /sel/
/sh/ as in shock /shok/, action /ak-shŏn/
/t/ as in tone /tohn/
/th/ as in thin /thin/, stealth /stelth/
/th/ as in then /then/, bathe /bayth/
/u/ as in pulp /pulp/, blood /blud/
/ŭ/ as in typhus /tÿ-fŭs/
/û/ as in pull /pûl/, hook /hûk/
/v/ as in vein /vayn/
/w/ as in wind /wind/
/y/ as in yeast /yeest/
/ÿ/ as in bite /bÿt/, high /hÿ/, hyperfine /hÿ-

per-fÿn/
/yoo/ as in unit /yoo-nit/, formula /form-
yoo-lă/
/yoor/ as in pure /pyoor/, ureter /yoor-ee-
ter/
/ÿr/ as in fire /fÿr/
/z/ as in zinc /zink/, glucose /gloo-kohz/
/zh/ as in vision /vizh-ŏn/

x

Bold type indicates a stressed syllable. In pronunciations, a consonant is sometimes dou-
bled to prevent accidental mispronunciation of a syllable resembling a familiar word; for
example, /ass-id/ (acid), rather than /as-id/ and /ul-tră- sonn-iks/ (ultrasonics), rather than
/ul-tră-son-iks/. An apostrophe is used: (a) between two consonants forming a syllable, as
in /den-t’l/ (dental), and (b) between two letters when the syllable might otherwise be mis-
pronounced through resembling a familiar word, as in /th’e-ră-pee/ (therapy) and /tal’k/
(talc). The symbols used are:

Pronunciation Key



A0620-00 A possible low-mass BLACK

HOLE in the constellation Monoceros. See
also X-ray transients.

AAO Abbrev. for Anglo–Australian Ob-
servatory.

AAT Abbrev. for Anglo-Australian tele-
scope.

Abell Catalog /ay-bĕl/ The standard
catalog of rich CLUSTERS OF GALAXIES visible
from the northern hemisphere. It was pub-
lished by George Abell in 1958. A supple-
ment for the southern hemisphere was
published by Abell and others in 1988.

aberration 1. (aberration of starlight).
The apparent displacement in the position
of a star because of the finite speed of light
and to the motion of the observer, which
results primarily from the Earth’s orbital
motion around the Sun. It was discovered
in 1729 by the English astronomer James
Bradley. Light appears to approach the ob-
server from a point that is displaced
slightly in the direction of the Earth’s mo-
tion. The angular displacement, α, is given
by the relation tan α = v/c, where v is the
Earth’s orbital velocity and c is the speed of
light. Using the Earth’s mean orbital speed
gives the constant of aberration, equal to
20.4955 arc seconds. Over the course of a
year, the star appears to move in a small el-
lipse around its mean position; the ellipse
becomes a circle for a star at the pole of the
ECLIPTIC and a straight line for one on the
ecliptic. The maximum displacement, i.e.
the semimajor axis of the ellipse, is 20.5 arc
seconds.

The aberration due to the Earth’s or-
bital motion is sometimes termed annual
aberration to distinguish it from the very

much smaller diurnal aberration that re-
sults from the Earth’s rotation on its axis.
Compare annual parallax.
2. A defect in the image formed by a lens or
curved mirror, seen as a blurring and pos-
sible false coloration in the image. Aberra-
tions occur for all light rays lying off the
optical axis and also for those falling at
oblique angles on the lens or mirror sur-
face. The four principal aberrations are
CHROMATIC ABERRATION (lenses only),
SPHERICAL ABERRATION, COMA, and ASTIG-
MATISM. CURVATURE OF FIELD and DISTOR-
TION are other aberrations. Chromatic
aberration occurs when more than one
wavelength is present in the incident light
beam. For light of a single wavelength,
only the latter five aberrations occur.
These image defects may be reduced – but
not completely eliminated – in an optical
system by a suitable choice of optical ma-
terials, surface shape, and relative posi-
tions of optical elements and stops. See also
achromatic lens; correcting plate.
3. A defect in the image produced by an
electronic system using magnetic or elec-
tronic lenses.

ablation /ab-lay-shŏn/ The loss of ma-
terial from the surface of a moving body as
a result of vaporization, friction, etc. For
example, atmospheric atoms and mol-
ecules erode the surface of a meteoroid and
damage the protective heat shield of a re-
turning space shuttle.

absolute magnitude See magnitude.

absolute zero The zero value of the
THERMODYNAMIC TEMPERATURE SCALE, i.e.
0 K (–273.15 °C). Absolute zero is the low-
est temperature theoretically possible. At
absolute zero molecular motion almost

1
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absorption

2

absolute zero molecular motion almost
ceases.

absorption The conversion of all or
part of the energy incident on a material
medium into some other form of energy
within the medium. For example, part of
the energy of incident light or infrared ra-
diation may be used in exciting the atoms
or molecules of the absorbing substance.

absorption lines, bands See absorp-
tion spectrum.

absorption nebula See dark nebula.

absorption spectrum A SPECTRUM that
is produced when ELECTROMAGNETIC RADI-
ATION has been absorbed by matter. Typi-
cally, absorption spectra are produced
when radiation from an incandescent
source, i.e. radiation with a CONTINUOUS

SPECTRUM, passes through cooler matter.
Radiation is absorbed (i.e. its intensity is
diminished) at selective wavelengths so
that a pattern of very narrow dips or of
wider troughs – i.e. absorption lines or
bands – are superimposed on the continu-
ous spectrum.

The wavelengths at which absorption
occurs correspond to the energies required
to cause transitions of the absorbing atoms
or molecules from lower ENERGY LEVELS to
higher levels. In the hydrogen atom, for ex-
ample, absorption of a photon with the re-
quired energy results in a ‘jump’ of the
electron from its normal orbit to one of
higher energy (see hydrogen spectrum).

The absorption lines (or bands) of a star
are produced when elements (or com-
pounds) in the outermost layers of the star
absorb radiation from a continuous distri-
bution of wavelengths generated at a lower
level in the star. Basically the same el-
ements occur in stars. Since each element
has a characteristic pattern of absorption
lines for any particular temperature (and
pressure) range, there are several different
types of stellar spectra depending on the
surface temperature of the star. See spec-
tral types. See also emission spectrum.

abundance The relative proportion of

each element, or of each isotope of an el-
ement, found in a celestial object or struc-
ture. See cosmic abundance.

Acamar /ay-kă-mar/ See Eridanus.

acceleration 1. (linear acceleration)
Symbol: a. The rate of increase of velocity
with time, measured in meters per second
per second (m s–2), etc.
2. (angular acceleration) Symbol: α. The
rate of increase of ANGULAR VELOCITY with
time, usually measured in radians per sec-
ond per second.

acceleration of gravity Symbol: g. The
acceleration to the center of a planet (or
other massive body such as a natural satel-
lite) of an object falling freely without air
resistance, i.e. acceleration due to down-
ward motion in a gravitational field. It is
equal to GM/R2, where G is the gravita-
tional constant and M and R are the mass
and radius of the planet. The acceleration
is thus independent of the mass of the ac-
celerated object, i.e. it is the same for all
bodies (neglecting air resistance) falling at
the same point on the surface of the planet,
satellite, etc.

On Earth the value of the acceleration
of gravity is about 9.81 meters per second
per second. The value varies from place to
place on the Earth’s surface because of dif-
ferent distances to the Earth’s center and
greater acceleration toward the equator. In
addition, it is affected by local deposits of
light or heavy materials. See also micro-
gravity; weight; weightlessness.

accretion (aggregation) The increase in
mass of a body by the addition of smaller
bodies that collide and stick to it. The rela-
tive velocity of any two colliding bodies
must be low enough for them to coalesce
on impact rather than fly apart. Once a
large enough body forms, its gravitational
attraction accelerates the accretion
process. Accreting objects in the Universe
are numerous and diverse. They include
protoplanets, protostars, black holes, and
X-ray binaries. The accretion process is
thought to occur generally in the form of a
disk. Accretion is now assumed to have



had an important role in the formation of
the planets from swarms of dust grains. In
the outer Solar System the grains were like
dirty snowflakes and thus accretion was
accelerated. See Solar System, origin.

accretion disk See black hole; mass
transfer; quasar.

ACE Abbrev. for Advanced Composi-
tion Explorer.

Achernar /ay-ker-nar/ (αα Eri) A conspic-
uous bluish-white star that is the brightest
in the constellation Eridanus. mv: 0.5; Mv:
–1.3; spectral type: B3 Vnp; distance: 22
pc.

Achilles ((588) Achilles) The first mem-
ber of the TROJAN GROUP of ASTEROIDS to be
discovered, by Maximilian Wolf, in 1906.
It lies east of Jupiter and precedes the latter
in its orbit of the Sun by 60°. See TABLE 3,
BACKMATTER.

achondrite /ay-kon-drÿt/ Any of a class
of STONY METEORITES that lack the charac-
teristic CHONDRULES of the CHONDRITES.
They are usually more coarsely crystallized
than the chondritic stones and are more
similar chemically and mineralogically to
some terrestrial rocks. They contain very
little iron and nickel. Achondrites resemble
volcanic rocks and are thought to be prod-
ucts of large-scale melting on their parent
bodies, i.e. they are differentiated or re-
processed matter. See also HED mete-
orites; SNC meteorites.

achromatic lens /ak-rŏ-mat-ik/ (achro-
mat) A two-element lens – a doublet –
that greatly reduces CHROMATIC ABERRA-
TION in an optical system. The compo-
nents, one converging and the other
diverging in action, are of different types of
glass (i.e. they have different REFRACTIVE

INDICES); the combination focuses two se-
lected colors, say red and blue, at a com-
mon image plane with a small spread in
focal length for other colors. The differ-
ence in optical power (reciprocal of focal
length) for the two colors in one element
must cancel that in the other element. By a

suitable choice of glasses and surface cur-
vatures, the doublet can be aplanatic as
well as achromatic, so that three major
aberrations are minimized (see aplanatic
system).

Residual color effects in an achromat
can be further reduced by using a com-
pound lens of three or more elements – an
apochromatic lens; each element has an ap-
propriate shape and dispersive power so
that three or more colors can be focused in
the same image plane.

Acidalia Planitia /ass-ă-day-lee-ă/ (for-
merly Mare Acidalium) The most promi-
nent dark marking in the northern
hemisphere of MARS; it is a low-lying area
more than 2615 km in diameter located
just below Mars’ north pole and centered
on the areographic coordinates 47° N lati-
tude and 22° W longitude (see areogra-
phy). Much of the region seems to be
volcanic in origin and is thought to be
covered by black sand resulting from the
erosion of dark basalts. There is a prepon-
derance of rampart craters (see Craters) in
the area, and ice lies just below the surface.
In Mars’ distant past, Acidalia Planitia
may have been the receptacle for water dis-
charged from adjacent major outflow
channels such as Ares Valles. See also
Mars, surface features.

acoustic wave A pressure wave trans-
mitted through a gas, liquid, or solid as a
result of small displacements of the parti-
cles in the medium. The medium has elas-
ticity and inertia; when set into motion it
undergoes alternate compressions and rar-
efactions that travel through the medium
with a speed characteristic of the medium.

acronical rising /ă-kron-ă-kăl/ (or setting)
The rising (or setting) of a star at or just
after sunset.

Acrux /ay-kruks/ See Alpha Crucis.

actinometer /ak-tă-nom-ĕ-ter/ An in-
strument for measuring the intensity of ra-
diation.

3
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active galactic nucleus (AGN) See ac-
tive galaxy.

active galaxy A galaxy that is emitting
unusually large amounts of energy from a
very compact central source – hence the al-
ternative name active galactic nucleus or
AGN. (A separate category, STARBURST

GALAXY, is employed for a galaxy where a
high infrared luminosity arises from in-
tense star formation.) The central power-
house may be observed directly, as in
SEYFERT GALAXIES, BL LAC OBJECTS, or
QUASARS; in RADIO GALAXIES it is the radio-
emitting lobes created by BEAMS emanating
from the powerhouse that are observed. In
general the host galaxies of powerful AGN
are large, luminous elliptical galaxies,
whereas the hosts of Seyferts are spiral. Al-
though some radio-quiet QSO are found lo-
cated in disklike hosts, most are found to
lie in elliptical galaxies.

Observations of the motions of stars
and gas in galaxies such as M87 (see Virgo
A) and NGC 4151 (see Seyfert galaxy), in
addition to other arguments (see quasar;
power-law spectrum), strongly suggest that
the energy output is derived from the grav-
itational potential of a supermassive BLACK

HOLE: the energy arises from an accretion
disk of matter spiraling into the black hole.
This material could come from the inter-
stellar medium of a spiral galaxy (espe-
cially when perturbed by gravitational
effects in INTERACTING GALAXIES), from the
tidal disruption of stars near the black
hole, or from flows of intergalactic gas on
to the central galaxy of a CLUSTER OF

GALAXIES, as the gas cools. The X-ray CON-
TINUUM spectrum of many AGN features
components of emission that are thought
to be reflected off the accretion disk of the
black hole, producing a reflection spec-
trum.

active optics The techniques by which
corrections may be made to the shape of a
large mirror or radio dish to adjust for
minute-long or hour-long drifts from its
designed shape. These variations in shape
arise as a telescope is subjected to slowly
changing forces, including the effects of
gravity on different telescope orientations,

temperature changes within and exterior to
the structure, and wind; they result in an
imperfect image and are particularly severe
in large telescopes. With active optics, the
shape of the reflector is adjusted to give a
highly accurate surface and so maintain the
quality of the image; in a segmented PRI-
MARY MIRROR, for example, the position,
spacing, and tilt of individual segments can
be controlled, while in a thin monolithic
meniscus mirror, forces are applied at nu-
merous positions on the mirror back to
counteract naturally occurring changes in
shape. Active optics are used on the latest
generation of giant telescopes, including
the 3.5-m NTT of the European Southern
Observatory and the 10-m Keck Tele-
scopes. An analogous system, in which the
panels making up the receiving surface of a
radio telescope can be individually con-
trolled by actuators in order to change the
overall shape of the dish, is in use on such
instruments as the 100-m Green Bank
Telescope. See also adaptive optics.

active prominence See prominences.

active-region filament See prominences.

active regions Regions of intense local-
ized magnetic field on the Sun that extend
from the PHOTOSPHERE, through the CHRO-
MOSPHERE, to the CORONA. They may en-
compass a variety of phenomena, such as
SUNSPOTS, FACULAEPLAGES, FILAMENTS (or
PROMINENCES), and FLARES, and are charac-
terized by enhanced emission of radiation
at X-ray, extreme-ultraviolet, and radio
wavelengths.

active Sun The term applied to the Sun
around the maximum of the SUNSPOT

CYCLE, when the profusion of ACTIVE RE-
GIONS ensures a high level of SOLAR ACTIV-
ITY. Compare quiet Sun.

ADAF Short for advection-dominated
accretion flow. See black hole.

adaptive optics The techniques by
which corrections may be made very
rapidly (within hundredths of a second) to
the shape of a mirror in order to adjust for

active galactic nucleus
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distortions in a telescope image arising
from turbulence in the Earth’s atmosphere.
The effects of SEEING on the image are thus
greatly reduced or removed. Adaptive op-
tics are being applied to new and modern-
ized telescopes to increase the sensitivity
and spatial RESOLUTION of the telescope,
and should allow near-diffraction-limited
imaging over the full aperture of large op-
tical and infrared telescopes (see Airy disk).
Techniques have been developed to moni-
tor the atmospheric disturbance on the
image of a bright reference star, or on an
artificial reference star (or beacon), and to
make rapid compensating adjustments to
the shape of a small thin deformable mirror
in the light path of the telescope. See also
active optics.

Adhara /ă-day-rah, -dah-/ (εε CMa) A
very luminous remote blue-white giant that
is the second brightest star in the constella-
tion Canis Major. It is a visual binary star
with an 8th-magnitude companion at a
fixed separation of 8″. mv: 1.5; Mv: –4.8;
spectral type: B2 II; distance: 175 pc.

adiabatic process /ad-ee-ă-bat-ik/ A
process that takes place in a system with no
heat transfer to or from the system. In gen-
eral, a temperature change usually occurs
in an adiabatic process.

Adonis /ă-don-is, -doh-nis/ ((2101)
Adonis) A member of the APOLLO GROUP

of ASTEROIDS. Discovered in 1936 by Eu-
gène Joseph Delporte, when it passed
0.015 AU from the Earth, it was not ob-
served again until it was rediscovered in
1977 by Chartles T. Kowal. Its PERIHELION

DISTANCE is 0.51 AU and it has a diameter
of about 1 km. See Table 3, backmatter.

Adrastea /ă-dras-tee-ă/ A small irregu-
larly shaped satellite of Jupiter, one of the
planet’s inner group of satellites, discov-
ered in 1979. See Jupiter’s satellites; Table
2, backmatter.

ADS 1. Abbrev. for Astrophysics Data
System.
2. Prefix used to designate an object as
listed in the New General Catalog of Dou-

ble Stars, 1932, a catalog of 17 180 double
stars in the northern and equatorial skies,
between DECLINATIONS +90° and –30°. The
catalog was complied under the direction
of the US astronomer Robert G. Aitken
(the prefix is short for Aitken’s Double
Stars).

Advanced Composition Explorer
(ACE) A NASA satellite, launched in
1997 to measure the isotope and element
ABUNDANCES in the solar corona and COS-
MIC RAYS over a wide range of energies. It is
in orbit around L1, one of the Lagrangian
points of the Sun–Earth system, 1.5 million
km nearer to the Sun than Earth is.

Advanced X-ray Astrophysics Facility
See AXAF.

advance of the perihelion The gradual
movement of the PERIHELION of a planet’s
elliptical orbit in the same direction as that
of the planet’s orbital motion. This ad-
vance results from the slow rotation of the
major axis of the planet’s orbit due to grav-
itational disturbances by other planets and
to the curvature of SPACETIME around the
Sun. The small contribution from the cur-
vature of spacetime was predicted by Ein-
stein’s general theory of RELATIVITY.

The value of this relativistic contribu-
tion toward the advance of the perihelion
of Mercury is about 43 arc seconds per
century. This agrees almost exactly with
the discrepancy between the experimen-
tally determined value for the advance and
that predicted by classical Newtonian me-
chanics. It was therefore an important con-
firmation of general relativity. Recent
measurements of the advance of the peri-
helia of Venus and Earth have also been
very close to Einstein’s predicted values for
those planets.

aeon A period of one thousand million
years: 109 years.

aerial See antenna.

aeronomy /air-on-ŏ-mee/ The physics
and chemistry of the upper atmosphere of
the Earth, i.e. its temperature, density, mo-
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tions, composition, chemical processes, re-
actions to solar and cosmic radiation, etc.
The term has been extended to include the
physics and chemistry of the atmospheres
of the other planets.

aerospace The Earth’s atmosphere and
the space beyond.

Ae stars /ay-ee/ Hot stars of SPECTRAL

TYPE A that in addition to the normal ab-
sorption spectrum have bright emission
lines of hydrogen. These lines are thought
to arise in an expanding atmospheric shell
of matter lost from the star. Like some 
BE STARS they are probably similar to T

TAURI STARS except that they have larger
masses.

afocal system /ay-foh-kăl/ An optical
system in which both the object and the
secondary image are infinitely distant. It is
the usual adjustment in a simple refracting
telescope and is produced when the objec-
tive and eyepiece lenses are separated by
the sum of their focal lengths: the lenses are
then confocal.

AG Catalog See AGK.

Agena /ă-jee-nă/ See Centaurus.

age of the Earth The oldest rocks found
in the Earth’s crust have been assigned ages
of 3.96 billion (109) years from radioiso-
tope studies, but other properties of the
rocks support the belief that the planet
shares a common origin with the rest of the
Solar System, about 4.57 billion years ago.
The cycling of the crustal material by plate
tectonics (see Earth) and the eroding effects
of ice, water, and wind mean that none of
the earliest rocks survive intact and that ev-
idence of an early meteoritic bombard-
ment, so apparent on the Moon, Mercury,
and Mars, is absent. See Earth; Solar Sys-
tem, origin.

age of the Universe The observed ex-
pansion and evolution of the Universe sug-
gest that it has a finite age, considered as
the time since the BIG BANG. The inverse
HUBBLE CONSTANT, 1/H0, gives a measure of

the age if the rate of expansion has always
been constant. Since gravitation tends to
diminish the expansion rate, H0 can only
give an upper limit. Using the value of H0
of 75 km s–1 Mpc–1 gives an upper limit of
13 billion (109) years.

In the standard COSMOLOGY (solutions
of Einstein’s field equations without a cos-
mological constant) with DECELERATION PA-
RAMETER q0, the age is given as one of the
three alternatives:

H0
–1q0(2q0 – 1)–3/2[cos–1(q0

–1 – 1) –
q0

–1(2q0 – 1)1/2]
2/3H0

–1

H0
–1q0(1 – 2q0)–3/2[q0

–1(1 – 2q0)1/2 –
cosh–1(q0

–1 – 1)]
The choice depends on whether q0 exceeds,
equals, or is less than ½ (and > 0), i.e. on
whether the Universe is closed, flat, or
open, respectively. Ages of 12 and 15 × 109

years thus correspond to values of q0 of ½
and 0.15, for H0 equal to 55 km s–1 Mpc–1.

Lower limits to the age of the Universe,
other than through measurements of H0
and q0, can be found from RADIOMETRIC

DATING of the Earth and Galaxy and from
studies of GLOBULAR CLUSTERS. For exam-
ple, the relative abundances of radioactive
elements, such as uranium, and their decay
products yield an estimate of the time since
formation of that body of material e.g., the
Earth. The results give an age for the Uni-
verse of 14–16 × 109 years. The age of a
globular cluster may be estimated by com-
parison of the observed main-sequence
TURNOFF POINT in the Hertzsprung–Russell
diagram for the cluster with theoretical
models. The oldest globular clusters in our
Galaxy then work out to be 14–18 × 109

years old. Both of these ages should be less
than the age of the Universe and in partic-
ular they must be less than H0

–1. Results
from WMAP give an age for the Universe
of 13.7 × 109 years.

aggregation See accretion.

AGK (AG Catalog) Abbrev. for As-
tronomische Gesellschaft Katalog. A gen-
eral catalog of star positions originally
proposed by the Prussian astronomer
Friedrich Argelander in 1867. Argelander
was the founder (in 1863) of the As-

aerospace
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tronomische Gesellschaft (Astronomical
Society), which gave its name to the AGK.
The first version, known as AGK1, cov-
ered the northern sky and by 1912 DECLI-
NATION zones between +90° and –18° had
been published. A revision, known as
AGK2, was based on photographic meas-
urements begun in the 1920s and was pub-
lished 1951–58. A further set of
photographic plates was produced in the
1950s to determine PROPER MOTIONS,
which appeared in the AGK3 version; this
lists 183 145 stars and was distributed on
magnetic tape from 1969, finally appear-
ing in print in 1975. AGK3R (1977–78)
gave more accurate positions of 20 194
northern-hemisphere reference stars, while
an updated version, AGK3U (1992), using
photographic plates supplied for the HST
GUIDE STARS CATALOG in 1983, provided
refinements to the positions of 170 464
stars.

AGN Abbrev. for active galactic nu-
cleus. See active galaxy.

Ahnighito meteorite /ah-nă-gee-toh/ 
The biggest (59 tonnes) of the three Cape
York iron METEORITES, now on display in
New York. It was brought back from the
coast of west Greenland in 1897 by Robert
Peary.

AIPS Abbrev. for Astronomical Image-
Processing System. A suite of computer
programs produced by the NATIONAL RADIO

ASTRONOMY OBSERVATORY (NRAO) cover-
ing over 300 astronomical data processing

tasks. Designed primarily for radio astron-
omy, AIPS can accept APERTURE SYNTHESIS

and VLBI data, process them to form images
of the sky, and improve their quality using
DECONVOLUTION methods. It can also dis-
play, analyze, and combine images. Data
are usually transferred to and from AIPS
using the FITS file format. The AIPS++ pro-
ject is a more modern object-orientated
package, written in C++, intended to su-
persede classic AIPS.

airglow /air-gloh/ (nightglow) The faint
everpresent glow arising in the Earth’s at-
mosphere that is light emitted (along with
infrared radiation) during the recombi-
nation of ionized atoms and molecules
following collisions with high-energy parti-
cles and radiation, mainly from the Sun.
Airglow interferes with optical and in-
frared observations of faint celestial bod-
ies.

air shower See cosmic rays.

Airy disk /air-ee/ The bright disklike
image of a point source of light, such as a
star, as seen in an optical system with a cir-
cular APERTURE. The disk is formed by DIF-
FRACTION effects in the instrument and is
surrounded by faint diffraction rings that
are only seen under perfect conditions (see
illustration). The disk diameter, first calcu-
lated by George Airy in 1834, is the factor
limiting the angular RESOLUTION of the tele-
scope.

Aitken /ayt-kin/ See table at craters.
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AI Velorum stars /vee-lor-ŭm, -loh-rŭm/
See dwarf Cepheids.

Alba Patera /al-bă/ Probably the largest
central-vent volcanic structure on Mars.
Located north of the THARSIS RIDGE, it is
centered on the aerographic coordinates
40° N latitude, 109° W longitude (see are-
ography). It has a low dome containing a
central caldera and enclosed by a ring of
fractures 600 km in diameter. Associated
lava flows cover an area more than 1500
km across. See Mars, volcanoes.

albedo /al-bee-doh/ The reflecting
power of a nonluminous object, such as a
planet or planetary surface feature. In gen-
eral, it is the ratio of the total amount of
light reflected in all directions to the
amount of incident light: an albedo of 1.0
indicates a perfectly reflecting surface
whereas a value of 0.0 indicates a totally
black surface that absorbs all incident
light.

Albedo can be expressed in several
ways. The Bond albedo is the fraction of
the total incident energy that a body re-
flects in all directions. It is calculated over
all wavelengths and its value therefore de-
pends on the spectrum of the incident radi-
ation. This parameter determines the
energy balance of a body such as a planet.
The geometrical albedo is the ratio of the
light reflected in the backscattering direc-
tion (zero phase angle or opposition) by an
object, to that which would be reflected by
a perfectly diffusing disk of the same size.
The wavelength or range of wavelengths at
which the geometrical albedo applies must
be defined. Geometrical albedo is com-
monly used for Solar System objects. The
hemispherical albedo is the reflecting
power of a nonluminous body such as a
planet, assuming the body is a sphere with
a diffuse surface reflecting incoming paral-
lel light rays in all directions. The phase in-
tegral is the ratio of the Bond albedo to the
geometrical albedo averaged over the inci-
dent spectrum. See also Table 1, backmat-
ter.

Albert /al-bert/ ((719) Albert) A small
asteroid (2.6 km across) discovered by J.

Palisa when it approached the Earth
closely in 1911, but since lost.

Albireo /al-beer-ee-oh/ (ββ Cyg) A beauti-
ful double star, the second brightest star in
the constellation Cygnus. The primary is
an orange giant with a deep blue compan-
ion 35″ away. mv: 3.1 (A), 5.1 (B); spectral
type: K5 II (A), B8 V (B).

Alcaid /al-kayd/ (Benatnasch; ηη UMa)
A blue-white star that is one of the seven
brightest in the BIG DIPPER. mv: 1.86; spec-
tral type: B3 V; distance: 34 pc.

Alcor /al-kor/ (80 UMa) A white star
that lies in the ‘handle’ of the BIG DIPPER

and forms an optical double with MIZAR.
mv: 4.0; spectral type: A5 V.

Alcyone /al-see-ŏ-nee, -sÿ-/ (ηη Tau) A
bluish-white giant star in the constellation
Taurus that is the brightest star in the
PLEIADES. mv: 2.86; Mv: –1.5; spectral type:
B7 IIIe.

Aldebaran /al-deb-ă-răn/ (αα Tau) A
conspicuous red giant that is the brightest
star in the constellation Taurus and lies in
the line of sight of but much nearer than
the Hyades. It is a slow irregular variable.
It has two companions: one of 11th magni-
tude at 122″ separation, the other of 13th
magnitude at 30″. mv: 0.85 (var.); Mv:
–0.3; spectral type: K5 III; radius (by inter-
ferometer): 45 times solar radius; distance:
18 pc.

Alderamin /al-de-ră-min/ See Cepheus.

Alfvén’s theory /al-venz/ A theory pro-
posed by the Swedish physicist Hannes
Alfvén in 1942 for the formation of the
planets out of material captured by the Sun
from an interstellar cloud of gas and dust.
As atoms fall toward the Sun, they become
ionized and subject to the control of the
Sun’s magnetic field. Ions are concentrated
in the plane of the solar equator where the
planets coalesce. The theory, in its original
form, had difficulty in accounting for the
inner planets, but was important in sug-
gesting the role of MAGNETOHYDRODYNAM-

AI Velorum stars
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ICS in the genesis of the Solar System. See
Solar System, origin.

Alfvén waves /al-ven/ Disturbances
transmitted through a PLASMA in the pres-
ence of a magnetic field. The direction of
propagation is parallel to the mean mag-
netic field, with the plasma particles vi-
brating at right angles to this direction. The
speed of propagation, the Alfvén speed, de-
pends on the magnetic field strength and
the plasma density. The waves interact
with the plasma particles, for example by
exerting radiation pressure on the plasma.
As the waves dissipate, the plasma particles
are heated and accelerated. Alfvén waves
are a type of magnetohydrodynamic
(MHD) wave. They have been directly ob-
served in the SOLAR WIND, particularly in
the high-speed streams, and in planetary
magnetospheres.

Algenib /al-jee-nib/ (γγ Peg) A remote
bluish-white subgiant that is one of the
brighter stars of the constellation Pegasus
and lies on the Great Square of Pegasus. It
is a variable star with a very short period of
about 4 hours, during which its visual mag-
nitude ranges between 2.80 and 2.87. mv:
2.83 (var.); Mv: –3.1; spectral type: B2 IV;
distance: 153.5 pc. Algenib is also an old
name for the star MIRFAK.

Algieba /al-jee-bă/ (γγ Leo) An orange
giant that is the second-brightest star in the
constellation Leo. It is a multiple star,
forming a visual binary (separation 4″.4,

period 619 years) with a 3rd-magnitude
yellow companion. mv: 2.2 (A), 1.84 (AB);
Mv: –0.5; spectral type: K0p III (A), G7 III
(B); distance: 32 pc.

Algol /al-gol/ (Demon Star; Winking
Demon; ββ Per) A white star that is the
second-brightest one in the constellation
Perseus. It was the first ECLIPSING BINARY to
be discovered, being the prototype of the
ALGOL VARIABLES, although its variations in
brightness were known to early as-
tronomers. The theory of a darker com-
panion periodically cutting off the light of
the brighter star (Goodricke, 1782; Picker-
ing, 1880) was confirmed spectroscopi-
cally in 1889. The brighter star (Algol A) is
about three times the Sun’s diameter; the
fainter orange 3rd-magnitude companion
(Algol B) is about 20% larger. The two
stars revolve about one another in a period
of 68.8 hours, and the eclipses cause the
magnitude to drop from 2.2 to 3.5 (see il-
lustration). There is also a third more dis-
tant star, Algol C, which orbits Algol A
and B in 1.86 years.

Algol A is about 3.7 times as massive as
the Sun, while Algol B has a mass of only
0.8 solar masses. According to STELLAR

EVOLUTION theory, a more massive star
evolves more rapidly; yet in the Algol sys-
tem the more massive Algol A is still a
main-sequence star while Algol B has
evolved to become a subgiant. This is the
Algol paradox, which is explained by slow
and continuous MASS TRANSFER from Algol
B to Algol A (see Algol variables). This
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mass transfer, along with APSIDAL MOTION,
accounts for slight changes in the time of
Algol’s eclipses. The streams of gas passing
from Algol B to Algol A make Algol an er-
ratic radio and X-ray source. mv: 2.1 (A),
3.5 (B); Mv: –0.2 (A), 1.2 (B); spectral type:
B8 V (A), K0 IV (B); distance: 29 pc.

Algol paradox See Algol variables;
Algol.

Algol variables (Beta Persei stars) A
subclass of ECLIPSING BINARY stars, named
after ALGOL, where the brighter and more
massive star is still on the MAIN SEQUENCE

while the less massive companion has
evolved more and has become a SUBGIANT.
This seemingly contradicts the theory of
stellar evolution, which predicts that more
massive stars evolve more rapidly, and is
known as the Algol paradox. It is ex-
plained (Crawford 1955) as a result of
extensive MASS TRANSFER: the now less-
massive star originally contained most of
the system’s mass, and it evolved rapidly
beyond the main sequence. As it expanded,
this star lost up to 85% of its mass to the
companion (see W Serpentis star) to end up
as a faint low-mass subgiant, while the
companion became a massive hot and bril-
liant star, still on the main sequence. Mass
transfer continues at a very slow rate in
Algol systems, causing variations in the or-
bital period and feeble radio and X-ray
emission.

As a result of the mass transfer, the two
stars have the unusual property of being
roughly the same size (several times larger
than the Sun) but having very different lu-
minosities. They thus have a LIGHT CURVE

characterized by deep primary minima
when the dim subgiant eclipses the bright
main-sequence star, alternating with
scarcely detectable secondary minima
when the subgiant is eclipsed.

Alhena /al-hee-nă/ See Gemini.

alidade /al-ă-dayd/ See astrolabe.

alignment effect See radio galaxy.

Alioth /al-ee-oth/ (εε UMa) A white SPEC-

TROSCOPIC BINARY, period 4.15 years, that
is the brightest star in the constellation
Ursa Major. It is a SPECTRUM VARIABLE star.
mv: 1.78; spectral type: A0p; distance: 19
pc. See also Big Dipper.

Alkaid /al-kayd/ See Alcaid.

Allegheny Observatory An observa-
tory sited in Riverview Park, in the city of
Pittsburgh, Pennsylvania, USA, and oper-
ated by the Physics and Astronomy De-
partment of the University of Pittsburgh.
Founded in 1859, the observatory was
taken over by the university in 1867 and
was fully established on its present site by
1912. The observatory has three telescopes
housed in three separate domes. The Fitz-
Clark Refractor, a 33.02-centimeter instru-
ment, was the observatory’s original
telescope, purchased in 1861; it has a focal
length of 4.62 meters and a focal ratio of
f/14. The William Thaw Memorial Refrac-
tor (aperture 76.2 cm, focal length 14.3 m,
focal ratio f/18.8) was built in 1912 and
designed for photographic work. In 1985
its object lens was upgraded to focus red
light, a region of the spectrum in which the
Pittsburgh skies are still relatively clear.
The James E. Keeler Memorial Reflector
(aperture 73.7 cm, focal length 4.56 m,
focal ratio f/6) is the observatory’s main in-
strument. Built in 1905 as a Cassegrain
telescope, it was originally used for spec-
troscopy. In 1992 its mirrors were replaced
with ones made from a Russian version of
CER-VIT and its optics were upgraded to an
f/15 Ritchey–Chrétien system (see Ritchey–
Chrétien optics). Among the observatory’s
other instruments is a nulti-channel astro-
metric photometer (MAP), designed by
George A. Gatewood, the institution’s
director from 1977. The Allegheny Obser-
vatory is today a world leader in high-
precision astrometry. Its measurements are
being used most significantly in the search
for extrasolar planetary systems.

Allende /ah-yen-day/ See meteorite.

ALMA /al-mă/ See Atacama Large Mil-
limeter Array.

Algol paradox
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Almach /al-mak/ (γγ And) An orange
giant that is the third-brightest star in the
constellation Andromeda. It is a triple star,
forming a very fine visual binary with its
apparently greenish companion (B), 10″
distant, with which it has a common
proper motion; B is a spectroscopic binary,
period 61 years. mV: 2.28 (A), 5.1 (B), 2.16
(AB); spectral type: K3 II (A), A0p (B).

Almagest /al-mă-jest/ (Arabic: the
Greatest) An astronomical work compiled
by Ptolemy of Alexandria in about AD 140.
It was translated from the original Greek
into Arabic in the 9th century and became
known in Europe when it was translated
from Arabic into Latin in the late 12th cen-
tury. Its 13 volumes cover the whole of as-
tronomy as conceived in ancient times,
with a detailed description of the PTOLE-
MAIC SYSTEM of the Solar System. It also in-
cluded a star catalog giving positions and
MAGNITUDES (from 1 to 6) of 1022 stars.
This catalog was based mainly on the one
produced in the 2nd century BC by Hip-
parchus of Nicaea.

almucantar /al-myŭ-kan-ter/ A SMALL

CIRCLE on the CELESTIAL SPHERE parallel to
the horizon.

Alnath /al-nath/ See Elnath.

Alnilam /al-nÿ-lăm/ See Orion.

Alnitak /al-nă-tak/ See Orion.

alpha /al-fă/ (αα) 1. The first letter of the
Greek alphabet, used in STELLAR NOMEN-
CLATURE usually to designate the brightest
star in a constellation or sometimes to in-
dicate a star’s position in a group.
2. Symbol for right ascension.

Alpha Capricornids See Capricornids.

Alpha Centauri /sen-tor-ÿ, -ee/ (Rigil
Kentaurus; αα Cen) A binary star that is
the brightest star in the constellation Cen-
taurus, one of the brightest in the sky, and
the second nearest star to the Sun. The two
components, A and B, form a yellow-or-
ange VISUAL BINARY (separation 17″.7, pe-

riod 80.1 years) and are similar in mass
and size to the Sun. PROXIMA CENTAURI ap-
pears to be physically associated with
α Cen; it is the nearest star to the Sun. mv:
–0.01 (A), 1.33 (B), –0.27 (AB); Mv: 4.4
(A), 5.7 (B), 4.1 (AB); spectral type: G2 V
(A), K1 V (B); mass: 1.09 (A), 0.89 (B)
times solar mass; distance: 1.33 pc.

Alpha Crucis /kroo-sis/ (Acrux; αα
Cru) A conspicuous white star that is the
brightest in the constellation Crux. It is a
visual binary (separation 4″), both compo-
nents being spectroscopic binaries. Alpha
(α) and Gamma (γ) Crucis point towards
the south celestial pole. mv: 1.3 (A), 1.7 (B),
0.76 (AB); Mv: –4.2 (A), 3.2 (B); spectral
type: B1 IV (A), B1 V (B); distance: 160 pc.

alpha particle (αα particle) The nucleus
of a helium atom, i.e. a positively charged
particle consisting of two protons and two
neutrons. It is thus a fully ionized helium
atom. Alpha particles are very stable. They
are often ejected in nuclear reactions, in-
cluding alpha decay in which a parent nu-
cleus disintegrates – or breaks up – into an
alpha particle and a lighter daughter nu-
cleus.

Alphard /al-fard/ (αα Hya) An orange
giant that is the brightest star in the con-
stellation Hydra and lies in a part of the
sky where there are few other stars of com-
parable brightness. mv: 2.05; spectral type:
K4 III; distance: 35 pc.

Alpha Regio The first feature identified
on Venus using Earth-based radar (it was
discovered in 1963). It is a highland pla-
teau about 1300 km across situated in the
southern hemisphere of the planet (cen-
tered on the Venusian coordinates 25° S
latitude, 4° E longitude). It exhibits multi-
ple sets of intersecting ridges, troughs, and
flat-floored fault valleys that together form
a polygonal outline. Directly south of the
complex ridged terrain is a large oval-
shaped feature named Eve. A radar bright
spot within Eve marks the location of the
prime meridian of Venus.

Alphecca /al-fek-ă/ (Alphekka; Gemma;
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αα CrB) A blue-white star that is the
brightest one in the constellation Corona
Borealis. It is an ECLIPSING BINARY (separa-
tion 42″, period 17.36 days). mv: 2.23;
spectral type: A0 V (A), G5 V (B); distance:
22 pc.

Alpheratz /al-feer-ats/ (Sirrah; αα And) A
bluish-white giant that is the brightest star
in the constellation Andromeda. It is both
a spectroscopic binary (period 96.7 days)
and a SPECTRUM VARIABLE. It originally lay
in the constellation Pegasus, as Delta (δ)
Pegasi, and is still considered part of the
Great Square of Pegasus. mv: 2.07; spectral
type: B9p III; distance: 31 pc.

Alphonsus /al-fon-sŭs, -zŭs/ See table at
craters.

Alps (Montes Alpes) See table at moun-
tains, lunar.

ALSEP Abbrev. for Apollo Lunar Sur-

face Experiments Package. Any of the ex-
perimental packages carried to the Moon
by APOLLOS 11–17, set up by the astro-
nauts, and left there to transmit informa-
tion back to Earth. The content of each
package differed, becoming more sophisti-
cated as the program progressed. In the
Apollo 17 ALSEP, a central station and
thermal generator provided the main
power; the experiments included an analy-
sis of any residual atmosphere, detection
and measurement of any lunar ejecta and
meteorite impacts, measurement of any
gravitational anomalies, lunar surface
studies, and seismic measurements.

Altair /al-tair/ (αα Aql) A nearby conspic-
uous white star that is the brightest one in
the constellation Aquila. mv: 0.77; Mv: 2.3;
spectral type: A7 Vn; distance: 5.0 pc.

altazimuth mounting /al-taz-ă-mŭth/
(azimuthal mounting) A MOUNTING in
which the telescope swings in azimuth

Alpheratz
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about a vertical axis and in ALTITUDE about
a horizontal axis (see illustration). It is easy
to make and use and needs no counterpoise
weights to balance the telescope. It pro-
vides a very firm support and is well
adapted for terrestrial observations and for
following rapidly moving objects such as
artificial satellites. Its great disadvantage is
the need to adjust both altitude and az-
imuth simultaneously and at different rates
to follow the diurnal motion of a heavenly
body. The application of very precise com-
puter-controlled drive mechanisms to al-
tazimuth mountings has led to their use in
large optical and radio telescopes. The al-
tazimuth design allows a smaller and less
costly observatory DOME to be used on an
optical telescope. Compare equatorial
mounting.

altitude The angular distance of a point
or celestial object above or below the HORI-
ZON, or of an object, such as an artificial
satellite, above mean sea level. Altitude
and azimuth are coordinates in the HORI-
ZONTAL COORDINATE SYSTEM.

aluminizing /ă-loo-mă-nÿz-ing/  A process
whereby a very thin but perfectly uniform
coating of aluminum is deposited by evap-
oration on a suitable base. It is used in as-
tronomy to produce the reflective layer of
a mirror. The aluminizing is done in an
evacuated chamber. The aluminum layer is
usually protected by a transparent coating
of silica or magnesium fluoride. The sur-
face is harder and more stable than silver
and is also able to reflect shorter wave-
lengths than silver. The process was intro-
duced into telescope manufacture in 1931
by the US instrument-maker John Strong.
See silvering.

Amalthea /ă-mal-th’ee-ă/ One of the
inner group of JUPITER’S SATELLITES that was
discovered in 1892 by E.E. Barnard and
until 1979 was thought to be the innermost
satellite. It has been greatly distorted by 
the gravitational pull of Jupiter, becoming
markedly elongated in shape (270 × 166 ×
150 km); its long axis points toward
Jupiter. Photographs from the VOYAGER

PROBES show the surface is very red, due

probably to sulfur contamination from IO.
The ALBEDO is generally low, but the bright
rather greenish patches have a reflectivity
of up to 20% (albedo 0.2) and may be due
to recently exposed material that contains
less sulfur-rich glass. Its two main craters
are bowl-shaped: Pan is 90 km in diameter
and Gaea is 75 km. The Galileo orbiter
flew past Amalthea in November 2002 but
did not image it. See Table 2, backmatter.

AMANDA Telescope An interna-
tional facility operational since 1997 and
sited in Antarctica for the purpose of de-
tecting neutrinos. An improved version,
AMANDA-II, came into service in 2000.
AMANDA – the Antarctic Muon and Neu-
trino Detector Array – consists of an ar-
rangement of 677 optical modules, each
one as big as a glass basketball, strung on
19 electrical cables and buried deep in the
pure clear ice beneath the South Pole. The
AMANDA Telescope points downward to
detect neutrinos passing right through the
Earth from the skies above the northern
hemisphere. Interference from other parti-
cles and from light radiation is filtered out
by the body of the Earth and by the situa-
tion of the modules, located more than two
kilometers below the surface of the ice.

A small number of the countless neutri-
nos that continually bombard and tear
through our planet interact with subatomic
particles in the polar ice and rock to pro-
duce negatively charged muons. Each
muon speeding through the ice emits
Cerenkov radiation, visible as a short-lived
streak of faint blue light that illuminates
phototubes within the modules. The pho-
totubes convert the radiation to an electri-
cal signal and transmit it to computers
above ground. After an interaction, the
muon continues to travel in almost exactly
the same direction as the neutrino that pro-
duces it. Thus analysis of the muons’ sig-
nals allows scientists to extrapolate
information about their originating neutri-
nos, such as their paths, velocity, and fre-
quency. Thus AMANDA makes it possible
to track neutrinos back to their cosmic ori-
gins, such as gamma-ray bursts.

The AMANDA Telescope serves as a
small-scale forerunner to a much larger
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array of neutrino detectors currently
named Ice Cube. This device, covering a re-
gion of ice one cubic kilometer in volume
and consisting of a planned 4800 optical
modules on 80 cables, will include and ex-
pand upon the existing AMANDA detec-
tors. Astronomers hope that it will be in
operation by 2008.

ambipolar diffusion /am-bee-poh-
ler/ A process by which magnetic flux
and angular momentum are removed from
DENSE CORES in molecular clouds, ulti-
mately leading to the collapse of the core
and the formation of a low-mass star. See
star formation.

American Ephemeris and Nautical Al-
manac See Astronomical Almanac.

Ames Research Center /aymz/   A NASA
research establishment near San Francisco,
California.

AM Herculis /her-kyŭ-liss/ The arche-
typal magnetic white dwarf binary system,
or polar, identified in 1976 from an UHURU

X-ray source. Optically it is a faint variable
binary star (mag. 12–15), exhibiting strong
optical polarization and a photometric pe-
riod of 185 minutes. X-ray emission is
strongly modulated at the same period, due
to rotation of the white dwarf. The charac-
teristic high XUV-to-optical luminosity
ratio has led to several other similar sys-
tems being found from X-ray and XUV
surveys. See magnetic cataclysmic vari-
ables.

AM Herculis stars See magnetic cata-
clysmic variables.

Amor group /ay-mor, am-or/ A group
of near-Earth ASTEROIDS that come within
the PERIHELION DISTANCE of Mars but not
within the orbit of the Earth. They have
SEMIMAJOR AXES greater than 1 AU but per-
ihelion distances between 1.017 and 1.3
AU. The group is named after the asteroid
(1221) Amor, discovered in 1932 by Eu-
gène Joseph Delporte. Compare Apollo
group. See Table 3, backmatter.

amplitude 1. Symbol: ∆m. The differ-
ence between the maximum and minimum
MAGNITUDES of a VARIABLE STAR, i.e. the
range in magnitude of the star. The ampli-
tude of pulsating variables is related to the
logarithm of the period.
2. The maximum instantaneous deviation
of an oscillating quantity from its average
value.

AMPTE Abbrev. for active magnetos-
pheric particle tracer explorer. Any of
three satellites built by West Germany, the
UK, and the USA that were launched from
a Thor Delta rocket into different orbits on
9 Aug. 1984 for a series of interactive ex-
periments to study the Earth’s MAGNETOS-
PHERE. The German and UK satellites were
put in highly eccentric orbits into the SOLAR

WIND while the US craft was in a lower
orbit. Lithium and later barium atoms re-
leased into the magnetosphere from the
German satellite formed positive ions.
These were used as tracers in a coordinated
effort to study how solar energy, carried by
the solar wind, is intercepted and stored in
the magnetosphere as charged particles.

Am stars PECULIAR main-sequence stars
of spectral types from A0 to F0 in which
there is an over-abundance of heavier el-
ements and rare earths and (less so) of iron,
and an apparent under-abundance of cal-
cium. They rotate slower than normal A
stars and are almost all short-period SPEC-
TROSCOPIC binaries. Current theory sug-
gests that tidal effects slow the A star’s
rotation, leading to an unusually stable at-
mosphere where heavy elements can dif-
fuse up from the interior. Compare Ap
stars.

analemma /an-ă-lem-ă/ The shape re-
sembling a figure of eight obtained by plot-
ting the position of the Sun relative to the
intersection of a meridian and the celestial
equator at a fixed (mean) time every day
throughout the year. The analemma’s ver-
tical extent is a reflection of the changes in
the Sun’s declination arising from the incli-
nation of the Earth’s axis to the perpendic-
ular to its orbit. The horizontal extent
arises from the fact that the Earth’s orbit is

ambipolar diffusion
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elliptical, which produces a difference be-
tween the length of the apparent solar day
(the actual time between successive merid-
ian transits of the Sun) and the mean solar
day.

Ananke /ă-nank-ee/ A small satellite of
Jupiter, one of the planet’s many outer
satellites, discovered in 1951 by the US as-
tronomer Seth Nicholson (1891–1963).
See Jupiter’s satellites; Table 2, backmat-
ter.

anastigmatic system /an-ă-stig-mat-
ik/ An optical system that is able to pro-
duce an image essentially free of SPHERICAL

ABERRATION, COMA, and ASTIGMATISM.

Andromeda /an-drom-ĕ-dă/ A constella-
tion in the northern hemisphere close to PE-
GASUS, the brightest stars being ALPHERATZ

(α), the red giant Mirach (β), and the fine
visual binary ALMACH (γ). It contains the
MIRA STARS R and W Andromedae, the spi-
ral ANDROMEDA GALAXY and its companion
galaxies M32 (NGC 221) and M110
(NGC 205), and the bright planetary neb-
ula NGC 7662. Other objects include the
open cluster NGC 752 and the edge-on
spiral galaxy NGC 891. The 4th-magni-
tude Upsilon (υ) Andromedae, a yellow
dwarf star of spectral class F8 V located at
a distance of 15.9 pc, is believed to have
three giant planets in orbit around it. Ab-
brev.: And; genitive form: Andromedae;
approx. position: RA 1h, dec +40°; area:
722 sq deg.

Andromeda galaxy (M31; NGC 224)
The largest of the nearby galaxies, visible
to the unaided eye as a faint oval patch of
light in the constellation Andromeda. It is
an intermediate (Sb) spiral (see Hubble
classification), orientated at an angle of
about 15° from the edge-on position, and
has a bright elliptical-shaped nucleus. Its
distance is currently estimated as 725 kilo-
parsecs (2.36 million light years). With a
total luminosity roughly double that of our
own Galaxy and an overall diameter of ap-
proximately 60 kiloparsecs, M31 is the
largest of the established members of the
LOCAL GROUP. It has at least four elliptical

satellites, including NGC 205 and NGC
221 (M32).

Andromedids /an-drom-ĕ-didz/ See
Bielids.

anemic galaxies Disk galaxies that are
intermediate in type between lenticular and
normal spirals, possessing diffuse weak
spiral arms; the BLACKEYE GALAXY is an ex-
ample. See galaxies.

Anglo-Australian Observatory (AAO)
An observatory at the Siding Spring Obser-
vatory site in New South Wales, Australia.
The chief instruments are the 3.9-meter
ANGLO-AUSTRALIAN TELESCOPE and the 1.2-
meter UK SCHMIDT TELESCOPE.

Anglo-Australian Telescope (AAT)
The 3.9-meter reflecting telescope of the
ANGLO-AUSTRALIAN OBSERVATORY, sited at
an altitude of 1150 meters. It was funded
jointly by the governments of Australia
and the UK, each country having a half
share in observing time. It began regular
operation in 1975 and is now equipped for
both optical and infrared observations. It
has RITCHEY–CHRÉTIEN OPTICS and a CER-
VIT mirror and works at a FOCAL RATIO of
f/3.3 at the prime focus, f/8 at the
Cassegrain foci, f/15 for infrared work,
and f/35 at the coudé focus. It has a limit-
ing magnitude of 23–25 (depending on
wavelength and technique used), the maxi-
mum field of view covering about one
square degree of sky. The telescope has an
EQUATORIAL MOUNTING, and is computer
controlled so that the pointing and track-
ing are exceptionally accurate.

angstrom /ang-strŏm/ Symbol: Å. A unit
of length equal to 10–10 meters. It was for-
merly used to specify interatomic dis-
tances.

angular acceleration See angular ve-
locity.

angular diameter See apparent diame-
ter.

angular distance See apparent distance.
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angular measure Units of angle or
length given in terms of degrees (°), arc
minutes (′), and ARC SECONDS (″): 

60″ = 1′
60′ = 1°
360° = 2π radians (a full circle).

angular momentum Symbol: L. A
property of any rotating or revolving sys-
tem whose value depends on the distribu-
tion of mass and velocity about the axis of
rotation or revolution. It is a vector di-
rected along the axis and for a body orbit-
ing about a point it is given by the vector
product of the body’s linear momentum
and position vector r, i.e. it is the product
m(v × r). It is also expressed as the product
of the MOMENT OF INERTIA (I) and ANGULAR

VELOCITY (ω) of the body.
In a closed system, such as the Solar

System or an isolated star, there is always
CONSERVATION OF MOMENTUM.

angular resolution See resolution.

angular separation See apparent dis-
tance.

angular velocity Symbol: ω. The rate at
which a body or particle moves about a
fixed axis, i.e. the rate of change of angular
displacement. It is expressed in radians per
second. Angular acceleration is the rate of
change of angular velocity.

anisotropy /an-ÿ-sot-ŏ-pee/ A depend-
ence of physical properties upon direction;
a lack of ISOTROPY. A lack of HOMOGENEITY

implies anisotropy but the reverse is not
necessarily true.

Ankaa /ank-ay-ă/ See Phoenix.

annihilation A reaction between an EL-
EMENTARY PARTICLE and its ANTIPARTICLE in
which the two particles disappear and pho-
tons or other particles and antiparticles are
created; energy and momentum are con-
served. An electron and a positron, for ex-
ample, interact and produce two
gamma-ray photons. Hadrons, such as the
proton and the antiproton, also undergo
annihilation, as do QUARKS and antiquarks.

annual aberration See aberration.

annual equation (annual inequality)
The periodic INEQUALITY in the Moon’s
motion that arises from variations in solar
attraction due to the ECCENTRICITY of the
Earth’s orbit. Its period is the ANOMALISTIC

YEAR and the maximum displacement in
longitude is 11′8″.9. See also evection; par-
allactic inequality; variation.

annual inequality See annual equation.

annual parallax (heliocentric parallax)
The PARALLAX of a celestial body that re-
sults from the change in the position of an
observational point during the Earth’s an-
nual revolution around the Sun: nearby
stars are seen to be displaced in position
relative to the more remote background
stars. The instantaneous parallax of a
given star is the angle formed by the radius
of the Earth’s orbit at the star; it varies
through the year as the orbital radius
varies. If the positions of a star are deter-
mined during one year they are found to
describe an ellipse – a parallactic ellipse –
on the celestial sphere. The annual paral-
lax, π, of the star is equal to and can be
measured from the semimajor axis of the
ellipse.

Annual parallax is the maximum paral-
lactic displacement of the star and occurs
when the angle Earth-Sun-star is 90° (see
illustration). It is thus expressed by the re-
lation sin π = a/d, where a is the semimajor
axis of the Earth’s orbit and d is the star’s
distance from Earth. Since π is extremely
small (<1″), this reduces to π = a/d. If a is
assumed to be unity (i.e. one ASTRONOMI-
CAL UNIT) then a measurement of π in arc
seconds will be equal to the reciprocal (1/d)
of the distance in PARSECS.

The parallax of a star determined di-
rectly from a known baseline and using the
principle of triangulation, i.e. from meas-
urements of annual parallax, is termed
trigonometric parallax. Due to its tiny
value annual parallax from Earth can be
measured only (photographically from
Earth) with reasonable accuracy for stars
within about 30 parsecs (π > 0″.03). Space-
craft such as HIPPARCOS can measure an-

angular measure
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nual parallax with a very much greater ac-
curacy, to 0″.002, allowing distances up to
500 parsecs to be determined. Microarc-
second measurements are planned for fu-
ture spacecraft. Only about 3000 stars are
known to have annual parallaxes exceed-
ing 0″.04, the nearest star – Proxima Cen-
tauri – having the greatest value (0″.772).

annular eclipse See eclipse.

anomalistic month The time interval
of 27.554 55 days, on average, between
two successive passages of the Moon
through the PERIGEE of its orbit.

anomalistic year The time interval of
365.259 64 days between two successive
passages of the Earth through the PERIHE-
LION of its orbit. The anomalistic year is
longer than the SIDEREAL and TROPICAL

YEARS because of the ADVANCE OF THE PERI-
HELION caused (mainly) by planetary per-
turbations.

anomaly Any of three related angles by
means of which the position, at a particu-
lar time, of a body moving in an elliptical
orbit can be calculated. For a body S mov-
ing around the focus, F, of an orbit (see il-
lustration), the true anomaly is the angle v
made by the body, the focus, and the point,
P, of nearest approach. For a body orbiting
the Sun, P is the perihelion. The angle is
measured in the direction of motion of S. If
an auxiliary circle is drawn centered on the
midpoint, C, of the major axis of the ellip-
tical orbit, then the eccentric anomaly is
the angle E between CS′ and CP, where S′
lies on the circle and is vertically above S.
The mean anomaly is the angle M between
P, F, and a hypothetical body moving at a
constant angular speed equal to the MEAN

MOTION of S. It is thus the product of the
mean motion and the time interval since S
passed P.

The eccentric and mean anomalies are
related by Kepler’s equation: 

E – e sinE = M
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where e is the ECCENTRICITY of the orbit.
The coordinates (x, y) of the body S can be
found from the equations 

x = a(cosE – e) 
y = a sinE √(1 – e2)

where a is the semimajor axis of the orbit.
See also equation of center; orbital el-
ements.

ANS Abbrev. for Astronomical Nether-
lands Satellite.

ansae /an-see/ The parts of SATURN’S
RINGS that are visible on each side of the
planet as viewed from the Earth. They ap-
pear rather like handles on a double-han-
dled cup (the Latin word ansa means
‘handle’).

antapex /ant-ay-peks/ (solar antapex)   See
apex.

Antarctic astronomy The high alti-
tude, extreme cold, and low atmospheric
water vapor content found on the Antarc-
tic Plateau make it possibly the best site on
Earth for astronomy at millimeter, submil-
limeter, and infrared wavelengths. The
Center for Astronomical Research in
Antarctica (CARA) coordinates year-
round observations at the South Pole.

These contribute to cosmic microwave
background anisotropy studies and to in-
vestigations of young stars and molecular
clouds.

Antares /an-tair-eez/ (αα Sco) A huge re-
mote but conspicuous red supergiant that
is the brightest star in the constellation
Scorpius. It is in an advanced stage of evo-
lution. It is a visual binary (separation 3″,
period 900 years), its 5th-magnitude B-
type companion appearing green by con-
trast. The companion orbits inside the cool
stellar wind and is a peculiar hot radio
source. mv: 0.96 (var.); Mv: –5.2; spectral
type: M1.5 Iab; diameter: about 285 times
solar diameter; distance: 160 pc.

antenna /an-ten-ă/ (aerial) A device used
for the transmission or reception of radio
waves. When connected to a transmitter,
the oscillating electric currents induced in
the antenna launch radio waves into space.
When connected to a RECEIVER, incoming
radio waves from a distant source generate
oscillating electric currents in the antenna,
which are detected by the receiver. A prac-
tical antenna neither radiates nor receives
equally in all directions, which may be
demonstrated by its antenna pattern – a
plot of relative GAIN as a function of direc-

ANS
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tion. The plot may be made in terms of the
antenna’s voltage response or power re-
sponse, giving a voltage pattern or a power
pattern. By the principle of reciprocity the
antenna pattern for transmission is identi-
cal with that for reception.

A number of distinct lobes may often be
identified in the antenna pattern. The lobe
corresponding to the direction of best
transmission or reception is the main lobe
or main beam; all the others are called side
lobes and are usually unwanted (see also
beam). The ratio of the power received in
the main beam to the total power received
by all the lobes is called the beam effi-
ciency. The angle between the two direc-
tions in the main beam at which the power
response has fallen to half its maximum
value is called the beamwidth; it is a meas-
ure of the antenna’s DIRECTIVITY. If the an-
gular separation of two cosmic radio
sources is less than the beamwidth, the
sources will not be resolved but will be ob-
served as a single source. Some highly di-
rectional antennas have pencil beams,
which are narrow main beams of circular
cross section. Others have fan beams
where the cross section of the main beam is
greatly extended in one direction. See also
array; dish; radiation resistance.

Antennae /an-ten-ee/ (NGC 4038/9) A
pair of INTERACTING GALAXIES that are in
the process of merging. They lie at a dis-
tance of only 22 megaparsecs and are thus
the best-studied example of this phenome-
non. They were normal galaxies before
their interaction, but during their point of
closest approach about 200 million years
ago tides have drawn out two long curved
tails, hence their popular name. The galax-
ies are currently turning around toward
their final MERGER.

antenna pattern (field pattern; polar dia-
gram) See antenna.

antenna temperature A measure of the
strength of signal received by a RADIO TELE-
SCOPE from a RADIO SOURCE. It is defined as
the noise power received per unit BAND-
WIDTH, divided by the BOLTZMANN CON-
STANT, k. Antenna temperature depends on

the surface brightness of the sky weighted
by the telescope’s BEAM rather than physi-
cal temperature of the antenna. A radio
source of flux density S with an angular di-
ameter that is much smaller than the an-
tenna’s beam will give an antenna
temperature of SAe/(2k), where Ae is the ef-
fective area (see array) of the antenna. If
the beam is filled by a uniform source of
BRIGHTNESS TEMPERATURE TB, the antenna
temperature will also be TB.

SYNCHROTRON EMISSION from COSMIC

RAYS in the Galaxy produces a diffuse radio
emission centered broadly on the galactic
plane. Any practical observation of a radio
source has to be made against this back-
ground emission, which at low frequencies
limits the SENSITIVITY of the RADIO TELE-
SCOPE. The antenna temperature of the dif-
fuse emission is called the background
temperature; the electrical NOISE it pro-
duces in radio receivers is often called cos-
mic noise.

anthropic principle /an-throp-ik/ A
principle that was put forward in the 1960s
by R. Dicke and maintains that the pres-
ence of life in the Universe places con-
straints on the ways in which the very early
Universe evolved: the possible initial condi-
tions are limited to those that give rise to
an inhabited Universe, i.e. what we observe
must be restricted by the conditions neces-
sary for our presence as observers.

antimatter Matter composed entirely of
ANTIPARTICLES. Ordinary matter and anti-
matter would annihilate on contact. Al-
though individual antiparticles are
produced in cosmic-ray showers and in
high-energy particle accelerators, the
search for antimatter in the Universe has so
far proved unsuccessful. It is thought there-
fore that the Universe is not now symmet-
ric between matter and antimatter,
although initially equal amounts were cre-
ated. An excess of matter over antimatter
may have resulted from processes occur-
ring very early in the evolution of the Uni-
verse while it was out of equilibrium.

antiparticles A pair of ELEMENTARY PAR-
TICLES, such as the electron plus positron or
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the proton plus antiproton, that have an
identical rest mass but a charge, strange-
ness, and other fundamental properties of
equal magnitude but opposite sign (posi-
tive rather than negative and vice versa).
Thus, the electron has a negative charge
and the positron an equal positive charge.
A reaction of a particle with its antiparticle
is called ANNIHILATION. See also pair pro-
duction.

antitail A small spiky taillike structure
on a comet that, unlike most COMET TAILS,
seems to point toward the Sun. It is usually
only seen when the observer is in the plane
of the cometary orbit. The particles re-
sponsible for scattering the sunlight are
much larger than those that produce the
normal dust tail.

Antlia /ant-lee-ă/ (Air Pump, Pump) A
small inconspicuous constellation in the
southern hemisphere near Centaurus, the
brightest stars being of 4th magnitude. Ab-
brev.: Ant; genitive form: Antliae; approx.
position: RA 10h, dec –35°; area: 239 sq
deg.

Antoniadi scale /an-toh-nee-ah-dee/ See
seeing.

Apache Point Observatory An obser-
vatory near Sunspot, New Mexico, that
opened in 1990 and is owned and operated
by the Astrophysical Research Consortium
(ARC), a consortium of US universities.
The observatory is sited at an altitude of
2787.9 meters. The main instrument is a
3.5-meter telescope with a lightweight
honeycomb PRIMARY MIRROR, for optical
and infrared observations. The SLOAN DIGI-
TAL SKY SURVEY’s 2.5-meter telescope was
commissioned there in 1997. There is also
a 1-meter telescope operated by New Mex-
ico State University.

apastron /ap-ass-tron/ See periastron.

Apennines /ap-ĕ-nÿnz/ (Montes Apenni-
nus) See table at mountains, lunar.

aperture The diameter of the unob-
scured portion of the objective lens in a re-

fracting telescope or of the primary mirror
in a reflector. In a radio telescope it is the
physical size of the antenna. As the aper-
ture is increased, the telescope gathers
more light, radio waves, etc., and thus will
discern fainter objects: the radiation-gath-
ering power depends on area, i.e. on the
square of the aperture. A larger aperture
also produces a smaller AIRY DISK and so
has greater spatial RESOLUTION.

aperture ratio (relative aperture) The
ratio d/f of the effective diameter (i.e. APER-
TURE), d, of a lens or mirror to its FOCAL

LENGTH, f. The ratio f/d is the FOCAL RATIO.

aperture synthesis A technique origi-
nally of radio astronomy devised by Sir
Martin Ryle in the late 1950s. It is used to
obtain high RESOLUTION images by combin-
ing signals from a number of relatively
small ANTENNAS spaced over an area equiv-
alent to a large aperture. Although origi-
nally used only for synthesized apertures
that were ‘fully filled’ by smaller antennas,
the term is also applied to instruments for
which no clearly definable equivalent large
aperture exists. The antennas are con-
nected in interferometric pairs (see radio
telescope) and the AMPLITUDES and PHASES

of the signals from a radio source are
recorded on all antenna spacings necessary
to cover the required area. The informa-
tion is then processed in a computer where
a FOURIER TRANSFORM is carried out to gen-
erate a radio map of the source.

In practice the rotation of the Earth is
often used to move the antennas in space –
a technique known as Earth-rotation syn-
thesis. In such an arrangement, just 12
hours of observation generate all the base-
lines available from a particular configura-
tion; the same baselines are repeated with
the opposite sense during the next 12
hours. For a radio interferometer in which
all the baselines are oriented east–west (e.g.
the RYLE TELESCOPE and the WSRT), each
baseline produces an elliptical track of syn-
thesized aperture. The major axis of the el-
lipse is determined by the baseline length,
whereas the minor axis depends on the sine
of the DECLINATION of the source. Low dec-
lination sources cannot therefore be

antitail
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mapped with a uniformly high resolution
by an east–west interferometer. The VLA

largely overcomes this difficulty by arrang-
ing its dishes in a Y-shaped configuration.

The computer processing involved in
map-making can become very sophisti-
cated, and special software (such as AIPS) is
usually used. The Fourier transform of the
synthesized aperture defines the synthe-
sized beam (or dirty beam) of the telescope,
with which the final image will appear to
be convolved (see convolution). A synthe-
sized aperture that is not fully filled will
produce false features or artifacts in the
map, and these must be suppressed using
deconvolution algorithms such as Clean or
MEM. An aperture consisting of only a few
equally spaced strips will show bright,
widely spaced concentric rings or grating
responses (see array) around features in the
map. Even a fully filled synthesized aper-
ture may need to be graded, by gradually
reducing the weight of contributions from
the longer baselines. This reduces the side-
lobe response of the telescope, which is the
residual structure of the synthesized beam
lying outside its central region. Other tech-
niques such as self-calibration are used to
remove artifacts generated by instrumental
drifts and the effects of the atmosphere.

apex 1. (solar apex) The point on the ce-
lestial sphere toward which the Sun and the
Solar System are moving relative to the
stars in our vicinity. The apex lies in the
constellation Hercules at a position RA
18h, dec +30°, close to the star Vega. The
point diametrically opposite to the direc-
tion of this relative solar motion is the an-
tapex (or solar antapex); it lies in the
constellation Columba. The position of the
apex can be determined from an analysis of
the proper motions, radial velocities, and
parallaxes of stars, based on the assump-
tion that solar motion is equal and oppo-
site to the group motion of stars. The
velocity of this motion has been calculated
as about 19.5 km s–1 with respect to the
LOCAL STANDARD OF REST, when all avail-
able information on proper motion and ra-
dial velocity is used. The value is lower
when only the stars in the Sun’s immediate
neighborhood are considered. Solar mo-

tion produces the SECULAR PARALLAX of
stars.
2. The point on the celestial sphere toward
which the Earth appears to be moving, at a
given time, as a result of its orbital motion
around the Sun.

aphelion /ap-hee-lee-ŏn/ The point in
the orbit of a planet, comet, or artificial
satellite in solar orbit that is farthest from
the Sun. The Earth is at aphelion on or
about July 3.

Aphrodite Terra /af-rŏ-dÿ-tee/ A very
extensive highland area on VENUS, situated
mainly in the southern hemisphere but
partly across the equator between about
70° and 210° Venusian longitude. It is a
scorpion-shaped feature, 9700 × 3200 km
in extent, with eastern and western moun-
tains separated by a lower area. Several
volcanoes are at its eastern limit, including
the giant Maat Mons, which is 5 km high,
Ozza Mons, and Sapas Mons. See also
Ishtar Terra; Beta Regio.

aplanatic Gregorian /ap-lă-nat-ik/ See
Gregorian telescope.

aplanatic system An optical system
that is able to produce an image essentially
free from SPHERICAL ABERRATION and
COMA.

APM Abbrev. for automatic plate-meas-
uring machine. A facility at the Royal
Greenwich Observatory at Cambridge,
used to digitize optical sky-survey photo-
graphic plates.

apocenter /ap-ŏ-sen-ter/ See pericenter.

apochromatic lens /ap-ŏ-krŏ-mat-ik/
See achromatic lens.

apodization /ap-ŏ-di-zay-shŏn/ Any
process suppressing the secondary maxima
of a diffraction pattern, such as the faint
rings around the AIRY DISK of an optical
image; this allows finer detail to be re-
solved. It may be achieved, for example, by
progressively reducing the transmission of
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the telescope from the center of the aper-
ture to its periphery.

apogee /ap-ŏ-jee/ 1. The point in the
orbit of the Moon or an artificial Earth
satellite that is farthest from the Earth and
at which the body’s velocity is at a mini-
mum. Strictly the distance to the apogee is
taken from the Earth’s center. The distance
to the Moon’s apogee varies; on average it
is about 405 500 km. When a spacecraft or
satellite reaches apogee, its apogee rocket
can be fired to boost it into a more circular
orbit or to allow it to escape from Earth
orbit. See also perigee.
2. The highest point above the Earth’s sur-
face attained by a rocket, missile, etc.

Apollo /ă-pol-oh/ The American space
program for landing astronauts on the
MOON and returning them safely to Earth.
A manned lunar landing, to be achieved be-
fore 1970, was proposed to Congress in
1961 by President J.F. Kennedy following
the first manned flight by what was then
the USSR. Prior to Apollo 7, the missions
were designed to test the Saturn 1B and
Saturn V launch vehicles, the command
and service module (CSM), and the lunar
module (LM). After three astronauts were
killed in a flash fire inside the command
module (CM) during ground tests in Jan.
1967, the program was delayed for 18
months while the CM was redesigned.
NASA commemorated the three astronauts
by redesignating the mission that they
would have flown in as Apollo 1. The sub-
sequent Apollos 2–6 were crewless test
flights.

The method selected for the flight pro-
gram was lunar orbit rendezvous. The as-
tronauts were to travel to and from the
Moon in the command module, which
contained the controls and instruments.
Rocket engines and fuel supplies were
housed in a separate service module (SM).
On entering lunar orbit the command-
module pilot would remain in the CM
while the commander and lunar-module
pilot made the landing in the LM. On com-
pletion of the mission on the Moon’s sur-
face, the descent stage was to remain on the
Moon: the ascent stage of the LM was to

carry the astronauts into lunar orbit and
rendezvous with the command and service
modules. The craft would then embark on
its return journey, the LM being jettisoned.
The SM was to be jettisoned just prior to
reentering the Earth’s atmosphere.

Details of the Apollo flights are given in
the table. Apollo 7 was the first piloted test
flight of the CSM. Apollo 8 was the first to
be launched by Saturn V and to enter lunar
orbit. The LM was tested in Earth orbit by
Apollo 9, in lunar orbit by Apollo 10, and
landed on the Moon for the first time by
Apollo 11 on July 20 1969. Apollo 11’s
landing site, in Mare Tranquillitatis, was
dubbed ‘Tranquility Base’. Apollo 12
landed with higher accuracy than its prede-
cessor, touching down in Oceanus Procel-
larum close to SURVEYOR 3, parts of which
were returned to Earth. Both missions re-
turned basalts from the MARIA. Apollo 13
was aborted safely after an explosion in the
service module and its target was taken
over by Apollo 14. This was to collect
rocks from Cone crater (25 million years
old) in the FRA MAURO FORMATION. Mobil-
ity was increased by the use of a Modular
Equipment Transporter but the terrain was
unexpectedly rugged. Complex non-mare
basalt breccias were returned.

The last three Apollos visited sites with
multiple objectives, collected deep (two
meter) drill cores (in addition to wide
cores, soils, pebbles, and larger rocks), and
used a LUNAR ROVING VEHICLE. Apollo 15
returned samples of anorthosite and green
glass from the Apennine MOUNTAINS and
mare basalts from HADLEY RILLE. Apollo 16
landed in the vicinity of South Ray and
North Ray craters (2 and 50 million years
old respectively) in the HIGHLANDS to sam-
ple the CAYLEY and DESCARTES FORMATIONS,
but returned only anorthositic breccias
rather than volcanic rocks. Apollo 17 in-
cluded a scientist-astronaut for the first
time. It landed in a dark and LIGHT MAN-
TLED mare-filled valley between high mas-
sifs on the borders of Mare SERENITATIS.
Several boulders were sampled and un-
usual orange glass was found near a 30-
million-year-old DARK HALO crater, called
Shorty.

apogee
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Experiments performed on the Moon
by Apollo included SOLAR-WIND, lunar-
atmosphere, COSMIC-RAY and neutron de-
tection, heat-flow and magnetic-field
measurements, active and passive seis-
mometry, and laser ranging. Apollos 15,

16, and 17 were equipped with experi-
ments in the service module, including met-
ric and panoramic photography, laser
altimetry, radar sounding, magnetometry,
and gamma-ray, ultraviolet, and alpha-
particle spectrometry. Subsatellites were
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APOLLO MISSIONS

Apollo Astronauts Date Landing site EVA Dist- Sample
Mission (Commander) of coordinates time tance weight

(LM pilot) landing (accomplishment) (hr) traversed (kg)
(CM pilot) (km)

7 Schirra Oct. (first test of – – –
Eisele 1968 CSM in earth
Cunningham orbit)

8 Borman Dec. (first men in – – –
Lovell 1968 lunar orbit)
Anders

9 McDivitt Mar. (test of LM in – – –
Scott 1969 earth orbit)
Schweickart

10 Stafford May (full dress – – –
Young 1969 rehearsal for
Cernan lunar landing)

11 Armstrong* (20) July M. Tranquillitatis 2.2 0.5 21.7
Aldrin* 1969 0°67′N23°49′E
Collins (first landing)

12 Conrad* (19) Nov. Oc. Procellarum 7.7 1.3 34.4
Bean* 1969 3°12′S23°23′W
Gordon (Surveyor 3)

13 Lovell Apr. (Mission aborted: – – –
Swigert 1970 explosion in
Haise service module)

14 Shepard* (31) Jan. Fra Mauro 9.2 3.4 42.9
Mitchell* 1971 formation
Roosa 3°40′S17°28′E

(Cone crater)
15 Scott* (30) July Hadley Rille 18.3 27.9 76.8

Irwin* 1971 26°06′N3°39′E
Worden (first test of LRV)

16 Young* (21) Apr. Cayley-Descartes 20.1 27.0 94.7
Duke* 1972 8°59′S15°31′E
Mattingley (lunar highlands)

17 Cernan* (11) Dec. Taurus-Littrow 22.0 30.0 110.5
Schmitt* 1972 20°10′N30°46′E
Evans (first scientist)

*Astronauts marked with an asterisk landed on the moon.



ejected from the SM for particle and field
measurements. Spent boosters were
crashed as seismic sources. After Apollo
17, the remaining hardware of the pro-
gram was used in SKYLAB and the APOLLO-
SOYUZ TEST PROJECT.

See also Gemini project; Lunar Orbiter
probes; Luna probes; Mercury project;
Moon rocks; Ranger; Zond probes.

Apollo-Amor objects See Apollo
group.

Apollo group A group of near-Earth AS-
TEROIDS, including (1566) ICARUS and
(2201) OLJATO, that have PERIHELIA inside
the orbit of the Earth (i.e. less than 1.017
AU). Like members of the AMOR GROUP,
most are very small bodies and can be ob-
served only when close to the Earth. The
group takes its name from the 1.4-km-di-
ameter asteroid (1862) Apollo, which was
discovered when it approached within 0.07
AU of the Earth in 1932 by Karl Reinmuth
but was lost because of uncertainties in its
orbit; it was rediscovered in 1973. Radar
observations of Apollo in 2005 by the
ARECIBO RADIO TELESCOPE revealed that a
satellite is in close orbit around it. The
spectra of several of the Apollo group as-
teroids closely resemble those of CHON-
DRITE meteorites. Members of the Apollo
and Amor groups are often classed collec-
tively as Apollo–Amor objects, the perihe-
lia of such bodies usually being taken as
smaller than 1.3 AU. See Table 3, back-
matter.

Apollo-Soyuz test project (ASTP) The
first international manned space flight, fi-
nally agreed to in 1972 and achieved by the
USA and the USSR in 1975. An American
APOLLO spacecraft – Apollo 18 – and a So-
viet SOYUZ CRAFT – Soyuz 19 – were
launched into Earth orbit on July 15, ren-
dezvoused on July 17 at an altitude of 225
km, and successfully docked. The crews
visited each other’s craft and conducted
joint experiments and surveys. The mission
involved major design modifications in
both spacecraft.

Apollo Telescope Mount (ATM) The

complex telescope mount on NASA’s or-
biting space laboratory SKYLAB. The six
principal instruments carried on the mount
operated in the X-ray and/or ultraviolet
spectral regions, not accessible to ground-
based instruments. Two X-ray telescopes
(0.3–6, 0.6–3.3 nm) and a white-light
coronagraph (350–700 nm) were used in
studying the solar CORONA. An XUV spec-
troheliograph (15–62 nm), a UV spectro-
heliometer (30–140 nm), and a UV
spectrograph (97–394 nm) provided data
on the Sun’s CHROMOSPHERE. The observa-
tions were made between May 1973 and
Feb. 1974.

apparent Denoting a property of a star
or other celestial body, such as altitude or
brightness, as seen or measured by an ob-
server. Corrections must be made to obtain
the true value.

apparent diameter (angular diameter)
The observed diameter of a celestial body,
expressed in degrees, minutes, and/or sec-
onds of arc. See also stellar diameter.

apparent distance (angular distance; an-
gular separation) The observed distance
between two celestial bodies, expressed in
degrees, minutes, and/or seconds of arc.

apparent magnitude See magnitude.

apparent noon The time at which the
Sun’s center is seen to cross the meridian.
See apparent solar time.

apparent place The position on a celes-
tial sphere centered on the Earth, deter-
mined by removing from the directly
observed position of a celestial body the
effects depending on the observer’s loca-
tion on the Earth’s surface – ATMOSPHERIC

REFRACTION, diurnal ABERRATION, and diur-
nal PARALLAX. It is the position at which the
object would be seen from the Earth’s cen-
ter, displaced by PLANETARY ABERRATION

and referred to the TRUE EQUATOR AND

EQUINOX.

apparent sidereal time See sidereal
time.

Apollo-Amor objects
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apparent solar time Time measured by
reference to the observed (apparent) mo-
tion of the Sun, i.e time as measured by a
sundial. The apparent solar day is the in-
terval between two successive APPARENT

NOONS. The time on any day is given by the
HOUR ANGLE of the Sun plus 12 hours. Be-
cause the Sun’s motion is nonuniform (see
mean Sun) apparent solar time does not
have a constant rate of change and cannot
be used for accurate timekeeping. The dif-
ference between apparent time and MEAN

SOLAR TIME is the EQUATION OF TIME.

apparition /ap-ă-rish-ŏn/ The period of
time during which a particular celestial ob-
ject can be observed. The term is particu-
larly applied to planets and periodic
comets.

appulse /ă-pulss/ 1. The apparent close
approach of one celestial body to another.
Often it refers to the close approach of a
planet or asteroid to a star without the oc-
currence of an OCCULTATION.
2. A penumbral ECLIPSE of the Moon.

April Lyrids See Lyrids.

apsidal motion /ap-să-dăl/ Rotation of
the line of APSIDES (i.e. the major axis) of an
elliptical orbit so that the orbit is not closed
and there is a gradual shift in the position
of periapsis. It can occur if the gravita-
tional field of a third body can produce a
significant effect on a two-body situation,
as with the Earth, Moon, and Sun, or if one
or both stars of a binary system is appre-
ciably distorted from a spherical shape.

apsides /ap-să-deez/ (sing. apsis) The
two points in an orbit that lie closest to –
periapsis – and farthest from – apapsis –
the center of gravitational attraction. The
velocity of an orbiting body at the apsides
is either maximal (at periapsis) or minimal
(at apapsis). The line of apsides is the
straight line connecting the two apsides
and is the major axis of an elliptical orbit.

Ap stars /ay-pee/ PECULIAR main-se-
quence stars of spectral types from B5 to
F5 in which the spectral lines of certain el-

ements (mainly Mn, Si, Eu, Cr, and Sr) are
selectively enhanced and are sometimes of
varying intensity (see spectrum variables).
The enhancement and its variation is ap-
parently associated with strong and often
variable magnetic fields. Like the AM STARS,
Ap stars are generally slow rotators, but
they differ in being single stars rather than
spectroscopic binaries. The relative en-
hancement may be due to diffusion in the
stable atmosphere caused by slow rotation,
modified by the effect of strong magnetism.
The spectral peculiarities could also relate
to stellar temperature, the manganese stars
being hotter than the silicon stars, which in
turn are hotter than the europium–
chromium–strontium stars. See also mag-
netic stars.

Apus /ay-pŭs/ (Bird of Paradise) A small
inconspicuous constellation in the south-
ern hemisphere near Crux, the brightest
stars being just above 4th magnitude. It
contains the faint and slightly irregular
globular cluster NGC 6101, visible as a
misty patch through a small telescope. Ab-
brev.: Aps; genitive form: Apodis; approx.
position: RA 16h, dec –75°; area: 206 sq
deg.

Aquarids /ak-wă-ridz/ Either of two ac-
tive METEOR SHOWERS: the Eta Aquarids,
radiant: RA 336°, dec 0°, maximize on
May 6, having a peak duration of 10 days
and a ZENITHAL HOURLY RATE (ZHR) of 45;
the Delta Aquarids, double radiant: RA
340°, dec –17° and 0°, maximize on July
28 and Aug. 7, have a peak duration of
about 20 days, and a ZHR of about 19 and
10. The Eta Aquarids have an orbit that is
closely aligned to that of HALLEY’S COMET.
They are observed near the descending
node of the comet’s orbit.

Aquarius /ă-kwair-ee-ŭs/ (Water Bearer)
An extensive zodiac constellation in the
southern hemisphere near Pegasus, the
brightest stars being of 3rd magnitude. It
contains the planetary nebulae NGC 7293
(the HELIX NEBULA) and NGC 7009 (the
Saturn nebula), and the globular clusters
M2 (NGC 7089) and M72 (NGC 6981).
Abbrev.: Aqr; genitive form: Aquarii; ap-
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prox. position: RA 22h, dec –10°; area:
980 sq deg.

Aquila /ă-kwil-ă/ (Eagle) An equatorial
constellation near Cygnus, lying in the
Milky Way, the brightest stars being the
1st-magnitude ALTAIR (α) and some of 2nd
and 3rd magnitude. Eta (η) Aquilae is a
bright CEPHEID VARIABLE, period 7.177
days. Abbrev.: Aql; genitive form: Aquilae;
approx. position: RA 19.5h, dec +3°; area:
652 sq deg.

Ara /ah-ră/ (Altar) A small constellation
in the southern hemisphere near Scorpius,
lying in the Milky Way, the brightest stars
being of 3rd magnitude. It contains the
bright globular cluster NGC 6397, visible
through powerful binoculars. This is possi-
bly the nearest such cluster to the Solar Sys-
tem. Abbrev.: Ara; genitive form: Arae;
approx. position: RA 17h, dec –55°; area:
237 sq deg.

ARC Abbrev. for Astrophysical Re-
search Consortium. See Apache Point Ob-
servatory.

archaeoastronomy /ar-kee-oh-ă-stron-ŏ-
mee/ The astronomy of early or nonliter-
ate cultures, of interest to astronomers,
archaeologists, and anthropologists. Many
megalithic sites in the UK, Europe, and
North and South America are thought to
have been used for astronomical measure-
ments and predictions.

arch filament See prominences.

arc minute (arcmin; minute of arc) See
arc second.

arc second (arcsec; second of arc) Sym-
bol: ″. A unit of angular measure equal to
1/3600 of a degree. It is used, for example,
to give the apparent diameter of objects,
the angular separation of binary stars, and
the proper motion and annual parallax of
stars. An arc minute, symbol: ′, is 60 arc
seconds, i.e. 1/60 of a degree. The full
Moon is about 30′ in diameter.

Arcturus /ark-toor-ŭs/ (αα Boo) A con-

spicuous red giant that is the brightest star
in the constellation Boötes and the second-
brightest star in the northern sky (after the
Sun). The three stars Alioth, Mizar, and
Alcaid in the handle of the Big Dipper
point in its direction. Arcturus is a high-ve-
locity star and shows spectral peculiarities.
mv: –0.04; Mv: –0.2; spectral type: K2 IIIp;
radius (by interferometer): 28 times solar
radius; distance: 10 pc.

areal velocity The velocity at which the
RADIUS VECTOR sweeps out unit area. It is
constant for motion in an elliptical orbit.
See Kepler’s laws.

Arecibo radio telescope /a-rĕ-see-boh/
A radio telescope, 305 meters in diameter
and spherical in shape, sited in a natural
hollow near the town and seaport of
Arecibo, Puerto Rico. It is the world’s
largest single-dish telescope. It is operated
by the National Astronomy and Ionos-
phere Center of Cornell University and has
been in use since 1963. The original lining
was replaced in the early 1970s by nearly
40 000 perforated aluminum panels in
order to improve performance at shorter
wavelengths, including the 21-cm line of
hydrogen. It now observes at frequencies
between 50 MHz and 10 GHz, using a
small subreflector system (the ‘mini-Grego-
rian’) for work between 1–10 GHz. Al-
though not steerable, the antenna can
observe in any direction up to 20° from the
zenith by moving the feed antennas along
the north–south girder on which they are
carried, 130 m above the dish. The Arecibo
dish, with its huge collecting area, can also
be used for RADAR ASTRONOMY and atmos-
pheric science.

Arend–Roland comet /ah-rĕnd rol-ahnd,
air-ĕnd roh-lănd/ (1957 III) A COMET dis-
covered by S. Arend and G. Roland in the
course of routine work on asteroids. It was
unusual because it had a sunward spike:
many of the solid particles ejected from the
NUCLEUS near PERIHELION remained in the
orbital plane of the comet; as the Earth
passed through the orbital plane the sun-
light reflected from the particles combined
to give a luminous spike.

Aquila
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areography /air-ee-og-ră-fee/ The geog-
raphy of MARS. Surface coordinates are de-
fined by aerographic longitude and
latitude. Longitude is measured in degrees
westward from a prime meridian chosen to
pass through the dark-albedo feature Sinus
Meridiani near the Martian equator. The
exact position of the meridian is now fixed
by a 0.5 km crater pit, Airy–0, within the
crater Airy, 300 km south of the equator.

Argo /ar-goh/ (Argo Navis; Ship) A for-
mer very extensive unwieldy constellation
in the southern hemisphere subdivided in
the mid-18th century into the constella-
tions CARINA, PUPPIS, VELA, and PYXIS. Its
stars are still identified by a single set of
Bayer letters (see stellar nomenclature), the
brightest being CANOPUS or Alpha (α) Cari-
nae.

argument of perihelion See orbital el-
ements.

Argyre Planitia /ar-jÿr, air-/ A 1000-km
diameter basin in Mars’ southern hemi-
sphere, visible as a bright area to Earth-
based observers and centered on the
areographic coordinates 50° S latitude, 44°
W longitude (see areography). Like HELLAS

PLANITIA it is probably an impact feature.
See Mars, surface features.

Ariane /a-ree-an/   The three-stage LAUNCH

VEHICLE built for the EUROPEAN SPACE

AGENCY (ESA). The building program was
officially approved in 1973, financed
mainly by France. The original version, Ar-
iane-1, first flew in Dec. 1979; its first suc-
cessful operational flight took place in June
1983. Responsibility for production and
marketing of Ariane was then transferred
to the company Arianespace, which had
been set up in 1980 to finance, build, sell,
and launch Ariane; its first launch occurred
in May 1984.

The launch site for Ariane is near the
equator, at Kourou, French Guiana. The
rocket is optimized for launching craft into
geostationary orbit (that is, to an altitude
of 36 000 km above the equator) for com-
munications and meteorological purpose,
into lower Earth orbits for scientific mis-

sions, and into Sun-synchronous Earth or-
bits for terrestrial observations. Ariane is
an expendable probe, unlike NASA’s
reusable space shuttle.

Ariane-1 could carry a payload of up to
1.8 tonnes (1800 kg) into geostationary
orbit. As the mass of satellites increased,
Ariane-1 gave way, from 1984, to the more
powerful Ariane-2 and Ariane-3. These in
turn were superseded, from 1988, by the
six versions of Ariane-4 – one ‘bare’, the
others fitted with two or four solid-fuel
booster rockets, depending on the payload
mass. The most powerful Ariane-4, with
four liquid-fuel boosters, can lift up to 4.46
tonnes into geostationary orbit.

Ariane-5 is radically different from the
earlier Arianes. Shorter and squatter, it has
two sections. The main unit is the ‘lower
composite’, with engine and propellant
flanked by two solid boosters, and is the
same for all missions; the ‘upper compos-
ite’ is matched to the mission and its pay-
load. It is designed to launch one, two, or
three satellites weighing up to about 7
tonnes into geostationary orbit, 23 tonnes
into low Earth orbit, or 10 tonnes into Sun-
synchronous orbit. Its first launch in 1996
ended in disaster with total destruction
after a flight of only 40 seconds. But by
2002 it had successfully launched several
commercial craft, mostly communications
satellites. The catastrophic launch failure
of an upgraded version of Ariane-5 in De-
cember of that year, with the loss of two
communications satellites, proved a major
setback for ESA. Following the resumption
of its launch program in April 2003, Ari-
ane-5 continued to be used for commercial
work and also for important European sci-
ence missions – the lunar orbiter SMART-1
and the comet interceptor probe ROSETTA.
In 2007 Ariane-5 will simultaneously carry
both the Planck and Herschel Observato-
ries into space.

Ariel /air-ee-ĕl/ A satellite of Uranus, dis-
covered in 1851 by William Lasell. Exten-
sively imaged by VOYAGER 2 in 1986, Ariel
has many craters and broad branching
smooth-floored valleys such as Korrican
Chasma and Kewpie Chasma. Its surface
carries the scars of numerous impacts dat-
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ing back to a time when the Solar System
was still being formed. See Uranus’ satel-
lites; Table 2, backmatter.

Ariel V The first and highly successful
British X-RAY ASTRONOMY satellite
launched into a 550-km equatorial orbit in
Oct. 1974 from the San Marco platform
off the Kenyan coast. Its six experiments
(five UK, one US) were designed to detect,
accurately locate, and measure spectral
and temporal features of cosmic X-ray
sources. Ariel V was spin-stabilized with
the spin axis and period controlled by gas
jets. Technically it was the first small scien-
tific satellite to be operated in near real-
time. Tracking, command, and data
reception were carried out from NASA
ground stations at Quito and on Ascension
Island. The UK control station at the
Rutherford Appleton Laboratory had data
links to the experiment groups at the uni-
versities of Birmingham, Leicester, and
London. The satellite and all experiments
remained fully operational until mid-1977
when the control gas was exhausted. Sub-
sequent operation with magnetometer atti-
tude control was extended up to reentry in
Mar. 1980.

Ariel V’s major scientific achievements
were the production of a new atlas of X-
RAY SOURCES (the 3A catalog), including a
number of short-lived transients, the estab-
lishment of SEYFERT GALAXIES as powerful
X-ray emitters, and the discovery of slow
X-ray pulsators (now identified with mag-
netized NEUTRON STARS spinning with
periods of minutes) and of abundant multi-
million degree plasma in SUPERNOVA REM-
NANTS and in CLUSTERS OF GALAXIES.

Ariel VI A British satellite that was
launched June 1979 and was the final small
satellite in the Ariel series. Its three experi-
ments were designed to measure the flux of
heavy primary cosmic rays, i.e. those above
iron in the periodic table, to produce a soft
X-ray map of the sky (at energies 0.1–1.5
keV), and to determine the time variability
and spectra of individual X-ray sources
(many of which were discovered by ARIEL

V) by means of a PROPORTIONAL COUNTER

pointed for several hours toward each

source. Each experiment operated success-
fully for most of the satellite’s life (to early
1982) but the scientific returns were lim-
ited by a series of spacecraft problems, in-
cluding interference, particularly over
Eastern Europe, from powerful ground
radars that caused random switching of
both payload and spacecraft elements.

Aries /air-eez, air-ee-eez/ (Ram) A zodiac
constellation in the northern hemisphere
near Taurus, the brightest stars being the
2nd-magnitude HAMAL (α) and 3rd-magni-
tude Sheratan (β). Mesarthim (γ) is a wide
visual binary with components equal in
magnitude (4.8) and both A stars. Abbrev.:
Ari; genitive form: Arietis; approx. posi-
tion: RA 2.5h, dec +21°; area: 441 sq deg.
See also first point of Aries.

Aries, first point of See first point of
Aries.

Aristarchus /a-ră-star-kŭs/ See table at
craters.

Arizona meteorite crater (Barringer
Crater) The archetypal impact explosion
crater in N Arizona, 1.2 km across and 180
m deep, formed about 25 000 years ago by
a massive iron METEORITE, maybe 70 m in
diameter. The rim is composed of folded
and inverted rock layers that have been
pushed out from a central point. The mete-
orite almost vaporized completely, only a
few hundred tonnes being scattered over
80 km2 around the crater in the form of
tiny iron SPHERULES. It has been named
after Daniel Barringer who studied it and
first suggested its extraterrestrial origin.

armillary sphere /ar-mă-lair-ee/ A de-
vice, dating back to antiquity, composed of
a set of graduated rings representing circles
on the CELESTIAL SPHERE, such as the eclip-
tic, celestial equator, and colures. The
whole globe often revolved about an axis –
the polar axis – within horizon and merid-
ian circles. Movable sighting adjustments
enabled a star to be observed and its coor-
dinates to be read off the relevant circles.

arm population Young POPULATION I

Ariel V
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stars occurring in the spiral arms of the
Galaxy.

Arneb /ar-neb/ See Lepus.

Arp 220 /arp/ Two INTERACTING spiral
galaxies in the process of merging to form
an ULTRALUMINOUS IRAS GALAXY. The
galaxy cores are separated by only 1200
light-years, and are surrounded by huge
knots of recent star formation.

array 1. A system used in radio astron-
omy in which a number of discrete el-
ements are connected to form a composite
ANTENNA. An element may for example be
a single DIPOLE or a DISH. The ratio of the
aperture area occupied by all the elements
to the area that would be occupied by a
continuous aperture of the same overall
length is called the filling factor; it is a
measure of the fraction of the aperture that
is actually there. The effective area for an
array operating at a wavelength λ with a
DIRECTIVITY D is given by 

Ae = Dλ2/4π
It is usually less than the physical area,
even when the filling factor is equal to
unity, because of small irregularities in the
aperture distribution. For a perfect array
with a uniform aperture distribution the ef-
fective and physical areas are indeed equal.

An array may produce a grating re-
sponse in one or more directions away
from the main lobe (see antenna) which, if
the elements of the array were all nondi-
rectional, would be as strong as the main
lobe. However, the ANTENNA PATTERNS of
the elements together with geometrical
effects usually reduce the power in the grat-
ing response to an acceptable level. See also
aperture synthesis; Butler matrix; feeder.
2. (detector array). An electronic device,
such as a CCD, consisting of thousands or
millions of individual detectors fabricated
on centimeter-sized wafers of silicon or
some other material.

Arsia Mons /ar-see-ă/ A 14-km-high
400-km-wide volcano at the southern edge
of the THARSIS RIDGE of Mars. It is located
just south of the Martian equator at the
aerographic coordinates 8.4° S latitude,

121.1° longitude (see areography). It ap-
pears to be older than the other Tharsis
volcanoes and has the largest summit
caldera, 140 km across. See Mars, volca-
noes.

artificial satellite See satellite, artificial.

ASCA Fourth in the series of small
(500 kg) Japanese space science satellites
devoted to X-ray astronomy. It was
launched into a 560-km, 31° inclination
orbit in Feb. 1993, carrying a payload of
four identical GRAZING INCIDENCE X-ray
telescopes (conical foil). Two telescopes
had gas scintillation PROPORTIONAL COUN-
TERS in the focal plane and two had X-ray-
sensitive CCDs (provided by NASA). The
mission’s main strength was X-ray spec-
troscopy. Both types of detector gave much
improved energy resolutions over ASCA’s
working range of 0.5–10 keV, compared
with the widely used imaging PROPOR-
TIONAL COUNTER. Apart from a gradual de-
terioration in the energy resolution of the
CCDs caused by in-orbit radiation dam-
age, all instruments aboard ASCA contin-
ued to function up to the middle of 2000,
by which time nearly 4000 separate obser-
vations had been carried out. Among many
scientific advances were the detection of a
population of partly obscured active galac-
tic nuclei (see active galaxy), whose hard
X-ray spectra suggested that they formed a
major component of the X-RAY BACK-
GROUND RADIATION; the first evidence for
strong gravity in the form of a broad iron
fluorescence line; and the measurement of
metal-rich spectra in the ejecta of several
supernova remnants. The mission ended in
July 2000 when a geomagnetic storm
caused by an unusually large solar flare ir-
revocably altered the orbital attitude of the
satellite and the orientation of its solar
panels, taking the panels away from the
Sun and effectively destroying ASCA’s
power supply. ASCA re-entered the Earth’s
atmosphere in 2001. See also Astro-E2;
Ginga.

ascending node See nodes.

Ascraeus Mons /ass-kree-ŭs/ A 19-km-
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high volcano on the THARSIS RIDGE of Mars,
located at the areographic coordinates
11.9° N latitude, 104.5° W longitude (see
areography). It is 400 km wide at its base
and has a summit caldera 50 km across.
See Mars, volcanoes.

Asgard Basin See Callisto.

ashen light 1. The faint glow claimed to
be occasionally observed on the unlit area
of Venus in its crescent phase. Its cause is
unknown but it might result from bom-
bardment of atmospheric atoms and mol-
ecules by energetic particles and radiation,
as with terrestrial AIRGLOW.
2. See earthshine.

aspect (configuration) The apparent po-
sition of any of the planets or the Moon
relative to the Sun, as seen from Earth. Spe-
cific aspects include CONJUNCTION, OPPOSI-
TION, and QUADRATURE, which differ in the
ELONGATION of the object concerned.

aspheric surface /ay-sfe-rik/ Any sur-
face that does not form part of a sphere. A
paraboloid reflector, used in both optical
and radio telescopes, is aspheric. Although
production costs are high, aspheric sur-
faces can greatly improve lens and mirror
performance.

association A loose group of young
stars of similar SPECTRAL TYPE. OB associa-
tions are groups of massive and highly lu-
minous main-sequence stars of spectral
types O and B. They occur in regions rich
in gas and dust in the spiral arms of the
Galaxy. They have dimensions ranging
from a few parsecs to several hundred par-
secs. Often an OPEN CLUSTER is found near
the center of an association, e.g. the Zeta
Persei association surrounds H AND CHI

PERSEI. R associations are groups of bright
young stars of slightly lower mass (3–10
solar masses) that illuminate REFLECTION

NEBULAE. T associations are groups of T

TAURI STARS, i.e. young stars of about the
Sun’s mass. Most contain less than 30 stars
though some contain as many as 400. R
and T associations are often found in the
vicinity of young open clusters.

Associations are generally too sparsely
populated to be gravitationally bound sys-
tems and there is strong evidence that they
represent the aftereffects of comparatively
recent multiple star births. In some cases
the stars appear to be expanding from a
common center: by extrapolating back
their present velocities an estimate of the
age of the system can be derived. For in-
stance, the association II Persei shows an
expansion age of slightly over one million
years.

A stars Stars of SPECTRAL TYPE A. They
are blue-white or white and have a surface
temperature (Teff) of about 7500 to 9900
kelvin for main-sequence stars, and up to
12 000 K for supergiants. Balmer absorp-
tion lines of hydrogen dominate the spec-
trum, reaching maximum strength for A0
to A3 stars; lines of ionized and neutral
metals slowly strengthen with the H and K
lines of ionized calcium appearing in later
subdivisions. A few A stars (AM and AP

STARS) have anomalously high abundances
of metals and rare earth elements. COLOR

indices for A0 stars are zero. Vega, Sirius,
Deneb, and Altair are A stars.

asterism A prominent grouping of stars
forming a distinctive shape but not a com-
plete or recognized constellation. The Big
Dipper is an asterism within the constella-
tion Ursa Major. Other examples of aster-
isms are the Sickle in Leo, the FALSE CROSS

and the SUMMER TRIANGLE.

asteroid belt (main belt) The zone near
to the plane of the ECLIPTIC and between
the orbits of Mars and Jupiter that contains
the majority of ASTEROIDS, known as main-
belt asteroids. The edges are well-defined
at distances from the Sun of about 1.7 and
4.0 AU respectively and the orbits are
strongly concentrated in the plane of the
ecliptic. Even so, the individual asteroids in
the main belt are widely spaced. The or-
bital INCLINATION becomes more scattered
on moving through the belt. The average
inclination is about 10° and the average
eccentricity is 0.15. All the bodies are in DI-
RECT MOTION. Occasional collisions be-

Asgard Basin
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tween asteroids occur at velocities of about
5 km s–1. See also Kirkwood gaps.

asteroid families See Hirayama fami-
lies.

asteroids (minor planets; planetoids)
Small rocky Solar-System bodies without
atmospheres that orbit the Sun but are too
small to be considered planets. The distinc-
tion between an asteroid, a comet, and a
KUIPER BELT object is rather blurred: the
prevailing view is that most of these minor
bodies are remnants of the protoplanetary
nebula that failed to become incorporated
into the planets during the accretion phase
of the Solar System’s formation. However,
some astronomers have theorized that as-
teroids resulted from destructive collisions
between a handful of Mars-sized bodies 
in the Solar System’s remote past. These
bodies would have been prevented from
accreting into a planet by Jupiter’s gravita-
tional influence. Comets and Kuiper belt
objects consist of a mixture of rock, dust,
and ice, but asteroids, like meteoroids, are
composed of rock and metal.

Most known asteroids (perhaps 95%)
orbit in the asteroid belt, or main belt, be-
tween the orbits of Mars and Jupiter, at
distances of 1.7 to 4.0 astronomical units
from the Sun. These main-belt asteroids
have periods between 3 and 6 years. The
distribution of orbits within the belt is
modified by KIRKWOOD GAPS, regions that
have been swept clear of interplanetary
bodies as a result of ORBITAL RESONANCE

with Jupiter. Some asteroids have orbits
that are very different from those in the
main belt; these include the NEAR-EARTH AS-
TEROIDS (i.e. the AMOR, APOLLO, and ATEN

GROUPS), and members of the TROJAN and
HILDA GROUPS. These bodies are thought to
be either fragments that have broken away
from large main-belt asteroids or else
comets that are no longer active. The ob-
jects (2060) CHIRON and Pholus, whose or-
bits lie out beyond Saturn, are sometimes
considered to be asteroids but are techni-
cally classified as centaurs. There are also
clusters or families of asteroids with very
similar orbital characteristics (see Hi-
rayama families). Like the planets, most as-

teroids follow direct orbits close to the
plane of the ECLIPTIC, although the average
orbit has a larger ECCENTRICITY (0.15) and
a greater INCLINATION (9.7°) than those of
most planets. A few objects, however, such
as (944) HIDALGO, follow highly eccentric
and inclined orbits more akin to those of
some periodic COMETS. Their orbits taking
them across the paths of the planets, and
some make very close approaches.

Asteroids shine by reflected sunlight but
only one, (4) VESTA, is bright enough to be
seen with the naked eye. Astronomers be-
lieve that there may be several million as-
teroids in the Solar System, with about
60 000 new ones being discovered every
year. Improved observational and photo-
graphic instruments and techniques ac-
count for this high discovery rate, but as of
November 2005, only about 300 000
known asteroids had calculated orbits, and
of these, only 120 000 had received perma-
nent numbers. Many more, with less well-
determined orbits, have been assigned
temporary designations. Many numbered
asteroids have also received names, usually
bestowed on them by their discoverers, but
today subject to strict guidelines issued by
the Internal Astronomical Union’s Small
Bodies Names Committee.

Until the late 20th century, the diame-
ters of even the largest asteroids could only
be roughly estimated. Since 1970, how-
ever. studies of the POLARIZATION of re-
flected sunlight and of the brightness at
visible and infrared wavelengths for a large
number of asteroids has led to improved
values for their ALBEDOS; the diameters
have been recalculated from these values
and from analysis of the occultation of
stars by asteroids. Asteroids vary in size
from the largest and first to be discovered
– the 933-km-diameter (1) CERES – to ob-
jects smaller than 1 km. There probably
exists a continuous distribution down to
the size of METEOROIDS – boulder-size and
smaller; but it has been suggested that bod-
ies should be 50 m or more in diameter in
order to qualify as asteroids. Most aster-
oids are thought to be irregular in shape,
causing them to vary in brightness as they
rotate every few hours. Smaller objects pre-
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dominate. There are only about 30 aster-
oids with diameters greater than 200 km.

The total mass of the asteroids is esti-
mated at 2.3 × 1021 kg (about 3% of the
Moon’s mass). Ceres accounts for more
than one-third of this mass.

The composition of asteroids varies
somewhat as a function of distance from
the Sun. Studies of asteroid spectra and po-
larizations show that the surface rocks are
diverse and are similar to those of ME-
TEORITES. It is now believed therefore 
that most meteorites are fragments of as-
teroids. The majority of asteroids resemble
carbonaceous chondrite meteorites,
whereas others appear to have a metallic or
silicaceous surface; the latter are more
common near the outer edge of the asteroid
belt (see also C-type asteroids; S-type aster-
oids; M-type asteroids). This is an impor-
tant clue to the composition of the
pre-solar nebula from which the proto-
asteroids condensed.

Before the 1990s, our information
about asteroids depended entirely on
Earth-based observations. Then in 1991,
NASA’s GALILEO spacecraft, en route for
Jupiter, encountered (951) GASPRA and
took the first high-resolution photographs
of an asteroid. Two years later, Galileo en-
countered (243) IDA and Ida’s satellite
Dactyl. Further asteroid encounters have
followed, including the Near-Earth Aster-
oid Rendezvous (NEAR-Shoemaker) mis-
sion’s visits to (253) Mathilde in 1997 and

(433) Eros in 1999. NEAR-Shoemaker be-
came the first human-made spacecraft to
land on an asteroid when it touched down
on Eros on Feb. 12, 2001, after orbiting it
for a year.

See also Table 3, backmatter.

asthenosphere /ass-th’en-ŏ-sfeer/ See
Earth.

astigmatism /ă-stig-mă-tiz-ăm/    An ABER-
RATION of a lens or mirror system that oc-
curs when light falls obliquely on the
system and is focused not as a single point
image but as two perpendicular and sepa-
rated lines. In the reflecting system shown
in the illustration rays from points A and B
on the mirror converge to the vertical line
image ab; rays from C and D converge to
the horizontal line image cd. The pencil of
reflected rays, elliptical in cross section,
cannot produce a sharp image anywhere
along its path; the plane of optimum focus
occurs between ab and cd where the pencil
has its smallest cross section. Astigmatism
is not as severe an aberration as COMA.

ASTP Abbrev. for Apollo-Soyuz test
project.

Astraea /ass-tree-ă/ The fifth ASTEROID

to be discovered, in 1845 by K.L. Hencke.
See Table 3, backmatter.

astration /ass-tray-shŏn/ The continual

asthenosphere
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cycling of material from the INTERSTELLAR

MEDIUM into stars and back again, which
steadily enriches the galaxies with elements
heavier than hydrogen.

Astro /ass-troh/ An astrophysics mission
launched by NASA in Dec. 1990 and oper-
ated for about 10 days from the bay of the
space shuttle. The payload consisted of
four instruments. The Wisconsin ultravio-
let photopolarimeter experiment (WUPPE)
provided polarization studies in the UV
spectral region of 140–330 nm. The Hop-
kins ultraviolet telescope (HUT) made
spectroscopic observations in the far-UV
and extreme-UV wavebands. The ultravio-
let imaging telescope (UIT), providing a 2″
resolution over a wide (40′) field of view,
obtained many hundreds of UV images of
a wide range of sources. The broad-band
X-ray telescope (BBXRT) provided X-ray
spectra of sources in the energy range
0.3–12 keV with an energy resolution of
about 100 keV. The payload was returned
to Earth after the mission. A second mis-
sion, Astro-2, was completed successfully
in 1995.

ASTRO–B Pre-launch name of the
Japanese satellite TENMA.

astroblemes /ass-trŏ-bleemz/ Circular
craterlike scars, usually ancient, left in the
Earth’s crust by meteorite impact. Criteria
used for recognition are shatter cones,
high-pressure silica polymorphs, shock mi-
crodeformations of quartz, impactite
glasses, traces of nickel, and nickel-iron as-
sociations. All are of a geologically youth-
ful age, none older than about 500 million
years. The largest are Vredefort, South
Africa (40 km diameter), Nordlinger Ries,
Germany (25 km), Deep Bay, Saskat-
chewan, Canada (14 km), Lake Bosumtwi,
Ghana (10 km), and Serpent Mound, Ohio
(6.4 km).

The velocity of a large meteorite, i.e.
one over thousands of tonnes, is dissipated
very little by atmospheric braking effects
and it hits the ground at its cosmic velocity
of 11 to 74 km s–1 and explodes. Most of
the kinetic energy goes to accelerate and
excavate the material from the volume that

eventually becomes the crater. Usually only
an exceedingly small fraction (<0.01%) of
the projectile survives. The resulting crater
has a diameter between 20 and 60 times
that of the impacting body, this factor de-
pending on the incident velocity.

ASTRO–C Pre-launch name of the
Japanese satellite GINGA.

astrochemistry /ass-troh-kem-iss-tree/
The study of the chemistry of celestial bod-
ies and of the intervening regions of space.
It involves the detection and identification,
principally by spectroscopy, of the inor-
ganic and organic chemicals present and
the study of the reactions by which these
neutral and charged atoms and molecules
could have been produced and of future
chemical processes. See also molecular-line
radio astronomy.

ASTRO–D Pre-launch name of the
Japanese satellite ASCA.

astrodynamics /ass-troh-dÿ-nam-iks/  The
application of CELESTIAL MECHANICS, the
ballistics of high-speed solids through
gases, propulsion theory, and other allied
fields to the planning and production of the
trajectories of spacecraft.

ASTRO–E2 Sixth in the series of small
Japanese-US science satellites, scheduled
for launch in early 2005 as the eventual
successor to ASCA. Its immediate predeces-
sor, ASTRO–E, was an X-ray imaging and
spectroscopy satellite that carried instru-
ments originally intended for NASA’s AXAF

program and was supposed to complement
NASA’s Chandra and ESA’s XMM-New-
ton spacecraft. Unfortunately, Astro-E was
lost during launch in Feb. 2000. ASTRO–
E2 was developed as its replacement by the
Institute of Space and Astronautical Sci-
ence of the Japan Aerospace Exploration
Agency (ISAS/JAXA) and other Japanese
institutions in collaboration with NASA,
Goddard Space Flight Center (GSFC), and
the Massachusetts Institute of Technology
(MIT).

ASTRO–E2’s mission is to cover the
whole energy range 0.2–600 keV with the
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three elements of its instrumentation: (1)
an X-ray Spectrometer (XRS) using a cryo-
genically cooled X-ray microcalorimeter
and located behind a conical-foil mirror,
the X-Ray Telescope (XRT); (2) four X-ray
CCD cameras comprising the X-ray Imag-
ing Spectrometer (XIS), situated in the
focal plane of an X-ray telescope co-
aligned with the center of the XRS field of
view; and (3) the hard X-ray detector
(HXD), a non-imaging instrument consist-
ing of a collimated system of ‘well’ detec-
tors. The HXD’s sensitivity is unusually
high, and its equipment includes anticoun-
ters that screen out particle background
and may also serve to detect high-energy
events such as gamma-ray bursts. ASTRO–
E2 is expected to achieve particularly high
X-ray spectral resolution throughout the
0.4–10 keV energy band. In addition, it is
expected to obtain imaging spectroscopy
of extended sources using its nondispersive
spectrometers covering a larger area with a
greater sensitivity than has been achieved
in earlier missions. ASTRO–E2 is sched-
uled to be placed into a circular orbit with
an altitude of 550 km and an inclination of
31°.

Astrographic Catalog /ass-trŏ-graf-ik/
See Carte du Ciel.

astrolabe /ass-trŏ-layb/ An instrument,
dating back to antiquity, used to measure
the altitude of a celestial body and to solve
problems of spherical astronomy. From the
15th century it was employed by mariners
to determine latitude, until replaced by the
sextant. There have been various types of
astrolabes. One simple form consisted of a
graduated disk that could be suspended by
a ring to hang in a vertical plane. A mov-
able sighting device – the alidade – pivoted
at the center of the disk. Modern versions
are still used to determine stellar positions
and hence local time and latitude. See also
prismatic astrolabe.

astrometric binary /ass-trŏ-met-rik/   See
binary star.

astrometry /ă-strom-ĕ-tree/ (positional as-
tronomy) The branch of astronomy con-

cerned with the measurement of the posi-
tions of celestial bodies in the sky, with the
factors, such as PRECESSION, NUTATION, and
PROPER MOTION, that cause the positions to
change with time, and with the concepts
and observational methods involved in
making the measurements. In photo-
graphic astrometry the positions of stars,
planets, etc., are determined in relation to
reference stars on photographic plates. In
meridian astrometry the positions of celes-
tial bodies are determined relative to the
motions of the Earth. See also long-focus
photographic astrometry; radio astrome-
try.

astronautics /ass-trŏ-naw-tiks/ The sci-
ence and technology of spaceflight.

Astronomer Royal /ă-stron-ŏ-mer/ An
eminent British astronomer appointed by
the UK sovereign to the post of As-
tronomer Royal of England. The appoint-
ment is made on the advice of the
government-funded body responsible for
astronomy research and facilities in the
UK. Since 1994, this has been the PARTICLE

PHYSICS AND ASTRONOMY RESEARCH COUN-
CIL (PPARC). The office of Astronomer
Royal is an honorary position that, until
the retirement of Sir Richard Woolley in
1971, was combined with the post of Di-

Astrographic Catalog
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ASTRONOMERS ROYAL

John Flamsteed 1675–1719
Edmund Halley 1720–42
James Bradley 1742–62
Nathaniel Bliss 1762–64
Nevil Maskelyne 1765–1811
John Pond 1811–35
Sir George Biddell Airy 1835–81
Sir William H.M. Christie 1881–1910
Sir Frank Watson Dyson 1910–33
Sir Harold Spencer Jones 1933–55
Sir Richard Woolley 1955–71
Sir Martin Ryle 1972–82
Sir F. Graham Smith 1982–90
Sir Arnold Wolfendale 1991–95
Sir Martin Rees 1995–



rector of the Royal Greenwich Observa-
tory (RGO). The two titles were separated
when Margaret Burbidge became Director
of the RGO in 1971 and Sir Martin Ryle
became Astronomer Royal in 1972. The
first Astronomer Royal, John Flamsteed,
was appointed by Charles II in 1675 fol-
lowing the foundation of the RGO in that
year. The 15th Astronomer Royal, the cos-
mologist Sir Martin Rees, was appointed in
1995. A full list of Astronomers Royal ap-
pears in the table.

The office of Astronomer Royal for
Scotland was created by Royal Warrant in
1834, with Thomas Henderson as its first
incumbent. The title was originally held by
the astronomer who served as both Direc-
tor of the Royal Observatory, Edinburgh
(ROE), and Regius Professor of Astron-
omy at the University of Edinburgh. Mal-
colm Longair was the ninth holder of the
office, succeeding Vincent Reddish to the
title in 1980. Longair held the post until
1991. The title then lapsed until 1995, by
which time the decision had been taken to
separate the Regius professorship and the
directorship of the ROE. In the process, the
office of Astronomer Royal for Scotland
also became an independent post. The em-
inent solar and stellar specialist John
Campbell Brown, professor of astrophysics
at the University of Glasgow, was ap-
pointed Astronomer Royal for Scotland
under the new regime in 1995.

Astronomical Almanac /ass-trŏ-nom-ă-
kăl/ The EPHEMERIS prepared jointly since
1981 by the United States Naval Observa-
tory, Washington DC, and the Royal
Greenwich Observatory in the UK. It re-
placed both the UK Astronomical
Ephemeris and the American Ephemeris
and Nautical Almanac, published sepa-
rately in the UK since 1767 and in the USA
since 1855.

astronomical data center See Centre
de Données Astronomiques.

Astronomical Ephemeris See Astro-
nomical Almanac.

Astronomical Netherlands Satellite

(ANS) A joint Netherlands/US satellite
that was launched in Aug. 1974 and oper-
ated until 1976. It contained a 20-cm ul-
traviolet telescope providing broad-band
(about 15 nm) photometric data on se-
lected astronomical sources at wavelengths
of 155 nm, 180 nm, 220 nm, 250 nm, and
350 nm. A catalog of such observations for
about 3500 stars has been completed. In
addition the satellite carried two X-ray
telescopes that made the first observations
of an X-RAY BURST SOURCE.

astronomical triangle A SPHERICAL TRI-
ANGLE on the CELESTIAL SPHERE formed by
the intersection of the great circles joining
a celestial body, S, the observer’s zenith, Z,
and the north (or south) celestial pole, P
(see illustration overleaf). The relation-
ships between the angles and sides of a
spherical triangle are used for transforma-
tion between EQUATORIAL and HORIZONTAL

COORDINATE SYSTEMS: the angle at S (q) is
the parallactic angle; that at P (t) is the
HOUR ANGLE of S; that at Z (A) is the az-
imuth of S. The sides are equal to the
ZENITH DISTANCE (ζ), the complement of
the terrestrial latitude (90°–φ), and the
complement of the declination (90°–δ).
The parallactic angle, for example, is given
by the sine rule:

sin q = (cos φ sin t)/sin ζ =
(cos φ sin A)/cos δ

astronomical twilight See twilight.

astronomical unit (AU or au) A unit of
length that is used for distances, especially
within the Solar System. It is effectively the
mean distance between Earth and Sun. It is
defined formally in terms of Kepler’s third
law and the GAUSSIAN GRAVITATIONAL CON-
STANT. One astronomical unit is equal to
149 597 870 kilometers or 499.005 light-
seconds.

astronomy /ă-stron-ŏ-mee/ The obser-
vational and theoretical study of celestial
bodies, of the intervening regions of space,
and of the Universe as a whole. Astronomy
is one of the oldest sciences and has devel-
oped in step with advances in instrumenta-
tion and other technology and with
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advances in physics, chemistry, and mathe-
matics. The main branches are ASTROME-
TRY, CELESTIAL MECHANICS, and the major
modern field of ASTROPHYSICS with its sub-
sections of COSMOLOGY, RADIO ASTRON-
OMY, and X-RAY, GAMMA-RAY, INFRARED,
and ULTRAVIOLET ASTRONOMY. STELLAR STA-
TISTICS is another modern field.

astrophotography /ass-troh-fŏ-tog-ră-
fee/ Astronomical PHOTOGRAPHY.

astrophysics /ass-troh-fiz-iks/ The study
of the properties, constitution, and evolu-
tion of celestial bodies and the intervening
regions of space. It is concerned in particu-
lar with the production and expenditure of
energy in systems such as the stars and
galaxies and in the Universe as a whole and
with how this affects the evolution of such
systems. Astrophysics developed in the
19th century with the application of spec-
troscopy to the study of light from celestial
bodies. It is also now closely related to par-
ticle physics, plasma physics, thermody-

namics, solid-state physics, and relativity.
COSMOLOGY, RADIO ASTRONOMY, X-RAY,
GAMMA-RAY, INFRARED, and ULTRAVIOLET

ASTRONOMY are usually considered subsec-
tions of astrophysics.

Astrophysics Data System (ADS) A
comprehensive computer database system,
funded and maintained by NASA, that al-
lows astronomers to locate, retrieve, and
analyze astrophysical data stored at a large
number of facilities by means of computer
networks. The information, which covers
all aspects of astronomy, astrophysics, and
instrumentation, consists of bibliographi-
cal records, electronic versions of printed
articles, and pointers and links to external
resources. See also SIMBAD.

asymptotic giant branch /ass-im-tot-ik/
See giant.

AT Abbrev. for Australia Telescope.

Atacama Large Millimeter Array /ah-

astrophotography
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tă-kah-mă/ (ALMA) A large interna-
tional project to construct a millimeter
wavelength radio telescope in Llano de
Chajnantor, near San Pedro de Atacama in
northern Chile. The array comprises 64
separate dishes, each 12 meters in diame-
ter, that can be arranged in a number of
configurations with effective sizes of 150 m
to 10 km, allowing ALMA to reach angu-
lar resolutions of up to 10 milliarcseconds.
The altitude of the site (5000 m) ensures
good atmospheric transparency at a num-
ber of wavebands between 10 mm and
0.350 mm. It will contribute to a number
of fields of study including cosmology, ex-
tragalactic astronomy, star formation, mo-
lecular clouds and planetary science.
Following completion of the design and de-
velopment phase of the project in 2002,
construction of the array began in Feb.
2003. Although ALMA is not scheduled to
be completed until 2012, initial astronom-
ical observations are planned for 2007.

ataxite /ă-taks-ÿt/ See iron meteorite.

Aten group /ah-ten/ A group of near-
Earth ASTEROIDS that have SEMIMAJOR AXES

less than 1 AU and thus periods of less than
one year. The group is named after (2062)
Aten, discovered in 1976 (see Table 3,
backmatter). Over a dozen Aten asteroids
are now known, the largest being (2100)
Ra-Shalom and 1986 T0 (asteroid number
3753).

Atlas 1. A small satellite of Saturn, dis-
covered in 1980. It is the SHEPHERD SATEL-
LITE for Saturn’s A ring. See Saturn’s rings;
Table 2, backmatter.
2. See Pleiades.

atmosphere The gaseous envelope that
surrounds a star, planet, or some other ce-
lestial body. The ability of a planet or plan-
etary satellite to maintain an appreciable
atmosphere depends on the ESCAPE VELOC-
ITY at its surface and on its temperature.
Small bodies, such as the Moon, have low
escape velocities that may be exceeded
comparatively easily by gas molecules trav-
eling with the thermal speeds appropriate
to their temperature and mass. The speed

of a gas molecule increases with tempera-
ture and decreases with molecular weight;
the lighter molecules, such as hydrogen,
helium, methane, and ammonia, can there-
fore escape into space more readily than
heavier ones such as nitrogen, oxygen, and
carbon dioxide. Some bodies, such as
Pluto, may be so cold that most potential
atmospheric gases lie frozen on their sur-
faces. A body may gain an atmosphere by
any of several processes, including a tem-
porary acquisition by collision with an ob-
ject containing frozen gases, such as a
cometary nucleus.

The study of planetary atmospheres –
their contents, meteorology, and evolution
– has developed rapidly with the advent of
planetary space probes in the 1960s. The
planets EARTH, MARS, VENUS, JUPITER, SAT-
URN, URANUS, and NEPTUNE, and Saturn’s
satellite TITAN, have been examined at close
range by probes and much has been
learned about their atmospheres. MERCURY

and Neptune’s satellite TRITON have been
found to have only the most tenuous of at-
mospheres. PLUTO is also thought to have
an atmosphere. The deep hydrogen, he-
lium, methane, and ammonia atmospheres
of Jupiter, Saturn, and the other GIANT

PLANETS probably derive directly from the
solar nebula and icy planetesimals from
which the planets are now thought to have
coalesced by accretion (see Solar System,
origin). The TERRESTRIAL PLANETS, how-
ever, were too small to capture the warm
gases of the early nebula; the present at-
mospheres of Venus, Earth, and Mars are
thought to have been released from volca-
noes after being liberated from chemical
combination in subsurface rocks by radio-
active heating. The unusual abundance of
free oxygen to be found in the Earth’s at-
mosphere, accounting for about a fifth of
its entire contents, is a direct result of the
photosynthesizing action of living organ-
isms.

Exploration of the Solar System has
provided a unique opportunity to examine
weather systems of planetary atmospheres.
Venus: slowly rotating cloud over the
planet with a huge GREENHOUSE EFFECT.
Mars: a thin atmosphere where the
weather systems are strongly influenced by
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the large topography of the surface. Jupiter
and Saturn: large fluid atmospheres,
rapidly rotating, with internal heating to
assist in driving the weather phenomena.
Each one of these examples is a natural lab-
oratory for geophysical fluid dynamics that
provides insight into general meteorologi-
cal processes.

See also chromosphere; corona; solar
wind.

atmosphere, composition The per-
centage composition of clean dry air in the
Earth’s atmosphere is given in the table.
The concentrations of CO2, CO, SO2,
NO2, and NO are greater in industrial
areas. The amount of ozone increases in
the ozone layer (see atmospheric layers)
and depends on meteorological and geo-
graphical variations. The fraction of water
vapor in normal air varies from 0.1–2.8%
by volume and 0.06–1.7% by mass, with
meteorological and geographical varia-
tions and a decrease with altitude.

The Earth’s primitive atmosphere is
thought to have formed as a result of out-
gassing from the Earth’s interior, in pro-
portions similar to those emitted by
present-day volcanoes (mainly water vapor
and CO2 plus some SO2 and N2). The com-
position has since changed radically, ini-
tially as a result of geochemical cycling of

the elements and the presence of plant and
animal life, and recently by combustion
processes and by industrial, technological,
and agricultural activities. See also green-
house effect.

atmospheric dispersion See disper-
sion.

atmospheric extinction See extinction.

atmospheric layers The gaseous layers
into which the Earth’s atmosphere is di-
vided, mainly on the basis of the variation
of temperature with altitude. The tropo-
sphere is the lowest layer, extending from
sea level to the tropopause at an altitude of
between 8 km at the poles and 18 km
within the tropics. It contains three-quar-
ters of the atmosphere by mass and is the
layer of clouds and weather systems. It is a
region, heated from the ground by infrared
radiation and convection, in which the
temperature falls with increasing height to
reach a minimum of approximately –55 °C
at the midlatitude and polar tropopause
and maybe –80 °C at the equatorial
tropopause.

The stratosphere, lying above the
tropopause, is an atmospheric layer in
which the temperature is at first steady
with altitude before increasing to a maxi-

atmosphere, composition
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COMPOSITION OF EARTH’S LOWER ATMOSPHERE

Gas Percentage composition of clean dry air 
By volume By mass

nitrogen N2 78.084 75.523
oxygen O2 20.947 23.142
argon Ar 0.932 1.290
carbon dioxide CO2 0.035 0.050
neon Ne 0.0018 0.0013
helium He 0.0005 0.0001
methane CH4 0.0002 0.0001
krypton Kr 0.0001 0.0003
carbon monoxide CO 0.0001 0.0001
sulfur dioxide SO2 0.0001 0.0002

With smaller traces of hydrogen (H2), nitrous oxide (N2O), ozone (O3), xenon (Xe),
nitrogen dioxide (NO2), radon (Rn), and nitric oxide (NO). 



mum of 0°C at about 50 km, which marks
the stratopause. This temperature varia-
tion inhibits vertical air movements and
makes the stratosphere stable. The heating
arises from the absorption of high-energy
solar ultraviolet radiation by ozone (O3)
molecules. These molecules, themselves
formed by the action of ultraviolet radia-
tion on oxygen molecules, constitute the
region known as the ozone layer. This
contains about 90% of the atmosphere’s
ozone. Decreases in stratospheric ozone,
observed especially in high latitudes in
winter, are attributable mainly to in-
creasing atmospheric levels of synthetic
CFCs (chlorofluorocarbons). The Antarc-
tic ozone hole in particular is allowing in-
creased levels of potentially damaging
solar ultraviolet radiation to reach the
ground.

Above the stratopause is the meso-
sphere, in which the temperature falls with
height to reach about –90 °C at the
mesopause at an altitude of about 85 km.
Within the mesosphere the heat contribu-
tion from ultraviolet absorption by ozone
decreases as the ozone becomes less plenti-
ful. The thermosphere, above the meso-
pause, has a temperature that rises with
height as the Sun’s far-ultraviolet radiation
is absorbed by oxygen and nitrogen. This
process gives rise to ionized atoms and
molecules and leads to the formation of the
IONOSPHERE layers above altitudes of about
60 km. This is also the domain of METEORS

and AURORAE.
Although the temperature climbs to

about 500 °C at 150 km and about
1300 °C at 500 km, these are the kinetic
temperatures (i.e. measures of the average
random motions) of the few atoms and
molecules found at such heights: their
combined heating ability is negligible. The
atmospheric density decreases to about
0.25 of its sea-level value at the
tropopause, 0.0009 at the stratopause, and
0.000 007 at the mesopause. The density
at 500 km averages less than one million
millionth of its sea level value but is prone
to large variations resulting from solar
heating and disturbances during periods of
enhanced SOLAR ACTIVITY.

The exosphere, above 500 km, is the re-
gion in which atmospheric constituents
lose collisional contact with each other be-
cause of their rarity and can leak away into
space. It contains the VAN ALLEN RADIATION

BELTS and the GEOCORONA and extends to
the magnetopause, where it meets the in-
terplanetary medium.

atmospheric pressure The force per
unit area (i.e. pressure) exerted by a col-
umn of atmosphere extending vertically
upwards to the limit of the atmosphere. It
is usually expressed in millibars (mb) or
newtons per square meter (N m–2). The
standard atmospheric pressure at the
Earth’s surface at sea level is 1013 mb or
101 325 N m–2. On the surface of Venus
and Mars the atmospheric pressure is
about 90 000 mb and 7.5 mb, respectively.

atmospheric refraction REFRACTION of
light passing obliquely through a body’s at-
mosphere. Light entering the Earth’s at-
mosphere is bent toward the Earth, with
the result that stars and other celestial bod-
ies appear to be displaced very slightly
toward the ZENITH. The amount of dis-
placement, i.e. the resulting increase in al-
titude, depends on the body’s distance
from the observer’s zenith and is greatest
(about 35 arc minutes) for objects on the
horizon. See also zenith distance.

atmospheric windows Wavebands of
the ELECTROMAGNETIC SPECTRUM that can
be transmitted through the Earth’s atmos-
phere without significant absorption or re-
flection by atmospheric constituents. All
spectral regions are at least partially ab-
sorbed but there are two nearly transpar-
ent ranges: the radio window and the
optical window (see illustration). The
radio window extends from a wavelength
of about a millimeter to about 30 meters
(i.e. it includes frequencies from roughly
300 gigahertz to 10 megahertz); it thus al-
lows high-energy radio waves from celes-
tial RADIO SOURCES to be received by
ground-based radio telescopes. Lower en-
ergies are reflected by the IONOSPHERE

while above 100 GHz molecular absorp-
tion increases.
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The optical window spans wavelengths
of about 300 to 900 nanometers (nm) and
thus includes some of the near-ultraviolet
and near-infrared regions as well as the
whole visible spectrum. In addition there
are several narrow-band infrared windows
at micrometer (µm) wavelengths. The pho-
tometric designations of these windows are
J (1.25 µm), H (1.6 µm), K (2.2 µm), L (3.6
µm), M (5.0 µm), N (10.2 µm), and Q (21
µm). There are also small but useable win-
dows at 350 and 460 µm. The atmospheric
constituents responsible for the dominant
absorptions are water vapor, carbon diox-
ide, nitrous oxide, and ozone. Observato-
ries studying infrared sources are therefore
best sited in very dry or mountainous re-
gions where the effect of overlying water
vapor is reduced and/or the atmosphere is
thinner.

Beyond the low-wavelength end of the
optical window no radiation can penetrate
the atmosphere: ultraviolet radiation with
wavelengths between about 230 and 300
nm is absorbed by atmospheric ozone;
shorter wavelengths down to about 100
nm are blocked by oxygen and nitrogen
molecules; the shortest wavelengths are ab-
sorbed by atoms of oxygen, nitrogen, etc.,
in the upper atmosphere. The spectral re-
gions from space rendered inaccessible by
atmospheric absorption must be studied by
means of instruments carried in satellites,
rockets, etc. Even then, high-energy ultra-
violet and low-energy X-rays from distant
stars can be absorbed by hydrogen and he-
lium in the GEOCORONA.

ATNF Abbrev. for Australia Telescope
National Facility.

atom The smallest part of a chemical el-
ement that can retain its chemical identity,
i.e. can take part in a chemical reaction
without being destroyed. An atom can
however be transformed into one or more
other atoms by nuclear reactions. Nearly
all the mass of an atom is concentrated in
the small central nucleus, which is made up
of protons and neutrons. Electrons occupy
the remaining space in the atom and may
be thought of as orbiting the nucleus. The
number of protons in a particular nucleus,
i.e. the atomic number of the atom, is equal
to the number of electrons in a neutral
(nonionized) atom. The arrangement and
behaviour of these electrons determine the
interactions of the atom with other atoms
and thus govern chemical properties and
most physical properties of matter. See also
energy level; ion; isotopes.

atomic clock The most accurate type of
clock to date, in which the periodic process
used as the timing mechanism is an atomic
or molecular event with which is associ-
ated a constant and very accurately known
FREQUENCY. Various atoms and molecules
have been employed in atomic clocks, the
frequency involved in the timing mecha-
nism being a microwave frequency; such
frequencies can be produced and manipu-
lated by sophisticated electronic tech-
niques. The accuracy is at present better
than one part in one thousand million mil-
lion. See also atomic time.

atomic number Symbol: Z. The num-
ber of protons in the nucleus of an atom.
This is equal to the number of electrons or-
biting the nucleus in a neutral atom. The

ATNF
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ISOTOPES of an element have the same
atomic number but different MASS NUM-
BERS.

atomic time A time system that oper-
ates at a constant rate and that is measured
by means of an ATOMIC CLOCK. The defini-
tion of the SECOND has been in terms of
atomic time since 1967. See also Interna-
tional Atomic Time.

Atria /ay-tree-ă/ See Triangulum Aus-
trale.

attenuation /ă-ten-yoo-ay-shŏn/ The re-
duction in magnitude of a quantity as a
function of distance from source or of
some other parameter. The attenuation of
a beam of radiation, i.e. the reduction in in-
tensity or flux density, results from absorp-
tion and/or scattering of the waves or
particles as they pass through matter.

A-type asteroids A rare class of ASTER-
OID that have both a moderately high
albedo and a reddish spectrum. An absorp-
tion feature around 1.05 µm in the near-in-
frared is thought to be caused by the
presence of the mineral olivine.

AU or au Abbrev. for astronomical unit.

audiofrequency /aw-dee-oh-free-kwĕn-
see/ Any frequency at which a sound
wave would be audible, i.e. a frequency in
the range 15 hertz to 20 000 hertz.

Auger shower /oh-zhay/ Another name
for air shower. See cosmic rays.

augmentation The difference at a par-
ticular time between the topocentric and
geocentric semidiameter of a celestial
body. See also diurnal libration.

Auriga /ô-rÿ-gă-ree-/ (Charioteer) A
conspicuous constellation in the northern
hemisphere near Orion, lying in the Milky
Way, the brightest stars being CAPELLA (α)
and the 2nd-magnitude ALGOL VARIABLE

Menkalinan (β). Epsilon (ε) and Zeta (ζ)
are eclipsing binaries (see Epsilon Aurigae;
Zeta Aurigae). The area contains the bright

open clusters M36 (NGC 1960), M37
(NGC 2099), and M38 (NGC 1912). Ab-
brev.: Aur; genitive form: Aurigae; approx.
position: RA 5.5h, dec +40°; area: 657 sq
deg.

aurora /ô-ror-ă, -roh-ră/ A display of dif-
fuse changing colored light seen high in the
Earth’s atmosphere mainly in polar re-
gions. Aurorae show varying colors from
whitish green to deep red and often have
spectacular formations of streamers or
drapery. They occur principally at altitudes
of approximately 100 km, forming around
two irregular and changing auroral ovals
that are centered on the Earth’s magnetic
poles; the ovals enlarge at times of high
SOLAR ACTIVITY. Aurorae are caused by
charged particles from the SOLAR WIND and
solar FLARES that become trapped in the
Earth’s MAGNETOSPHERE. Formed into
beams, they are focused by the magnetic
fields into the upper atmosphere, spiraling
along the Earth’s magnetic field lines to-
ward the poles. Their interactions with at-
mospheric atoms and molecules produce
the auroral emissions.

Australian National Radio Astronomy
Observatory See Parkes Observatory.

Australia Telescope (Australia Tele-
scope National Facility, ATNF, AT) A
radio telescope combining the principles of
APERTURE SYNTHESIS and long baseline in-
terferometry (LBI). Run by Australia’s
CSIRO, the AT produced its first image in
April 1989. There are eight antennas in all,
at three sites in New South Wales. Six 22-
meter dishes at the Paul Wild Observatory,
Narrabri, form the Compact Array. Five of
these are movable along a 3-km railroad
track, and the sixth lies a further 3 km to
the west. The other two antennas are the
22-meter Mopra dish near Coon-
abarabran, close to the Siding Spring opti-
cal observatory, and the existing 64-meter
dish at PARKES OBSERVATORY. When con-
nected by radio links to the Compact Array
they form the Australia Telescope Long
Baseline Array. The AT can work up to
110 GHz with a BANDWIDTH of 1 GHz. It
has a maximum BASELINE of 300 km.
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autocorrelation function /aw-toh-kor-ĕ-
lay-shŏn/ A mathematical function that
for a real function f(t) is given by

�
∞

–∞
f(u)f(u–t)du

It describes, for example, the time or dis-
tance over which a signal is COHERENT. The
cross-correlation function describes how
two different signals compare as they are
displaced relative to one another; for two
real functions f(t) and g(t), it is given by 

�
∞

–∞
f(u)g(u–t)du

autoguider /aw-toh-gÿ-der/ See guide
telescope.

automation The use of electronic
equipment, especially computer systems,
for the automatic control of instruments
and processes and for automatically ac-
quiring and processing information. The
applications in astronomy include posi-
tioning and tracking of telescopes, direct
control of instruments associated with tele-
scopes, the storage of information and its
reduction by sampling or simple analysis,
and the processing of the information. See
also computing; imaging; remote opera-
tion.

avalanche A process such as that in
which a single ionization leads to a large
number of ions. The electrons and ions
produced ionize more atoms, so that the
number of ions multiplies quickly. See
Geiger counter.

AXAF The Advanced X-ray Astro-
physics Facility, originally intended by
NASA to follow the HUBBLE SPACE TELE-
SCOPE as a long-lived X-ray observatory for
the 1990s, with in-orbit servicing from the
space shuttle. A direct successor to the EIN-
STEIN OBSERVATORY, AXAF was to carry an
array of large (1.2-meter outer diameter)
coaxial GRAZING INCIDENCE mirrors in a
nested configuration, high-resolution cam-
eras using both CCDs and MICROCHANNEL

PLATES, and a cryogenically cooled X-ray
spectrometer. Budgetary constraints led in
1992 to the restructuring of the AXAF into

two smaller missions, AXAF-I (concerned
with high-resolution X-ray imaging) and
AXAF-S (dealing with X-ray spec-
troscopy). AXAF-I was scheduled for
launch in 1998/99 into a highly eccentric
orbit that would keep it out of the Earth’s
shadow for long periods, thereby maximiz-
ing its observation time. AXAF-S was to
follow it into space in 1999, traveling in a
near-Earth Sun-synchronous orbit to con-
duct high-resolution X-ray spectroscopy
with no in-orbit servicing. In the event,
NASA canceled AXAF-S, and its advanced
X-ray spectroscopic instruments were
transferred to the ill-fated Japanese Astro-
E mission (see Astro-E2). Development of
AXAF-I continued, however, and it was
eventually successfully launched in July
1999 and renamed Chandra (see Chandra
X-ray Observatory).

axial period The period of time during
which a body makes one complete ROTA-
TION on its axis. For planets it is usually re-
ferred to the direction of a fixed star and is
thus equivalent to the SIDEREAL DAY.

axion /aks-ee-on/ A hypothetical ele-
mentary particle of very low mass and zero
charge. Axions have potentially important
consequences in astrophysics and cosmol-
ogy, such as having a possible effect on the
cooling of stars and making up part or all
of the DARK MATTER in the Universe. Some
of these consequences enable limits to be
calculated for the values of the mass and
other properties of axions.

axis 1. An imaginary line that usually
passes through the center of a body or sys-
tem and about which the body is often
symmetrical or has some form of symme-
try. It is the imaginary line about which a
rotating body turns or about which an ob-
ject, such as the celestial sphere, appears to
rotate.
2. A reference line on a graph.

azimuth /az-ă-mŭth/ See horizontal co-
ordinate system.

azimuthal mounting /ă-zim-ŭ-thăl/ See
altazimuth mounting. 

autocorrelation function
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Baade’s star /bah-dĕz/ Another name
for Crab pulsar. See Crab nebula.

baby universe A region of SPACE–TIME

that is connected to another region of
space–time by a WORMHOLE. It has been
postulated that when a massive object in
the Universe collapses to a black hole it
could go through the SINGULARITY at the
center of the black hole and create an ex-
panding baby universe in another region of
space–time. INFLATION could allow such a
baby universe to become large very
rapidly. It may be the case that the Uni-
verse we live in originated in this way. Al-
though the idea of baby universes is highly
speculative and requires a theory of QUAN-
TUM GRAVITY before it can be formulated
definitively, it has been investigated by a
number of theorists. See also multiverse.

background radiation See cosmic
background radiation; microwave back-
ground radiation.

background temperature See antenna
temperature.

Baikonur /bÿ-ko-noor/ A space center
or cosmodrome in Kazakhstan, NE of the
Aral Sea, that is the location of the main
launch site for spacecraft of the Russian
Federation and (prior to 1992) the Soviet
Union. First used for missile and rocket
launches in the mid-1950s, the Baikonur
Cosmodrome was the site from which the
first artificial satellite, Sputnik 1, was
launched Oct. 4, 1957, and from which
Vostok 1 carried into orbit Yuri Gagarin,
the first person ever to travel in space, Apr.
12 1961.

Baily /bay-lee/ See table at craters.

Baily’s beads A string of brilliant points
of sunlight sometimes seen, very briefly, at
the Moon’s edge just before or just after to-
tality in a solar ECLIPSE. They are the result
of sunlight shining through the valleys on
the Moon’s limb as the Sun just disappears
or emerges from behind the Moon. They
were first described by Francis Baily after
the eclipse of 1836. See also diamond-ring
effect.

Baker–Nunn camera /bay-ker nun/ A
wide-field astronomical camera, similar to
the Schmidt camera (see Schmidt tele-
scope), designed for satellite tracking. It
uses a spherical primary mirror but re-
places the Schmidt correcting plate with a
three-element achromatic correcting lens.

Balmer series, lines /bahl-mer/ See hy-
drogen spectrum.

BAL quasar Short for broad absorption
line quasar. See quasar.

balun /bal-ŭn/ See feeder.

band 1. See waveband.
2. See band spectrum.

band-pass filter See filter.

band spectrum A SPECTRUM consisting
of one or more bands of emitted or ab-
sorbed radiation. The bands consist of
numbers of closely spaced lines and result
from transitions between ENERGY LEVELS in
molecules, allowing different levels of vi-
bration or rotation.

band-stop filter See filter.

bandwidth 1. The range of frequencies
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over which an instrument, such as a RADIO

TELESCOPE, is sensitive. A wide bandwidth
gives good SENSITIVITY to sources that emit
over a wide range of frequencies (e.g. by
SYNCHROTRON EMISSION), whereas a nar-
row bandwidth gives good sensitivity to
spectral lines.
2. (coherence bandwidth). The range of
frequencies over which electromagnetic or
other emissions from a source maintain
COHERENCE.

bar A unit of pressure equal to 105 pas-
cals. The bar and the millibar (1/1000 bars,
symbol: mbar or mb) are often used for
planetary atmospheric pressures; the
Earth’s atmospheric pressure is about 1000
millibars.

barium stars /bair-ee-ŭm/ A class of
stars, usually G or K GIANTS, that show
anomalous enhancements of barium,
strontium, and other S-PROCESS elements in
their spectra. Observations show that bar-
ium stars are exclusively found in BINARY

STAR systems, with periods between a few
months and a few years, in which the com-
panion is a WHITE DWARF. Because the bar-
ium-rich star is usually not sufficiently
evolved to have produced the chemical
anomalies in its interior, it is now generally
believed that it acquired material enriched
in s-process elements by MASS TRANSFER

from the companion, when the latter was
an asymptotic GIANT (presumably an S

STAR). See also CH stars.

Barlow lens /bar-loh/ An achromatic di-
verging lens (see achromatic lens) placed
behind the eyepiece of a telescope, just in-
side the primary focal plane, in order to in-
crease the effective focal length of the
objective or primary mirror. This increases
the magnification of the telescope so that a
long-focus eyepiece may be used to give the
higher powers needed to separate optical
doubles, or for planetary observation
under the best seeing conditions.

Barnard’s loop /bar-nardz/ or ring See
Orion.

Barnard’s star A red dwarf star in the

constellation Ophiuchus that was discov-
ered in 1916 by E.E. Barnard. The fourth-
nearest star to the Sun, after the Alpha
Centauri system, it has the largest known
proper motion (10″.3 per year) and thus
moves a distance equivalent to the Moon’s
diameter in 180 years. Observations of the
star’s position over many years show slight
oscillating variations in right ascension and
declination. It is thought that this wob-
bling motion is due to the presence of one
or more planets orbiting the star. mv: 9.53;
Mv: 13.21; spectral type: M4 V; distance:
1.83 pc.

barred spiral galaxy See galaxies;
Hubble classification.

barrel distortion See distortion.

Barringer crater /ba-rin-jer/ See Ari-
zona meteorite crater.

Barwell meteorites /bar-wĕl/ A shower
of about 44 kg of chondritic STONY METE-
ORITES that fell in Dec. 1965 near Barwell
in Leicestershire, England. This is one of
only 22 observed falls in the British Isles in
the last 370 years.

barycenter /ba-ră-sen-ter/ The CENTER

OF MASS of a system of bodies, e.g. the
Earth–Moon system or Solar System. The
barycenter of the Solar System is offset
from the Sun’s center due to the presence of
the planets, especially Jupiter, and moves
as the relative positions of the planets
change. Barycentric coordinates are a more
rigorous coordinate system than heliocen-
tric coordinates, specifying positions with
respect to the Solar-System barycenter
rather than the Sun’s center.

barycentric coordinates /ba-ră-sen-
trik/ See barycenter.

barycentric dynamical time (TDB)   See
dynamical time.

baryon density parameter /ba-ree-on/
The ratio of the mean smooth density of
baryons to the critical density of the Uni-
verse. It can be determined through studies

bar
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of cosmic nucleosynthesis and observa-
tions of the helium and deuterium abun-
dances in primordial material; the
currently accepted value is around 0.06.

baryonic matter /ba-ree-on-ik/ Normal
matter containing baryons, i.e. protons
and neutrons. It is thought that a large pro-
portion of DARK MATTER could be com-
posed of nonbaryons, such as WIMPS.

baryons /ba-ree-onz/ A class of ELEMEN-
TARY PARTICLES, including the proton and
neutron, that take part in strong interac-
tions (see fundamental forces). Baryons are
composed of a triplet of QUARKS. Anti-
baryons, i.e. the ANTIPARTICLES of baryons,
consist of a triplet of antiquarks.

baseline The straight line between two
observational points, as between the el-
ements of an interferometer (see radio tele-
scope). The longer the baseline between
two radio telescopes, the finer the detail
that can be resolved in a radio source. See
also LBI; VLBI.

basin A huge CRATER. Lunar basins are
multiringed structures that are several hun-
dred kilometers in diameter and were all
produced during the first 750 million years
of lunar history by intense meteoritic im-
pact. The youngest basins (ORIENTALE, IM-
BRIUM, CRISIUM, NECTARIS, and SERENITATIS)
may have been excavated during a cata-
clysmic period around 3900 million years
ago. The EJECTA BLANKETS of basins are ex-
tensive and provide the basis for HIGHLAND

stratigraphy. Basins are so defined by their
systems of concentric ring structures, most
of which are now in the form of ridges and
mountain arcs. Basins on the Moon’s near-
side were filled with lava at some time up
to 3000 million years ago to produce
MARIA: the resulting mare has the same
name as the basin (e.g. Mare Imbrium).
Several unfilled basins (thassaloids) exist
on the farside, the largest of which was re-
vealed as a vast depression by the APOLLO

15 laser altimeter. At least 28 basins are
now known to exist. See also rille; mas-
cons.

BATSE Abbrev. for burst and transient
source experiment. See Compton Gamma
Ray Observatory.

Bautz–Morgan classification /b’owts
mor-găn/ A classification system for
CLUSTERS OF GALAXIES that is based on the
degree to which the cluster is dominated by
its brightest galaxies. Type I clusters have a
single central cD galaxy, type II have a
normal giant elliptical galaxy at the center
and type III have no dominant cluster
galaxy.

Bayer letters /bay-er, bÿ-/ See stellar
nomenclature.

BC Abbrev. for bolometric correction.
See magnitude.

BCD galaxy Short for blue compact
dwarf galaxy. See dwarf galaxy.

BD See Bonner Durchmusterung.

Beagle 2 See Mars Express.

beam 1. The region of sky to which a
radio telescope is sensitive, equaling the re-
gion it would illuminate were its antennas
to be used to transmit signals. In APERTURE

SYNTHESIS the primary beam is the region to
which the individual antennas are sensitive
and defines the maximum size of the syn-
thesized map. The synthesized beam is a
theoretical beam pattern corresponding to
the FOURIER TRANSFORM of the synthesized
aperture and defines the resolution of the
map. See also antenna.
2. A well-defined elongated region of space
down which energy is passing. In the beam
model of double radio sources (see radio-
source structure), the central galaxy shoots
out two beams in opposite directions in
which the energy may be transported by
RELATIVISTIC ELECTRONS, low-frequency
waves, or some other mechanism. Hot
spots are formed where the beams impinge
on the surrounding INTERGALACTIC

MEDIUM. See also jet.

beam efficiency See antenna.
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beamwidth See antenna.

Becklin-Neugebauer object /bek-lin noi-
gĕ-b’ow-er/ See BN object.

Becrux /bee-kruks/ See Beta Crucis.

Beehive See Praesepe.

Bekenstein bound A result that relates
the area of a surface and the maximum
amount of information about the UNIVERSE

on one side of the surface that can pass
through to an observer on the other side. It
states that the number of bits of informa-
tion an observer can gain must be less than
or equal to one quarter of the surface area
in PLANCK UNITS. This result is related to the
ENTROPY of black holes since entropy is re-
lated to both information theory and the
area of the EVENT HORIZON of a black hole.
The Bekenstein bound was derived and dis-
cussed by Jacob Bekenstein in papers he
wrote in the mid 1970s but its importance
was not appreciated until 20 years later.

Belinda /bĕ-lin-dă/ A small satellite of
Uranus, discovered in 1986. See Uranus’
satellites; Table 2, backmatter.

Bellatrix /bel-ă-triks/ (γγ Ori) A remote
luminous blue-white giant that is the third
brightest star in the constellation ORION.
mv: 1.64; Mv: –3.9; spectral type: B2 III;
distance: 74 pc.

Bellerophon See 51 Pegasi.

Benatnasch /bĕ-nat-nash/ See Alcaid.

Bennett’s comet /ben-it/ (1970 II) A
long-period comet of inclination 90°, dis-
covered by J.C. Bennett in Dec. 1969 from
South Africa. Perihelion passage was on 20
Mar. 1971 and by mid-March 1971 the
comet was a spectacular zero-magnitude
object with a tail 11° long. The comet was
observed by the Orbiting Geophysical Ob-
servatory and shown to be surrounded by
a huge 9° by 6° hydrogen envelope.

bent double radio source See radio-
source structure.

BepiColombo A European Space Agency
(ESA) mission to the planet MERCURY, run
in collaboration with Japan and planned
for launch in 2009. The mission will con-
sist of two spacecraft, probably driven by
solar electric propulsion: a Mercury orbiter
and a magnetospheric satellite. Both craft
will probably use the Moon’s and Mer-
cury’s gravity to control their flight. The
mission’s basic objectives are to add to our
understanding of the composition, struc-
ture, and history of Mercury and thereby
extend our knowledge of the formation
and history of the inner (terrestrial) planets
of the Solar System in general. Consisting
of two space vehicles incorporating many
different modules, BepiColombo is set to
map the whole of Mercury at several wave-
lengths. It will plot the planet’s mineralogy
and elemental composition and will be able
to determine whether or not Mercury’s in-
terior is molten. BepiColombo is to be one
of ESA’s ‘cornerstone’ missions. Its use of
two spacecraft makes it one of the most ex-
pensive ever mounted and, given Mer-
cury’s proximity to the Sun, one of the
most technically challenging. The Bepi-
Colombo orbiter will have to endure
extremes of temperature, from the furnace-
like conditions of Mercury’s sunlit side to
the intense cold of its night side. The mis-
sion takes its name from a 20th-century
Italian mathematician and spacecraft engi-
neer Giuseppe (‘Beppi’) Colombo, who dis-
covered that Mercury’s axial rotation
period equals two-thirds of that of its rev-
olution around the Sun.

Bertele eyepiece /ber-tĕ-lĕ/ See eyepiece.

Besselian year /be-see-lee-ăn, -sel-ee-/
The length of the TROPICAL YEAR in 1900.
Before 1976 it was defined as the period of
one complete revolution in RIGHT ASCEN-
SION of the MEAN SUN. The beginning of the
Besselian year was used as a standard
EPOCH until 1984.

Be stars /bee-ee/ IRREGULAR variables of
spectral type B in which bright emission
lines of hydrogen are superimposed on the
normal absorption spectrum. They are
now known to be identical to SHELL STARS.

beamwidth
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Some Be stars are young stars, rather more
massive than AE STARS: together they are
sometimes classed as Herbig Ae-Be stars,
and are heavier versions of the T TAURI

STARS. These Be stars are rotating very
rapidly and are slowly losing mass to an
expanding shell that surrounds the star and
is drawn into a disk around the equator
due to the rotation. Other Be stars are in
close binary systems, with shells that con-
sist of gas being accreted from an evolved
companion star (see mass transfer).

beta /bay-tă, bee-/ (ββ) The second letter
of the Greek alphabet, used in STELLAR

NOMENCLATURE usually to designate the
second-brightest star in a constellation or
sometimes to indicate a star’s position in a
group.

Beta Canis Majoris stars /mă-jor-is/   See
Beta Cephei stars.

Beta Centauri /sen-tor-ÿ, -ee/ (Hadar;
Agena; ββ Cen) A luminous remote but
still conspicuous blue-white giant that is
the second-brightest star in the constella-
tion Centaurus. It is a visual binary, sepa-
ration 1″.2. mv: 0.61 (var.); Mv: –4.4;
spectral type: B1 II; distance: 100 pc.

Beta Cephei stars /see-fee-ÿ/ (Beta Canis
Majoris stars) A small group of PULSAT-
ING VARIABLES, the prototypes being β Cep
and β CMa. They are hot massive lumi-
nous stars of spectral types O9 to B3 with
short periods of rotation (about 3–7 hours)
and a very small variation in visual bright-
ness (about 0.01–0.25 magnitudes), al-
though the range is much greater at
ultraviolet wavelengths. Some of the stars
have two or even more periods of RADIAL-
VELOCITY variation. The pulsation mecha-
nism is still uncertain but could involve
both radial and nonradial pulsations. Their
position on the Hertzsprung–Russell dia-
gram for PULSATING VARIABLES is just above
the main sequence, beginning at type B3.

Beta Crucis /kroo-sis/ (Mimosa; Becrux; ββ
Cru) A remote luminous blue-white
giant that is the second-brightest star in the
constellation Crux. It is a variable star (pe-

riod 0.25 days) and may also be a double
star. mv: 1.25 (var.); Mv: –4.7; spectral
type: B0 III; distance: 150 pc.

beta decay A type of RADIOACTIVE

DECAY in which an atomic nucleus sponta-
neously transforms into a daughter nucleus
and either an electron plus antineutrino or
a positron plus NEUTRINO. The daughter
nucleus has the same MASS NUMBER as the
parent nucleus but differs in ATOMIC NUM-
BER by one. The electrons or positrons
ejected by beta decay have a spread of en-
ergies, extra energy being taken up by the
antineutrinos or neutrinos, respectively.

Beta Lyrae, Beta Lyrae star /lÿ-ree/   See
W Serpentis star.

beta particle An energetic electron or
positron ejected by BETA DECAY.

Beta Persei stars /per-see-ÿ/ See Algol
variables.

Beta Pictoris /pik-tor-is, -toh-ris/ (ββ Pic)
A 4th-magnitude star in the constellation
Pictor, about 19 parsecs from Earth. Fol-
lowing the IRAS survey in 1983, which
showed the star to have an INFRARED EX-
CESS, optical detectors revealed a disk of
dust and ices surrounding the star. Seen
edge-on from the Earth, this disk may be a
region in which planets could form. Analy-
sis of the disk in the late 1990s and early
2000s revealed a warp or bulge in its outer
regions that may have been caused when
material was pulled from the disk by the
gravitational effect of a passing star, a
brown dwarf companion, or a planet sev-
eral times the mass of Jupiter. Beta Pictoris
is a young star a little larger than the Sun.
Mv: 2.42; spectral type: A5 V

Beta Regio A highland area on VENUS,
somewhat smaller than APHRODITE TERRA

and ISHTAR TERRA. Located in the planet’s
northern hemisphere at Venusian coordi-
nates 25.3° N latitude, 282.8° W longi-
tude, it has a large rift valley and two large
shield volcanoes, Rhea Mons and Theia
Mons. Satellite tracking shows that there is
a gravity anomaly over Beta Regio.
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Betelgeuse /bee-t’l-jooz/ (αα Ori) A re-
mote luminous red supergiant that is the
second-brightest star in the constellation
ORION. It is a semiregular variable with a
period of about 5.8 years; the normal mag-
nitude range is 0.3 to 0.9 but the magni-
tude has reached 0.15 and been as low as
1.3. It is a strong source of infrared radia-
tion. IRAS found that the long-wavelength
infrared is emitted from three concentric
shells, the largest with a radius of 1.5 par-
secs, ejected within the past 100 000 years.
Images of the surface of Betelgeuse have
been produced by various interferometry
techniques, and indicate a nonuniform
brightness. Mv: –5.7; spectral type:
M2 Iab; diameter: about 500 times solar
diameter; distance: 150 pc.

Bethe cycle, Bethe-Weizsäcker cycle
/bay-tĕ vÿ-sek-er/ Other names for car-
bon cycle.

Bianca /bee-ank-ă/ A small satellite of
Uranus, discovered in 1986. See Uranus’
satellites; Table 2, backmatter.

Biela’s comet /bee-lăz/ (1852 III) A
comet, discovered in 1826, having a period
of 6.62 years and a perihelion distance of
0.86 AU. At the 1846 return it appeared to
be distinctly elongated into a pear-shaped
form and actually divided into two sepa-
rate comets some 10 days later, these
comets travelling in practically the same
orbit, one preceding the other by 280 000
km. The brightness of the two parts fluctu-
ated drastically. At the next return in 1852
their separation had increased eightfold,
the two periods differing by about 15 days.
Neither comet has been seen since. Other
comets have been observed to break up and
to have portions detatch from the main NU-
CLEUS; these include Brooks’ comet
(1889 V), Swift 1860 III, and 1882 III.

Bielids /bee-lidz/ (Andromedids) A ME-
TEOR SHOWER with its RADIANT in Androm-
eda. It is named after BIELA’S COMET

(1852 III), which passed within 30 000 km
of the Earth’s orbit in 1832 and broke up
in the 1850s. The associated METEOROID

STREAM is in the same orbit as the comet

and produced a meteor storm on Earth on
Nov. 27, 1872 and 1885, the latter having
an observed rate of over 75 000 meteors
per hour. Due to the rapid regression of the
nodes of the orbit very little has been seen
since.

Big Bang theory A COSMOLOGICAL

MODEL in which all matter and radiation in
the Universe originated in an explosion at
a finite time in the past. This theory has
been remarkably successful in explaining
the expansion of the Universe, the MI-
CROWAVE BACKGROUND RADIATION, and the
cosmic abundance of HELIUM. An evolving
Universe was first discussed in the 1920s
by Aleksandr Friedmann, Georges
Lemaître, and others. A hot Big Bang, in
which the temperature of matter and radi-
ation decreased with time, was suggested
by George Gamow in the 1940s in an at-
tempt to explain the observed abundances
of the elements by cosmological NUCLE-
OSYNTHESIS. A neglected prediction of
primeval-fireball radiation from the hot
early phases following the Big Bang was
verified by the discovery of the cosmic mi-
crowave background in 1965.

The Universe came into existence some
10 to 20 thousand million years ago (see
age of the Universe) and has since been ex-
panding and cooling from an initial state of
extreme density and temperature. The un-
certainty principle of quantum mechanics
prevents our speculating on times shorter
than 10–43 seconds after the Big Bang; this
is known as the PLANCK TIME. Current theo-
ries of ELEMENTARY PARTICLES allow some
calculation of the conditions from 10–35

seconds onward. At this time the Universe
would have contained roughly equal
amounts of matter and antimatter in the
form of particles and their corresponding
ANTIPARTICLES: ELECTRONS and positrons;
NEUTRINOS and antineutrinos; QUARKS and
antiquarks (quarks are the particles that
make up PROTONS and NEUTRONS). The
asymmetrical decay of hypothetical parti-
cles (called X-bosons) at this time into mat-
ter rather than antimatter may explain why
the Universe is today apparently composed
entirely of matter. The time from 10–35 to
10–24 seconds may have been the critical

Betelgeuse
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period of a sudden and enormous expan-
sion of the Universe, according to the IN-
FLATIONARY UNIVERSE theory.

The Universe cooled as it expanded
with age, and the fall in temperature gov-
erned which particle reactions dominated
at which era. During the quark era quarks
and antiquarks had almost completely an-
nihilated (see annihilation). The remaining
small excess of quarks over antiquarks 
(by 1 in 109) then combined to form ordi-
nary hadronic matter such as protons and
neutrons during the quark-hadron phase
transition. Conditions suitable for the in-
teraction and self-annihilation of HADRONS

existed only for the first millisecond, in the
hadron era. This was followed by the self-
annihilation of the less abundant lighter el-
ementary particles – LEPTONS – in the
lepton era until the Universe was about

100 seconds old. The PHOTONS of radiation
produced by the matter-antimatter annihi-
lation in these early epochs fueled the
primeval fireball and dominated the energy
density (i.e. energy per unit volume) of the
early Universe. This was the radiation era.

Radiation loses energy in the expansion
– by the COSMOLOGICAL REDSHIFT – and to-
gether with the decrease in photon number
density this causes the radiation energy
density, εrad, to vary with the COSMIC SCALE

FACTOR, R, as R–4. The matter density, 
εmatter, decreases less slowly, as R–3, and
thus dominated the total energy density
after about 10 000 years, when the tem-
perature was about 10 000 K. This marked
the beginning of the matter era. The matter
was composed primarily of an ionized gas
of electrons, protons, and helium nuclei. At
about 3000 K electrons can recombine
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with protons to form neutral hydrogen.
Prior to that epoch the scattering of pho-
tons on the electrons coupled matter and
radiation so that they shared a common
temperature. The possibility of recombina-
tion marked the beginning of the decou-
pling era some 300 000 years after the Big
Bang, when the photons of radiation sepa-
rated from the expanding matter and radi-
ation could propagate freely in the
Universe. Since recombination the radia-
tion has cooled from about 3000 K down
to the observed 3 K of the microwave
background at a rate proportional to R.
The matter, no longer coupled to the radi-
ation, has interacted to form stars and
galaxies (see galaxies, formation and evo-
lution).

Deuterium and helium were synthesized
in the dense hot phase at about 100 sec-
onds after the Big Bang when the tempera-
ture was about 109 kelvin: primordial
NEUTRONS combined with protons to form
deuterium before the neutrons, with a half-
life of 11 minutes, were able to decay. The
deuterium nuclei then combined to give he-
lium. Most of the helium in the Universe
today was formed at this time. The lack of
any stable nuclei with atomic numbers of 5
and 8 prevented formation of heavier el-
ements, except lithium. (The heavier el-
ements are generated by nuclear reactions
in the stars – see nucleosynthesis.) Calcula-
tions yield estimates of approximately
25–30% by mass for the helium abun-
dance if an expansion rate consistent with
observations is used.

Big Bear Solar Observatory A solar
observatory located on an artificial island
in Big Bear Lake, southern California. The
altitude is 2040 meters. It was formerly
owned and operated by the California In-
stitute of Technology, for which it was
built in 1969, but it was handed over to the
New Jersey Institute of Technology in
1997. The chief instrument is a 65-cm re-
flector. See also solar telescope.

big crunch The time reversal of the big
bang in which space–time collapses to a
singularity. As the big crunch approaches
galaxies would start to merge and the tem-

perature associated with the background
radiation would increase. The big crunch
will occur at the end of time if there is
enough mass in the Universe to make it
closed. It is currently thought that this is
not the case.

Big Dipper (Brit. Plough) A group of
stars in URSA MAJOR that contains the seven
brightest stars in that constellation, nearly
all with similar apparent magnitudes (mv),
and has a very distinctive shape (see illus-
tration). The seven stars are ALIOTH,
DUBHE, ALCAID, MIZAR, Merak (mv: 2.36),
Phecda (mv: 2.43), and Megrez (mv: 3.31),
in order of brightness. Alcaid and Dubhe
have different values and directions of
PROPER MOTION than the other five so that
the shape of the Plough is slowly but con-
tinuously changing. See illustration oppo-
site.

Big Ear Radio Telescope A large
KRAUS-TYPE RADIO TELESCOPE at Ohio State
University, dismantled in 1998. The tele-
scope was famous for its early work in the
search for extraterrestrial intelligence.

big splash Informal name for giant im-
pact hypothesis. See Moon.

BIMA array /bee-mă, bÿ-/ Abbrev. for
Berkeley–Illinois–Maryland Association
array. See Hat Creek Observatory.

binary galaxy /bÿ-nă-ree, -nair-ee/ An-
other name for physical double galaxy. See
double galaxy.

binary pulsar A PULSAR that is in orbit
about another star, and is detected by its
intrinsic emission of radiation (usually
radio waves) rather than by radiation re-
sulting from MASS TRANSFER (see X-ray pul-
sators). The orbital motion is inferred from
apparent changes in the pulse period as the
pulsar orbits its companion; the compan-
ion star, which is not generally detected di-
rectly, can be a NEUTRON STAR, a WHITE

DWARF, a low-mass STAR, or even a SUPER-
GIANT. Systematic surveys have discovered
large numbers of binary pulsars, in partic-
ular binary MILLISECOND PULSARS, in GLOBU-

Big Bear Solar Observatory
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LAR CLUSTERS, but they also occur in the
galactic disk. The properties of the systems
vary widely: the pulse period ranges from
0.0016 second (for PSR 1957+20) to about
one second; the orbital periods range from
several hours to several years.

PSR 1913+16 was the first binary pul-
sar to be discovered (in 1974), and is still
sometimes called ‘the binary pulsar’. It has
a pulse period of 59 milliseconds. Its short
period and highly eccentric (e = 0.617)
orbit have led to accurate determinations
of the system’s parameters. The masses of
the pulsar and the unseen companion are
identical, and at 1.4 solar masses are equal
to the CHANDRASEKHAR LIMIT for collapse
to a neutron star. The orbital period is de-
creasing at a rate of 75 microseconds per
year, implying that the stars are spiraling
together. The only mechanism for losing
orbital energy in this system is GRAVITA-
TIONAL WAVES, and the analysis of PSR
1913+16 gives a rate of energy loss that is
precisely in accord with the theory of gen-

eral RELATIVITY. The pulsars PSR
2127+11C in the globular cluster M15 and
PSR 1534+12 in the galactic disk are the
two other examples of systems like PSR
1913+16 presently known. See also black-
widow pulsars; planet pulsar.

binary star (binary) A pair of stars that
are revolving about a common CENTER OF

MASS under the influence of their mutual
gravitational attraction. In most cases the
stars may be considered to be moving in el-
liptical orbits described by KEPLER’S LAWS.
Binary and MULTIPLE STARS are very com-
mon in the Galaxy: in a recent survey of
123 nearby sunlike stars over half (57%)
were found to have one or more compan-
ions. Studies of the orbital motions in bi-
naries are important because they provide
the only direct means of obtaining stellar
masses. Optical determination of orbits is
only possible if the components are suffi-
ciently far apart to be distinguished (see vi-
sual binary). In an astrometric binary one
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component is too faint to be observed di-
rectly; the presence of this unseen compo-
nent is inferred from perturbations in the
motion of the visible component.

Orbital motion in SPECTROSCOPIC bina-
ries is revealed by variations in radial ve-
locity. Most spectroscopic binaries are
close binaries, in which the components
are too close together to be seen separately.
Stars in a close binary are often distorted
into nonspherical shapes by mutual TIDAL

FORCES. If the two stars are physically sep-
arate, it is a detached binary system; in a
semidetached system gas is drawn off one
star on to the other; a contact binary con-
sists of two stars sharing gas. In the latter
two cases the gas flow from one star to the
other (see equipotential surfaces; mass
transfer) profoundly alters the evolution of
the stars (see W Ursae Majoris stars; W
Serpentis star; Algol variables). When one
star is a compact WHITE DWARF or NEUTRON

STAR, the infalling gas powers NOVAE out-
bursts and X-RAY BINARY systems.

The orbital planes of binaries are ran-
domly oriented and only a minority of sys-
tems are ECLIPSING BINARIES, most of which
are also spectroscopic binaries. See also
cataclysmic variable; common envelope
star; RS Canum Venaticorum star; symbi-
otic star.

binoculars A simple portable optical in-
strument that consists essentially of two
short telescopes mounted side by side and
held to both eyes; the optical system pro-
duces an erect image. Binoculars have a
given combination of magnification ×
aperture (in mm), e.g. 8 × 40 or 10 × 50,
and a wide field of view.

bipolar group /bÿ-poh-ler/    See sunspots.

bipolar nebula A small emission or re-
flection nebula that appears hourglass-
shaped and that represents outflow of gas
in opposite directions from a central star
that is often obscured by dust. Many have
been detected as infrared or radio sources.
A bipolar nebula can occur at two very dif-
ferent stages of a star’s evolution. It can
represent the early stages of a star’s life,
when it is the visible sign of the BIPOLAR

OUTFLOW of T TAURI WIND from a young
star. It can also result from the directional
loss of matter from an evolved GIANT STAR

as it begins to eject mass to become a PLAN-
ETARY NEBULA.

bipolar outflow A flow of gas from a
very young star, forming two oppositely
directed beams; it is apparently a common
feature of STAR FORMATION. In the youngest
stars the bipolar flow is detected by the
radio emission from molecules such as
CARBON MONOXIDE; when stars have dis-
persed most of the surrounding gas and
dust, the outflow is visible optically as a
BIPOLAR NEBULA or as ‘jets’ extending away
from a T TAURI STAR for thousands of as-
tronomical units. Both kinds of outflow
can reach speeds of several hundred kilo-
meters per second. The outflow from T
Tauri stars can produce a line of HERBIG–
HARO OBJECTS. These flows are too power-
ful to be driven by the pressure of the star’s
radiation. They are probably T TAURI WINDS

that are channeled outward from the star’s
poles, a disk of dense gas around the equa-
tor preventing them from escaping isotrop-
ically. Such disks are indeed often detected
in the centers of the different kinds of bipo-
lar outflow at the correct orientation to ac-
count for the observed outflow of
less-dense gas.

birefringent filter /bÿ-ri-frin-jĕnt/ A
type of narrow-band FILTER that uses a
birefringent (double-refracting) medium
between polarizers to produce selective ab-
sorption of polarized light. The earliest de-
sign is the Lyot (or Lyot–Öhman) filter
devised independently by the French as-
tronomer Bernard Lyot in 1933 and the
Swedish astronomer Yngve Öhman in
1938. Its action depends on the extinction
of polarized light occurring in birefringent
crystalline laminae precisely orientated be-
tween Polaroid sheets: a stack of these el-
ements, each of suitable thickness,
transmits well-separated and very narrow
wavebands of about 0.07 nanometer.

black body A body that absorbs all the
radiation falling on it, i.e. a body that has
no reflecting power. It is also a perfect

binoculars
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emitter of radiation. The concept of a black
body is a hypothetical ideal. The radiation
from stars, and their EFFECTIVE and COLOR

TEMPERATURES, can however be described
by assuming that they are black bodies.

Black-body radiation is the thermal ra-
diation (see thermal emission) that would
be emitted from a black body at a particu-
lar temperature. It has a continuous distri-
bution of wavelengths. The graph of the
energy, or intensity, of the radiation has a
characteristic shape (see illustration) with a
maximum value at a given wavelength,
λmax. At lower temperatures the black-
body radiation is mainly in the infrared re-
gion of the spectrum. As the temperature
increases the maximum of the curve moves
to shorter wavelengths. Curves at different
temperatures follow the relationship 

λmaxT = 2.9 × 103

where the wavelength is measured in mi-
crometers. This is known as the Wien dis-
placement law. The radiation from a hot
black body is greater at every wavelength
than the radiation from a cooler black
body. The total radiation flux thus in-
creases rapidly with increasing tempera-
ture, as described by STEFAN’S LAW.

Stefan’s law gives the total energy emit-
ted over all wavelengths per second per
unit area of a black body. The energy emit-
ted at a particular wavelength by a black
body can be predicted from Planck’s radi-
ation law. This law was derived by Max
Planck from his QUANTUM THEORY, pro-
pounded in 1900. If E(λ,T) is the energy
emitted per unit wavelength interval at
wavelength λ, per second, per unit area,
into unit solid angle, by a body at thermo-
dynamic temperature T, then 

E(λ,T) = (2πhc2/λ5)[ehc/λkT – 1]–1

h is the Planck constant, k the Boltzmann
constant, and c the speed of light. Stefan’s
law and the Wien displacement law can
both be derived from Planck’s law.

Planck’s radiation law describes only
the continuous spectrum emitted by a
black body. The continuous radiation from
a star, as opposed to a black body, does not
usually follow Planck’s law exactly, al-
though over a broad region of the spectrum
the law is a good approximation.

black drop An optical phenomenon
seen near the beginning and end of TRAN-
SITS of Venus and Mercury across the Sun’s
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disk. It takes the form of an apparent elon-
gation of the planet’s silhouette against the
solar surface, with a link being formed be-
tween the silhouette and the dark sky be-
yond the Sun’s limb, as seen in
photographs and telescopic projections.
The effect makes the planet look rather like
a teardrop. It appears to be caused by a
combination of instability in the Earth’s at-
mosphere (see seeing) and the resolving
power and sensitivity of the observing in-
strument being used. The black drop effect
was a major factor in reducing the accu-
racy of early attempts to determine the
SOLAR PARALLAX by observing transits from
different parts of the Earth in the 18th and
19th centuries. During the transit of Venus
in 2004, a large number of astronomers
failed to notice the black drop effect at all,
probably because of technical improve-
ments that have been made in modern tele-
scopes.

black dwarf See white dwarf.

Blackeye galaxy (M64; NGC 4826) A
nearby galaxy with smooth circular spiral
arms and a prominent dark patch near its
center due to obscuration by a dense DUST

LANE, hence its name. It lies at a distance of
5.4 Mpc in the constellation of COMA

BERENICES.

black hole An object so collapsed that
its escape velocity exceeds the speed of
light. It becomes a black hole when its ra-
dius has shrunk to its Schwarzschild radius
and light can no longer escape. Although
gravity will make the object shrink beyond
this limit, the ‘surface’ having this critical
value of radius – the event horizon – marks
the boundary inside which all information
is trapped. Calculations, however, indicate
that space and time (see spacetime) become
highly distorted inside the event horizon,
and that the collapsing object’s ultimate
fate is to be compressed to an infinitely
dense SINGULARITY at the center of the
black hole. It has also been shown that the
distortion of spacetime just outside the
Schwarzschild radius causes the produc-
tion of particles and radiation that gradu-
ally rob the black hole of energy and thus

slowly diminish its mass. This Hawking ra-
diation (Stephen Hawking, 1974) depends
inversely on the black hole’s mass, so the
most massive black holes ‘evaporate’ most
slowly. A black hole of the Sun’s mass
would last 1066 years.

Once matter (or antimatter) has disap-
peared into a black hole, only three of its
original properties can be ascertained: the
total mass, the net electric charge, and the
total angular momentum. Because all black
holes must have mass, there are four possi-
ble types of black hole: a Schwarzschild
black hole (1916) has no charge and no an-
gular momentum; a Reissner–Nordstrom
black hole (1918) has charge but no angu-
lar momentum; a Kerr black hole (1963)
has angular momentum but no charge; 
a Kerr–Newman black hole (1965) has
charge and angular momentum. (The dates
in brackets indicate when the named math-
ematician(s) solved the equations of gen-
eral relativity for these particular cases.) In
astrophysics the simple Schwarzschild so-
lution is often used, but real black holes are
almost certainly rotating and have very lit-
tle electric charge, so that the Kerr solution
should be the most applicable.

The most promising candidates for
black holes are massive stars that explode
as SUPERNOVAE, leaving a core in excess of
3 solar masses. This core must undergo
complete GRAVITATIONAL COLLAPSE because
it is above the stable limit for both WHITE

DWARFS and NEUTRON STARS. Once formed,
a black hole can be detected only by its
gravity. Finding black holes only a few
kilometers across (the size of the event
horizon for a single-star black hole) is ex-
ceedingly difficult, but chances are in-
creased if the black hole is a member of a
close binary system. If the components of a
binary system are close enough, mass
transfer can occur between the primary
star and its more compact companion (see
equipotential surfaces). Matter will not fall
directly on to the companion, however, for
it has too much angular momentum; in-
stead it forms a rapidly spinning disk – an
accretion disk – around the compact
object. If the latter is a black hole consider-
able energy can be produced, predomi-
nantly at X-ray wavelengths, as matter in

black dwarf
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the accretion disk loses angular momen-
tum and spirals in. When the accreting
matter is unable to cool efficiently, most 
of the energy generated in the disk due 
to viscosity is not radiated away, but in-
stead stored in the gas as internal energy
and advected inward in an advection-dom-
inated accretion flow onto the central ob-
ject.

Candidates for black holes in a binary
system fall into two classes, massive and
low-mass black-hole binaries, depending
on the mass of the companion star. The
first massive black-hole candidate to be
identified was the X-RAY BINARY CYGNUS X-
1, comprising a 20 solar mass B0 super-
giant accompanied by an invisible
companion with a mass about 10 times
that of the Sun. This massive nonluminous
object is probably a black hole emitting X-
rays from its accretion disk. Another
promising massive black-hole candidate is
the X-ray binary LMC X-3 in the Large
Magellanic Cloud. While the probable
mass of the compact objects in this system
is of the order of 10 solar masses, rigorous
lower limits are as low as 3 solar masses
(possibly even lower), marginally consis-
tent with the maximum theoretically pre-
dicted mass of a NEUTRON STAR. Even better
evidence for a stellar-mass black hole
comes from some of the low-mass black-
hole candidates, in particular A0620-00 in
Monoceros and V404 Cygni. Rigorous
limits on the masses of the compact objects
in A0620-00 and V404 Cygni are 3 and 6
solar masses, respectively. See also gamma-
ray transients.

Supermassive black holes of 106 to 109

solar masses probably lie in the centers of
some galaxies and give rise to the QUASAR

phenomenon and the phenomena of other
ACTIVE GALAXIES. If a huge black hole is
able to form and to capture sufficient gas
and/or stars from its surroundings, the
rest-mass energy of infalling material can
be converted into radiation or energetic
particles. There is now observational evi-
dence to support this hypothesis. the dy-
namical motion of stars and ionized gas in
the cores of nearby galaxies show that they
are responding to a strong gravitational
field, in excess of that expected from the

number of stars accounting for the light at
the galaxy center. These motions are
thought to be due to the presence of the su-
permassive black hole (see Seyfert galaxy;
Virgo A). Other strong evidence for the
presence of supermassive black holes is
found from recent observations of an ex-
tremely broad iron fluorescence line in the
X-rays from several SEYFERT GALAXIES; this
line has a very particular shape, revealing
its origin in an accretion disk very close to
the central black hole.

At the other mass extreme are the more
speculative mini black holes, weighing only
1011 kg and with radii of 10–10 meters.
These could have formed in the highly tur-
bulent conditions existing after the Big
Bang. They create such intense localized
gravitational fields that their Hawking ra-
diation makes them explode within the
lifetime of the Universe; their final burst of
gamma rays and microwaves should be de-
tectable but has not yet been found.

black-widow pulsars A class of binary
MILLISECOND PULSARS in which the radia-
tion from the pulsar is destroying (‘evapo-
rating’) the companion star. The first
system, discovered 1988, was PSR
1957+20. The pulsar has a spin period of
0.0016 seconds and the orbital period is
9.2 hours. The mass of the companion has
already been reduced to about 0.02 solar
masses, and the system is likely to become
a single millisecond pulsar in about 20–30
million years. The system shows long radio
eclipses lasting for some 10% of the orbital
period. This implies that the material that
causes the eclipses is outside the Roche
lobe of the companion (see equipotential
surfaces) and therefore provides direct ob-
servational evidence for an ‘irradiation-dri-
ven’ evaporative wind. The pulsar PSR
1744–24A in the globular cluster Terzan 5
provides another example of this phenom-
enon.

blazars A very small percentage of the
QUASAR population that appears to share
some of the extreme characteristics of the
BL LAC OBJECTS as a consequence of rela-
tivistic beaming (see synchrotron emis-
sion). The luminosity of the emission lines

55

blazars



stays constant while the CONTINUUM emis-
sion varies dramatically by factors as large
as a hundred. The quasar is highly polar-
ized and exhibits SUPERLUMINAL motion at
radio wavelengths.

blazed grating A DIFFRACTION GRATING

consisting of a series of nonsymmetrical
grooves, thereby allowing a large propor-
tion of the diffracted radiation to be con-
centrated into one order on one side of the
zero order of the image.

Blazhko effect /blazh-koh/   See RR Lyrae
stars.

blink comparator See comparator.

BL Lac objects Extremely compact vio-
lently variable ACTIVE GALAXIES that resem-
ble QUASARS but lack both emission and
absorption lines in their spectra. More
than two hundred are known, the first to
be identified was BL Lacertae, which was
mistakenly classified as a variable star in
1928 and later (1968) shown to be the op-
tical counterpart of a peculiar radio source.
BL Lac objects are most easily identified
from X-ray and radio surveys (most of
those known are strong radio sources) but,
like quasars, the peak of their emission lies
in the infrared.

Light and radio waves from these ob-
jects are strongly polarized, indicating in-
tense magnetic fields, and there are rapid
variations in both strength and direction.
BL Lac objects are also violently variable in
luminosity at all wavelengths, sometimes
flaring up five magnitudes (a factor of 100)
in only a few weeks. This indicates that the
size of their energy-producing regions can-
not be more than a few light-weeks across.
During periods of faint luminosity, weak
emission lines may sometimes be observed
and a redshift measured but, in general,
distance measurements to BL Lac objects
have been hampered by their absence of
spectral lines. Many BL Lac objects are em-
bedded in a faint ‘fuzz’ identified as the
surrounding galaxy. This contains weak
absorption lines, from which it is possible
to measure a REDSHIFT. Like other radio-
loud active galaxies, BL Lac objects appear

to lie in elliptical hosts. They are most pop-
ulous in the low-redshift Universe, so that
their space distribution appears to be very
different from other active galaxies such as
quasars. It has been proposed that they are
mostly active galaxies with relativistic jets
pointing along the line of sight. See also
radio galaxy.

bloomed lens See coating of lenses.

BLR Abbrev. for broad-line region. See
quasar.

BLRG Abbrev. for broad-line radio
galaxy. See radio galaxy.

blue compact dwarf (BCD) galaxy See
dwarf galaxy.

blueshift /bloo-shift/ An overall shift of
the spectral lines in a spectrum toward
shorter wavelengths as a result of the
DOPPLER EFFECT. It is observed in the spec-
tra of celestial objects approaching the
Earth. See redshift.

blue stragglers Stars that are frequently
found in OPEN and GLOBULAR CLUSTERS and
that lie on the extension of the MAIN SE-
QUENCE beyond the TURNOFF POINT: they
are ‘blueward’ of the turnoff in color-mag-
nitude diagrams (see illustration at globu-
lar cluster). Because such stars have
main-sequence lifetimes much shorter than
the age of the cluster, they should already
have evolved away from the main se-
quence. Their existence has been a long-
standing puzzle. In one model, they are
stars that have been rejuvenated by MASS

TRANSFER from a binary companion. Alter-
natively, they may represent the result of
the merger of two stars after a stellar colli-
sion. Recent observations have provided
some support for both scenarios. Some
blue stragglers are now known to be mem-
bers of close binaries. In addition, observa-
tions with the HST have revealed large
numbers of blue stragglers in the cores of
several globular clusters, where collisions
between stars are significant. See also tidal
capture.

blazed grating
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BN object Short for Becklin–Neuge-
bauer object. A pointlike infrared source in
the ORION MOLECULAR CLOUD (OMC-1). It
is thought to be a young B0 or B1 star, sur-
rounded by a compact H II region and an
expanding dust envelope characterized by
a strong STELLAR WIND. The infrared lumi-
nosity of the dust is about a thousand times
the Sun’s luminosity at a temperature of
about 600 K. The object is still above the
MAIN SEQUENCE and evolving toward it, and
may represent the earliest phase of stellar
evolution that has so far been identified.

Bode’s law /boh-dĕz, bohdz/ (Titius–Bode
law) A relationship between the dis-
tances of the planets from the Sun. Take
the sequence 0, 3, 6, 12, 24,…, where each
number (except the 3) is twice the previous
one, add 4 to each, and divide by 10. The
resulting sequence (0.4, 0.7, 1.0, 1.6, 2.8,
5.2,…) is in good agreement with the ac-
tual distances in ASTRONOMICAL UNITS (AU)
of most planets, provided that the asteroids
are included and considered as one entity
at a mean distance of 2.8 AU. The law fails
to predict the correct distances for Nep-
tune and Pluto. Some astronomers think
that the relationship may have some signif-
icance with respect to the formation of the
Solar System; most consider the sequence
purely fortuitous. Named after Johann
Bode (1747–1826), who published it in
1772, it was formulated by Johann Titius
(1729–96) of Wittenberg in 1766.

Bok globules /bok/ Small dark cool (10
K) clouds of gas and dust seen as near-cir-
cular objects against a background of stars
or of an H II region; they are named after
the American astronomer Bart J. Bok.
They are believed to represent a late phase
in the contraction of some DENSE CORES

when the material has become sufficiently
dense to be opaque at optical wavelengths.
The main sites for STAR FORMATION are
now known to be GIANT MOLECULAR

CLOUDS, but Bok globules give rise to some
of the Galaxy’s lower-mass stars. Most
globules have diameters between 0.2 and
0.6 parsecs, and absorb between one and
five magnitudes of light. Their mass varies
from 20 to 200 solar masses. IRAS and

other infrared telescopes have located PRO-
TOSTARS within some Bok globules; BIPOLAR

OUTFLOWS from these produce HERBIG–
HARO OBJECTS seen at the globule’s edge.

bolide /boh-lÿd/ A brilliant METEOR that
appears to explode, i.e. a detonating FIRE-
BALL. The brighter ones are caused by ab-
lating METEORITES that subsequently fall to
Earth. About 5000 bolides occur in the
Earth’s atmosphere each year.

bolometer /boh-lom-ĕ-ter/ A radiation-
sensing instrument that is used in astron-
omy to measure the total energy flux of
radiation entering the Earth’s atmosphere,
and is especially useful in the infrared and
microwave regions of the spectrum. It is es-
sentially a small resistive element capable
of absorbing electromagnetic radiation.
The resulting temperature rise is a measure
of the power absorbed. There is a large
variety of bolometers, including semicon-
ductor and supercooled devices; the semi-
conductor ones are normally of doped
silicon or germanium. See also infrared de-
tectors.

bolometric correction /boh-lŏ-met-rik/
(BC) See magnitude.

bolometric luminosity See luminosity.

bolometric magnitude See magnitude.

Bolshoi Altazimuth Telescope /bol-
shoi/ See Zelenchukskaya Observatory.

Boltzmann constant /bohlts-măn, -mahn/
Symbol: k. A constant given by the ratio of
the molar gas constant to the Avogadro
constant and equal to 1.380 658 × 10–23

joules per kelvin. It is the constant by
which the mean kinetic energy of a gas par-
ticle can be related to its thermodynamic
temperature.

Boltzmann equation An equation de-
rived by the Austrian physicist Ludwig
Boltzmann in the 1870s that shows how
the distribution of molecules, atoms, or
ions in their various ENERGY LEVELS de-
pends on the temperature of the system; the

57

Boltzmann equation



system is in thermal equilibrium, with EX-
CITATION balanced by de-excitation. The
equation gives the ratio of the number den-
sity (number per unit volume) of mol-
ecules, atoms, or ions, N2, in one energy
level to the number density, N1, in another
lower energy level as 

N2/N1 = (g2/g1)e–E/kT

g1 and g2 are the degeneracies of the two
levels, i.e. the multiplicity of energy levels
with the same energy, E is the energy re-
quired to excite the molecule, atom, or ion
from the lower to the higher energy level, k
is the Boltzmann constant, and T is the
thermodynamic temperature. Thus as T in-
creases a greater number of species will be-
come excited.

The Boltzmann equation together with
the SAHA IONIZATION EQUATION are widely
used to interpret the absorption and emis-
sion spectra of stars and to determine stel-
lar temperatures and densities.

Bond albedo See albedo.

Bond–Lassell /bond lass-ĕl/ See Hyper-
ion.

Bonner Durchmusterung /bon-er/
(BD) The Bonn Survey, a general star
catalog prepared under the direction of the
Prussian astronomer Friedrich Argelander
and published in Bonn 1859–62. The orig-
inal catalog contained 324 189 stars – i.e.
all those visible in the three-inch (76.2-cen-
timeter) Bonn refractor – lying between
DECLINATIONS of +90° and –2°. The limit-
ing magnitude was about 9.5. Accompany-
ing star charts were published in 1863. It
was extended by Eduard Schönfeld in 1886
to a declination of –23° and then included
457 857 stars. The epoch for the whole
catalog was 1855.0.

A cataloged star is identified by the pre-
fix BD and a number giving its declination
zone (each 1° wide), followed by its num-
ber (in order of right ascension) within that
zone, as in BD +52 1638.

Cataloging was extended to the south
polar regions through an analogous work,
The Córdoba Durchmusterung (CD), com-
piled at the Córdoba Observatory, Ar-
gentina, and finally completed in 1930.

This catalog contains about 614 000 stars,
brighter than 10th magnitude, from decli-
nations –23° to –90° for the epoch 1875.0.
Computerized versions of the BD and CD
are now available. See also Cape Photo-
graphic Durchmusterung.

Bonn Telescope /bon/ See Effelsberg
Telescope.

Boötes /boh-oh-teez/ (Herdsman)   A large
constellation in the northern hemisphere
near Ursa Major. The brightest stars are
ARCTURUS and the 2nd-magnitude yellow-
blue visual binary Epsilon (ε) Boötis, one of
several double stars. The area also contains
one of the most distant RADIO GALAXIES,
3C–295. A giant planet 1.4 times as mas-
sive as Jupiter is thought to orbit the 4th-
magnitude yellow subgiant Tau (τ) Boötis
(spectral type: F6 IV; distance: 16 pc). Ab-
brev.: Boo; genitive form: Boötis; approx.
position: RA 14.5h, dec +30°; area: 907 sq
deg.

Boötes void See large-scale structure.

bosons /boh-zonz/ A class of ELEMEN-
TARY PARTICLES with integer values (posi-
tive, negative, or zero) of SPIN; the PHOTON

is an example. More than one boson can
exist with an identical set of quantum num-
bers (numbers assigned to the various
quantities that describe a particle). See also
fermions; fundamental forces.

Boss General Catalog A whole-sky
star catalog listing the positions and
PROPER MOTIONS of 33 342 stars for the
epoch 1950.0, down to a limiting magni-
tude of 7. It was prepared initially by the
American astronomer Lewis Boss, with a
preliminary publication in 1910, and was
completed by his son Benjamin Boss in
1937.

bottom-up galaxy formation See dark
matter.

bound-free absorption A process of
absorption that occurs when an electron
bound to an atom or ion is given sufficient
energy by an absorbed photon of radiation

Bond albedo
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to free itself from the atom. If however the
photon energy can only excite the electron
to a higher energy level so that it remains
bound to the atom, bound-bound absorp-
tion takes place. See also opacity.

bow shock See interplanetary medium;
magnetosphere.

BPM 37093 A relatively close white
dwarf star located in the constellation Cen-
taurus. It consists of a thin hydrogen at-
mosphere overlying a Moon-sized carbon
core in which the atoms are believed to
have been pushed so close together by
gravitational pressure that they have
stripped each other’s electrons from
around their positively charged nuclei and
the mutual repulsion between the nuclei
has forced them into a crystalline lattice
structure. In February 2004 scientists at
the Harvard-Smithsonian Center for As-
trophysics announced that their recent in-
vestigations of the star had confirmed BPM
37093 to be a crystalline white dwarf, the
first such object to be detected, The detec-
tion gave tangible proof to a theory ad-
vanced independently by Kirzhnitz (1960),
Abrikosov (1960) and Salpeter (1961) that
cool white dwarfs might crystallize. BPM
37093 is a pulsating star, and measure-
ments of the pulsations indicate that the in-
terior of the white dwarf is indeed solid
crystalline carbon. Since BPM 37093 is ef-
fectively a vast cosmic diamond, it has been
unofficially nicknamed ‘Lucy’, in recollec-
tion of the Beatles’ song ‘Lucy in the sky
with diamonds’. mv: 13; spectral type:
DA V; diameter: about 4000 km; mass:
1.14 times solar mass; distance: 15.3 pc.

Bp stars The hottest types of AP STARS.

Brackett series See hydrogen spectrum.

braking index A dimensionless num-
ber, n, characterizing the spin-down rate of
a PULSAR, defined so that the rate of change
of rotation frequency is proportional to
frequency to the power n. A pulsar slowed
by the loss of electromagnetic energy into
the vacuum would have a braking index of
three.

Brans–Dicke theory /branz dik/ A rela-
tivistic theory of gravitation put forward in
the 1960s by Carl Brans and Robert Dicke
as a variant of Einstein’s general theory 
of RELATIVITY. It is considered by many
astronomers to be the most serious alterna-
tive to general relativity. It is a scalar-
tensor theory, i.e. a theory in which the
gravitational force on an object is due
partly to the interaction with a scalar field
and partly to a tensor interaction. New-
ton’s gravitational constant is replaced by
a slowly varying scalar field. The effect is
to allow the strength of gravity to decrease
with time. In the limit that this variation is
zero, the various Brans–Dicke theories of
gravitation that now exist reduce to Ein-
stein’s general relativity. Current observa-
tions limit the variation of Newton’s
gravitational constant to be less than one
part in 1010 per year. This means that for
local applications of a noncosmological
nature Brans–Dicke theory is indistinguish-
able from general relativity.

bremsstrahlung /brem-shtrah-lûng/ (lit-
erally: ‘braking radiation’) Electromag-
netic radiation arising from the rapid
deceleration of electrons in the vicinity of
an atom or ion. It has a continuous spec-
trum. See synchrotron emission; thermal
emission.

bridge See radio-source structure.

brightest stars The stars with the great-
est apparent visual MAGNITUDE; there are
about 9500 brighter than magnitude 6.5.
Many are very much more luminous than
the Sun and others appear bright because
of their proximity. The most luminous
stars lie in the supergiant and giant regions
of the HERTZSPRUNG–RUSSELL DIAGRAM. See
Table 6, backmatter.

bright nebula An EMISSION NEBULA or
REFLECTION NEBULA as opposed to a DARK

NEBULA. See also nebula.

brightness The intensity of light or
other radiation emitted from – absolute or
intrinsic brightness – or received from – ap-
parent brightness – a celestial body, the lat-
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ter decreasing as the distance from the
body increases. Intrinsic brightness is di-
rectly related to the LUMINOSITY of a body
in a given spectral region. Apparent bright-
ness is considered in terms of apparent
MAGNITUDE: a star one magnitude less than
another is about 2.5 times brighter. If two
stars belong to the MAIN SEQUENCE then the
brighter star is the hotter of the two. See
also radio brightness.

brightness temperature In radio as-
tronomy, a source of surface brightness
(i.e., FLUX DENSITY per unit solid angle) B
has a brightness temperature of TB =
Bλ2/(2k), where λ is the observing wave-
length and k is the BOLTZMANN CONSTANT.
If the source of that radiation is a BLACK

BODY, and the observing wavelength suffi-
ciently long, the brightness temperature
will equal the temperature of the black
body. In the case of an interstellar cloud, it
may equal the physical temperature of the
cloud if the radiation is by THERMAL EMIS-
SION and the cloud is optically thick (see
optical depth). If the cloud is optically thin,
the brightness temperature is reduced.

Sources that radiate by NONTHERMAL

EMISSION can have very high brightness
temperatures (> 109 K). See also antenna
temperature.

broad absorption line (BAL) quasar
See quasar.

broad-line radio galaxy (BLRG) See
radio galaxy.

broad-line region (BLR) See quasar.

Brooks 2 See Jupiter’s comet family.

brown dwarf A theoretical ‘star’
formed by the contraction of a lump of gas
with a mass too small for nuclear reactions
to begin in the core. This limit on STELLAR

MASS is uncertain but is thought to be about
0.08 solar masses. An object below this
limit will shine for only 100 million years
as a result of gravitational contraction on
the HAYASHI TRACK, and then cool off. Its
interior consists of DEGENERATE MATTER.
Some of the least luminous red DWARF

STARS may actually be brown dwarfs. The
first brown dwarf, named Gliese 229B,
was unambiguously identified in 1995
with the Palomor 60-inch telescope. It or-
bits the red-dwarf star Gliese 229A. The
presence of methane lines in its spectrum is
believed to be a unique signature of a
brown dwarf, which can be used to distin-
guish it from a very low-mass star. Since
1995 numerous other brown-dwarf candi-
dates have been found.

BS Prefix used to designate a star as
listed in the Bright Star Catalog, the unof-
ficial name for the Yale Catalog of Bright
Stars (YBS). This catalog developed from
the Harvard Revised Photometry, first
published 1908 in Harvard Annals, Vol.
50, and also known as the HR Catalog.
The BS Catalog took over the 9110 objects
contained in the HR Catalog, preserving
the HR numbering. Early editions of the BS
Catalog listed 14 objects that were not
stars. The latest (5th) edition (by D. Hof-
fleit and W.H. Warren Jr), published 1991,
thus contains data on 9096 stars to a limit-
ing magnitude of 6.5 for the epoch 2000.0.
The BS Catalog is available in computer-
ized form.

B stars Stars of SPECTRAL TYPE B that are
massive hot blue stars with a surface tem-
perature (Teff) of about 10 000 to 28 000
kelvin for main-sequence stars, and up to
30 000 kelvin for supergiants. Absorption
lines of neutral helium (He I) dominate the
spectrum, reaching maximum intensity for
B2 stars. Balmer lines of hydrogen
strengthen from B0 to B9; lines of ionized
magnesium and silicon are also present. A
few B stars – the BE STARS – also have emis-
sion lines from a circumstellar shell of gas.
B0, B1, and B2 stars are found in OB ASSO-
CIATIONS in the spiral arms of galaxies.
Spica, Rigel, Bellatrix, and Alpha Crucis
are B stars.

B-type asteroids See C-type asteroids.

bubble 1. Another name for void. See
large-scale structure.
2. See interstellar bubble.

brightness temperature
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bulge See galaxies; Galaxy.

burning The process in which one chemi-
cal element is converted into another by
NUCLEAR FUSION. Common examples are
the conversion of hydrogen to helium and
the conversion of helium to carbon. 

burst A brief flux of intense radiation
with a sudden onset and rapid decay, as is
observed from JUPITER and from the Sun at
radio wavelengths. Solar radio bursts are
associated with FLARES. See also gamma-
ray bursts; X-ray burst sources.

burst source (burster) See gamma-ray
bursts; X-ray burst sources.

Butcher–Oemler effect See clusters of
galaxies.

Butler matrix An electronic phasing de-
vice by which the signals from 2n separate
elements of an ARRAY are combined with
their correct relative PHASES to produce 2n

outputs, each of which corresponds to a
main lobe (see antenna) pointing in a dif-
ferent direction.

butterfly diagram See sunspot cycle.

B-V See color index.

Bw stars Blue stars that, unlike normal
B STARS, have only weak helium lines.
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Caelum /see-lŭm/ (Chisel) A small in-
conspicuous constellation in the southern
hemisphere near Orion, the brightest stars
being of 4th magnitude. Abbrev.: Cae; gen-
itive form: Caeli; approx. position: RA
4.5h, dec –40°; area: 125 sq deg.

Calar Alto /kal-ar al-toh/ Mountain site
in Spain of the GERMAN–SPANISH ASTRO-
NOMICAL CENTER.

calendar Any of various present-day,
past, or proposed systems for the reckon-
ing of time over extended periods: days are
grouped into various periods that are suit-
able for regulating civil life, fixing religious
observances, and meeting scientific needs.
All calendars are based either on the mo-
tion of the Sun (solar calendar), or of the
Moon (lunar calendar), or both (lunisolar
calendar) so that the length of the year cor-
responds approximately to either the TROP-
ICAL (SOLAR) YEAR or the LUNAR YEAR. Their
complexity results primarily from the in-
commensurability of the natural periods of
DAY, MONTH, and YEAR: the month is not a
simple fraction of the year and the day is
not a simple fraction of the month or the
year. Present-day calendars include the
GREGORIAN CALENDAR, which is in use
throughout most of the world, and the
Moslem, Jewish, and Chinese calendars.

calendar year The interval of time that
is the basis of a CALENDAR. The GREGORIAN

CALENDAR year contains an average of
365.2425 days.

Caliban /kal-ă-ban/ See Uranus’s satel-
lites.

calibration /kal-ă-bray-shŏn/ A pro-
cedure carried out on a measuring instru-

ment, such as a RADIO TELESCOPE, by means
of which the magnitude of its response is
determined as a function of the magnitude
of the input signal. The calibration of a
radio telescope provides an absolute scale
of the output deflection against ANTENNA

TEMPERATURE.

California nebula (NGC 1499) An
emission nebula – an H II region – that lies
in the constellation Perseus and is ionized
by the star Xi (ξ) Persei.

Callisto /kă-liss-toh/ The second largest
of the four giant GALILEAN SATELLITES of
Jupiter, with a radius of 2400 km and a
density of 1.86 g cm–3. It is the faintest of
the Galileans, having an albedo of 0.2. It is
the most heavily cratered object so far dis-
covered in the Solar System, exhibiting a
number of ray systems, i.e. craters from
which bright streaks radiate. Some major
systems of concentric ring mountains are
prominent, particularly in the neighbor-
hood of the huge Valhalla Basin, which is
located slightly north of the equator. The
basin is a bright circular region 600 km in
diameter and is surrounded by concentric
rings 50–200 km apart; the outermost ring
is 3000 km across. This basin is compara-
ble with ORIENTALE BASIN on the Moon, the
Caloris Basin on MERCURY, and HELLAS

PLANITIA on Mars. A second huge basin on
Callisto, Asgard Basin, has a total diameter
of 1600 km. Prior to the Galileo mission,
Callisto was thought to have a thick crust
of ice and rock extending to a depth of 200
to 300 km, beneath which there was be-
lieved to be a mantle of 1000 km of con-
vecting water or soft ice. But preliminary
analysis of the Galileo data has suggested
that Callisto’s internal structure is rela-
tively undifferentiated, although the pro-
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portion of rock to ice may increase toward
the center. Callisto, the outermost of the
Galilean satellites, is beyond the major
charged particle environment of Jupiter. It
appears to be geologically inactive, its sur-
face cratering being due to innumerable
impacts during the early history of the
Solar System. Scientists using the HUBBLE

SPACE TELESCOPE have detected a tenuous
oxygen atmosphere on Callisto, probably
caused by the interaction between charged
solar particles and water molecules in the
satellite’s icy crust. See also Jupiter’s satel-
lites; Table 2, backmatter.

Caloris Basin /kă-lor-iss/ See Mercury.

Caltech Submillimeter Observatory
/kal-tek/ (CSO) A 10.4-meter diameter
dish situated near the summit of MAUNA

KEA in Hawaii and run by the California In-
stitute of Technology; it began operations
in 1988. It is a CASSEGRAIN TELESCOPE,
housed inside a dome with shutter doors,
designed to operate at frequencies up to
900 GHz (a wavelength of about 330 mi-
crometers). When connected to the JCMT

with optical fibers, it can be used for sub-
millimeter-wave interferometry. See also
submillimeter astronomy.

Calypso /kă-lip-soh/ A small irregularly
shaped satellite of Saturn, discovered in
1980. It is a COORBITAL SATELLITE with
TELESTO and TETHYS. See Table 2, backmat-
ter.

Camelopardalis /kă-mel-ŏ-par-dă-liss/
(Giraffe) A large inconspicuous constel-
lation in the northern hemisphere near
Ursa Major, its brightest stars being of 4th
magnitude. It contains the prototype of the
Z Camelopardalis DWARF NOVAE stars. 
Abbrev.: Cam; genitive form: Camelo-
pardalis; approx. position: RA 6h, dec
+70°; area: 757 sq deg.

Canada–France–Hawaii Telescope
(CFHT) A 3.6-meter telescope at the
MAUNA KEA Observatory, Hawaii, that
began regular operations in 1980 and is
used for optical and infrared studies,
mainly by Canadian and French observers

and the University of Hawaii. It has a CER-
VIT primary mirror with Cassegrain (f/8),
coudé (f/20), and prime (f/3.8) foci, and an
equatorial mounting.

canals Linear markings on MARS that are
now known to be illusory. They were first
reported in 1877 by the Italian astronomer
Giovanni Schiaparelli, who described them
as ‘canali’ (channels). The mistranslation
‘canals’ gained popular currency, and the
markings were later charted by many ob-
servers, most notably by the US as-
tronomer Percival Lowell, who advocated
that they were irrigation ditches dug by
Martians to distribute their planet’s scarce
water resources. MARINER and VIKING

spacecraft observations showed that the
canals do not exist.

Cancer /kan-ser/ (Crab) An inconspicu-
ous zodiac constellation in the northern
hemisphere between Gemini and Leo, its
brightest stars being of 3rd and 4th magni-
tude. There are many double and variable
stars, including the multiple star Zeta (ζ)
Cancri. The area also contains the open
clusters PRAESEPE and the fainter M67
(NGC 2682) and the strong radio source
NGC 2623. Abbrev.: Cnc; genitive form:
Cancri; approx. position: RA 9h, dec +20°;
area: 506 sq deg.

Canes Venatici /kay-neez vĕ-nat-ă-sÿ, 
-see/ (Hunting Dogs) An inconspicuous
constellation in the northern hemisphere
near Ursa Major, the brightest star being
the 3rd-magnitude binary COR CAROLI. It
contains the bright globular cluster M3
(NGC 5272) and the WHIRLPOOL GALAXY,
M5l (NGC 4194–5). The star Y Canum
Venaticorum is a variable star whose
brightness ranges between magnitude 5.2
and 6.6 over 157 days. Abbrev.: CVn; gen-
itive form: Canum Venaticorum; approx.
position: RA 13h, dec +40°; area: 465 sq
deg.

Canis Major /kay-niss/ (Great Dog) A
conspicuous constellation in the southern
hemisphere, lying partly in the Milky Way.
The brightest stars are SIRIUS (α), the sec-
ond brightest star in the sky (after the Sun)

63

Canis Major



and one of the nearest stars to our Solar
System; the 1st-magnitude giant ADHARA

(ε); and the giant Mirzam (β) and super-
giant Wezen (δ), both close to 2nd magni-
tude and very remote and luminous. The
area contains the open cluster M41
(NGC 2287). Another cluster, NGC 2362,
apparently centered on Tau (τ) Canis Ma-
joris, makes an interesting telescopic sight.
Abbrev.: CMa; genitive form: Canis Ma-
joris; approx. position: RA 7h, dec –20°;
area: 380 sq deg.

Canis Minor (Little Dog) A small con-
stellation in the northern hemisphere near
Orion, lying partly in the Milky Way. The
brightest star is the visual binary PROCYON.
Abbrev.: CMi; genitive form: Canis Mi-
noris; approx. position: RA 7.5h, dec +5°;
area: 183 sq deg.

cannibalism 1. (galactic cannibalism)
The swallowing of one galaxy by a larger
galaxy. It occurs especially in the center of
a CLUSTER OF GALAXIES, where successive
acts of cannibalism in the early history of
the cluster have probably contributed to
the size of cD galaxies, the most massive
galaxies known.
2. (stellar cannibalism) The process by
which a GIANT STAR in a close binary system
can swallow its companion.

See common envelope star.

Canopus /kă-noh-pŭs/ (αα Car) A con-
spicuous and luminous white giant that is
the brightest star in the constellation Ca-
rina and the third-brightest star in the sky
after the Sun and Sirius. mv: –0.72; Mv:
–2.5; spectral type: A9 II; distance: 23 pc.

canyon See Mars, surface features; val-
ley, lunar.

Cape Canaveral /kă-nav-ĕ-răl/ See
Kennedy Space Center.

Capella /kă-pell-ă/ (αα Aur) A conspicu-
ous yellow giant that is the brightest star in
the constellation Auriga. It is a visual bi-
nary (period 104 days), of which the com-
ponents can only be resolved in the largest
telescopes. The star has a high lithium con-

tent. mv: 0.08; Mv: –0.4; spectral type:
G6 III, G2 III; distance: 12.5 pc.

Cape Photographic Durchmusterung
(CPD) A general star catalog of the
southern sky compiled by J.C. Kapteyn
from photographic plates produced by
David Gill in Cape Town. It was published
1896–1900. It lists positions and MAGNI-
TUDES of some 455 000 stars, brighter than
10th magnitude, from declinations –19° to
–90°. A computerized version is now avail-
able.

Caph /kaf/ See Cassiopeia.

Capricornids /kap-ră-kor-nidz/   A minor
METEOR SHOWER, radiant: RA 315°, dec
–15°, that maximizes on July 25. Another
minor shower, the Alpha Capricornids, ra-
diant: RA 309°, dec –10°, maximizes on
Aug. 1.

Capricornus /kap-ră-kor-nŭs/ (Sea
Goat) A zodiac constellation in the
southern hemisphere near Sagittarius, the
brightest stars being of 3rd magnitude.
Alpha (α) Capricorni is a naked-eye double
star (magnitudes 3.6, 4.2); both compo-
nents are multiple stars. The area contains
the globular cluster M30 (NGC 7099). Ab-
brev.: Cap; genitive form: Capricorni; ap-
prox. position: RA 21h, dec –20°; area:
414 sq deg.

captured rotation See synchronous ro-
tation.

capture theory See encounter theories;
Moon.

carbonaceous chondrite /kar-bŏ-nay-
shŭs/ An uncommon class of METEORITES

but very important because of their miner-
alogical and chemical composition, espe-
cially as regards the presence of hydrated
minerals and organic (carbon) compounds.
They are very easily crumbled and contain
water-soluble compounds and must there-
fore be collected soon after they fall. Al-
though all meteorites were formed very
early in the Solar System’s history, car-
bonaceous chondrites are possibly the
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most primitive form of matter in the Solar
System. See also asteroids; chondrite.

carbon cycle (Bethe–Weizsächer cycle) 
A chain of NUCLEAR FUSION reactions by
which energy may be generated in stars.
The overall effect of the cycle is the trans-
formation of hydrogen nuclei into helium
nuclei with emission of gamma-ray pho-
tons (γ), positrons (e+), and neutrinos (ν).
The major sequence of reactions is as fol-
lows: 

12C + 1H → 13N + γ
13N → 13C + e+ + ν
1H + 13C → 14N + γ
1H + 14N → 15O + γ
15O → 15N + e+ + ν

1H + 15N → 12C + 4He
The carbon nucleus, 12C, reappears at the
end of the cycle and can be regarded as a
catalyst for the reaction: 

41H → 4He + 2e+ + 2ν + 3γ
Because nitrogen (N) and oxygen (O) in-
termediates are involved, the cycle is often
termed the carbon-nitrogen-oxygen cycle
or CNO cycle.

The carbon cycle is very strongly tem-
perature dependent and becomes the dom-
inant energy-producing mechanism at core
temperatures exceeding about 20 million
K. It is therefore thought to be the major
source of energy in hot massive stars of
spectral types O, B, and A. The carbon
cycle was proposed by Hans Bethe and in-
dependently by Carl von Weizsächer in
1938. See also proton-proton chain reac-
tion.

carbon monoxide A molecule, CO,
consisting of an atom of oxygen bound to
a carbon atom. It is commonly found in
GIANT MOLECULAR CLOUDS, where there is
one CO molecule to about 10 000 hydro-
gen molecules. Collisions with hydrogen
and other molecules easily excite the CO
molecules and cause them to emit charac-
teristic radio waves at wavelengths that are
integer submultiples of 2.6 mm. Carbon
monoxide is thus used in radio astronomy
as the best tracer of molecular gas over
wide areas: the molecular hydrogen in the
cool clouds has no emission at radio wave-
lengths. The CO emission lines are ana-

lyzed to determine the density, velocity,
and temperature of the molecules in the
clouds.

carbon–nitrogen–oxygen cycle See
carbon cycle.

carbon stars (C stars) RED GIANT stars
of low temperature that have an over-
abundance of carbon relative to oxygen in
their surface layers. In cool stars carbon
and oxygen atoms combine to form stable
carbon monoxide, and in carbon stars the
excess carbon can then form other mol-
ecules. Their spectra therefore show strong
bands of carbon compounds, including C2,
CN, and CH. All carbon stars undergo
MASS LOSS, enriching the interstellar
medium with considerable carbon, some
nitrogen and oxygen, and also S-PROCESS el-
ements. In the earlier Harvard classifica-
tion (see spectral types) carbon stars were
divided into R stars and N stars: N stars
are the ‘classical’ carbon stars, discovered
spectroscopically by Angelo Secchi (1868).
They are very cool and very luminous and
many have been discovered in the Magel-
lanic Clouds and other galaxies. They are
observed to be losing mass rapidly and are
much further evolved than the hotter less
luminous R stars. The R stars are enriched
in the isotopes 13C and 14N, but unlike
most N stars, show no enhancement in s-
process elements. See also R Coronae Bo-
realis stars; S stars.

cardinal points The four principal
points on the HORIZON (see illustration).
The north point (n) lies at the intersection
of the horizon with the celestial MERIDIAN

nearest the north CELESTIAL POLE; the south
point (s), diametrically opposite, is the
equivalent intersection point closest to the
south celestial pole. The east point (e) and
west point (w) lie at the intersections of the
horizon with the CELESTIAL EQUATOR, the
east point being 90° and the west point
270° clockwise from the north point.

Carina /kă-ree-nă, -rÿ) A constellation
in the southern hemisphere near Crux. It
was once part of the constellation ARGO.
The brightest stars are the bright white
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giant CANOPUS (α) and some 1st- and 2nd-
magnitude stars. The irregular variable star
Eta (η) Carinae is associated with extensive
nebulosity (see Eta Carinae; Eta Carinae
Nebula). The area also contains two open
clusters: the 2nd-magnitude IC 2602, cen-
tered on Theta (θ) Carinae, and the bril-
liant NGC 3532, located just west of Eta
Carinae; and the large globular cluster
NGC 2808. Abbrev.: Car; genitive form:
Carinae; approx. position: RA 9h, dec
–60°; area: 494 sq deg.

Carina arm See Galaxy.

Carina system A dwarf elliptical galaxy
that is a member of the LOCAL GROUP.

Carme /kar-mee/ A small satellite of
Jupiter, discovered in 1938 by Seth Nichol-
son. See Jupiter’s satellites; Table 2, back-
matter.

Carpathians /kar-pay-th’ee-ănz/  See table
at mountains, lunar.

Carrington rotation number /ka-ring-

tŏn/ A sequential number, introduced by
R.C. Carrington, that identifies each solar
rotation. Its starting date is 1853 Novem-
ber 9.489 (rotation 1). The number is
based on the value of 27.2753 mean solar
days that Carrington obtained for the
mean synodic rotation period of the Sun
from observations of sunspots. This value
is equivalent to the Sun having a mean side-
real rotation period of 25.380 mean solar
days.

Carte du Ciel /kart dew syel/ A whole-
sky photographic atlas proposed in Paris in
1887 and planned to include stars of mag-
nitude 14 or brighter. This ambitious
scheme involved 18 observatories in pho-
tographing areas of the sky only 2° square
using specially designed 33-cm refracting
telescopes. The survey has never been fully
completed. Technical advances have since
made it possible to photograph much
greater areas with very much less work.
The associated Astrographic Catalog, list-
ing the positions of stars down to 12th
magnitude, was essentially complete by
1958. The United States Naval Observa-

Carina arm
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tory (USNO) in co-operation with other in-
stitutions completed the process of con-
verting the printed Astrographic Catalog
into computerized format by the mid-
1990s, updating the star positions to epoch
2000.0 in accordance with the HIPPARCOS

Catalog. The resulting document, AC
2000, was released on CD-ROM in 1997.
In 2001, following its collaboration with
the University of Copenhagen Observatory
in Denmark, on the Tycho-2 catalog,
which uses AC 2000 data for many of its
proper motions, the USNO issued a revised
version of AC 2000, called AC 2000.2.
This revision is also available on CD-
ROM. AC 2000.2 is a whole-sky catalog
listing more than 4.6 million stars.

Cartwheel galaxy A remnant of a large
galaxy that has been distorted by a head-on
collision with a small neighbor into a shape
resembling a cartwheel. The ‘hub’ and
‘spokes’ of the wheel are formed by the old
stars of the original galaxy and are sur-
rounded by a ‘rim’ of young blue stars and
ionized gas triggered by a rippling outward
shock wave.

cascade See cosmic rays.

Cassegrain configuration /kass-ĕ-grayn/
One of the configurations in which a large
reflecting telescope can be used. A small
secondary mirror with a convex hyper-
boloid shape intercepts the beam of radia-
tion before it reaches the prime focus of the
PRIMARY MIRROR (see illustration). The sec-
ondary reflects the beam back down the
tube, through a central hole in the primary
mirror, to a focal point just behind it. This

is the Cassegrain focus. It is more accessi-
ble than the prime focus and is incorpo-
rated into many reflecting telescopes,
notably the SCHMIDT TELESCOPE AND THE

MAKSUTOV TELESCOPE.

Cassegrain focus See Cassegrain con-
figuration.

Cassegrain telescope A compound RE-
FLECTING TELESCOPE designed, according to
some sources, by a French sculptor, Sieur
Guillaume Cassegrain, in 1672. Others at-
tribute its invention to a 17th-century as-
tronomer known to us only as N.
Cassegrain. It is similar to the GREGORIAN

TELESCOPE but has a secondary mirror with
a convex hyperboloid shape mounted in-
side the focal plane of the primary mirror.
The telescope has a small field, limited
mainly by COMA, but is compact, portable,
and easily mounted and thus very popular.
Most large modern reflectors include this
facility. See Cassegrain configuration; cata-
dioptric telescope; Ritchey–Chrétien op-
tics; Schmidt telescope.

Cassini /ka-see-nee/ (Cassini/Huygens) 
A joint NASA/ESA mission to the Saturn-
ian system, launched by a Titan IVB/Cen-
taur rocket on Oct. 15 1997. It arrived at
Saturn in 2004 and, after passing through
a gap in the planet’s complex ring system,
entered orbit on June 30 of that year. The
US Cassini probe carried 12 experiments,
and on a 4-year tour orbiting Saturn was
set to study the planet itself – atmosphere,
rings, and magnetosphere – and some of its
moons – TITAN and the icy satellites, such
as Tethys, Iapetus, Dione, and Phoebe.
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Cassini used the gravitational effects of
both Venus and the Earth to catapult itself
across interplanetary space and reduce its
journey time to Saturn to a mere seven
years. It completed a flyby of the asteroid
(2685) Masursky in January 2000 and
swung by Jupiter in December 2000, pick-
ing up even more momentum in the
process. During its Jupiter flyby, it teamed
up briefly with NASA’s GALILEO probe in a
joint investigation of the Jovian system.
Cassini was scheduled to make 23 flybys of
Saturn.

ESA’s Huygens probe, carried aboard
the Cassini spacecraft, was detached Dec.
24 2004 and landed on Titan Jan. 14 2005,
after plunging into its dense atmosphere.
During its parachute-controlled descent to
the surface, which lasted about 2½ hours,
and after touchdown, Huygens sent back a
stream of data on the physics and chem-
istry of the satellite, including both pictures
and sound. It transmitted from Titan’s sur-
face for about 70 minutes before its batter-
ies ran out, and despite a computer
malfunction aboard Cassini, which lost
half the expected number of photographs,
Huygens sent back via its mother ship
about 350 pictures and a wealth of sensor
readings. Ground-based radio telescopes
also picked up some of Huygens’ transmis-
sions and rescued some science data that
might have otherwise been lost. Prelimi-
nary analysis of the Huygens data ap-
peared to confirm the view that Titan
resembles the early Earth. Its atmosphere
consists mostly of nitrogen, but concentra-
tions of simple hydrocarbons such as
methane exist near the surface. Evidence
was found of liquid methane falling as
‘rain’ and penetrating just below the sur-
faces. At the Huygens landing site, the sur-
face seemed to consist of a thin crust
overlying a sandlike hydrocarbon soil;
chunks of dirty water ice lay strewn
nearby. High ridges were apparently cut by
‘river channels’ draining down to lower
terrain or even to a ‘lake’ of liquid hydro-
carbons.

Cassini Division See Saturn’s rings.

Cassini/Huygens /hÿ-gĕnz/ See Cassini.

Cassini Regio See Iapetus.

Cassiopeia /kass-ee-ŏ-pee-ă/ A conspic-
uous constellation in the northern hemi-
sphere, lying partly in the Milky Way. The
five brightest stars form a W-shape, which
includes SCHEDAR (α), the blue-white visual
binary Cih (γ), which is an irregular vari-
able and an X-ray source, and the cream-
colored Caph (β), all of 2nd magnitude.
Eta, close to Schedar, is a 3rd-magnitude
binary star. The area contains some fine
open clusters (M52 [NGC 7654], M103
[NGC 581], NGC 457 and NGC 663) and
globular clusters and the remnants of two
recent supernovae – TYCHO’S STAR and the
radio source CASSIOPEIA A. Abbrev.: Cas;
genitive form: Cassiopeiae; approx. posi-
tion: RA 1h, dec +60°; area: 598 sq deg.

Cassiopeia A An intense RADIO SOURCE

2.8 kiloparsecs distant in the constellation
Cassiopeia. It has the largest FLUX DENSITY

at low frequencies of all the discrete radio
sources (apart from the Sun), the value
being about 8200 JANSKY at 178 mega-
hertz, and a SPECTRAL INDEX of –0.77. The
flux drops by about 1% per year. It is a SU-
PERNOVA REMNANT – probably of a super-
nova explosion (unrecorded) of a massive
(∼50 MO) star in the late 17th century –
and has a ringlike structure about four arc
minutes in diameter. The radio radiation is
by SYNCHROTRON EMISSION and the radio
shell is expanding at 2300 km s–1. It is also
an extended source of soft X-rays.

Castor /kass-ter, kahss-/ (αα Gem) A
white star that is the second-brightest in
the constellation Gemini. It is a visual triple
star, the two brighter components having
an orbital period of about 470 years; the
third component, a flare star, is located
some distance away. All three are spectro-
scopic binaries. mv: 1.9 (A), 2.9 (B), 1.57
(AB); Mv: 0.5 (AB); spectral type: A1 V
(A), A2 V (B); distance: 15 pc.

cat Abbrev. for Cosmic Anisotropy Tele-
scope.

cataclysmic variable /kat-ă-kliz-mik/
(eruptive variable) A close BINARY-STAR

Cassini Division
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system where one member is a WHITE

DWARF, and MASS TRANSFER on to the latter
causes sudden large and unpredictable
changes in brightness. The main classes of
cataclysmic variable are classical NOVAE,
RECURRENT NOVAE, DWARF NOVAE, and
SYMBIOTIC STARS. The outbursts of cata-
clysmic variables are also detected at ultra-
violet and X-ray wavelengths; their X-ray
output is however much less than that of X-
RAY TRANSIENTS, which are similar systems
where the compact star is a neutron star
rather than a white dwarf.

It is generally believed that the progeni-
tors of cataclysmic variables are wide bina-
ries with periods of several months to
several years. When the primary evolves
and fills its Roche lobe as a giant, mass is
lost from it (see equipotential surfaces);
this mass forms a COMMON ENVELOPE sur-
rounding the core of the giant (a WHITE

DWARF) and the companion. Due to fric-
tional drag, the orbit of the immersed bi-
nary shrinks until the envelope is ejected
forming a bright PLANETARY NEBULA and a
short-period precataclysmic binary.

The distribution of orbital periods of
cataclysmic variables displays a very pro-
nounced gap between 2 and 3 hours,
known as the period gap. It is widely be-
lieved that the gap is caused by the tempo-
rary cessation of mass transfer when the
orbital period has decreased to three hours
(possibly related to changes in the mag-
netic field of the mass-losing star when its
interior becomes fully CONVECTIVE) so that
the system has no longer the appearance of
a cataclysmic variable.

catadioptric telescope /kat-ă-dÿ-op-trik/
A telescope that uses both refraction and
reflection to form the image at the prime
focus. By introducing a full-aperture COR-
RECTING PLATE in front of the primary mir-
ror, the telescope designer can correct
many ABERRATIONS over an exceptionally
wide field of view, in a way that combines
the best features of both REFRACTING and
REFLECTING TELESCOPES. See Schmidt tele-
scope; Maksutov telescope.

catalog equinox The intersection of the
HOUR CIRCLE of zero right ascension of a

star catalog with the celestial equator. It is
thus the origin of right ascension of the cat-
alog. It is usually an approximation to the
DYNAMICAL EQUINOX of some date, differ-
ing from it as a result of the limits of ob-
servational accuracy. There is also a
difference, over a period of time, due to the
motion of the dynamical equinox; this
time-dependent difference is called
equinox motion.

catena /kă-tee-nă/ (plural: catenae) A
chain of craters. The word is used in the
approved name of such a surface feature on
a planet or satellite.

catoptric system /kat-op-trik/ An opti-
cal system in which the principal optical el-
ements are mirrors. Compare catadioptric
telescope; dioptric system.

Cat’s-eye nebula (NGC 6543) A com-
plex PLANETARY NEBULA lying at a distance
of about 1 kiloparsec in the constellation
Draco. It represents the final stages in the
life of an ordinary star. As it dies, the star
blows off shells of glowing gas. The struc-
ture of this nebula appears to be so intri-
cate, showing high-speed gas jets and
unusual knots of gas as well as concentric
gas shells, that some astronomers have the-
orized that the central star may be a binary.

Caucasus /kaw-kă-sŭs/ See table at
mountains, lunar.

cavus /kay-vŭ/ (plural: cavi) A steep-
sided depression. The word is used in the
approved name of such a surface feature on
a planet or satellite.

Cayley formation /kay-lee/ See high-
land light plains.

CCD Abbrev. for charge-coupled de-
vice. A light-sensitive electronic detector,
invented 1970, now widely used in
ground- and space-based astronomy for
IMAGING, PHOTOMETRY, SPECTROSCOPY, AS-
TROMETRY, etc. CCDs are normally sensi-
tive over a wide range of wavelengths from
blue light to near-infrared; developments
have extended the range further into the IR

69

CCD



(see infrared detectors), and into the ultra-
violet and X-ray regions (to energies up to
about 6 keV). A CCD is small (typically
several square centimeters) compared with
a photographic plate, and therefore covers
a relatively small field of view. It also has a
lower RESOLUTION than a fine-grained pho-
tographic emulsion. It does, however, have
a much higher QUANTUM EFFICIENCY – i.e. is
a much more efficient detector – than
emulsion; exposure times are therefore rel-
atively much shorter. CCDs are thus well
suited to the imaging of faint objects. They
also have a linear response over a wide
range of illumination, and in a properly de-
signed and operating CCD system, the re-
sponse is very stable over long timescales.

Astronomical CCDs are fabricated as a
two-dimensional array of tiny pixels (pic-
ture elements) on a thin wafer of semicon-
ductor, usually silicon; there may be up to
several thousand rows and columns of pix-
els. When light or other radiation is di-
rected onto this array, each pixel responds
to the PHOTONS falling on it by producing
electrons. Electric charge thus accumulates
in each pixel in proportion to the amount
of incident radiation. After an exposure,
these packets of charge are shifted out of
the array and the accumulated charge in
each pixel is measured, row by row. The
values are digitized and stored in a com-
puter, and may be used to form an image
on a computer screen or may be further
manipulated or analyzed. There is a direct
relationship between the intensity of the
recorded image and the original exposure,
hence the linear response. NOISE is, how-
ever, introduced as the charges are moved
out of the CCD, amplified, digitized, and
stored in the computer, thus placing a
lower limit on the signal that can be accu-
rately recorded; this readout noise can be
reduced by cooling the CCD.

CD Abbrev. for Córdoba Durch-
musterung. See Bonner Durchmusterung.

CDA Abbrev. for Centre de Données
Astronomiques.

cD galaxy See clusters of galaxies;
galaxies.

CDM Abbrev. for cold dark matter. See
dark matter.

CDS See Centre de Données Astro-
nomiques.

celestial axis /sĕ-less-tee-ăl/ The line
joining the north and south CELESTIAL POLES

and passing through the center of the CE-
LESTIAL SPHERE; the extension of the Earth’s
axis to the celestial sphere.

celestial equator The great circle in
which the extension of the Earth’s equa-
torial plane cuts the CELESTIAL SPHERE. 
The plane of the celestial (and hence terres-
trial) equator is perpendicular to the celes-
tial axis and is the reference plane for the
equatorial coordinates RIGHT ASCENSION

and DECLINATION. The orientation of the
celestial equator is slowly changing as a
result of the PRECESSION of the Earth’s 
axis.

celestial latitude (ecliptic latitude) See
ecliptic coordinate system.

celestial longitude (ecliptic longitude)
See ecliptic coordinate system.

celestial mechanics The study of the
motions and equilibria of celestial bodies
subjected to mutual gravitational forces,
usually by the application of Newton’s law
of GRAVITATION and the general laws of me-
chanics, based on NEWTON’S LAWS OF MO-
TION. Satellite and planetary motions,
tides, precession of the Earth’s axis, and
lunar libration are all described by these
laws within the limits of accuracy of meas-
urements. Newtonian mechanics is much
simpler to use than the more accurate gen-
eral theory of RELATIVITY. Despite funda-
mental differences, the equations of
relativistic mechanics, based on the con-
cepts of relativity, reduce in a first approx-
imation to those of Newtonian mechanics,
observational and predicted Newtonian
values normally being very close.

celestial meridian See meridian.

celestial poles The two points at which
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the extension of the Earth’s axis of rotation
cuts the CELESTIAL SPHERE. As a result of the
PRECESSION of the Earth’s axis the positions
of the poles are not fixed but trace out a
circle on the celestial sphere in a period of
about 25 800 years. The north celestial
pole revolves about a point in the constel-
lation Draco and at present lies in Ursa
Minor close to the star POLARIS. The south
celestial pole lies in the constellation Oc-
tans. See also pole star.

celestial sphere The sky considered as
the inside of an imaginary sphere of inde-
terminate but immense radius that sur-
rounds the Earth. It provides a convenient
surface on which to draw and study the di-
rections and motions of celestial bodies
and other points in the sky. The Earth’s
west-to-east rotation causes an apparent
rotation of the celestial sphere about the
same (extended) axis once every 24 hours
but in an east-to-west direction.

The measurements that may be made
with the celestial sphere, using the four
main COORDINATE SYSTEMS of positional as-
tronomy, concern not the distances but
only the directions of celestial bodies. An-
gular relationships are established by the
methods of spherical trigonometry (see
spherical triangle). The principal reference
circles on the celestial sphere are the CELES-
TIAL EQUATOR, the ECLIPTIC, and an ob-
server’s HORIZON, which are all great
circles. The principal points are the poles of
these circles and the points of intersection
– the EQUINOXES and CARDINAL POINTS – of
the circles (see illustration).

cell (mirror cell)   The enclosure that holds
the PRIMARY MIRROR in a reflecting tele-
scope. It must hold the mirror so that the
COLLIMATION of the optical elements is
maintained as the direction of observation
changes. It must also support the mirror so
that it does not sag to an unacceptable de-
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gree under its own weight. Without care-
fully designed support over the whole rear
face the mirror of the 5-meter Hale tele-
scope would sag by 0.0625 mm, which is
about 500 times the allowable quarter
wave limit. The cell is usually provided
with a closure or lid that protects the opti-
cal surface when the telescope is not in use.

centaur See Chiron.

Centaurus /sen-tor-ŭs/ (Centaur) An ex-
tensive conspicuous constellation in the
southern hemisphere almost surrounding
Crux and lying partly in the Milky Way.
The brightest stars, of zero magnitude, are
the nearby ALPHA (α) CENTAURI, the remote
BETA (β) CENTAURI, and several stars of 2nd
and 3rd magnitude. PROXIMA CENTAURI is
the nearest star to the Sun. The area also
contains the fine naked-eye globular clus-
ter Omega (ω) Centauri (see Omega Cen-
tauri), the strong radio source
CENTAURUS A, and the X-ray binary CEN-
TAURUS X-3. Abbrev.: Cen; genitive form:
Centauri; approx. position: RA 13h, dec
–50°; area: 1060 sq deg.

Centaurus A An intense RADIO and X-
RAY SOURCE in the southern constellation
Centaurus and a source also of infrared ra-
diation and gamma rays. It is identified
with the galaxy NGC 5128 lying at a dis-
tance of only 5 megaparsecs from the Solar
System, making it the nearest ACTIVE

GALAXY. It is an elliptical galaxy, 100 kpc
in diameter, cut across by broad belts of
gas and dust. A complex elongated radio
structure emerges from the center of the
gas and dust belts, approximately along
their axis of rotation and extending about
400 kpc in each direction. The radio struc-
ture consists broadly of two large lobes
more or less symmetrically disposed about
a central nucleus, from which a JET extends
toward one of the lobes. The jet is broken
up into a number of KNOTS. This huge
radio galaxy, stretching over 9° of the sky,
has a flux density at 86 megahertz of 8700
JANSKY, believed to be SYNCHROTRON EMIS-
SION.

Centaurus A is also one of the brightest
hard X-ray sources, its spectrum being

measured to about 200 kiloelectronvolts. It
is also variable on timescales down to a few
days, suggesting that most of the X-ray
emission arises in the nucleus. An Einstein
Observatory image showed not only the
bright nucleus but in addition a line of
sources, i.e. an X-ray jet, significantly
along the axis of the radio lobes. The X-ray
emission follows closely the radio jet but
extends beyond it into the radio lobe.

Centaurus X-3 An X-RAY BINARY, the
first of its type, discovered by the UHURU

satellite in 1971. The binary nature was de-
termined from the observation of regular
X-ray eclipses with a period of 2.09 days;
in 1974 the optical companion star was
identified as a 13th magnitude supergiant
of spectral type O6.5, establishing Centau-
rus X-3 as a high-mass X-ray binary, or
HMXB. Rapid pulsation of the X-ray source
at a 4.8 second period is associated with
the rotation of a magnetized NEUTRON

STAR. It may thus be regarded as an X-RAY

PULSAR.

Center for High Angular Resolution
Astronomy (CHARA) An optical and
infrared long baseline interferometry (LBI)
facility operated at the MOUNT WILSON OB-
SERVATORY, California, by Georgia State
University since 1984 with funding from
the National Science Foundation and addi-
tional support from the W.M. Keck Foun-
dation, the David and Lucille Packard
Foundation, and private donations. The
center also houses the Mount Wilson Insti-
tute, the non-profit corporation that con-
trols the Mount Wilson Observatory by
arrangement with the Carnegie Institution
of Washington. In 1996 CHARA began
construction of an interferometric array of
six telescopes on Mount Wilson. The
CHARA array became an active science in-
strument in 2002.

Each of the telescopes linked up in the
array has an altazimuth mounting. Each
instrument’s primary mirror has an aper-
ture of 1 meter. The instruments are de-
ployed in a Y-shaped arrangement on the
1737-meter summit of Mount Wilson so as
to form a two-dimensional layout that pro-
vides the resolving power of a single tele-
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scope with an aperture of up to 350 meters.
Operating on dual wavelength regimes, the
array has limiting resolutions of 200 µas at
500–800 nm and 1 mas at 2.0–2.4 µm.
With these exceptionally high angular res-
olutions, astronomers should be able to
make accurate measurements of the diam-
eters of nearby stars, to detect any orbiting
companions and measure the mass of such
binary systems, and to contribute to the
search for extrasolar planets.

center of gravity The point in a ma-
terial body at which a single force, which is
the resultant of all external forces on the
body, may be considered to act. The center
of gravity of a body in a uniform gravita-
tional field coincides with the body’s CEN-
TER OF MASS. A body does not possess a
center of gravity, however, if the external
forces are not equivalent to a single resul-
tant force or if the resultant does not al-
ways act on the same point of the system.
This situation occurs in a nonuniform
gravitational field. The Moon has strictly
no center of gravity although the resultant
force of the Earth’s gravitational attraction
always passes within a few meters of the
center of mass.

center of inertia See center of mass.

center of mass (center of inertia) The
point in a material system at which the
total mass of the system may be regarded
as being concentrated and that moves as if
all external forces on the system could be
reduced to a single force acting at that
point. When a body has a center of gravity,
which it does in a uniform gravitational
field, this point coincides with the center of
mass.

Two bodies, moving under the influ-
ence of their mutual gravitation, will orbit
around their center of mass, which lies on
the line between them. The distances, r1
and r2, of the bodies from this point de-
pend on their masses, m1 and m2, the more
massive body lying closer. For circular or-
bits: 

r1/r2 = m2/m1

central force A force on a moving body

that is directed toward a fixed point or to-
ward a point moving according to known
laws. The gravitational attraction between
the Sun and a planet is an example.

central meridian The imaginary N–S
line bisecting the disk of a planet, satellite,
etc., used as a reference.

central molecular zone See galactic
center.

Centre de Données Astronomiques
/sahn-trĕ dĕ donn-ay ahss-troh-noh-meek/
(CDA) The astronomical data center at
the University of Strasbourg, France, estab-
lished in 1972 as the Centre de Données
Stellaires (CDS). It is concerned mainly
with the collection and critical evaluation
of data, the creation of new astronomical
catalogs, and the distribution of data to as-
tronomers worldwide. It manages the SIM-
BAD database, which is accessible over
public transmission networks including the
World Wide Web.

centrifugal force /sen-trif-ŭ-găl, -yŭ-găl/
See centripetal force.

centripetal acceleration /sen-trip-ă-t’l/
See centripetal force.

centripetal force A force, such as grav-
itation, that causes a body to deviate from
motion in a straight line to motion along a
curved path, the force being directed to-
ward the center of curvature of the body’s
motion. The force reacting against this
constraint, i.e. the force equal in magni-
tude but opposite in direction, is the cen-
trifugal force. The centrifugal force results
from the inertia of all solid bodies, i.e. their
resistance to acceleration, and unlike grav-
itational or electrical forces, cannot be con-
sidered a real force. The centripetal force is
equal to the product of the mass of the
body and its centripetal acceleration. The
latter is the acceleration toward the center,
and for a body moving in a circle at a con-
stant angular velocity ω it is given by ω2r,
where r is the radius.
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Cepheid /see-fee-id/ Short for Cepheid
variable.

Cepheid instability strip See pulsating
variables.

Cepheid variables A large and impor-
tant group of very luminous yellow super-
giants that are PULSATING VARIABLES with
periods mainly in the range 1–50 days.
Over 700 are known in our galaxy and sev-
eral thousand in the Local Group. There
are two categories: classical Cepheids (or
type I Cepheids) are massive young popu-
lation I objects found in spiral arms on the
galactic plane; the less common type II
Cepheids (also known as W Virginis stars)
are much older and less massive popula-
tion II objects found in the galactic center
and halo, especially in GLOBULAR CLUSTERS,
and are thus similar in distribution to RR

LYRAE STARS. The classical Cepheids are
about 1.5–2 magnitudes more luminous
than type II Cepheids of the same period.
The luminosity variations of both cate-
gories are continuous and extremely regu-
lar so that the periods can be measured
very accurately. Characteristic periods are
5–10 days (classical) and 12–30 days
(type II). The AMPLITUDES are typically
0.5–2 in magnitude in visual light; the fluc-
tuation is more marked at blue than at red
and infrared wavelengths. The two types
are best distinguished by analysis of their
spectra, the older type II Cepheids having a
much lower abundance of METALS.

The prototype of the classical Cepheids
is Delta Cephei, discovered 1784. The
changes in brightness were found in the
1890s to be accompanied by and princi-
pally caused by changes in stellar tempera-
ture and also by changes in radius (see
illustration). This was later explained in
terms of pulsations in the outer layers of
the stars that appear at a late evolutionary
state (see pulsating variables); according to
theory, the pulsations die down as the star
expands and its surface cools.

The relation between period of pulsa-
tion and average brightness of Cepheid
variables was discovered during 1908–12
by Henrietta Leavitt. Leavitt was studying
Cepheids in the Small Magellanic Cloud,

which were thus all at about the same dis-
tance. She recognized that the relation be-
tween their period and their average
apparent magnitude was equivalent to a re-
lation between period and average ab-
solute magnitude or luminosity (see
distance modulus). An independent deter-
mination of the distance of a Cepheid of
known period would lead to the graphical
relation between period and luminosity. It
was quickly realized by Shapley that this
PERIOD-LUMINOSITY RELATION was an in-
valuable tool for measurements of distance
out to the nearest galaxies and thus for
studying the structure of our own galaxy
and of the Universe (see distance determi-
nation). The refurbished HUBBLE SPACE

TELESCOPE can study classical Cepheids in
galaxies as far away as the Virgo cluster
(about 15 megaparsecs). Much work has
been done to establish the graph of period
versus absolute magnitude, mainly involv-
ing independent measurements of the
distances or luminosities of Cepheids.
Baade and Kukarkin were consequently
able to demonstrate in the 1950s the exis-
tence of the two distinct categories of
Cepheids, having separate but parallel
period-luminosity relations. See illustra-
tion opposite.

Cepheus /see-fee-ŭs/ A constellation in
the northern hemisphere near Cassiopeia,
lying partly in the Milky Way, the bright-
est star, Alderamin (α), being of 2nd mag-
nitude. As a result of PRECESSION, both
Alderamin and the 3rd-magnitude Alrai (γ)
have come close enough to the north celes-
tial pole to serve as pole stars and will do
so again. Cepheus contains several pulsat-
ing variable stars, including the prototype
CEPHEID VARIABLE Delta (δ) Cephei, the red
irregular variable Mu (µ) Cephei or GAR-
NET STAR, and the prototype of the BETA

CEPHEI STARS. Abbrev.: Cep.; genitive form:
Cephei; approx. position: RA 22h, dec
+70°; area: 588 sq deg.

Cerenkov counter /chĕ-renk-off/ An in-
strument for detecting and measuring the
velocity of very energetic particles such as
cosmic rays or the cascades of electrons
generated in the Earth’s atmosphere by

Cepheid
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gamma rays. Faint blue light – Cerenkov
radiation – is emitted by the particles as
they pass through a transparent noncon-
ducting (dielectric) material at a speed
greater than the speed of light in that ma-
terial. The radiation is emitted at a fixed
angle, θ, to the direction of motion of the
particle, such that

cos θ = c/nv
in which v is the particle velocity, n the re-
fractive index of the transparent medium,
and c the speed of light in a vacuum. This
cone of light is focused on to a PHOTOMUL-
TIPLIER so that an amplified electric pulse is
registered. The velocity of the particle is de-
termined from the angle of the cone.

Ceres /seer-eez/ ((1) Ceres) The first AS-
TEROID to be discovered, found by the Ital-
ian astronomer Giuseppe Piazzi in January
1801 following the predicted existence by
BODE’S LAW of a planet at about 2.8 AU
from the Sun. It is the largest asteroid
known (diameter 933 km) and has a den-
sity of 2.7 g cm–3 and a mass of 9.5 × 1020

kg. It has a low ALBEDO of 0.10 and a spec-
trum similar to that of the CARBONACEOUS

CHONDRITE meteorites. It is classified as a
G-type asteroid. Unlike the rather smaller
asteroid (4) VESTA, it cannot be seen by the
unaided eye, attaining only 7th magnitude
at opposition. NASA’s Dawn mission, set
for launch in 2006, is scheduled to visit
Ceres. See Table 3, backmatter.

Cerro Tololo Inter–American Obser-
vatory /se-roh toh-loh-loh/ (CTIO) A US
observatory near La Serena, Chile, at an al-
titude of 2200 meters. It is run by the As-
sociation of Universities for Research in
Astronomy (AURA), which operates
through the NATIONAL OPTICAL ASTRONOM-
ICAL OBSERVATORY. Its principal instru-
ments are a 4-meter reflecting telescope,
the Victor Blanco Telescope, which began
operating in 1976, and two smaller reflec-
tors, one 1.5 meters in aperture and the
other 0.9 meter. The 4-meter telescope has
a CER-VIT primary mirror, with Cassegrain
(f/8), infrared (f/30), and prime (f/2.7) foci,
on an equatorial mounting. The observa-
tory also operates a Schmidt telescope at
this site. Nearby Cerro Pachón is the loca-

tion of the Gemini South telescope (see
Gemini telescopes).

Cer-Vit /ser-vit/ Trademark A glass-ce-
ramic material that expands and contracts
very little when its temperature changes
and is thus used in telescope optics.

Cetus /see-tŭs/ (Whale) An extensive but
rather inconspicuous equatorial constella-
tion near Orion, the brightest star being the
2nd-magnitude orange giant Diphda (β). It
contains several Mira stars including the
prototype Mira Ceti (Omicron [ο] Ceti),
the flare star UV Ceti, the orange-red main-
sequence star Tau (τ) Ceti, a close neighbor
of the Sun (see Tau Ceti), and the SEYFERT

GALAXY M77 (NGC 1068). Abbrev.: Cet;
genitive form: Ceti; approx. position: RA
l.5h, dec –10°; area: 1231 sq deg.

CfA survey See redshift survey.

CFHT Abbrev. for Canada–France–
Hawaii Telescope.

CGRO Abbrev. for Compton Gamma
Ray Observatory.

chain craters See crater chain.

Chamaeleon /kă-mee-lee-ŏn/ A small
inconspicuous constellation in the south-
ern hemisphere near Crux, the brightest
stars being of 4th magnitude. Abbrev.:
Cha; genitive form: Chamaeleontis; ap-
prox. position: RA 11h, dec –80°; area:
132 sq deg.

Champollion /shahm-poh-lee-awn/   A US
mission to comet Tempel 1 (1879 III)
planned by NASA for launch in 2003. It
would have arrived at the end of 2005 and
released a lander to collect a sample of the
comet’s nucleus for return to Earth. The
project was stopped for financial reasons
while still in the planning stage. See
Rosetta; Stardust.

Chandler wobble /chand-ler/ A small
continuous variation in the location of the
geographic poles on the Earth’s surface. It
leads to a variation of latitude of points on
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the Earth because latitude is measured
from the equator midway between the
poles. It does not affect the celestial coor-
dinates of a body. The variation in polar
location is resolved into two almost circu-
lar components, one (diameter: 6 meters;
period: 12 months) resulting from seasonal
changes in ice, snow, and atmospheric
mass distribution; the second (diameter:
3–15 meters; period: 428 days) is believed
to arise from movements of material within
the Earth.

Chandra /chan-dră/ See AXAF.

Chandrasekhar limit /chan-dră-see-ker,
chun-dră-say-kar/ (Chandrasekhar mass)
The limiting mass for a nonrotating WHITE

DWARF. It depends slightly on the star’s
composition, being 1.44 solar masses for a
helium white dwarf, dropping to 1.40 solar
masses for a carbon composition and 1.11
solar masses for an iron composition. The
limit is raised substantially if the white
dwarf has a rapidly rotating core. A star
whose mass exceeds this limit will be
forced to undergo further GRAVITATIONAL

COLLAPSE to become a NEUTRON STAR or
even a BLACK HOLE, because its material
will be unable to support itself against the
force of gravity.

Chandra X-Ray Observatory An or-
biting X-RAY ASTRONOMY observatory
launched by NASA in July 1999 as the
third of its GREAT OBSERVATORIES. Chandra,
which takes its name from the 20th-cen-
tury Indian-born US astrophysicist Subrah-
manyan Chandrasekhar, was originally
developed as one of the craft making up
NASA’s Advanced X-Ray Astrophysics Fa-
cility (see AXAF); dubbed AXAF-I and re-
named after its launch, Chandra was
equipped for high-resolution X-ray imag-
ing and was deployed by the space shuttle
Columbia into a highly eccentric orbit
(apogee 140 161 km, inclination 28.5°)
that has allowed long periods of observa-
tion unimpeded by Earth shadowing.
Chandra’s optics consist of four nested
pairs of GRAZING INCIDENCE paraboloid
and hyperboloid mirrors, each having an
outer diameter of 1.2 meters and a focal

length of 10 meters. With its Advanced
Charged Couple Imaging Spectrometer
(ACIS) and its high-resolution camera
using large field-of-view MICROCHANNEL

plates to make X-ray images, Chandra’s
optical system achieves an angular resolu-
tion of 0.5 arcseconds over an operating
range of 0.2–10 keV. Its high- and low-
energy transmission gratings provide im-
pressive spectral resolution throughout the
range 0.09–10 keV.

Chandra has been called the most so-
phisticated X-ray observatory of its time,
providing images of unprecedented detail
at resolutions that are claimed to be about
50 times better than those achieved by
ROSAT, the best X-ray astronomy satellite
prior to 1999. In its first five years, Chan-
dra has begun to penetrate the hottest,
most energetic regions of the Universe. In
particular, it has advanced our knowledge
of BLACK HOLES, discovering among many
other things how fast they spin, finding ev-
idence of a star torn apart by a black hole,
and emphatically confirming the reality of
the EVENT HORIZON. It has revealed enor-
mous tracts of hot gas, billions of parsecs
distant and radiating at temperatures of
tens of millions of degrees K. It has pro-
vided startling new images of supernova
remnants such as the CRAB NEBULA, with its
restless pulsar, showing intricate details
never suspected before. It has made new
studies of star-forming regions such as the
ORION NEBULA and analyzed the effects of
galaxy collisions and the merging of galaxy
clusters. Most notably, it has gathered di-
rect evidence of DARK ENERGY and the ex-
pansion of the Universe.

channels Meandering valleys, some
more than 1000 km long, that look like
dried watercourses on the Martian surface.
They are not related to the mythical Mart-
ian CANALS. See Mars, surface features.

chaos /kay-os/ Broken terrain. The word
is used in the approved name of such a sur-
face feature on a planet or satellite.

chaos theory The theory of the unpre-
dictable behavior that can arise in systems
obeying deterministic scientific laws – laws

77

chaos theory



that under ideal conditions completely de-
termine the future states of a system from
its preceding states. In practice, however,
quantities cannot be measured with unlim-
ited precision and the predictability suffers
as a result of input errors. In a typical non-
chaotic system, the errors accumulate with
time but remain managable. In a chaotic
system, there is a sensitivity to variations in
the initial conditions. Input errors are mul-
tiplied at an escalating rate until all predic-
tive power is lost and the system behaves in
an apparently random manner.

There are many apparently simple
physical systems in the Universe that obey
deterministic laws but yet behave unpre-
dictably.

charge A property of certain ELEMEN-
TARY PARTICLES that causes them to attract
or repel each other. Charged particles have
associated electric and magnetic fields that
allow them to interact with each other and
with external electric and magnetic fields.
Charge is conventionally ‘negative’ or ‘pos-
itive’: like charges repel, unlike charges at-
tract. The ELECTRON possesses the natural
unit of negative charge, equal to 1.6022 ×
10–19 coulombs. The PROTON carries a pos-
itive charge of the same magnitude. If mat-
ter is charged, it is due to an excess or
deficit of electrons with respect to protons.

charge-coupled device See CCD.

Charon /kair-ŏn, shar-ŏn/ The only con-
firmed satellite of PLUTO, discovered in
1978 by James W. Christy of the US Naval
Observatory. The average distance be-
tween Charon and Pluto is less than 20 000
km. Charon is in SYNCHRONOUS ROTATION

with Pluto (orbital period 6.39 days) and
with a diameter of about 1190 km is more
than half its size. It is, however, only one-
tenth of Pluto’s mass. See Table 2, back-
matter.

chasma /kaz-mă/ (plural: chasmata) A
deep valley with steep sides. The word is
used in the approved name of such a sur-
face feature on a planet or satellite.

Chi Persei /kÿ per-see-ÿ/ (χχ Per) See h
and Chi Persei.

Chiron /kÿ-ron/ A large interplanetary
object that has been classified both as an
asteroid ((2060) Chiron) and as a comet
(Kowal–Meech–Belton, or 95P/Chiron). It
was discovered in 1977 by Charles T.
Kowal but was subsequently identified on
photographs taken as early as 1895. Stud-
ies of Chiron’s light curve indicate that it
rotates on its axis once every 5.9 hours. It
has a 50.7-year orbit that lies almost en-
tirely beyond that of Saturn; perihelion and
aphelion distances are 8.46 and 18.94 AU
respectively. The orbit is also highly ellipti-
cal, with an eccentricity of 0.383, and is in-
clined at an angle of 6.93° to the plane of
the ECLIPTIC. Astronomers have found that
this orbit is unstable over a time scale of a
million years owing to perturbations by the
giant planets. It is thought that Chiron has
not occupied this orbit for more than a few
million years and will in time either collide
with a planet or be ejected from the Solar
System. With a diameter estimated at 148
to 200 km, Chiron is much larger than
most comets and comparable in size with
an asteroid or icy satellite. But the case for
assuming it to be a large comet was
strengthened in 1988 when astronomers
detected a gas and dust coma around it and
confirmed in 1991 the presence of
cyanogen radicals typical of comets but not
normally found in asteroids. Chiron’s
anomalous status as a sort of half aster-
oid–half comet has led astronomers to give
it a new classification, that of centaur. It
may also be an object from the KUIPER BELT.
Chiron’s most recent passage through per-
ihelion occurred in February 1996. See
Table 3, backmatter.

chondrite /kon-drÿt/ A type of STONY

METEORITE that contains CHONDRULES.
They are the most abundant class of mete-
orite in the Solar System (about 86%).
Chondrites are largely composed of iron-
and magnesium-bearing silicate minerals
with a wide range of compositions. Their
chemical composition is similar to that of
the Sun (but depleted in volatile gases like
hydrogen and helium). Several types are

charge
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recognized: CARBONACEOUS CHONDRITES

have the highest proportions of volatile el-
ements and are the most oxidized; enstatite
chondrites contain the most refractory el-
ements (withstanding high temperatures)
and are reduced; ‘ordinary’ chondrites, the
most common type, are intermediate in
volatile element abundance and oxidation
state. Ordinary chondrites plus some car-
bonaceous chondrites are thought to be
primitive samples of early Solar-System
material. See also asteroids. Compare
achondrite.

chondrules /kon-droolz/ Near-spherical
bodies composed chiefly of silicates, with
sizes between 0.2 mm and 4 mm, found
embedded in CHONDRITES. They are usually
aggregates of olivine, (Mg,Fe)2SiO4, and
pyroxene (Mg,Fe)SiO3. They may also be
single crystals, wholly glass, or crystal and
glass, in a wide range of proportions. They
appear to have been free fluid drops made
spherical by surface tension and then solid-
ified and crystallized. There is a possibility
that these silicate drops were produced by
lightning discharges in the dusty primitive
solar nebula or that they are crystallized
droplets of impact melt produced when
two asteroids collided. Chondrulelike bod-
ies have been found in lunar soils.

CHON particles Dust particles that
were discovered in the COMA of HALLEY’S
COMET during the GIOTTO mission and were
found to consist mainly of the light el-
ements carbon, hydrogen, oxygen, and ni-
trogen and thus of a distinct compositional
type. They are thought to be snowflakes
that were being blown away from the

cometary nucleus and would be short-
lived.

christmas tree See feeder.

chromatic aberration /krŏ-mat-ik/ An
ABERRATION of a lens – but not a mirror –
whereby the component wavelengths of
light, i.e. ordinary white light, are brought
to a focus at different distances from the
lens (see illustration). It arises from the
variation with wavelength of the REFRAC-
TIVE INDEX of the lens material: red light is
refracted (bent) less than blue light (see dis-
persion). False colors therefore arise in the
image. Chromatic aberration can be re-
duced by using an ACHROMATIC LENS. Be-
fore the introduction of achromats,
objective lenses of very long focal length
were used in telescopes to reduce the aber-
ration; this led to the production of very
cumbersome instruments.

chromatic resolution See spectro-
graph.

chromosphere /kroh-mŏ-sfeer/   The stra-
tum of a star’s atmosphere immediately
above the PHOTOSPHERE and below the
CORONA. The chromosphere is consider-
ably less dense than the photosphere, and
its gases are characterized by an emission
rather than an absorption spectrum. The
best-studied chromosphere is that of the
Sun.

In the solar chromosphere the tempera-
ture rises over a few thousand kilometers
from about 4000 K at the temperature
minimum to around 50 000 K at the tran-
sition region (see Sun). The rise in temper-
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ature (which continues in the transition re-
gion and inner corona) was once thought
to be the result of ascending shock waves,
but this mechanism does not tally with de-
tailed observations of the coronae of the
Sun and other stars. It is now believed that
magnetic heating is responsible (see
corona).

The solar chromosphere is visible under
natural circumstances only when the pho-
tosphere is totally eclipsed by the Moon
(see eclipse). It is then seen in profile at the
Sun’s limb. It may, however, be observed at
times other than totality with the aid of a
SPECTROHELIOGRAPH/SPECTROHELIOSCOPE or
a telescope equipped with a suitable nar-
row-band INTERFERENCE FILTER. See also
chromospheric network; flash spectrum;
spicules.

Chromospheres of other stars are stud-
ied by observing their strong ultraviolet
emission lines or the narrow optical emis-
sion lines seen in the center of their photo-
spheric broad absorption lines. In many
stars of similar spectral type to the Sun, the
chromospheric emission changes with a pe-
riod of several years, indicating the pres-
ence of a cycle of activity akin to the solar
cycle (see sunspot cycle). Chromospheric
brightness is related to speed of rotation,
being greater for stars that rotate rapidly
(either because they are young or because
of the effect of a companion – see RS
Canum Venaticorum star).

chromospheric activity /kroh-mŏ-sfe-
rik/ The collection of phenomena dis-
played by certain types of single and binary
stars, including FLARE STARS, RS CANUM VE-
NATICORUM STARS, and T TAURI STARS. The
phenomena are similar to but usually much
more extreme than SOLAR ACTIVITY, and are
thought to require rapid rotation and a
deep convective outer envelope. They in-
clude mass loss in stellar winds, starspots,
rapid solarlike flares, and long-term cycles
of activity analogous to the solar cycle (see
sunspot cycle).

chromospheric network A large-scale
cellular pattern in the solar CHROMOS-
PHERE. It is most clearly defined at the
center of the Sun’s disk in the MONOCHRO-

MATIC light of the K FRAUNHOFER LINE of
singly ionized calcium (Ca II), when it ap-
pears as a mosaic of cells outlined (at least
partly) by bright mottles. Its appearance is
similar though less pronounced in the core
of the hydrogen-alpha (Hα) line of neutral
hydrogen, but in the WINGS the mottles ap-
pear dark instead of bright. Both bright
and dark mottles have been tentatively
identified with SPICULES, which are visible
beyond the Sun’s limb. They seem to differ
only in their height above the PHOTOS-
PHERE, bright mottles being situated in the
lower chromosphere, dark mottles at
heights of up to about 10 000 km.

The chromospheric network coincides
with the underlying SUPERGRANULATION,
the horizontal flow within each supergran-
ular cell concentrating magnetic flux at its
boundary; at the boundary an enhanced
vertical magnetic field is produced, which
is responsible for the localized excess heat-
ing that manifests itself as the bright mot-
tles.

Chryse Planitia /krÿ-see/ A relatively
smooth Martian plain, 1600 km across
and 2.5 km below the average planetary
surface. It is centered on the areographic
coordinates 27° N latitude, 40° W longi-
tude (see areography). It appears to have
suffered water erosion in the past and was
chosen as the site of the VIKING 1 landing in
1976. See Mars, surface features.

CH stars A class of stars, usually G or K
giants or subgiants, that show very strong
CH bands and enhancements in S-PROCESS

elements. They are related to BARIUM STARS

and are probably also found exclusively in
binary systems.

Cih /chee/ See Cassiopeia.

Circinus /ser-să-nŭs/ (Compasses)  A small
constellation in the southern hemisphere
near Centaurus, lying in the Milky Way.
The brightest star is of 3rd magnitude.
CIRCINUS X-1 is an X-ray burst source. Ab-
brev.: Cir; genitive form: Circini; approx.
position: RA 15h, dec –60°; area: 93 sq
deg.

chromospheric activity
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Circinus X-1 A luminous galactic X-
ray source, showing recurrent flaring at a
16.6 day period. Spectral characteristics
and variability on timescales down to mil-
liseconds, similar to CYGNUS X-1, initially
suggested Cir X-1 as a black hole candi-
date. Discovery by EXOSAT of X-RAY BURSTS

have now shown that Cir X-1 is more
likely to be a neutron star in an eccentric
16.6 day orbit with an early-type nonde-
generate companion star. More recent ob-
servations with ASCA suggest the rapid
X-ray variability may result from dense gas
clouds passing across in front of the X-ray
emission region.

circle of longitude Any great circle that
passes through the poles of the ECLIPTIC

and is thus at right angles to the plane of
the ecliptic. Circles of latitude lie parallel to
the ecliptic plane.

circle of position An imaginary small
circle on the Earth’s surface on which an
observer is located and that is centered on
the SUBSTELLAR POINT of a particular star.
Its radius is equal to the ZENITH DISTANCE

of the star. The star will thus have the same
zenith distance from every point on the cir-
cle of position.

circular polarization See polarization.

circulator A three- or four-port elec-
tronic device in which signals entering port
number 1 appear only at port number 2,
while signals entering port number 2
emerge only at port number 3, and so on.
It is used, for example, in a RADIO TELE-
SCOPE employing a negative-resistance pre-
amplifier, such as a PARAMETRIC AMPLIFIER

or a MASER AMPLIFIER; the circulator iso-
lates the preamplifier from the ANTENNA,
which, if connected directly, might oscil-
late.

circumpolar stars /ser-kŭm-poh-ler/  Stars
that are permanently above the horizon
from a given observational point on Earth,
i.e. they never set. For stars to be circum-
polar from a given geographical latitude φ,
their declination (angular distance north or
south of the celestial equator) must be

greater than 90° – φ. For an observer at the
north pole all stars in the northern hemi-
sphere of the celestial sphere will be cir-
cumpolar whereas at the equator there are
no circumpolar stars although almost all
stars will be seen at some time during the
year. For an observer at the south pole, all
southern hemisphere stars will be circum-
polar.

circumstellar cloud /ser-kŭm-stell-er/
See interstellar cloud.

cislunar /sis-loo-ner/ Of or in the region
of space between the Earth and the Moon.

civil twilight See twilight.

civil year The length of the year as reck-
oned for ordinary purposes. Any civil year
must contain an exact number of days,
which in the GREGORIAN CALENDAR usually
amounts to 365 but is equal to 366 in LEAP

YEARS.

classical Cepheids See Cepheid vari-
ables.

classical nova See nova.

classical T Tauri stars /tor-ÿ, -ee/ See T
Tauri stars.

Clavius /klay-vee-ŭs/   See table at craters.

Clementine A joint mission launched in
1994 by NASA and the US Strategic De-
fense Initiative Organization with the main
aims of testing sensors and spacecraft com-
ponents over a long period of exposure to
the environment of space and carrying out
scientific observations of the Moon and the
near-Earth asteroid (1620) Geographos.
The observations were intended to facili-
tate a thorough analysis of the surface re-
lief and geology of both the Moon and
Geographos by means of imaging at vari-
ous wavelengths throughout the spectrum
from infrared to ultraviolet, laser-ranging
altimetry, and charged-particle measure-
ment. The original purpose of these obser-
vations was to assess the surface
mineralogy of the Moon between lunar lat-

81

Clementine



itudes 60° N and 60° S. The probe used for
the Clementine mission was launched on
Jan 25 1994 from Vandenberg Air Force
Base and achieved lunar orbit on Feb. 21.
After completing its lunar investigations on
May 7, the Clementine craft was about to
maneuver into position to begin the jour-
ney to Greographos, when an onboard
computer malfunction caused a thruster to
fire and remain firing until it had ex-
hausted all its fuel, sending the probe into
an uncontrollable spin. Although Clemen-
tine remained in an Earth-centered orbit
testing its equipment, the planned flyby of
Geographos had to be abandoned. Despite
being only partially successful, Clementine
provided a wealth of photographic and
other data. In 1996, analysis of its results
led scientists to speculate that there might
be reserves of water ice lying beneath the
Moon’s surface in deep craters whose inte-
riors are in permanent shadow at the lunar
poles. See also Lunar Prospector

CLFST See Mullard Radio Astronomy
Observatory.

clock star A bright star, usually situated
near the celestial equator, whose position
and proper motion are very accurately
known so that it can be used for the exact
determination of time, for the determina-
tion of the error of observatory clocks, and
for correction of the positional observa-
tions of other stars.

close binary See binary star.

closed Universe See Universe.

closure phase The sum of PHASES

around a loop of BASELINES in an INTERFER-
OMETER containing three or more elements.
When applied to a radio interferometer,
the sum is unaffected by phase drifts in the
receivers or by variations in the ionosphere
or troposphere above the telescopes and is
therefore determined solely by the RADIO

SOURCE under observation. The basic idea
is used extensively in VLBI and in optical
aperture-synthesis telescopes.

Cloverleaf A gravitationally lensed

image of a very distant quasar (redshift
2.56) in the form of four images separated
by about 1 arc second. The lensing galaxy
has not yet been detected and may itself lie
at comparatively high redshift. See gravita-
tional lens.

cluster A group of stars whose members
are sufficiently close to each other to be
physically associated. Clusters range from
dense congregations of many thousands of
stars to loose groups of only a few stars.
Current theories of stellar evolution sug-
gest that stars form in ASSOCIATIONS, whose
densest groupings remain bound as clusters
while the other stars disperse; this view is
supported by the relatively well-defined
HERTZSPRUNG–RUSSELL DIAGRAMS of clus-
ters, which indicate that cluster members
are of essentially the same composition and
age (see also turnoff point). Because the
stars in a cluster are all at approximately
the same distance, the observed differences
in appearance are believed to be due
mainly to differences in mass. An estimate
of distance is obtained from the technique
of MAIN-SEQUENCE FITTING. See globular
cluster; open cluster.

Cluster An ESA mission to study in
three dimensions the shape and dynamic
behavior of small-scale structures in the
Earth’s plasma environment. In effect,
Cluster is examining ‘space weather’ – that
is, the interaction between the particles of
the solar wind and the Earth’s magneto-
sphere. The mission consists of four identi-
cal 500-kg satellites, carrying the same 10
instruments. The satellites were carried
into space in two pairs by Russian-made
Soyuz rockets during the summer of 2000.
The first pair, nicknamed Salsa and Samba,
were launched July 16, followed by the sec-
ond pair, Rumba and Tango, launched
Aug. 9. The Cluster craft were scheduled to
operate until 2005. The mission, which
was designated Cluster II, was the replace-
ment for an earlier failed mission. The orig-
inal Cluster satellites were to have been
sent into space together in June 1996, on
an Ariane-5 rocket, but were destroyed
when the rocket unexpectedly tilted and
broke up soon after liftoff.

CLFST
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clusters of galaxies Groups of galaxies
that may contain up to a few thousand
members. The majority of galaxies appear
to occur in clusters or in smaller groups
such as doubles or triples. Our own Galaxy
is a member of a small irregular cluster –
the LOCAL GROUP. The nearest large cluster
is the VIRGO CLUSTER. The densest clusters,
which typically contain a thousand or
more members, are apparently roughly
spherical and consist almost entirely of el-
liptical and S0 galaxies. Irregularly shaped
clusters may be large, as with the Virgo
cluster, or small, but tend to be less dense
and to contain all types of galaxies. Adja-
cent clusters are loosely grouped into
larger SUPERCLUSTERS.

Large clusters with an unusually high
concentration of galaxies in the center are
called rich clusters. Several thousand are
listed in the ABELL CATALOG, examples
being the COMA CLUSTER and PERSEUS CLUS-
TER. The comparison of the cluster mass
derived from dynamical studies of its con-
stituent galaxies, and that inferred by sum-
ming the contribution of luminous objects
in the system shows that 90% of the mass
of the cluster must be in the form of DARK

MATTER. This is known as the missing
mass. A rich cluster contains on average
about a thousand galaxies, and has a total
mass of 1015 solar masses within a radius
of a Megaparsec. X-ray observations show
that clusters contain a large amount of hot
(up to 108 K) gas; the mass of the gas is not,
however, sufficient to explain the missing
mass. In the irregularly shaped clusters the
gas is associated with individual galaxies,
but in the REGULAR CLUSTERS it forms a
large pool between the galaxies, the INTRA-
CLUSTER MEDIUM. This provides evidence
that the regular clusters are more dynami-
cally relaxed: their galaxies have interacted
so often that their gases are stripped off
and enrich the intracluster medium to
about one-third solar METALLICITY.

The hot intracluster gas loses energy
through the radiation of X-rays, and in the
core of the cluster where the gas is most
dense its COOLING TIME is substantially less
than the presumed age of the cluster.
Within this cooling radius the cooling gas
flows inward to maintain the pressure re-

quired to support the weight of the outer
hot atmosphere, thus forming a cooling
flow. Cooling flows are detected from X-
ray spectra and images of clusters and
occur in 70–90% of all clusters. As the gas
cools from X-ray temperatures it separates
from the flow, and typically several hun-
dreds of solar masses a year are deposited.
Only a small percentage of the cooled mat-
ter goes into detectable star formation; the
bulk of it is thought to form very low mass
stars and large clouds of neutral hydrogen.
Over the lifetime of the cluster, the cooling
flow will contribute a significant mass to
the centrally located cD galaxy, the most
massive type of galaxy known.

Clusters evolve rapidly through the HI-
ERARCHICAL merging of small clusters to
form today’s rich clusters. Merging of two
equal subclusters leads to systems such as
the COMA CLUSTER with two central domi-
nant galaxies and no cooling flow. Cosmo-
logically distant clusters of galaxies show a
higher proportion of blue galaxies than do
those at the present day, a feature known
as the Butcher–Oemler effect, discovered
by H. Butcher and A. Oemler in 1978. The
galaxies are blue because of enhanced star
formation, which is thought to be triggered
either by RAM PRESSURE stripping by the IN-
TRACLUSTER MEDIUM or by GALAXY HARASS-
MENT.

Measurements of the gas and galaxy
content of clusters, coupled with limits on
cosmic nucleosynthesis, suggest a low
value of the cosmological density parame-
ter, Ω. This is consistent with the lack of
strong evolution in the X-ray luminosity of
clusters.

C-M diagram Abbrev. for color-magni-
tude diagram. See Hertzsprung–Russell di-
agram.

CME Abbrev. for coronal mass ejection.
See coronal transients.

CNES Abbrev. for Centre nationale d’é-
tudes spatiales. The French national space
agency.

CNO cycle See carbon cycle.
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coalesced star /koh-ă-lest/ See common
envelope star.

Coalsack /kohl-sak/ (Southern Coalsack)
A prominent DARK NEBULA about 170 par-
secs away in the southern constellation
Crux. It has an angular diameter of 6° and
can be seen with the naked eye as a com-
pletely black shape silhouetted against the
background of the Milky Way.

coaltitude /koh-al-tă-tewd/ See zenith
distance.

COAST /kohst/ An optical interferome-
ter at the MULLARD RADIO ASTRONOMY OB-
SERVATORY.

coating of lenses The deposition of one
or more thin uniform transparent coatings
on lens surfaces, usually by vacuum evapo-
ration or other electronic techniques; these
coatings reduce the amount of scattered
light resulting from reflection at each re-
fracting surface, say the interfaces between
air and lens and between lens and air. A
bloomed lens is coated with a single film of
suitable refractive index and thickness: de-
structive INTERFERENCE can then occur be-
tween light reflected from the coating-air
surface and light reflected from the lens-
coating surface. Multilayer coating de-
pends on thin-film interference. Using up
to 30 layers of controlled thickness, ex-
tremely low levels of reflected light can be
achieved. Multilayer coating can also be
used to produce very high levels of reflec-
tion from a MIRROR.

COBE /koh-bee/ Abbrev. for Cosmic
Background Explorer. A NASA orbiting
satellite launched Nov. 18 1989 and dedi-
cated to the study of the cosmic MI-
CROWAVE BACKGROUND RADIATION, and
hence to cosmology. The mission ran for
just over four years, being terminated by
NASA on Dec. 23 1993.

COBE’s scientific payload consisted of
three instruments shielded from the ad-
verse thermal and radiation effects of the
Sun and Earth. Two cryogenically cooled
instruments observed the sky at infrared
wavelengths. DIRBE, the diffuse infrared

background experiment, mapped the sky
at 10 wavelengths over 1–300 µm in search
of the cumulative uniform glow from earli-
est luminous objects. FIRAS, the far-
infrared absolute spectrophotometer,
measured the average temperature of the
background with unprecedented precision:
it showed the spectrum of the microwave
background to be a perfect BLACK-BODY

curve characteristic of a temperature of
2.735 ± 0.06 K. FIRAS was turned off after
10 months of flight when the helium
coolant ran out.

The third detector, the DMR (differen-
tial microwave radiometer) consisted of six
differential radiometers observing the sky
at three radio wavelengths – 3.3, 5.7, and
9.5 mm. They made whole-sky surveys and
were designed to detect any fluctuations in
the brightness of the microwave back-
ground.

The microwave background is not com-
pletely uniform, showing a slight dipole
anisotropy with an enhancement of one
part in a thousand in the direction of the
Galaxy’s motion and an equal and oppo-
site deficit in the opposite part of the sky.
This results from the real motion of the
Galaxy relative to the fixed background. It
was announced in April 1992 that careful
statistical analysis of the COBE measure-
ments also revealed even weaker tempera-
ture fluctuations of one part in one
hundred thousand on scales of ten degrees
and larger. These are the imprints of quan-
tum fluctuations in the early Universe. Fur-
ther study of such fluctuations by such
missions as the WILKINSON MICROWAVE

ANISOTROPY PROBE have served to constrain
cosmological models that determine how
the early inhomogeneities collapsed to
form the LARGE-SCALE STRUCTURE we see in
today’s Universe.

Cocoon nebula (IC 5146) An EMISSION

NEBULA about 1 kiloparsec distant in the
constellation Cygnus, surrounding a small
cluster of faint stars. It is thought to be a
region of active star formation.

coded-mask telescope A telescope sys-
tem that enables high-quality sky images to
be made using nonfocusing optics; it is a

coalesced star
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development of the simple pinhole camera.
The technique is particularly applicable at
gamma-ray wavelengths and greatly im-
proves the accuracy with which cosmic γ-
ray sources can be located within every
point in the telescope’s field of view, typi-
cally 10° square. The system consists of a
crosswordlike mask of γ-ray opaque lead
or tungsten elements positioned over, but
separated from, a flat γ-ray detector. The
detector is capable of measuring the point
at which a γ-ray photon from a cosmic
source makes contact, as well as its energy.
A patterned shadow of the mask will be
cast on the detector plane by photons not
reaching the detector. The location of the
γ-ray source can be determined uniquely
from the position of the shadow and the
known mask-detector separation.

coelostat /see-lŏ-stat/ A flat mirror that
can be driven by a clock mechanism so as
to rotate from east to west about an axis
parallel to the Earth’s rotational axis,
thereby compensating for the west-to-east
rotation of the Earth. The mirror may thus
continuously reflect light from the same
area of the sky into the field of view of an
instrument that is fixed in position, usually
by means of an additional optical system.
See also heliostat; siderostat; solar tele-
scope.

coherence /koh-heer-ĕns/ The degree to
which an oscillating quantity maintains a
constant PHASE and AMPLITUDE relationship
at points displaced in space or time. Hence
the coherence width of a train of waves de-
scribes the distance along a wavefront over
which the oscillations are appreciably cor-
related while the coherence time defines
the time for which the character of the
wavetrain remains more or less unchanged.
A radio INTERFEROMETER measures coher-
ence width. This is related to the shape of
the radio source and can be used to gener-
ate an image of it. See also autocorrelation
function.

coherence bandwidth See bandwidth.

coherence width See coherence.

colatitude /koh-lat-ă-tewd/ The comple-
ment of the celestial latitude (β) of a celes-
tial body, i.e. the angle (90° – β) See
ecliptic coordinate system.

cold camera A camera so designed that
the film may be kept at a very low temper-
ature to enhance its performance during
long exposures. Cooling the PHOTOGRAPHIC

EMULSION helps to overcome reciprocity
failure.

cold dark matter (CDM) See dark mat-
ter.

colles /kol-eez/ (singular: collis) Low
hills. The word is used in the approved
name of such a surface feature on a planet
or satellite.

collimation /kol-ă-may-shŏn/   The align-
ment of the optical elements in a telescope.
For a simple refractor the only adjustment
required is to position the object lens at
right angles to the optical axis by adjusting
the screws on its supporting cell. In a sim-
ple Newtonian reflector the orientation of
both the primary and diagonal mirrors
must be adjusted, and the latter positioned
correctly opposite the DRAW TUBE. Final
small adjustments are then made to obtain
bright star images as free as possible from
COMA.

collimator /kol-ă-may-ter/ A device
used to produce a parallel or near parallel
beam of light or other radiation in an in-
strument. One example, used in spectro-
scopes, is a converging lens or mirror at
whose focal point is a narrow slit upon
which light is focused from behind.

collision ejection hypothesis Another
name for giant impact hypothesis. See
Moon.

color 1. The color of a star is measured
and quoted in terms of its COLOR INDEX but
basically depends on surface temperature:
the star will radiate predominantly blue,
white, yellow, orange, or red light in de-
scending order of temperature (see spectral
types). Only the brightest stars have recog-
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nizable colors. Two stars of the same color
may have very different LUMINOSITIES.
2. Short for color index.

color coding See false-color imagery.

color excess See color index.

color index The difference between the
apparent MAGNITUDE of a star measured at
one standard wavelength and the apparent
magnitude at another (always longer) stan-
dard wavelength. Its value depends on the
spectral distribution of the starlight, i.e.
whether it is predominantly blue, red, etc.,
and it is therefore an indication of the color
(i.e. temperature) of the star. It is indepen-
dent of distance. Prior to the UBV system
the international color index was mainly
used; this is the difference between photo-
graphic and photovisual MAGNITUDES

(mpg – mpv). In the now widely used UBV
system (see magnitude) color index is usu-
ally expressed as the difference B–V, where
B and V are the magnitudes measured with
blue starlight (at a wavelength of 440
nanometers) and greenish-yellow starlight
(550 nm), respectively. The color index
U–B is also used, where U is the apparent
magnitude measured with ultraviolet radi-
ation (365 nm) from a star.

Stars are classified into SPECTRAL TYPES,
which are further subdivided into luminos-
ity classes; each has a characteristic intrin-
sic color index, given as (B–V)0 and
(U–B)0. These two indices are defined as
zero for unreddened A0 main-sequence
stars, such as Vega, and are therefore neg-
ative for hotter stars, i.e. those emitting
more ultraviolet (O and B stars), and posi-
tive for cooler ones (A1 to M stars). Since
color index is easily measured, it is usually
used on graphs in preference to spectral
type or temperature. Any excess of the
measured value of color index of a star
over the expected intrinsic value indicates
that the starlight has become reddened by
passage through interstellar dust (see ex-
tinction). The difference between the val-
ues is the color excess, E, of the star:

E = (B–V) – (B–V)0
The value of E gives the amount of redden-
ing.

There are also color indices relating to
MAGNITUDES measured at red and infrared
wavelengths. For example, in the indices
V–R and V–I, I and R are the magnitudes
measured at 0.7 µm and 0.9 µm.

color-luminosity diagram See
Hertzsprung–Russell diagram.

color-magnitude diagram (C-M dia-
gram) See Hertzsprung–Russell diagram.

color temperature Symbol: Tc. The
surface temperature of a star expressed as
the temperature of a BLACK BODY (i.e. a per-
fect radiator) whose energy distribution
over a range of wavelengths corresponds to
that of the star. It can thus be found by
matching the energy distribution in the
star’s continuous spectrum to that of a
black body (given by Planck’s radiation
law). With increasing temperature the star
emits a higher proportion of blue and ul-
traviolet radiation and the position (wave-
length) of maximum radiated energy on
the energy distribution curve shifts accord-
ingly; the basic shape of the curve remains
unchanged (see illustration). Color temper-
ature is related to COLOR INDEX (B–V) by an
approximation of Planck’s radiation law:

Tc = 7200/[(B–V) + 0.64] kelvin
As a star’s spectrum is not precisely that of
a black body, the color temperature and EF-
FECTIVE TEMPERATURE are not equal: the dif-
ference is greatest for hot (O and B) stars.
Although the color temperature is not as
closely related to the star’s surface temper-
ature as is the effective temperature, it has
the advantage of being found by measure-
ments of the star’s color index. The Sun’s
color temperature is 5700 K.

Columba /kŏ-lum-bă/ (Dove) A constel-
lation in the southern hemisphere near
Canis Major, the two brightest stars being
of 2nd and 3rd magnitude. Abbrev.: Col;
genitive form: Columbae; approx. posi-
tion: RA 6h, dec –35°; area: 270 sq deg.

Columbus /kŏ-lum-bŭs/ 1. A space pro-
gram featuring a science module built by
the European Space Agency (ESA) and in-
corporated into the International Space

color coding
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Station (ISS). The 4.5-meter pressurized
cylindrical module is ESA’s biggest single
contribution to the ISS and is intended for
use by Earth-based researchers working
through the Columbus Control Center in
Germany, with occasional assistance from
the ISS crew. Permanently docked with the
ISS, the Columbus module shares its basic
structure and life-support systems with the
Italian Space Agency’s Multipurpose Lo-
gistics Modules. Its 75-cubic-meter interior
is large enough to house a suite of scientific
laboratories, allowing experiments to be
carried out in microgravity across a range
of scientific disciplines, including fluid
physics, the biological sciences, and ma-
terials science. Four mounting points out-
side the pressurized hull of the Columbus
module make provision for science pack-
ages that need to be exposed to the vacuum
of space. Such packages may include inves-
tigations into the ability of bacteria to sur-
vive on the surface of an artificial meteorite
or observations of volcanic activity on the
Earth.
2. A telescope project involving two 8-
meter telescopes on a single mount,
planned by the University of Arizona and
Ohio State University, with Italy as a part-
ner. It was renamed the Large Binocular
Telescope (LBT) in 1993 and was sched-

uled to begin operations in 2005. See Stew-
ard Observatory.

column density The number of atoms
(of a particular element or ion) per unit
area, often used to measure the amount of
ABSORPTION caused by intervening matter
along a line of sight.

colures /koh-loorz. koh-loorz/ The two
great circles passing through the celestial
poles and intersecting the ecliptic at either
the EQUINOXES (equinoctial colure) or the
SOLSTICES (solstitial colure).

coma /koh-mă/ 1. The most obvious part
of a comet when it is close to the Sun. It
consists of a diffuse luminous nebulous
cloud of gas and dust that surrounds the
comet’s NUCLEUS and is formed by the sub-
limation of ices and ejection of dust parti-
cles from the nucleus. The brightest part of
the coma is the central region nearest the
surface of the nucleus, where the density of
material being released is at its highest; the
gas density in this region is typically 1013

molecules per cm3. The visual boundary of
the coma merges with the sky background.
A coma’s size varies with the comet’s dis-
tance from the Sun and with the amount of
material being released from the nucleus
but can grow to typically 104 to 105 km in
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diameter. The luminosity of the coma is
mainly produced by FLUORESCENCE from a
variety of carbon, nitrogen, hydrogen, and
oxygen radicals and reflection of sunlight
by dust particles. The shape seems roughly
circular but fan-shaped comas have been
reported. The material comprising the
coma is extremely rarefied: even faint stars
shine through.

See also head.
2. An ABERRATION of a lens or mirror that
occurs in a telescope when the light falls on
the objective or primary mirror at an
oblique angle. The light is not imaged as a
point in the focal plane but as a fan-shaped
area: each zone of the lens or mirror pro-
duces an off-axis image in the form of a cir-
cular patch of light, the diameter and
position of the circle center varying
steadily from zone to zone (see illustra-
tion). The dimensions of the resulting com-
bination of zone images, i.e. the fan-shaped
image, depends on the obliquity of the light
falling on the lens or mirror. See also apla-
natic system.

Coma Berenices /be-rĕ-nÿ-seez/ (Bere-
nice’s Hair) An inconspicuous constella-
tion in the northern hemisphere near
Boötes, the brightest stars being of 4th
magnitude. The north galactic pole lies in
this constellation, which contains a huge
cluster of faint galaxies, the very distant
COMA CLUSTER. Part of a less remote collec-
tion of galaxies, the VIRGO CLUSTER, is also

contained in this constellation. Other ob-
jects of interest include the globular cluster
M53 (NGC 5024) and the so-called Black-
eye Galaxy M64 (NGC 4826), a spiral
galaxy whose center is completely ob-
scured by an enormous dark nebula.
NGC 4565 is a very faint spiral galaxy seen
edge-on. Abbrev.: Com; genitive form:
Comae Berenices; approx. position: RA
12.5h, dec +20°; area: 386 sq deg.

Coma cluster A very rich CLUSTER OF

GALAXIES, near the north galactic pole, in
the constellation Coma Berenices that con-
tains at least 1000 bright elliptical and S0
galaxies. It is about 6 megaparsecs in di-
ameter and is in the form of two equal sub-
clumps, each with a central dominant
galaxy associated with a radio source: an
elliptical, NGC 4889, and an S0 galaxy,
NGC 4874. The cluster is about 90 mega-
parsecs distant and is moving away from
Earth at approximately 6700 km s–1.

Comas Solá /koh-mass soh-lah/ A
COMET discovered in Nov. 1926 and subse-
quently found to have had its orbit severely
disturbed when it approached within 0.19
AU of Jupiter in 1912. The major changes
were in period (from 9.43 years to 8.53
years), PERIHELION DISTANCE (from 2.15 AU
to 1.77 AU), and INCLINATION (from 18.1°
to 13.7°).

combined magnitude The apparent

Coma Berenices
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brightness of two or more stars so close
that they are observed as a single star. It is
not equal to the sum of the individual mag-
nitudes, m1 and m2, but is a logarithmic
function: 

m = m1 – 2.5 log{1 +
antilog[–0.4(m2 – m1)]}

(see magnitude).

comet A minor member of the Solar Sys-
tem that travels around the Sun in an orbit
that generally is much more eccentric than
the orbits of planets. Typical comets have
three parts: the NUCLEUS, COMA, and COMET

TAIL. The gas and dust tails of a comet ap-
pear only when the comet is near the Sun
and always point away from the Sun. The
nucleus is the permanent solid portion of a
comet and is thought by the majority of as-
trophysicists to be a kilometer-sized dirty
snowball; this model – the Whipple model
– was first suggested by Fred L. Whipple in
1951. The Solar System contains only a
few observable comets that have nuclei in
the tens of kilometers size range. The num-
bers of actual (as opposed to observed)
comets increase enormously as one goes to
smaller and smaller sizes, but these are
much less easy to see. The satellite missions
to HALLEY’S COMET have revealed much
about cometary composition and obtained
the first image of a nucleus.

Cometary orbits fall into two classes.
Short-period comets have periods of less
than 200 years and orbits lying completely
or almost completely inside the planetary
system. They seem to have been captured
into the inner Solar System by the gravita-
tional attraction of the major planets. At
any epoch about 50 of these are bright
enough to be detected as they come to PER-
IHELION. They have a mean ECCENTRICITY

of 0.56 and a mean INCLINATION of 11°.
Nearly all of them (Halley’s comet is an ex-
ception) are moving in direct orbits, i.e. in
the same direction as the planets. The sec-
ond class have near-parabolic orbits with
periods in excess of 200 years. These orbits
are orientated at random, indicating that
these comets do not come from any specific
direction in space. Many of them have been
seen only once (for example Kohoutek has
a period in excess of 70 000 years).

The majority of comets observed from
Earth have perihelions near the Earth. This
is simply due to observational selection.
The brightness of a comet is proportional
to 1/rn∆2, where r is the distance between
the comet and the Sun and ∆ is the comet-
Earth distance. The power n is on average
4.2 but can vary widely around this value.
On average a comet passes perihelion
about 1000 times before decaying away.
Cometary decay produces METEOROID

STREAMS.
Comets are named after their discover-

ers. In any year, say 1994, comets are des-
ignated 1994a, 1994b, etc., in order of
discovery. Permanent designations 1994 I,
1994 II, etc., are given later, these being in
order of date of perihelion passage.

There are two prevalent theories of
cometary origin. In the first theory comets
were produced as icy PLANETESIMALS in the
Saturn–Neptune region, at the same time
as the origin of the Solar System, and were
then stored in the OORT CLOUD. In the sec-
ond they are produced by gravitational ac-
cretion every time the Sun passes through
an interstellar dust cloud. This latter
theory predicts that the Solar System’s
cometary reservoir is periodically being
topped up. The first theory predicts a
cometary population that decreases with
time.

cometary nebula /kom-ĕ-tair-ee/ A fan-
shaped REFLECTION NEBULA whose illumi-
nating star lies at the vertex of the fan.
HUBBLE’S VARIABLE NEBULA is an example.

comet family A distinct group of
comets, the members of which have APHE-
LION distances that coincide approximately
with points on the orbit of a giant planet,
in particular Jupiter. Associations with Sat-
urn, Uranus, and Neptune are now consid-
ered to be dynamically implausible. See
Jupiter’s comet family.

comet group A group of comets, occur-
ring in the Solar System, which, apart from
the time of perihelion passage, have very
nearly the same orbital elements. 1668,
1843 I, 1880 I, 1882 II, 1887 I and
1948 VII is a typical group. These groups
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have probably been formed by the tidal
splitting of a larger comet.

comet tails Tails of gas and dust that
point in the antisolar direction away from
the cometary NUCLEUS and appear only
when a COMET is near the Sun, i.e. closer
than about 2 AU (see illustration). Not all
comets have tails. The luminosity is due to
both molecular and atomic EMISSION and to
reflection of sunlight. The gas and dust is
forced away by RADIATION PRESSURE and by
SOLAR-WIND interactions. There are two
markedly different types of comet tails.
The ion tail (or plasma tail) is usually
straight and bluish, showing many diverse
visible and rapidly changing structures. It
consists exclusively of ionized molecules,
moving at velocities between 10 and 100
km s–1, the repulsive force being 20 to 100
times greater than gravity. The tail can be
a million km wide and lengths of 10 mil-
lion km are not uncommon. Sometimes
large sections of the ion tail can break
away (see disconnection event). Dust tails
are more strongly curved than ion tails.
They contain solid particles, which simply
reflect sunlight. Particles are ejected from
the NUCLEUS along curved paths known as
syndynames. The tail is an envelope over
the reflection regions of particles of similar
mass. The closer the dust tail is to the ion
tail in curvature the smaller are the dust
particles responsible for reflecting sunlight;

they are usually 10–100 micrometers in di-
ameter.

command module /moj-ool/ (CM) See
Apollo.

commensurable /kŏ-men-shŭ-ră-băl/  De-
noting orbital periods that are in rational
proportion, i.e. in which one is a simple
fraction (one-half, one-quarter, two-thirds,
etc.) of the other. The condition is de-
scribed as a commensurability. It is ob-
served, for instance, between the orbital
periods of planets (e.g. Neptune : Pluto is
2:3), and satellites (e.g. Io : Europa is 1:2).
Commensurabilities arise from the effects
of RESONANCE.

common envelope star A hypothetical
type of GIANT STAR that consists of two stel-
lar cores orbiting within a large common
envelope of gas. Because the two cores are
hidden within the envelope the star should
superficially resemble a normal giant, and
as a result no common envelope stars have
yet been unambiguously identified. Their
existence is strongly attested, however, by
evidence for systems just before and just
after this stage of evolution. Contact bina-
ries of the W URSAE MAJORIS TYPE should be-
come common envelope stars when one
member expands as a red giant. Again, a
close binary system where one member is a
white dwarf must have had a common en-

comet tails
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velope at a previous evolutionary stage
when the star now seen as a white dwarf
went through its red giant phase: these sys-
tems are observed either as CATACLYSMIC

VARIABLES or in the centers of some PLAN-
ETARY NEBULAE; the nebula’s gas is proba-
bly the original common envelope, ejected
as a result of the orbital motion of the two
star cores within it. In some common enve-
lope stars, the two cores may not eject the
envelope gas but instead spiral together
and eventually fuse into a single core. An-
gular momentum from the orbital motion
would spin up the distended star; some
rapidly spinning giant stars, like FK Comae
and V Hydrae, may be examples of such
coalesced stars.

common proper motion stars See vi-
sual binary.

Compact Array See Australia Tele-
scope.

compact galaxy A member of a class of
PECULIAR GALAXIES, first catalogued by Fritz
Zwicky in the 1960s. Their brightness is so
concentrated that they are almost indistin-
guishable from stars on normal photo-
graphs and their constituent stars are
unusually hot and blue. Detailed examina-
tion has shown that they are either ACTIVE

GALAXIES, STARBURST galaxies, or EXTRA-
GALACTIC H II REGIONS, and the term com-
pact galaxy is now rarely used.

compact groups of galaxies See groups
of galaxies.

compact steep-spectrum radio sources
See radio galaxy.

comparator /kom-pă-ray-ter/ An instru-
ment by means of which two photographs
of the same area of the sky may be com-
pared and any difference in the brightness
or position of an object quickly detected
without resorting to exact measurements.
The movement of a comet, the proper mo-
tion of a star, or the presence of a variable
star may thus be revealed. In the blink
comparator the two photographs are
viewed in rapid succession through an eye-

piece: changes in position produce an ap-
parent movement of an image while vari-
able stars are detected as a pulsation in
brightness. In the stereocomparator the
two photographs are viewed simultane-
ously by binocular vision: objects that have
changed in position or brightness (i.e. size)
appear to stand out of the plane of the pic-
ture.

comparison spectrum The spectrum of
one or more known substances under ter-
restrial conditions that is used in astron-
omy as a standard of comparison for
investigating spectra of celestial objects; it
provides, for example, a zero Doppler
shift.

components Stars, or possibly planets,
that are constituent members of a BINARY

STAR, TRIPLE STAR, or MULTIPLE-STAR sys-
tem.

COMPTEL Abbrev. for Compton Tele-
scope. See Compton Gamma Ray Observa-
tory.

Compton Gamma Ray Observatory
(Compton Observatory; CGRO) The
second in NASA’s series of GREAT OBSERVA-
TORIES, launched by the space shuttle At-
lantis into a low Earth orbit Apr. 1991. It
took its name from the 20th-century US
physicist Arthur Holly Compton. Provid-
ing nearly six orders of magnitude in spec-
tral coverage, from 15 keV to 30 GeV, it
studied a broad range of topics over its
nine years of operational life. The 16-tonne
observatory contained four gamma-ray
telescopes on a stabilized platform.

BATSE, the burst and transient source
experiment, measured gamma-ray bright-
ness variations on time scales down to mil-
liseconds; sources included GAMMA-RAY

BURSTS, GAMMA-RAY TRANSIENTS, and solar
FLARES. The instrument consisted of eight
identical scintillator-crystal (NaI) detector
modules that covered the entire sky, de-
tecting photons in the energy band
0.03–1.9 MeV, plus a smaller spectroscopy
detector optimized for broad energy cover-
age (0.015–110 MeV) and fine energy res-
olution.
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OSSE, the oriented scintillation spec-
trometer experiment, observed gamma-ray
sources in the 0.1–10 MeV range, with a
limited capability above 10 MeV. The tele-
scope consisted of four identical detector
systems, each articulated to provide a 192°
rotation. Normally, two detectors viewed
the source, and two a nearby off-source
region; the combination was reversed at
regular intervals and the difference repre-
sented the net source flux.

COMPTEL, the imaging Compton
Telescope, carried out a sensitive survey of
the entire sky in the range 1–30 MeV. Dis-
crete and extended sky images were recon-
structed over a wide field of view with a
resolution of the order of 1°.

EGRET, the energetic gamma-ray ex-
periment telescope, covered the range
0.02–20 GeV (approx.). The instrument
had an imaging capability at the degree
level over a wide field of view. The basic
imaging portion consisted of a SPARK

CHAMBER arrangement within a plastic
scintillator veto system; imaging was
achieved by following the trajectories of
the electron-positron pair through the
spark chamber to a large NaI scintillation
crystal where the photon energy was esti-
mated.

The CGRO was one of the most effi-
cient and successful space telescopes ever
launched. It fulfilled its mission almost
flawlessly, proving that gamma-ray bursts
come from very distant regions of space
and are the most powerful explosions in
the Universe. In June 2000, NASA scien-
tists deorbited the CGRO, which broke up
during a controlled re-entry into the
Earth’s atmosphere. NASA plans to launch
a successor to the CGRO, the Gamma-ray
Large Area Space Telescope (GLAST), in
2006.

Compton scattering /komp-tŏn/ (Comp-
ton effect) An interaction between a PHO-
TON of electromagnetic radiation and a
charged particle, such as an electron, in
which some of the photon’s energy is given
to the particle. The photon is therefore
reradiated at a lower frequency (i.e. with a
lower energy) and the particle’s energy is
increased. In inverse Compton emission

the reverse process takes place: photons of
low frequency are scattered by moving
charged particles and reradiated at a higher
frequency.

Compton telescope A gamma-ray de-
tector design based on the detection of a
COMPTON SCATTERING interaction of a
gamma ray in a first detector, usually a
plastic scintillator, followed by the detec-
tion of the Compton scattered photon in a
second detector. This method allows the si-
multaneous determination of photon direc-
tion and energy to be made. An imaging
Compton telescope (COMPTEL) is part of
the COMPTON GAMMA RAY OBSERVATORY.

concave /kong-kayv, kong-kayv/ Curv-
ing inward. A concave mirror converges
light. A biconcave or planoconcave lens,
thinner in the middle than at the edges, has
a diverging action.

concentration The diameter of the tele-
scopic image of a point-source of light,
such as a star. The image is increased from
point size by unavoidable optical effects in
the telescope, specifically diffraction (see
Airy disk), and for ground-based tele-
scopes it is further increased by distortion
due to atmospheric conditions at the time
of observation, i.e. by the SEEING.

Cone nebula See Monoceros.

configuration /kon-fig-yŭ-ray-shŏn/   See
aspect.

confocal lenses /kon-foh-kăl/ See afocal
system.

confusion The running together of the
traces from different radio sources in the
output of a RADIO TELESCOPE. Confusion
becomes important at the value of FLUX

DENSITY when there is, on average, more
than about one source in the BEAM at once.
The radio telescope becomes confusion
limited when this flux density is apprecia-
bly higher than its SENSITIVITY. Further in-
crease in sensitivity will not then result in
fainter sources being detected.

Compton scattering
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conic sections /kon-ik/ (conics) A fam-
ily of curves that are the locus of a point
that moves so that its distance from a fixed
point (the focus) is a constant fraction of its
distance from a fixed line (the directrix).
The fraction, e, is the eccentricity of the
conic. The value of the eccentricity deter-
mines the form of the conic. If e is less than
1 the conic is an ellipse. A circle is a special
case of this with e = 0. If e = 1 the conic is
a parabola and if e exceeds 1 the conic is a
hyperbola.

These curves are known as conic sec-
tions because they can be obtained by tak-
ing sections of a right circular cone at
different angles: a horizontal section gives
a circle, an inclined one an ellipse, one par-
allel to the slope of the cone is a parabola,
and one with an even greater inclination is
a hyperbola (see illustration). Conics are
important in astronomy since they repre-
sent the paths of bodies that move in a
gravitational field. See also orbit.

conjunction /kŏn-junk-shŏn/ The align-
ment of two bodies in the Solar System so
that they have the same celestial longitude

as seen from the Earth (see illustration at
elongation). The Sun and Moon are in con-
junction at new Moon. An INFERIOR PLANET

can be in conjunction twice in one revolu-
tion – at inferior conjunction when the
planet lies between the Sun and the Earth
and at superior conjunction when the
planet lies on the opposite side of the Sun
from the Earth. See also opposition.

conservation of mass-energy The
principle that in any system of interacting
bodies the total mass plus total energy is
constant, where energy and mass are to be
considered interconvertible according to
the equation E = mc2. The principle is a re-
sult of the theory of special RELATIVITY and
is a generalization of the classical laws of
conservation of energy and conservation of
mass. These state that in a closed system
energy (or matter) cannot appear or disap-
pear spontaneously and cannot be lost or
gained. Energy can only be transformed
into different forms but the total energy
must remain constant. According to rela-
tivity theory the transfer of energy by any
process entails the transfer of mass, so that
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conservation of energy ensures conserva-
tion of mass.

conservation of momentum The prin-
ciple that in any system of interacting bod-
ies the total linear MOMENTUM in a fixed
direction is constant provided that there is
no external force acting on the system in
that direction. The ANGULAR MOMENTUM of
a system of bodies rotating and/or revolv-
ing about a fixed axis is also conserved
provided that no external torque is ap-
plied.

constellation /kon-stĕ-lay-shŏn/ Any of
the 88 areas into which astronomers have
divided the whole of the northern and
southern hemispheres of the sky (or CELES-
TIAL SPHERE). Every star, galaxy, nebula, or
other celestial body lies within, or some-
times overlaps, the boundaries of one of
the constellations. These boundaries were
established unambiguously by the Interna-
tional Astronomical Union in 1930 along
arcs of RIGHT ASCENSION and DECLINATION

for the epoch 1875, Jan. 1.
Originally the constellations had no

fixed limits but were groups of stars con-
sidered by early civilizations to lie within
the imagined outlines of mythological he-
roes, creatures, and other forms. In the Al-
magest, Ptolemy, in about AD 140, listed 48
constellations that were visible from the
Mediterranean region. Their names were
mostly derived from Greek and Roman
mythology, which sought to explain their
presence in the sky, but a few, such as Leo,
the Lion, may be of much earlier origin.
During the 16th, 17th, and 18th centuries
many new groupings were identified and
named (and several later discarded), espe-
cially in the previously uncharted regions
of the southern hemisphere. These new
groupings appeared principally in star at-
lases published by Bayer and Hevelius in
the 17th century and Lacaille in the 18th.
Since then further additions have proved
unacceptable.

The constellations seen on any clear
night depend on the latitude of the ob-
server and change with the time of year and
time of night. If, for a particular latitude, φ,
the stars are CIRCUMPOLAR STARS (never

set), they will be visible on every night of
the year. Circumpolar stars are those with
DECLINATIONS greater than 90 – φ°. Other
stars never rise above the horizon at all: for
observers in the northern hemisphere,
these are the ones that have declinations
beyond φ – 90°; for observers in the south-
ern hemisphere, they are the ones with dec-
linations of φ + 90° (note that southern
latitudes, like southern declinations, are
taken to be negative for these calculations).
The remaining stars can be seen only when
they are above the horizon during the
night, a star rising earlier, on average, by
about two hours per month.

Each constellation bears a Latin name,
as with Canis Major, the genitive form of
which is used with the appropriate letter or
number for the star name (see stellar
nomenclature), as with Alpha Canis Ma-
joris. For simplification the three-letter ab-
breviations for the constellations are more
usually used, as with CMa. See Table 5,
backmatter.

contact See eclipse.

contact binary See binary star; equipo-
tential surfaces.

continuous spectrum A SPECTRUM con-
sisting of a continuous region of emitted or
absorbed radiation in which no discrete
lines are resolvable. The emission from hot
fairly dense matter will produce a continu-
ous spectrum, as with the continuous emis-
sion of ultraviolet, visible, and infrared
radiation from the Sun’s PHOTOSPHERE.
SYNCHROTRON EMISSION is another example
of continuous emission.

continuum /kŏn-tin-yoo-ŭm/ The CON-
TINUOUS SPECTRUM that would be measured
for a body if no absorption or emission
lines were present.

CONTOUR /kon-toor/ A NASA mis-
sion to be launched in July 2002 to study at
least three comets: Encke (2003), Schwass-
mann–Wachmann-3 (2006), and d’Arrest
(2008). The mission is designed so that it
could be retargeted to intercept other un-
foreseen comets.

conservation of momentum
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contour map See radio-source struc-
ture.

convection /kŏn-vek-shŏn/ A process of
heat transfer in which energy is trans-
ported from one region of a fluid to an-
other by the flow of hot matter in bulk into
cooler regions. See also convective zone;
energy transport.

convective zone A zone in a star where
CONVECTION is the main mode of ENERGY

TRANSPORT. This occurs throughout a pro-
tostar on the HAYASHI TRACK, and beneath
the surface of a MAIN-SEQUENCE STAR,
where the temperature is sufficiently low to
enable the nuclei of hydrogen and heavier
elements to recombine with free electrons
to form atoms and negative ions. The pres-
ence of these atoms and ions and their abil-
ity to absorb photons increases the OPACITY

of the medium to the passage of radiation
from below and results in a steeper tem-
perature gradient, thereby triggering tur-
bulent convection. Stars rather more
massive than the Sun, fusing hydrogen by
the CARBON CYCLE, have a convective zone
at the core, which mixes the nuclear fusion
region.

The surface convective zone of a sunlike
or late-type star is almost certainly in-
volved in the production of its magnetic
field, and hence in the cycle of CHROMOS-
PHERIC ACTIVITY (or in the Sun’s case SOLAR

ACTIVITY) and in the heating of the CHRO-
MOSPHERE and CORONA, but the details are
still uncertain. See also granulation; stellar
structure.

convex /kon-veks, kon-veks/ Bulging
outward. A convex mirror diverges light. A
biconvex or planoconvex lens, fatter in the
center than at the edges, has a converging
action.

convolution /kon-vŏ-loo-shŏn/ A math-
ematical operation that is performed on
two functions and expresses how the shape
of one is ‘smeared’ by the other. Mathe-
matically, the convolution of the functions
f(x) and g(x) is given by

�
∞

–∞
f(u)g(x–u)du

It finds wide application in physics; it de-
scribes, for example, how the transfer
function of an instrument affects the re-
sponse to an input signal. See also autocor-
relation function; radio-source structure.

cooling flow See clusters of galaxies.

cooling time The time necessary for
something to cool well below its present
temperature. The cooling function is the
rate of cooling of matter as a function of
temperature, taking into account primary
emission processes such as thermal
BREMSSTRAHLUNG and line radiation.

coorbital satellites /koh-or-bă-tăl/   Satel-
lites that share the same orbit. For exam-
ple, JANUS and EPIMETHEUS move in almost
the same orbit around Saturn.

coordinated universal time (UTC) See
universal time.

coordinate system A system, resem-
bling that of latitude and longitude on the
Earth, by which the direction of a celestial
body or a point in the sky can be specified.
The direction is defined and determined by
two spherical coordinates, referred to a
fundamental great circle lying on the CE-
LESTIAL SPHERE and a point on the funda-
mental circle (see illustration overleaf).
One coordinate (a) is the angular distance
of the celestial body measured perpendicu-
lar to the fundamental circle along an aux-
iliary great circle passing through the body
and the poles of the fundamental circle.
The other coordinate (b) is the angular dis-
tance measured along the fundamental cir-
cle from a selected zero point to the
intersection of the auxiliary circle.

There are four main coordinate sys-
tems: the EQUATORIAL, HORIZONTAL, ECLIP-
TIC, and GALACTIC COORDINATE SYSTEMS

(see table). They are all centered on 
the Earth. Transformations can be made
from one system to another by means of
the relationships between the angles and
sides of the relevant SPHERICAL TRIANGLES.
The ASTRONOMICAL TRIANGLE, for example,
relates equatorial and horizontal coordi-
nates; the triangle formed by the celestial
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body and the poles of the equator and
ecliptic relates equatorial and ecliptic coor-
dinates. See also heliocentric coordinate
system.

Copernican system /kŏ-per-nă-kăn/ A
HELIOCENTRIC SYSTEM of the Solar System
that was proposed by Nicolaus Copernicus
and eventually published in 1543 in his
book De Revolutionibus. It uses some of
the basic ideas of the PTOLEMAIC SYSTEM, in-
cluding circular orbits and epicycles, and
was no more accurate in its predictions.
Copernicus, however, maintained that the
planets move around the Sun (in the rela-
tive positions accepted today), the Sun’s
position being offset from the center of the

orbits. The apparent motions of celestial
bodies such as the Sun were explained in
terms of the rotation of the Earth about its
axis and also the Earth’s orbital motion.

The planetary motion can be repre-
sented by two uniform circular motions:
one is an epicyclic motion of the planet
about a point D on the circular orbit; the
other, unlike that of the Ptolemaic system,
is a uniform circular motion of D about the
center, C, of the orbit. This requires that
the rate of motion of D about C is exactly
half that of the epicyclic rate of motion
with respect to a fixed direction.

There was a strong and prolonged reac-
tion – especially by the Church – to the
Copernican system, which effectively dis-

Copernican system
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THE FOUR MAIN COORDINATE SYSTEMS

Coordinate system Fundamental circle Zero point Coordinates
equatorial celestial equator vernal equinox right ascension

declination
ecliptic ecliptic vernal equinox celestial longitude

celestial latitude
horizontal horizon north point azimuth 

altitude
galactic galactic equator galactic center galactic longitudes

galactic latitude 



placed the Earth as the center of the Uni-
verse. There was also a sudden revival in
astronomical observation in order to test
the theory, notably by Tycho Brahe. Ty-
cho’s detailed observations, which showed
the inadequacies of the Copernican system,
were used in the formulation of KEPLER’S
LAWS of planetary motion. The heliocentric
cosmology became firmly established after
Galileo had made telescopic observations
of the phases of Venus.

Copernican System /kŏ-per-nă-kăn/   The
youngest stratigraphic system of the
Moon. It includes the freshest lunar
CRATERS, formed during the last billion
(109) years approximately, many of which
have preserved RAYS. The period began
with the formation of the crater COPERNI-
CUS. The Eratosthenian System (for which
Eratosthenes is the type crater) covers the
earlier period extending from about 3.15
to 1 billion years ago. It includes slightly
older more degraded craters with no visible
rays, in addition to most of the youngest
MARE deposits. See also Imbrian System;
Nectarian System.

Copernicus /kŏ-per-nă-kŭs/ 1. A young
lunar crater to the south of Mare Imbrium
that is 90 km in diameter and has an ex-
tensive system of RAYS and SECONDARY

CRATERS. Possible ray material was col-
lected by the crew of Apollo 12 and dated
at 850 million years; this provides a cali-
bration point for the COPERNICAN SYSTEM.
2. NASA’s ORBITING ASTRONOMICAL SATEL-
LITE OAO-3, launched in Aug. 1972 and
operated until Dec. 1980. It carried a 0.9-
meter telescope and a grating spectrometer
used primarily for measurements of ultra-
violet radiation, but also carried X-ray
equipment. See ultraviolet astronomy; X-
ray satellites.

Coprates canyon /kŏ-pray-teez/ See
Valles Marineris.

Cor Caroli /kor ka-rŏ-lÿ/ (αα CVn) A
bluish-white star that is the brightest one in
the constellation Canes Venatici, Its name
means ‘Charles’s Heart’ and was given to it
by Edmund Halley in honor of the English

King Charles II. It is a visual binary (sepa-
ration 20″), the brighter component (A or
α2 CVn) being the prototype of the SPEC-
TRUM VARIABLE stars. It has a period of
5.469 days and its spectrum shows strong
profuse lines of rare earths, iron-peak el-
ements, and silicon. mv: 2.9 (A), 5.5 (B);
spectral type: B9.5 pv (A), F0 V (B).

Cordelia /kor-dee-lee-ă/ A small satellite
of Uranus, discovered in 1986. Together
with OPHELIA, it acts as a SHEPHERD SATEL-
LITE to the outermost ring (the Epsilon
ring) of Uranus. See Uranus’ rings; Uranus’
satellites; Table 2, backmatter.

Córdoba Durchmusterung /kor-dŏ-bă/
(CD) See Bonner Durchmusterung.

core 1. The central region of a star, such
as the Sun, in which energy is generated by
thermonuclear reactions.
2. The central region of a differentiated
planet or satellite, such as the EARTH or
MOON.

core collapse supernova See super-
nova.

Coriolis force /kor-ee-oh-liss, ko-ree-/ A
concept introduced to simplify calculations
on the motion of bodies observed from a
rotating frame of reference, such as the
Earth. The effect of the Coriolis force is to
deflect the object in a direction perpendic-
ular to its course.

corona /kŏ-roh-nă / 1. The extremely
tenuous outermost part of a star’s atmos-
phere. The most easily observed corona is
that of the Sun.

Optically, the solar corona has two
main components: the K-CORONA (or inner
corona) consists of rapidly moving free
electrons, exhibits a CONTINUOUS SPEC-
TRUM, and attains a temperature of around
2 000 000 K at a height of about 75 000
km; the F-CORONA (or outer corona) con-
sists of relatively slow-moving particles of
interplanetary dust, exhibits an ABSORP-
TION SPECTRUM, and extends for many mil-
lion kilometers into the INTERPLANETARY

MEDIUM. A third component, the E-
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CORONA, consists of relatively slow-moving
ions and exhibits an EMISSION SPECTRUM su-
perimposed on the CONTINUUM of the K-
corona.

The white-light corona comprises the
overlapping K-corona and F-corona. It is
visible under natural circumstances only in
profile beyond the Sun’s limb on the rare
occasions when the PHOTOSPHERE is totally
eclipsed by the Moon. It may, however, be
observed out to distances of several solar
radii at times other than totality, with the
aid of a balloon- or satellite-borne exter-
nally occulted CORONAGRAPH. Similarly,
the E-corona may be observed at specific
wavelengths with the aid of the Lyot coro-
nagraph, used at certain high-altitude ob-
servatories.

The corona may also be observed
against the Sun’s disk at extreme-ultravio-
let and X-ray wavelengths, using rocket- or
satellite-borne instrumentation. X-ray ob-
servations reveal the structure of the
corona at temperatures of several million
kelvin. Strong X-ray emission is associated
with ACTIVE REGIONS, and an absence of X-
ray emission with CORONAL HOLES. There is
little or no evidence for a uniform corona –
its structure is determined by the strength
and configuration of the localized mag-
netic fields. The X-ray telescopes on SKYLAB

and the SOLAR MAXIMUM MISSION, in partic-
ular, provided much additional informa-
tion on coronal structure (see coronal
transients).

The overall shape of the solar corona
changes with the phase of the SUNSPOT

CYCLE. At sunspot minimum it is roughly
symmetrical, with long equatorial stream-
ers, and plumes orientated in the direction
of the Sun’s polar magnetic field. At
sunspot maximum it is less symmetrical, al-
though more evenly distributed about the
Sun’s disk as a whole. Its changing shape is
due principally to the presence of individ-
ual streamers above active regions, the
mean heliographic latitude of which pro-
gresses toward the equator as the sunspot
cycle proceeds. Solar radio emission at
meter wavelengths originates in the corona
and may exhibit an intense burst or series
of bursts at the time of a large FLARE.

It has been found that in general the
coronae of normal stars are sources of X-
rays: the X-ray telescope on the EINSTEIN

OBSERVATORY was able to detect all types of
stars apart from red supergiants. The idea
that coronae are heated by shock waves ris-
ing through the chromosphere from the
photosphere (acoustic heating) is now con-
sidered untenable, because such heating
would occur only in late-type stars like the
Sun. Instead, the coronal output is thought
to be linked to the star’s rotation. In certain
binary systems (RS CANUM VENATICORUM

STARS and some FLARE STARS) the orbital
motion forces the stars to spin rapidly, and
they are unusually strong X-ray sources.
Young stars, such as those in the Orion
nebula or the Pleiades, rotate faster than
older stars of the same spectral type; they
too have powerful X-ray emitting coronae.
The link is almost certainly that fast rota-
tion considerably enhances the magnetic
field, and this provides greater heat input
to the corona; the details, however, are still
obscure.
2. The DARK HALO of our Galaxy.
3. A surface feature on a planet or satellite,
especially VENUS. The coronae on Venus
are circular features that exceed 300 km in
diameter and 0.5 km in elevation, and are
surrounded by concentric rings of ridges.
Artemis Chasma is the largest corona
found so far, 2100 km across, with its
outer ring of fractures forming a steep
trough about 120 km wide and scarps up
to 2.5 km high.

Corona Australids /aws-tră-lidz/ A
minor METEOR SHOWER that is observable
in the southern hemisphere, radiant: RA
245°, dec –48°, and that maximizes on
March 16.

Corona Australis /aws-tray-liss/ (South-
ern Crown) A small inconspicuous con-
stellation in the southern hemisphere near
Scorpius, lying partly in the Milky Way.
The brightest stars are of 4th magnitude. It
contains the just-visible globular cluster
NGC 6541. Abbrev.: CrA; genitive form:
Coronae Australis; approx. position: RA
19h, dec –40°; area: 128 sq deg.

Corona Australids
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Corona Borealis /bor-ee-al-iss, -ay-liss,
boh-ree-/ (Northern Crown) A small
constellation in the northern hemisphere
near Ursa Major in which there is a semi-
circle of stars, the brightest being the 2nd-
magnitude ALPHECCA. It also contains the
prototype of the variable R CORONAE Bore-
alis stars and the RECURRENT NOVA T Coro-
nae Borealis. Abbrev.: CrB; genitive form:
Coronae Borealis; approx. position: RA
15.5h, dec +30°; area: 179 sq deg.

coronagraph /kŏ-roh-nă-graf, -grahf/   An
optical instrument designed in 1930 by the
French astronomer Bernard Lyot for ob-
serving the solar CORONA at times other
than a total solar eclipse. In the corona-
graph, the bright image of the Sun is artifi-
cially eclipsed by means of a blackened
occulting disk set at the prime focus of the
objective lens of a refracting telescope. A
lens is used because the scattering of light
from its surface is much less than is the case
with a mirror. It is important to reduce
scattering to a minimum if the faint light of
the corona is to be recorded on the photo-
graphic plate or other detector. To reduce
atmospheric scattering, high-altitude sites
are used; coronagraphs have also been op-
erated from satellites, rockets, and balloon
platforms. A narrow-band INTERFERENCE

FILTER is usually placed in front of the de-
tector so that the emission lines of the E-
CORONA can be studied.

coronal gas /kŏ-roh-năl/ Collisionally
ionized gas (mostly hydrogen) at a temper-
ature of about 106 K. METALS typically
have very high ionization states, as re-
vealed by the ABSORPTION LINES of five-
times-ionized oxygen (O+5).

coronal holes Regions of exceptionally
low density and temperature compared
with the surrounding solar or stellar
CORONA. They overlie areas of the Sun’s
disk that are characterized by relatively
weak divergent (and therefore primarily
unipolar) magnetic fields, and are thought
to be the primary source of the high-speed
streams of energetic charged particles in
the SOLAR WIND.

coronal lines Bright emission lines ob-
served in the spectrum of the Sun’s E-
CORONA.

coronal mass ejections (CMEs) See
coronal transients.

coronal rain See prominences.

coronal transients (coronal mass ejec-
tions) Huge eruptions of gas from the
solar CORONA into the INTERPLANETARY

MEDIUM, first observed from space in the
early 1970s. They seem to occur at a rate of
about one per day (around the time of
sunspot maximum – see sunspot cycle) and
are in many cases associated with the sud-
den rapid ascent of a quiescent filament
(see disparation brusque) or, to a lesser ex-
tent, with an energetic FLARE.

Typically, a coronal transient expels
around 1012–1013 kg of coronal material,
often in the form of a ‘bubble’ with a
clearly defined leading edge. This expands
as it is accelerated outward to a final speed
of 200–1000 km s–1 after about an hour.
The passage of a transient through the
corona ‘straightens’ the coronal magnetic
field lines, making them more nearly ra-
dial, and thereby allows magnetic flux
emerging from the photosphere to occupy
a greater volume.

correcting plate (correcting lens; correc-
tor) The aspherical element placed at the
front of a CATADIOPTRIC TELESCOPE to cor-
rect the aberration of its spherical primary
mirror. In this way a very wide field can be
obtained, sensibly free from aberrations,
even at FOCAL RATIOS well below one. See
also Maksutov telescope; Schmidt tele-
scope.

correlation function A measure of the
clustering on extragalactic scales obtained
from REDSHIFT SURVEYS. It is the probability
for a galaxy to have another neighbor
within a given distance of separation, in ex-
cess of the probability expected from a uni-
form random distribution of galaxies,
expressed as a function of that distance.
Galaxy positions are highly correlated,
with the probability decreasing approxi-
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mately as the inverse square of the galaxy
separation. The correlation length for clus-
ters of galaxies is the radius within which
the chance of finding another galaxy is
double the chance expected from a uni-
form random distribution of galaxies.
Galaxies cluster into groups and clusters
on a length-scale of around 30 mega-
parsecs, whereas SUPERCLUSTERS have cor-
relation lengths nearer 130 megaparsecs.

correlation length See correlation func-
tion.

correlation receiver A radio-astron-
omy RECEIVER in which either the NOISE

POWER from a single ANTENNA is split and
multiplied with itself or the noise power
from the two arms of an interferometer
(see radio telescope) are multiplied to-
gether. Signals that are uncorrelated (com-
pletely unrelated) give an output whose
average value is zero when multiplied to-
gether. Correlated signals, however, pro-
duce components near zero frequency that
give a steady deflection in the output of the
multiplier. In addition to their use in radio
interferometry, correlation receivers are
also used to reduce the effect of INTERFER-
ENCE and of changes in the GAIN and other
parameters of the system. See also phase-
switching interferometer.

Corvus /kor-vŭs/ (Crow) A small fairly
conspicuous constellation in the southern
hemisphere near the star Spica, the four
brightest stars being of 2nd and 3rd mag-
nitude. It contains the associated radio
sources NGC 4038 and 4039, a pair of
galaxies in collision with each other. Ab-
brev.: Crv; genitive form: Corvi; approx.
position: RA 12.5h, dec –20°; area: 184 sq
deg.

COS-B /koz-bee/ A satellite of the Euro-
pean Space Agency that was launched in
Aug. 1975 to investigate celestial objects
emitting gamma rays and to measure time
variations of such emission. It operated
over the energy range 70 to 5000 MeV and
performed so efficiently that the mission
was twice extended, operations ceasing in
1982. See also gamma-ray astronomy.

cosine rule /koh-sÿn/ See spherical trian-
gle.

cosmic abundance The relative pro-
portion of each ELEMENT found in the Uni-
verse. The standard cosmic abundance is
based on that of the Solar System, deter-
mined from observations of the relative
line strengths in the spectrum of solar radi-
ation, from geological surveys of the Earth,
and from analysis of meteorites (see table).
The solar abundance in terms of numbers
of atoms gives 90.8% hydrogen, 9.1% he-
lium, and 0.1% other elements. Abun-
dances deduced for most stars from their
spectra usually agree quite well with the
standard, although old stars tend to have
rather less of the HEAVY ELEMENTS (see pop-
ulation I, population II) and there are a
number of odd stars with abundances quite
unlike the rest. The abundances deduced
from the absorption and emission lines of
the INTERSTELLAR MEDIUM do not agree so
well, principally in that there is an appar-
ent shortage of refractory elements such as
iron. It is likely that these elements are pre-
sent, however, but are bound up with the
COSMIC DUST.

Cosmic Anisotropy Telescope (CAT)
A three-element interferometer operating
at frequencies between 13 and 17 GHz and
on baselines of 1 to 5 m. Located at the
MULLARD RADIO ASTRONOMY OBSERVATORY

near Cambridge, England, CAT measured
primordial temperature variations in the
cosmic microwave background radiation.
Its first set of results was published in
1996, followed by a second set in 1999.
The telescope was turned off and partly
dismantled in 2000.

Cosmic Background Explorer See
COBE.

cosmic background radiation Unre-
solved radiation from space. The cumula-
tive effect of many unresolved – and
individually weak – discrete sources pro-
vides the background at radio, X-ray, and
possibly other wavelengths. One important
form is the MICROWAVE BACKGROUND RADI-
ATION, which peaks at about 1 mm wave-

correlation length
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length (i.e. a frequency of 3 × 1010 hertz).
This is considered to be due to the hot BIG

BANG. See also COBE; gamma-ray astron-
omy; infrared background radiation; radio
source; X-ray background radiation.

cosmic censorship, principle of See
singularity.

cosmic dust Small particles or grains of
matter found in many regions of space.
Their size ranges from about 10 µm to less
than 0.01 µm. They are thought to be com-
posed primarily of carbon and silicate ma-
terial, which may in some cases have
mantles of water and ammonia ice or of
solid carbon dioxide. Within the Solar Sys-
tem they are associated with the ZODIACAL

LIGHT. In the INTERSTELLAR MEDIUM they
are found in MOLECULAR CLOUDS and DARK

NEBULAE, causing INTERSTELLAR EXTINC-
TION. The grains are also found in circum-
stellar shells causing the INFRARED EXCESS

seen in the spectrum of many stars.

cosmic jet See jet.

cosmic noise (Jansky noise) See an-
tenna temperature.

cosmic power spectrum The spectrum
of variations in power of the DARK MATTER.
The quantum fluctuations in the very early
Universe were stretched during the infla-
tionary period to form the seeds from
which present-day structure in the Uni-
verse has grown. One popular form of the
cosmic power spectrum is a power-law
known as the Harrison–Wheeler spectrum.

cosmic rays Highly energetic particles
that move through space at close to the
speed of light and that continuously bom-
bard the Earth’s atmosphere from all direc-
tions. They were discovered by V.F. Hess
during a balloon flight in 1912. The ener-
gies of the individual particles are im-
mense, ranging from about 108 to over
1019 electronvolts (eV). The intensity (or
particle flux) of cosmic rays is very low; it
is greatest at low energies – several thou-
sand particles per square meter per second
– dropping with increasing energy but ap-
parently leveling off at high energies. Cos-
mic rays are primarily nuclei of the most
abundant elements (mass numbers up to
56) although all known nuclei are repre-
sented. PROTONS (hydrogen nuclei) form
the highest proportion; heavy nuclei are
very rare. Also present are a small number
of ELECTRONS, POSITRONS, antiprotons,
NEUTRINOS, and GAMMA-RAY photons. All
these particles are known collectively as
primary cosmic rays.

On entering the Earth’s atmosphere the
great majority collide violently with atomic
nuclei in the atmosphere producing sec-
ondary cosmic rays; these consist mainly of
ELEMENTARY PARTICLES. The large number
of particles produced from one such colli-
sion form an extensive air shower (or sim-
ply an air shower), in which there is a very
rapid, highly complex, but well-defined se-
quence of reactions. The initial products
are principally charged and neutral PIONS.
The neutral pions decay (disintegrate) al-
most immediately into gamma rays, which
give rise to cascades of electrons and
positrons by PAIR PRODUCTION and to more
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Element Atomic number Approx. composition by mass (%)
hydrogen (H) 1 70.13
helium (He) 2 27.87
oxygen (O) 8 0.91
carbon (C) 6 0.41
neon (Ne) 10 0.14
nitrogen (N) 7 0.10
silicon (Si) 14 0.07
magnesium (Mg) 12 0.06
sulfur (S) 16 0.04 



photons by BREMSSTRAHLUNG radiation
from the decelerating electrons and
positrons. The charged pions decay into
MUONS, which subsequently decay into
neutrinos and electrons. The original pri-
mary cosmic ray nucleus, and many of the
secondary cosmic rays, undergo more col-
lisions to create further generations of par-
ticles. Following the initial collision the
number of particles in the shower increases
to a maximum at some point high in the at-
mosphere, where the creation of new parti-
cles is balanced by absorption; the number
then decreases. Very few primary cosmic
rays reach the Earth’s surface, the final
products including electrons, muons, neu-
trinos, gamma rays, and some initial prod-
ucts of the primary collision. The
maximum number of particles in an air
shower depends on the energy of the pri-
mary cosmic ray: half a million particles
can be produced at maximum development
by a primary nucleus of 1015 eV. It is, how-
ever, a major problem to distinguish air
showers produced by different primary nu-
clei of the same energy.

Lower-energy primary cosmic rays
(<1016 eV) have too low a flux for direct
measurements and can be studied only
through their extensive air showers using
arrays of detectors at ground level; parti-
cles with energies exceeding 1020 eV have
been detected with giant arrays of instru-
ments covering areas greater than one km2.
Intermediate energies require sensitive de-
tector arrays on mountaintops or large de-
tectors in satellites.

Most of the lighter primary cosmic-ray
nuclei are considered products of collisions
of heavier nuclei that occur during their
journey from source. These parent nuclei,
with other heavy nuclei and most of the
primary electrons, are created in some as
yet unknown NUCLEOSYNTHESIS process of
catastrophic origin. Medium and lower en-
ergy particles probably originate in SUPER-
NOVA explosions: both the Crab nebula
and the supernova remnant of the Vela pul-
sar are thought to be sources. Shock waves
associated with supernovae could provide
the acceleration. The extraordinary accel-
eration processes that could produce the
highest energies are not yet identified.

There is no evidence as yet for a maximum
energy for cosmic rays, although this has
been predicted.

It is generally believed that almost all
cosmic rays with energies less than about
1018 eV are generated by sources within the
Galaxy. It is also thought that these parti-
cles are confined to the Galaxy for proba-
bly tens of millions of years by the complex
and very weak GALACTIC MAGNETIC FIELD.
Cosmic-ray particles, being charged, are
affected by a magnetic field: they are de-
flected from their initial paths and become
trapped in the galactic field, the lowest en-
ergies being most deflected. During their
long confinement their directions of travel
become almost uniformly scattered: these
cosmic rays are nearly isotropic. As cosmic
rays enter the Solar System they can be fur-
ther scattered by magnetic irregularities in
interplanetary space: the total intensity at
the Earth’s orbit is twice as great at sunspot
minimum than at sunspot maximum.

Although lower-energy cosmic rays are
confined very effectively, higher-energy
particles tend to ‘leak out’ of the Galaxy;
above a critical energy at which the effect
of the magnetic field becomes negligible,
they can all escape. Thus the cosmic-ray in-
tensity should decrease with energy. The
intensity, however, levels off at the highest
energies, and the isotropy decreases; this
has been taken as evidence of other sources
of cosmic rays outside the Galaxy. Since
high-energy particles travel in approxi-
mately straight lines (being almost unaf-
fected by magnetic fields) their arrival
direction should indicate their source di-
rection: measurements made with the giant
detector arrays point to sources well away
from the galactic plane, i.e. to possible ex-
tragalactic sources. Gamma rays can arise
in space from the interaction of primary
cosmic rays with interstellar matter. It is
hoped that measurements of the distribu-
tion of gamma rays in space, especially
those of high energies (>1018 eV), will re-
flect the distribution of cosmic rays and
thus reveal the galactic or extragalactic na-
ture of their sources.

cosmic scale factor Symbol: R. A
measure of the size of the Universe as a

cosmic scale factor
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function of time. R is related to the RED-
SHIFT parameter, z, by 

1 + z = R(t0)/R(t1)
where t0 is the present time and t1 is the
time at emission of the radiation. The
quantity (1 + z) thus gives the factor by
which the Universe has expanded in size
between the time t1 and the present, t0. The
proper distance between the origin and a
point at a comoving coordinate r (i.e. in a
system expanding with the Universe) is
given by the product of R(t) and sin–1r, r,
or sinh–1r depending on whether the UNI-
VERSE is closed, Euclidean, or open, respec-
tively. R is also related to the HUBBLE

CONSTANT H0: 
H0 = R–1(dR/dt)

cosmic strings Linelike defects in SPACE-
TIME that are infinitesimally thin but of
very high mass. They can be either in an in-
finite linear form or a closed loop. Cosmic
strings in the early Universe could act as
gravitational condensates to promote
galaxy formation. There is as yet no exper-
imental support for their existence, but
they could produce linelike anisotropies in
the cosmic MICROWAVE BACKGROUND RADI-
ATION.

cosmic year (galactic year) The period
of revolution of the Sun about the center of
the Galaxy, equal to about 220 million
years.

cosmogony /koz-mog-ŏ-nee/ The study
of the origin and evolution of cosmic ob-
jects and in particular the Solar System. See
galaxies, formation and evolution; Solar
System, origin; stellar evolution. Compare
cosmology.

cosmological constant /koz-møbreve-
loj-ă-kăl/ A constant term that can be
added to Einstein’s field equations of GEN-
ERAL RELATIVITY THEORY. The cosmological
constant was originally put forward by Al-
bert EINSTEIN in 1917 to ensure that the ap-
plication of general relativity theory to the
Universe results in a static Universe rather
than an expanding or contracting Uni-
verse. The discovery that the Universe is
expanding removed the necessity for in-

troducing the cosmological constant but
cosmological models with a nonzero cos-
mological constant have been considered
by theoreticians.

For many years it was thought that the
value of the cosmological constant is ex-
actly zero but, starting in the late 1990s,
evidence began to accumulate that the cos-
mological constant has a small but nonzero
value. This has the consequence that the
expansion of the Universe is accelerating.
There have been many attempts to show
why the value of the cosmological constant
is either zero or very small but there is no
consensus as to why this should be the
case.

cosmological models (world mod-
els) Possible representations of the Uni-
verse in simple terms. Models are an
essential link between observation and
theory and act as the basis for prediction.
Complications are added only when neces-
sary (Occam’s razor). A simple model for a
two-dimensional Universe is the surface of
an expanding balloon, on which HUBBLE’S
LAW and the isotropy of the MICROWAVE

BACKGROUND RADIATION may be demon-
strated.

Most standard cosmological models of
the Universe are mathematical and are
based on the Friedmann Universe, derived
by Aleksandr Friedmann in 1922 and inde-
pendently by Georges Lemaître in 1927.
They assume the HOMOGENEITY and
ISOTROPY of an expanding (or contracting)
Universe in which the only force that need
be considered is GRAVITATION. The BIG

BANG THEORY is such a model. These mod-
els result from considerations of Einstein’s
field equations of general RELATIVITY.
When the pressure is negligible the equa-
tions reduce to

(dR/dt)2/R2 + kc2/R2 = (8π/3)Gρ
for energy conservation – this is known as
the Friedmann equation – and 

ρR3 = constant
for mass conservation. R is the COSMIC

SCALE FACTOR, ρ the MEAN DENSITY OF MAT-
TER, G the gravitational constant, and c the
speed of light; k is the curvature index of
space of value +1 (closed UNIVERSE), –1
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(open Universe), or 0 (flat or Einstein–de
Sitter Universe). See illustration.

Other models involving the cosmologi-
cal constant, Λ, have been proposed, such
as the de Sitter model, in which no mass is
present, the Lemaître model, which ex-
hibits a coasting phase during which R is
roughly constant, the STEADY-STATE

THEORY, and those in which the gravita-
tional constant, G, varies with time (see
Brans–Dicke theory). The cosmological
constant is an arbitrary constant. Although
it is possible for it to have any value that
does not conflict with observation, it is
highly probable that it is close to zero. Cos-
mological models involving Λ have re-
cently come back into fashion. See also
static Universe.

cosmological principle A principle
stating that there are no preferred places in
the Universe. This is the basis for much of
modern COSMOLOGY and is an extreme case
of the Copernican view that the Earth is
not the center of the Universe. Neglecting
local irregularities, measurements of the
limited regions of the Universe available to
Earth-based observers are then valid sam-
ples of the whole Universe.

cosmological redshift The REDSHIFT re-
sulting from the expansion of the Universe

rather than from gravitational effects of in-
tervening matter (see gravitational red-
shift) or from the motion of an
intragalactic object away from the Solar
System. See also cosmic scale factor.

cosmology /koz-mol-ŏ-jee/ The study of
the origin, evolution, and large-scale struc-
ture of the UNIVERSE. COSMOLOGICAL MOD-
ELS describing the behavior of the COSMIC

SCALE FACTOR with time are constructed
from gravitational theory. These are then
tested by comparison with, for example,
SOURCE COUNTS, the HUBBLE DIAGRAM, and
the cosmic HELIUM abundance. The angular
size of cosmic objects does not necessarily
vary linearly with REDSHIFT and can be used
as a further test – the angular-size redshift
test. The nonlinearity arises because such
objects were closer to us in the past and be-
cause radiation is bent by the gravitational
attraction of intervening matter.

Cosmos /koz-moss/ A large series of So-
viet satellites, the first of which was
launched in March 1962. The many and
varied applications of these satellites
included astronomical, ionospheric, at-
mospheric, geomagnetic, geodetic, and
biological studies. The satellites were also
apparently used for navigation, reconnais-
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q0 < ½
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sance, ocean surveillance, and military
communications.

COSMOS A system of highly versatile
automated plate-scanning equipment at
the ROYAL OBSERVATORY, Edinburgh, used
principally to extract data from the sky
photographs of the UK SCHMIDT TELESCOPE

and other Schmidts.

COSTAR /koh-star/ See Hubble Space
Telescope.

coudé focus /koo-day/ See coudé tele-
scope.

coudé telescope Any telescope in which
the light emerges along the POLAR AXIS so
that its direction remains fixed while the
object observed goes through its normal di-
urnal motion. This arrangement is essential
when the light is to be subjected to analysis
by bulky and delicate instruments, such as
the SPECTROGRAPH, which can then be
mounted in a fixed position at the coudé
focus.

There are two main ways in which the
fixed coudé focus can be secured. In one
alternative, involving an equatorially
mounted telescope, one or more extra mir-
rors can be placed so as to reflect or ‘bend’
the emerging light along the polar axis –
the French word coudé means ‘bent’ or ‘an-
gled’ (see illustration). This is the practice
in large reflecting telescopes where the
coudé focus is provided in addition to the
prime and Cassegrain foci. It is also the
basis for the amateurs’ Springfield mount,
in which the diagonal of a Newtonian tele-
scope sends the light along the declination
axis to an additional diagonal, which re-
flects it up the polar axis to the observer’s
eye.

In the other alternative, the whole tele-
scope is mounted in a fixed position along
the polar axis; a large moveable plane mir-
ror is driven by a mechanism that allows it
to reflect the observed object into the tele-
scope for as long as observations may con-
tinue. This is the basis of many SOLAR

TELESCOPES.
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counterglow /kown-ter-gloh/ See gegen-
schein.

covariance function /koh-vair-ee-ăns/   A
statistical measure of the association of as-
tronomical objects in a sample. See corre-
lation function.

CPD Abbrev. for Cape Photographic
Durchmusterung.

Crab nebula (Ml; NGC 1952) A turbu-
lent expanding mass of gas and dust with
luminous twisting filaments of ionized gas,
lying about 2000 parsecs away and located
in the sky near the star Zeta (ζ) Tauri in the
constellation Taurus. It is a SUPERNOVA

REMNANT, the result of a SUPERNOVA (prob-
ably of type II) that was almost certainly
observed by Chinese and Japanese as-
tronomers in 1054 and was sufficiently
bright (magnitude about –5) to be visible in
daylight for more than three weeks. At pre-
sent it is about four parsecs in diameter.
The Crab nebula emits SYNCHROTRON radi-
ation of all wavelengths and is a particu-
larly strong source of X-rays (Taurus X-1)
and radio waves (TAURUS A). It was named
the Crab nebula in 1848 by its first modern
observer, the Irish astronomer William
Parsons, 3rd Earl of Rosse (1800–67).

The star whose explosion produced the
Crab nebula is now a young OPTICAL PUL-
SAR (the Crab pulsar NP 0532), identified
as such in 1967. Its pulsations are also ob-
served at radio, infrared, X-ray, and
gamma-ray wavelengths. These pulsations
have a period of only 0.0331 seconds. The
pulsar is the power house for the Crab neb-
ula: energy is being lost by the pulsar in the
form of highly energetic electrons, causing
the pulsar to slow down very gradually; the
electrons interact with the intense magnetic
field extending into the nebula and radiate
synchrotron emission. The energy loss of
the pulsar equals the total energy radiated
by the nebula (1030 to 1031 J s–1). The ul-
traviolet component of this radiation ion-
izes the gas in the filaments, causing the
atoms to fluoresce. The Crab nebula is the
defining member of the class of filled SU-
PERNOVA REMNANTS, or plerions.

Crab pulsar See Crab nebula.

Crater /kray-ter/ (Cup) A small incon-
spicuous constellation in the southern
hemisphere near Leo, the brightest stars
being of 3rd and 4th magnitude. Abbrev.:
Crt; genitive form: Crateris; approx. posi-
tion: RA 11.5h, dec –l5°; area: 282 sq deg.

crater chain (chain craters) Any linear
association of CRATERS. Some lunar crater
chains are incipient sinuous RILLES, i.e. lava
tubes (in MARIA) that have suffered only
partial collapse. Others are not confined to
the maria and consist of overlapping SEC-
ONDARY CRATERS. Chains of volcanic
craters (as in fissure eruptions) have not
been unequivocally recognized but see
wrinkle ridges.

crater cluster A group of SECONDARY

CRATERS. Crater clusters were visited by the
crews of Apollo 15 and 17.

crater counting See craters.

craters Circular depressions on the sur-
face of the Moon and several other bodies
in the Solar System. They have diameters
ranging from less than 1 meter to more
than 1000 km, although the larger struc-
tures are more usually termed BASINS. The
largest lunar craters are considered to be
the 200-km walled plains. Some of the
more interesting lunar craters are listed in
the table. Craters appear all over the
Moon’s surface and are most prominent
when near the terminator. Small craters are
everywhere more numerous than larger
ones and crater-size distribution curves
provide the basis for the estimation of rel-
ative ages by crater counting. Most of the
surface of MERCURY is heavily cratered and
on Mars the craters predominate in the
southern hemisphere (see Mars, surface
features). Many planetary satellites are
now known to be cratered, some very
heavily.

The vast majority of craters are now be-
lieved to have originated by meteoritic im-
pact, although in some cases their present
appearance results from later modification
by erosion or volcanic processes. A few

counterglow
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craters in the lunar maria, particularly
those associated with sinuous RILLES, may
be volcanic in origin. Some, such as those
at the summits of the volcanoes of the
Earth or Mars, are solely volcanic. Other
small craters result from subsidence or sur-
face collapse.

In profile, a typical crater has a floor
slightly below the level of the surrounding
surface and a raised rim that slopes gently
outward but falls more steeply toward the
crater floor. The inner slope of the rims of
large craters may be terraced, while the ter-

rain beyond the rim may be hummocky
and broken with numerous very small
craters. Some large craters also have moun-
tainous central peaks.

The impact events that created most of
the surviving craters on Solar System bod-
ies are thought to have occurred between
3000 and 4000 million years ago as the
bodies collided with numerous PLANETESI-
MALS. Possibly the planetesimals were
themselves the debris from collisions be-
tween larger objects that accreted at the
same time as the planets, about 4600 mil-
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LUNAR CRATERS

Lunar crater Characteristics* Coordinates
Aitken mare-filled, farside (L) 173°E17°S
Alphonsus dark halo crater, rilles (L) 3°W13°S
Archimedes flat-floored, Mare Imbrium (M) 4°W29°N
Aristarchus young, bright, TLP source (S) 47°W 24°N
Aristillus young, close to Apollo 15 site (S) 2°E 34°N
Arzarchel central peak, S of Alphonsus (M) 2°W 18°S
Autolycus young, close to Apollo 15 site (S) 2°E 31°N
Baily extremely large (L) 68°W 66°S
Clavius very large (L) 14°W 58°S
Cleomedes large, N of Crisium (L) 56°E 27°N
Copernicus young, rayed, secondaries (M) 20°W 10°N
Cyrillus overlaps with Theophilus (L) 24°E 3°S
Eratosthenes type crater for Eratosthenian System (M) 12°W 14°N
Gassendi N Mare Humorum, TLP source (L) 39°W 17°S
Giordano Bruno extremely young, historical? (S) 119°E 46°N
Grimaldi very dark floored, TLP source (L) 68°W 5°S
Jules Verne farside crater (L) 148°E 35°S
Kepler very young, rayed, Oc. Procellarum (S) 38°W 8°N
Langrenus large, E Mare Fecunditatis (L) 62°E 9°S
Plato very dark floored, N Mare Imbrium (L) 9°W52°N
Proclus partially rayed, W Mare Crisium (S) 47°E 16°N
Ptolemaeus large, flat-floored (L) 2°W 9°S
Reiner very deep, Oc. Procellarum (S) 55°W 7°N
Schickard large, S Mare Humorum (L) 55°W 44°S
Schiller elongated, secondary? (M) 39°W 52°S
Stevinus young, bright, S Mare Fecunditatis (M) 54°E 33°S
Theophilus young, unrayed, N Mare Nectaris (L) 27°E 2°S
Tsiolkovsky mare-filled, farside (L) 130°E 21°S
Tycho very young, prominent ray system (M) 11°W 43°S
Wargentin flooded with Orientale ejecta (M) 60°W 49°S
Van de Graaff double, farside, magnetic anomaly (L) 174°E 27°S

*diameter ranges: L, greater than 100 km; M, 50–100 km; S, smaller than 50 km



lion years ago, between the orbits of Mars
and Jupiter. Most of the present-day sur-
vivors of the planetesimals, the asteroids,
orbit between Mars and Jupiter but the
APOLLO and AMOR OBJECTS do stray within
the orbits of the Earth or Mars and, to-
gether with cometary nuclei, still produce
occasional impacts, although at a much re-
duced rate (see also near-Earth asteroid).

During a crater-forming impact, the ki-
netic energy of the impacting body, which
may be several kilometers across and mov-
ing at many kilometers per second, goes to-
ward vaporizing and compressing much of
itself and the rock on which it impinges. It
is the subsequent explosion of these gases
that excavates the crater, throwing ma-
terial (EJECTA) away from the crater center
to form the rim and the crater’s hummocky
EJECTA BLANKET. Chunks within the ejecta
give rise to secondary impact craters
nearby. In a large crater the steep inner rim
can then slump to form the observed ter-
races, while the central peaks may arise
from a rebound of the rocks immediately
below the site of the explosion. Craters
may also initially have RAY systems, i.e.
bright streaks radiating outward from the
crater. In the equatorial and midlatitude
regions of Mars, the ejecta deposits sur-
rounding many impact craters consist of
several overlapping lobes, so that they ap-
pear to be surrounded by ‘moats’ and ram-
part-like ridges. These so-called rampart
craters have an ejecta morphology that is
believed to result when an impacting object
rapidly melts subsurface ice. The presence
of liquid water mixed in with the ejecta
material allows it to flow along the ground
and produce the characteristic moat-and-
rampart effect.

Later impacts may destroy an existing
crater completely, form a new overlapping
crater, or partly fill the crater with ejecta.
Lava may well up through cracks in the
floor of the largest impact features to pro-
duce lava plains, such as the lunar maria.
There may be rim obliteration and erosion
and the occurrence of isostatic uplift. As a
result the depth-to-diameter ratio, which
for lunar craters may be as high as 1:5, de-
creases. On the Earth, erosion by wind,
water, ice, and tectonic forces has removed

nearly all the evidence that our planet was
subject to the same ancient bombardment
as the Moon; only a few recent impact
craters, such as the Barringer crater in Ari-
zona, remain relatively intact. Over 120
space-impact sites have been identified on
the Earth. They occur worldwide, and
most are more than 50 million years old.

Crepe ring /krayp/ See Saturn’s rings.

Cressida /kress-ă-dă/ A small satellite of
Uranus, discovered in 1986. See Uranus’
satellites; Table 2, backmatter.

Crisium, Mare /krÿ-see-ŭm, -zee-/ A
lava-filled BASIN close to the Moon’s east-
ern limb from which soil was returned by
LUNA 24.

critical density See mean density of
matter.

Crommelin’s comet /kroh-mĕ-linz/ An
inconspicuous comet with a period of 27.7
years, first observed in 1818. Its apparition
in March 1984 was observed internation-
ally: the results were used to test techniques
to be used in the observation of HALLEY’S
COMET, perihelion Feb. 1986, the observ-
ing conditions for the two comets being
very similar.

cross-correlation function See auto-
correlation function.

crossing time 1. The time taken for an
object to make a crossing of a larger system
under the influence of gravitational dy-
namics, for example a star crossing a
galaxy or a galaxy crossing a cluster of
galaxies.
2. See time of flight.

cross-talk The undesirable exchange of
signals between closely spaced electrical el-
ements. The ANTENNAS of a radio INTERFER-
OMETER can exhibit cross-talk when they
are close together. It may also occur if they
are observing at low elevations, when one
antenna may ‘see’ the back of another.
Cross-coupling of noise produces an addi-
tional correlated output from the interfer-

Crepe ring
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ometer that must be accounted for. Some
sorts of cross-talk can be removed by
phase-switching the local oscillators sup-
plied to different antennas at different
frequencies (see phase-switching interfer-
ometer).

CRRES Abbrev. for Combined Release
and Radiation Effects Satellite, a joint
NASA/US Air Force satellite launched July
1990 into a highly elliptical Earth orbit to
monitor the plasma in the MAGNETOSPHERE.
Its instruments were designed to measure
the energy, mass, and direction of flow of
charged particles and check the effects of
radiation on a package of electronic de-
vices and components. The satellite per-
formed several of its experiments well, but
contact with it was lost Oct. 12 1991, pre-
sumably because of onboard battery fail-
ure.

crust The outermost solid layer of a ter-
restrial planet or a satellite, consisting of
rock, ice, or a mixture of the two. See also
Earth.

Crux /kruks/ (Crux Australis; Southern

Cross) The smallest but one of the most
conspicuous of all the constellations in the
sky, located in the southern hemisphere
and lying in the Milky Way. The four
brightest stars, ALPHA (α), BETA (β), Gamma
(γ), and Delta (δ) Crucis form a cross (see
illustration). The zero-magnitude Alpha
and the 1st-magnitude red giant Gamma
form the longer arm that points approxi-
mately to the south celestial pole. The 1st-
magnitude Beta and 2nd-magnitude Delta
form the transverse arm. The 3rd-magni-
tude Epsilon (ε), between Alpha and Delta,
interferes with the figure’s regularity. The
area also contains the brilliant cluster the
JEWEL BOX and the dark COALSACK nebula.
Abbrev.: Cru; genitive form: Crucis; ap-
prox. position: RA 12.5h, dec –60°; area:
68 sq deg.

cryogenic cooling /krÿ-ŏ-jen-ik/ The
cooling of instruments, etc., to very low
temperatures, usually using liquid helium
or liquid nitrogen. See infrared detectors;
infrared telescope.

CSO Abbrev. for Caltech Submillimeter
Observatory.
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C stars See carbon stars.

CTIO Abbrev. for Cerro Tololo Inter–
American Observatory.

C-type asteroids The most common
class of ASTEROID in the outer main belt,
having surfaces that are similar in compo-
sition to CARBONACEOUS CHONDRITE mete-
orites. Ultraviolet absorption features vary
in relative strength according to the
amount of water of hydration in the sur-
face material. There are three subclasses:
B-type asteroids have a higher ALBEDO than
the average C; F-types have weak to nonex-
istent UV absorption features; G-types
have a strong UV absorption feature.

Culgoora /kul-goor-ă/ The site, near
Narrabri, northern New South Wales.
Australia, of the Paul Wild Observatory at
which the AUSTRALIA TELESCOPE’s Compact
Array is located. It is also the site of Sydney
University’s Stellar Interferometer (SUSI), a
radiospectrograph, and a 96-dish RADIO

HELIOGRAPH, 3 km in diameter, used
1967–84 to make radio images of the Sun.

culmination /kul-mă-nay-shŏn/ (meridian

passage) The passage of a celestial body
across an observer’s MERIDIAN. As a result
of the Earth’s rotation this occurs twice
daily although both culminations can be
observed only for CIRCUMPOLAR STARS.
Upper culmination (or transit) is the cross-
ing closer to the observer’s ZENITH; for cir-
cumpolar stars and the Moon this is also
called culmination above pole. Lower cul-
mination (or culmination below pole for
circumpolar stars and the Moon) is the
crossing farther from the zenith.

curvature /ker-vă-cher/ See radius of
curvature.

curvature of field (field curvature) A
minor ABERRATION of a lens or mirror
whereby an object lying in a plane perpen-
dicular to the optical axis produces an
image lying not on a plane but on a curved
surface. If there is any ASTIGMATISM present
there will be two curved focal surfaces.

curvature of spacetime See spacetime.

cusp Either of the tapering points of the
crescent phase of the Moon, Venus, or
Mercury.
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cyclotron radiation /sÿ-klŏ-tron/ Elec-
tromagnetic radiation emitted by non-rela-
tivistic charged particles moving in a
magnetic field. In a constant of B tesla, par-
ticles of mass m and charge q will perform
helical motions around the field lines with
a frequency qB/(2πm), emitting cyclotron
radiation at the same frequency. This type
radiation is circularly polarized, and can be
detected from the Sun, some planets and
some X-ray pulsars including HERCULES X-
1. At speeds approaching that of light the
process is more complicated, and the parti-
cles emit SYNCHROTRON radiation over a
range of frequencies.

Cygnids /sig-nidz/ A minor METEOR

SHOWER, radiant: RA 290°, dec +55° (near
Kappa Cygnus), that maximizes on Aug.
20.

Cygnus /sig-nŭs/ (Swan) A large con-
spicuous constellation in the northern
hemisphere, lying in the Milky Way. The
five brightest stars – Alpha (α) (1st mag.),
Gamma (γ), Epsilon (ε), and Delta (δ) (2nd
mag.), and Beta (β) (3rd mag.) – form the
Northern Cross: α, γ, β comprise the long
arm and ε, γ, δ the transverse arm. Alpha is
the extremely luminous supergiant DENEB

and Beta the beautiful binary ALBIREO.
There are several other noticeable binaries
and some variables, including the MIRA

STAR Chi (χ) Cygni, the brightest DWARF

NOVA SS Cygni, and the highly luminous
unstable P CYGNI. There is a large open
cluster, M39 (NGC 7092), some complex
emission and dark nebulosity, and the su-
pernova remnant known as the CYGNUS

LOOP, comprising several bright nebulae.
The constellation also contains the star
61 CYGNI, the powerful radio source
CYGNUS A, and the X-ray binaries CYGNUS

X-1 and CYGNUS X-3. Cygnus X-1 and the
object V404 Cygni are promising BLACK-
HOLE candidates. Abbrev.: Cyg; genitive
form: Cygni; approx position: RA 20.5h,
dec +40°; area: 804 sq deg. See also North
America Nebula.

Cygnus A An intense RADIO SOURCE in
Cygnus that has a FLUX DENSITY at 178
megahertz of 8100 JANSKY. It is a typical

double radio source (see illustration at
radio-source structure) and is identified
with a 16-magnitude RADIO GALAXY; a nar-
row radio jet connects the central galaxy to
the NW lobe. The galaxy has a REDSHIFT of
0.057, indicating a distance of about 230
megaparsecs, and a SPECTRAL INDEX of –0.8
below 1 GHz. It is the brightest low-red-
shift radio source, with a radio luminosity
more typical of very distant radio galaxies
(those above a redshift of one).

The galaxy is at the center of a cooling
flow cluster (see clusters of galaxies), and
its optical spectrum is rich in forbidden
emission lines. It also contains a polarized
blue continuum that is due to scattered
light from a hidden quasar nucleus.

Cygnus Loop An EMISSION NEBULA in
the constellation Cygnus. The Veil nebula
(NGC 6960, 6990, 6995) forms part of the
Cygnus Loop. It is the SUPERNOVA REM-
NANT of a star that exploded probably
some 50 000 years ago. The remnant now
has an area of about 3 square degrees and
is about 800 parsecs away. Its rate of ex-
pansion has gradually slowed to its present
100 km s–1 as the expanding shell collides
with and sweeps up any surrounding inter-
stellar matter. This creates a shock wave
that compresses, heats, and ionizes the gas
atoms, which then become visible as the
emission nebula.

Cygnus X-1 An intense galactic X-ray
source and the first to yield good observa-
tional evidence for the existence of a BLACK

HOLE of stellar mass. Identification of
Cygnus X-1 in 1971 with the luminous su-
pergiant star HDE 226868 was followed
by the discovery of a 5.6-day binary pe-
riod. Analysis of the optical observations
showed the mass of the ‘unseen’ compan-
ion star (the X-ray source) to lie in the
range 6–15 solar masses, well above the
limit allowed for a NEUTRON STAR (≤ 3 solar
masses) or WHITE DWARF (≤ 1.4 solar
masses). Support for the view that Cygnus
X-1 involves gas accretion from the optical
supergiant onto a black hole is provided by
the rapid (millisecond) and irregular vari-
ability of the X-ray emission.

111

Cygnus X-1



Cygnus X-3 A luminous X-RAY BINARY

source with an unusually short (4.8 hour)
binary period. The short period suggests
that the system consists of a NEUTRON STAR

and a low-mass companion. Recent in-
frared spectra show strong helium emis-
sion lines as for a WOLF-RAYET companion
star. The sinusoidal X-ray LIGHT CURVE is
interpreted as being due to scattering of X-
rays from the (unseen) central source by a
hot dense wind driven off the companion
star. Cygnus X-3 occasionally produces

strong sometimes violent radio flares, first
observed in 1972, between which it shows
variable radio emission with a dominant
component having a periodicity of 4.8
hours, similar to the X-ray period. Ex-
tremely high energy (>1015 eV) gamma
rays have also been detected, though not
recently. These observations make Cygnus
X-3 a unique source. It is postulated that
the unusual properties may arise from very
rapid rotation of the neutron star embed-
ded in the dense wind of its companion star.

Cygnus X-3
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Dactyl /dak-tăl/ See Ida.

Damocles-5335 /dam-ŏ-kleez/ An as-
teroid with an unusual very elliptical orbit
that carries it from between 22 and 1.6 as-
tronomical units from the Sun. It was dis-
covered in 1991.

damped Lyman-alpha system See
quasar.

dark ages The period between the re-
combination epoch and the formation of
the first bright galaxies. Toward the end of
this time the first generation of stars must
have formed in PROTOGALAXIES, and cre-
ated the first heavy elements. The absence
of observable radiation renders this period
‘dark’. Only when sufficient stars or
quasars have formed to reionize the INTER-
GALACTIC medium (as revealed by the GUNN–
PETERSON TEST) is this period observable.

dark cloud See dark nebula.

dark energy The energy associated with
the acceleration of the expansion of the
Universe. About three-quarters of the en-
ergy of the Universe exists in the form of
dark energy. The existence of dark energy
can be taken into account using a nonzero
value for the cosmological constant but the
nature of this energy is not understood at
the present time.

dark halo The large region around our
Galaxy and other galaxies that is believed
to contain distributed DARK MATTER. Its
presence is revealed from the shape of RO-
TATION CURVES. See Galaxy.

dark halo crater A small lunar crater,

originally believed to be volcanic (e.g. a
cinder cone or fumarole) but now consid-
ered to be produced when an impacting
meteorite excavates dark surface materials.

dark matter Matter that probably com-
prises 75% (or more) of the mass of the
Universe but is undetectable except by its
gravitational effects. Dark matter was first
suspected in CLUSTERS OF GALAXIES when
the galaxies were found to move with too
high a speed to be retained in the cluster by
their gravitational influence on each other.
The term missing mass was coined for the
necessary invisible matter in the cluster,
amounting to 10 to 100 times the amount
of visible matter in the galaxies and in the
INTERGALACTIC MEDIUM. In the 1970s inves-
tigations of the rotation of spiral galaxies
indicated that these galaxies have a DARK

HALO containing some 10 times as much
matter as the visible galaxy. Simultane-
ously statistical analyses of the motions of
galaxies on a larger scale than clusters sug-
gested that the Universe in general has a
ratio of perhaps 4:1 of dark matter to bary-
onic matter (except within galaxies, where
ordinary matter dominates).

The nature of the dark matter is highly
elusive, and there is no certainty even that
the dark haloes of spiral galaxies consist of
the same matter as the missing mass of
clusters and the Universe at large. A pro-
portion may consist of objects composed
of normal matter, but according to stan-
dard BIG-BANG models the whole of the
missing mass cannot consist of matter con-
taining BARYONS (protons and neutrons)
since that amount of baryonic matter
would have produced a higher abundance
of helium than is observed. The bulk of the
dark matter does not therefore consist of



dim stars or smaller chunks of solid matter,
nor of BLACK HOLES that have formed from
stars.

If the dark matter candidate was mov-
ing at velocities comparable to the speed of
light as it decoupled from the early Uni-
verse, it would subsequently smear out all
early fluctuations except on the very
largest scales (see microwave background
radiation). This candidate, known as hot
dark matter, thus predicts that SUPERCLUS-
TERS of galaxies were the first structures to
form, fragmenting later to form bound
clusters and galaxies in a top-down sce-
nario. This theory is no longer in favor be-
cause it has problems with the formation of
galaxies at high REDSHIFTS, and is in con-
tradiction with the anisotropies detected in
the microwave background by the satellite
COBE.

Alternatively, cold dark matter (CDM)
particles are created and have low VELOC-
ITY DISPERSIONS now and would have be-
come trapped in baryonic gravitational
potentials of galactic size when they decou-
pled. Clusters and superclusters would
thus form later in the life of the Universe
due to the mutual gravitational attraction
of the galaxies. This bottom-up scenario is
known as hierarchical clustering. Com-
puter simulations of galaxy clustering, the
observed galaxy CORRELATION FUNCTION,
and recent X-ray observations of cluster
evolution support the concept of cold dark
matter. While consistent with the COBE
observations, the CDM model needs fur-
ther refinements to produce the observed
LARGE-SCALE STRUCTURE of the Universe
from the original spectrum of microwave-
background fluctuations.

Candidates for cold dark matter are ex-
otic elementary particles, including closed
COSMIC STRINGS, WIMPs, AXIONS, and SUPER-
SYMMETRY particles such as NEUTRALINOS,
photinos and gravitinos. Hot dark matter
candidates include NEUTRINOS with non-
zero but small mass.

See also galaxies, formation and evolu-
tion.

dark nebula (dark cloud; absorption neb-
ula) A cloud of interstellar gas and dust
that is sufficiently dense to obscure par-

tially or completely the light from stars and
other objects lying behind it and suffi-
ciently large and suitably located to pro-
duce a noticeable effect. These NEBULAE can
be observed as dark extrusions in front of
bright (EMISSION or REFLECTION) nebulae or
as blank regions or regions with a greatly
diminished number of stars in an otherwise
bright area of sky. In external galaxies they
are often observed against the bright spiral
arms, where they appear as dark dust
lanes. In our own Galaxy the dark clouds
in Taurus are the nearest sites of STAR FOR-
MATION to the Sun. Although the absorp-
tion is caused by COSMIC DUST, the dark
nebulae are composed predominantly of
molecular hydrogen. Small dark nebulae,
called BOK GLOBULES, can sometimes be
seen in large numbers superimposed on
bright nebulae. Although having no optical
features dark nebulae can be studied
through their radio and infrared emissions.
The COALSACK, HORSEHEAD NEBULA, and the
GREAT RIFT are dark nebulae.

Darwin A ‘cornerstone’ mission of
ESA’s HORIZON 2000 program that aims to
contribute to humanity’s search for Earth-
like planets around nearby stars on which
life as we understand it may have evolved
or could be supported. It takes the form of
a space-based infrared interferometer that
will be used to seek out such extrasolar
planets and then discover by spectral
analysis whether the planets have atmos-
pheres containing carbon dioxide, ozone
(showing evidence of photosynthesis), and
water. Darwin will consist of seven space-
craft, six of them carrying a 1-meter-class
telescope functioning in the near infrared
(6–17 µm) and linked in to a nulling inter-
ferometer in the centrally placed seventh
craft. All the telescopes will be focused on
each selected nearby star in turn. If a planet
is revolving about the star, any light it re-
flects will be swamped by light from the
star. The separate images the telescopes
pick up will be fed to the seventh craft
where they will be combined to cancel out
the star’s light, leaving only that of the
planet, if there is one. This ambitious pro-
ject is planned for launch in or after 2015.

dark nebula
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DA stars See white dwarf.

database An organized collection of re-
lated data that is stored in a computer sys-
tem and is accessed by means of a set of
programs known as a database manage-
ment system. A database may provide data
that is available to all users of a computer
system and may be shared by a number of
different applications. Examples include
ESA’s EXOSAT DATABASE and NASA’s AS-
TROPHYSICS DATA SYSTEM.

data-relay satellite A satellite in geo-
stationary orbit, used to pass data between
other satellites or space platforms in low
Earth orbits and stations on the ground.
The DRS proposed by ESA will be com-
patible with NASA’s TDRSS and Japan’s
DTRS.

Davida /dă-vee-dă/ ((511) Davida) A
large ellipsoidal C-type asteroid, discov-
ered 1903 by Raymond Smith Dugan. It
has a well-defined spin axis that is pointing
in a fixed direction and is not precessing.
The rotation period is about 5.13 hours.
Davida orbits the Sun at a mean distance of
3.2 AU once every 5.64 years. Ground-
based high-resolution pictures taken from
the W.M. Keck Observatory reveal that the
surface is very smooth and uniform. The
mean diameter is about 326 km.

Davy Chain /day-vee/ A prominent
CRATER CHAIN on the Moon that was pro-
duced by secondary EJECTA.

Dawes limit /dawz/ See resolution.

Dawn A proposed NASA asteroid or-
biter scheduled for launch in May 2006.
Approved as a low-cost science mission for
NASA’s Discovery program in 2001, the
Dawn spacecraft is set to visit two of the
largest asteroids in the Solar System, (1)
Ceres and (4) Vesta. The overall purpose of
the mission is to investigate fully the phys-
ical makeup of these incipient planets and
learn more about the origin of the Solar
System and advance our understanding of
the formation of the inner planets. The
Dawn mission will build upon the highly

successful ion-propulsion technology first
used in NASA’s DEEP SPACE 1. NASA scien-
tists plan for the Dawn probe to visit Vesta
first, arriving there in July 2010 and re-
maining in orbit for the following seven
months or more. Dawn will be expected to
rendezvous with Ceres in August 2014. In
each case, the orbiter is expected to come
as close as 100 km to the surface of the as-
teroid it will be circling.

day The period of the Earth’s rotation
on its axis, equal to 86 400 seconds (24
hours) unless otherwise specified.

day numbers Quantities that depend on
the position and motion of the Earth, and
are used in reducing mean place of a celes-
tial object to apparent place.

dec Short for declination.

decametric radiation /dek--metă-rik/
Radio waves with wavelengths lying in the
waveband 10–100 meters, i.e. in the fre-
quency band 3–30 megahertz.

deceleration parameter /dee-sel-ĕ-ray-
shŏn/ Symbol: q0. The rate at which the
expansion of the Universe changes with
time as a result of self-gravitation. It is di-
mensionless and can be given in terms of
the COSMIC SCALE FACTOR, 

R: q0 = –R(d2R/dt2)/(dR/dt)2

Values of q0 less than 0.5 are associated
with an ever-expanding open Universe;
values exceeding 0.5 imply that the Uni-
verse is closed and will collapse at a finite
time in the future. If q0 is equal to 0.5 then
the Universe is infinite and space is Euclid-
ean. See also mean density of matter; Uni-
verse.

De Chéseaux’s comet /dĕ-shay-sohz/ A
magnificent comet of 1744 that reached
magnitude –3 in late February. It is named
for the Swiss astronomer who computed its
orbit and described its impressive multiple
fanlike tails.

decimetric radiation /dess-ă-met-rik/
Radio waves with wavelengths lying in the
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waveband 0.1–1 meter, i.e. in the fre-
quency band 300–3000 megahertz.

declination /dek-lă-nay-shŏn/ (dec)   Sym-
bol: δ. A coordinate used with RIGHT AS-
CENSION in the EQUATORIAL COORDINATE

SYSTEM. The declination of a celestial body,
etc., is its angular distance (from 0° to 90°)
north (counted positive) or south (counted
negative) of the celestial equator. It is mea-
sured along the hour circle passing through
the body.

declination axis The axis at right an-
gles to the POLAR AXIS about which a tele-
scope on an EQUATORIAL MOUNTING is
turned in order to make adjustments in
declination. The optical axis then follows a
particular hour circle across the sky.

declination circle A SETTING CIRCLE on
the declination axis that enables an equa-
torially mounted telescope to be set at the
declination of the object to be observed. Its
scales are graduated from 0°, when the
telescope is aligned with the celestial equa-
tor, to ±90°, when it is aligned with the
north or south poles.

deconvolution /dee-kon-vŏ-loo-shŏn/
The recovery (‘unsmearing’) of data, such
as an astronomical image, that has been
convolved (see convolution) with a re-
sponse function, such as a telescope BEAM.
The process is nearly always carried out on
a computer using one or more deconvolu-
tion algorithms (see aperture synthesis). It
can greatly improve the fidelity of images,
particularly when the convolving function
is well defined. The process is used exten-
sively in aperture synthesis to remove arti-
facts generated by the synthesized beam
and greatly improved the early perfor-
mance of the HUBBLE SPACE TELESCOPE.

decoupling era See Big Bang theory.

Deep Impact A NASA probe launched
Jan. 12 2005 and set to rendezvous with
Comet Tempel 1 in July of the same year.
The spacecraft carried a copper-tipped
projectile the size of a washing machine
that was scheduled to crash into the comet,

blasting a hole in its surface. Scientists in-
tended that the impact should expose the
comet’s interior, revealing information on
its chemical and physical makeup and pro-
viding data that would advance our under-
standing of what the Solar System was like
when the planets began to form more than
4.6 billion years ago.

deep-sky object Any object that is not a
member of the Solar System. In general, the
term is applied to nebulae, star clusters,
galaxies, and clusters of galaxies, but not
usually to stars.

Deep Space 1 An uncrewed NASA
spacecraft, launched Oct 1998 from Cape
Canaveral, Florida, USA, on top of a Boe-
ing Delta rocket. Its primary mission was
to test advanced technologies that could
lower the cost and risk involved in future
scientific interplanetary exploration. Chief
among these technologies was a new ion
propulsion system utilizing atomic parti-
cles rather than conventional chemical
fuel. An ion propulsion engine, first used
for station-keeping by the PAS-5 telecom-
munications satellite in 1997, generates
thrust by accelerating positively charged
ions in a chamber of xenon through a series
of gridded electrodes at one end of the
chamber. Although such an engine pro-
duces only a tiny amount of thrust, the lack
of atmospheric drag in outer space means
that the thrust’s effect builds up, allowing
a probe to travel faster and farther. An ion
propulsion engine is also very fuel-effi-
cient, with a level of consumption about
10% of that of a conventional rocket en-
gine. Thus, with an engine requiring less
propellant than a normal spacecraft, Deep
Space 1 was relatively light, its mass at
liftoff, including fuel, being just 486.32 kg.
By mid-August 2000, the ion propulsion
engine had logged 200 days of operation. It
continued functioning well until the probe
was shut down in December 2001.

Deep Space 1 successfully tested 12 new
technologies in all. Among the others were
a Miniature Integrated Camera Spectrome-
ter, low-power electronics, and a Small
Deep Space Transponder. In the process
the probe flew by two asteroids, (9969)

declination
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Braille and 1992 KD. In September 1999
NASA decided to extend Deep Space 1’s
mission and sent it to encounter Comet
Borelly. It successfully accomplished this
activity in September 2001, returning valu-
able scientific data and excellent images.
Deep Space 1 proved to be one of NASA’s
most successful low-budget missions, with
total costs just short of $150 million.

Deep Space Network (DSN) A net-
work of radio DISHES used by NASA for
communications from and to spacecraft
beyond the Moon, including the VOYAGER

and PIONEER PROBES now in the outer Solar
System. Some Earth-orbiting missions also
utilize the DSN. Three standard radio
dishes, 70 meters in diameter and equipped
with highly sensitive receivers, are located
at Goldstone in the Mojave Desert, Cali-
fornia, at Tidinbilla near Canberra, Aus-
tralia, and at Robledo near Madrid, Spain.
As the Earth rotates, there will always be
one DSN station that can receive signals
from a spacecraft.

deferent /def-ĕ-rĕnt/ See Ptolemaic sys-
tem.

deflection of light See relativity, gen-
eral theory.

dE galaxy Short for dwarf elliptical
galaxy. See dwarf galaxy.

degeneracy pressure /di-jen-er-ă-see/   See
degenerate matter.

degenerate matter Matter in a highly
dense form that can exert a pressure as a
result of quantum mechanical effects. De-
generate matter occurs in WHITE DWARFS

and NEUTRON STARS. During the GRAVITA-
TIONAL COLLAPSE of a dying star, the elec-
trons are stripped from their atomic nuclei,
and nuclei and electrons exist in a closely
packed, highly dense mass. As the density
increases, the number of electrons per unit
volume increases to a point when the elec-
trons can exert a considerable pressure,
called degeneracy pressure. This pressure is
a result of the laws of quantum mechanics.
Unlike normal pressure, degeneracy pres-

sure is essentially independent of tempera-
ture, depending primarily on density. At
the immense densities typical of white
dwarfs (107 kg m–3 or more) it becomes
sufficiently large to counteract the gravita-
tional force and thus prevents the star from
collapsing further. The gross properties of
a white dwarf are therefore described in
terms of a gas of degenerate electrons.

Above a certain stellar mass (the CHAN-
DRASEKHAR LIMIT) equilibrium cannot be
attained by a balance of gravitational force
and electron degeneracy pressure. The star
must collapse further to become a neutron
star. It is then the degeneracy pressure ex-
erted by the tightly packed neutrons that
balances the gravitational force. See also
black hole.

degenerate star A star composed pri-
marily of degenerate matter, especially a
WHITE DWARF or a NEUTRON STAR.

Deimos /dÿ-mos/ A satellite of Mars,
lying farther from the planet than the
slightly larger satellite PHOBOS. Like Pho-
bos, it was discovered in 1877 by the US
astronomer Asaph Hall. Deimos is an ir-
regular body measuring 15 × 12 × 11 km,
and orbits above Mars’ equator at a dis-
tance of 23 460 km from the center of the
planet in a period of 1.26 days. It orbits
with its long axis radially aligned with the
planet. Like Phobos, it may be a captured
ASTEROID of a type similar to the CARBONA-
CEOUS CHONDRITE meteorites. However, it
appears to have none of the grooves and
crater chains found on Phobos and many
of its craters are less distinct, probably be-
cause of infilling by crater ejecta that may
lie tens of meters thick on the surface. The
larger craters, such as Voltaire and Swift,
measure only about 1.3 km across. See
Table 2, backmatter.

Delphinus /del-fÿ-nŭs/ (Dolphin) A
small constellation in the northern hemi-
sphere near Cygnus, the brightest stars
being of 3rd magnitude (α) and 4th magni-
tude (β, γ); all three are double stars. Ab-
brev.: Del; genitive form: Delphini;
approx. position: RA 20.5h, dec +10°;
area: 189 sq deg.
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delta /del-tă/ (δδ) 1. The fourth letter of
the Greek alphabet, used in STELLAR

NOMENCLATURE usually to designate the
fourth-brightest star in a constellation or
sometimes to indicate a star’s position in a
group.
2. Symbol for declination.

Delta Aquarids See Aquarids.

Delta Cephei /see-fee-ÿ/ See Cepheid
variables.

Delta Scuti stars /skyoo-tÿ/ A class of
relatively young PULSATING VARIABLES, typi-
fied by Delta Scuti, that are about 1.5–3
solar masses and range in spectral type
from about A3 to F6. They were originally
grouped with the DWARF CEPHEIDS. They
are numerous but tend to be inconspicuous
because of the very small variation in
brightness, usually about 0.01–0.4 magni-
tudes. Like dwarf Cepheids they have very
short periods ranging from about 0.5–8
hours. A typical feature is a variation in the
amplitude and shape of the light curve. Ir-
regularities in the light-curve contour re-
sult from the superimposition of two or
more harmonic modes in which the star is
pulsating; nonradial pulsations may also
be present.

delta T Symbol: ∆T. From 1984, the in-
crement to be added to UNIVERSAL TIME,
UT1, to give terrestrial DYNAMICAL TIME,
TDT. Prior to 1984 it was the increment to
be applied to UT1 to give EPHEMERIS TIME.
∆T is not constant but at present is increas-
ing in an irregular manner: between 1970
and 1990 it changed from +40 to +57 sec-
onds, and is predicted to be +67 seconds by
2010.

Demon Star See Algol.

Deneb /den-eb/ (αα Cyg) A very luminous
remote white supergiant that is the bright-
est star in the constellation Cygnus and lies
at one end of the long arm of the Northern
Cross, with ALBIREO (β Cyg) at the other
(the name Deneb is Arabic for ‘tail’).
Deneb is one of the biggest and brightest
stars known, with a mass at least 25 times

that of the Sun. It has a luminosity of be-
tween 60 000 and 250 000 times the Sun’s
brightness, depending on the accuracy of
our distance estimates for it. It has very low
proper motion (0″.003 per year), and mea-
surements of its very small parallax by
Hipparcos suggest that it lies about 990
parsecs from the Sun, although other esti-
mates place it 500 pc away. mv: 1.25; Mv:
–7.2 or –8.6; spectral type: A2 Ia.

Denebola /dĕ-neb-oh-lă/ (ββ Leo) A
white star that is the third-brightest in the
constellation Leo. It marks the ‘tail’ of Leo,
the Lion. It is surrounded by a ring of dust
that emits infrared radiation and may pos-
sibly indicate the early stages of a planetary
system. mv: 2.13; Mv: 1.5; spectral type:
A3 V; distance: 13 pc.

dense core A small centrally condensed
MOLECULAR CLOUD, typically of less than
500 solar masses. The central density is
high enough to excite lines of ammonia
and carbon monosulphide (CS), the latter
observed with millimeter-wave telescopes.
Many of these cores contain IRAS point
sources that appear to be YSOs with lumi-
nosities indicating low-mass stars.

densitometer /den-să-tom-ĕ-ter/ An in-
strument for measuring the density of
exposure of a photographic emulsion.
Densitometers have a light source and pho-
tocell to measure the transmission (or re-
flection) of the sample. They are used in
obtaining quantitative measurements from
photographic records of spectra, diffrac-
tion experiments, etc.

density 1. Symbol: ρ. The mass per unit
volume of a body or material. The mean
density of a celestial body is its total mass
divided by its total volume. A wide varia-
tion in densities is found in the Universe,
ranging from about 10–20 kg m–3 for inter-
stellar gas to over 1017 kg m–3 for neutron
stars. The MEAN DENSITY OF MATTER in the
Universe is of the order of 10–27 kg m–3.
2. The number of electrons, ions, or other
particles per unit volume.

density parameter Symbol: ω A key pa-

delta
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rameter in determining the fate of the Uni-
verse. It is defined as the ratio of the actual
density of matter in the Universe to the crit-
ical density, where the critical density is the
density of matter above which an expand-
ing Universe will eventually recollapse. It is
currently thought that the value of ω is
about 0.3. Before 1980 it was one of the
mysteries of cosmology as to why the value
of ω is fairly close to 1. The theory of IN-
FLATION provides an explanation of why
this is the case.

density-wave theory A theory that at-
tempts to explain how the structure of a
spiral galaxy is sustained by the flow of
material in and out of the regions of the
spiral arms under the influence of gravity.
It was proposed in 1964 by C.C. Lin and
F.H. Shu and based on work by B. Lind-
blad. The spiral structure is not permanent:
it is regarded as a wave pattern in which
the spiral arms are regions of low gravita-
tional potential where matter concentrates.
The spiral arms therefore comprise the loci
of wave crests of a density wave. The wave
pattern is not tied to the matter but moves
through it at an angular velocity that can
differ appreciably from that of the matter;
the relative motion is on average about 30
km s–1. It is this motion that somehow
maintains the overall appearance of the
galaxy.

Stars move into the traveling gravita-
tional troughs of the spiral arms and can
remain there for a considerable time until
their orbits take them out again. Interstel-
lar gas also comes under the influence of
the density wave. It has been suggested that
when the gas encounters the moving wave
it undergoes a sudden compression, which
in turn could be a possible trigger for inter-
stellar cloud collapse and star formation.
Young stars should therefore be found
preferentially in spiral arms, which is in-
deed the case.

Although the density-wave theory ex-
plains the spiral shape of galaxies and the
presence of young stars in spiral arms, it
does not show how the density wave origi-
nated. In addition it predicts the dissipa-
tion of the spiral arms after only a few
galactic rotations, i.e. after several hundred

million years, which is much shorter than
the lifetime of galaxies. The theory is
widely believed to apply to galaxies suffer-
ing gravitational perturbations from a
passing neighbor or from the central bar of
a barred spiral galaxy: these galaxies have
sharply defined arms. The patchier arms of
many isolated galaxies may not be due to
density waves but to SELF-PROPAGATING

STAR FORMATION.

Descartes formation /day-kart/   A range
of lunar hills to the NW of Mare Nectaris
that have an unusually high ALBEDO. They
were once thought to consist of acid vol-
canics but are now considered to have been
impact-generated.

descending node See nodes.

Desdemona /dez-dĕ-moh-nă/ A small
satellite of Uranus, discovered in 1986. See
Uranus’ satellites; Table 2, backmatter.

de Sitter model /dĕ-sit-er/ See cosmo-
logical models.

Despina /dess-pee-nă/ A small satellite
of Neptune, discovered in 1989. See Table
2, backmatter.

detached binary See binary star;
equipotential surfaces.

detector The component in an instru-
ment that is sensitive to the radiation or
particles under observation. It may, for ex-
ample, be an array of CCDs or a photo-
graphic plate. See also imaging.

deuterium /dew-teer-ee-ŭm/ See hydro-
gen.

de Vaucouleurs’ law /dĕ-voh-koo-lerz/
A mathematical model that is a good fit to
the observed radial brightness profile of el-
liptical galaxies. It was derived empirically
from observations by G. de Vaucouleurs.

dew-cap An extension fitted to a tele-
scope tube on a damp night to prevent the
condensation of water vapor on the outer
element of the telescope. It may simply be a
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nonconducting (e.g. card) tube or may con-
tain a heating element.

diagonal mirror See Newtonian tele-
scope.

Diamond of Virgo See Spica.

diamond-ring effect A bright flash of
sunlight from a conspicuous BAILY’S BEAD

sometimes very briefly observed, together
with the solar CHROMOSPHERE, at the
Moon’s limb just before or after totality
during a solar eclipse.

diaphragm /dÿ-ă-fram/ See stop.

dichotomy /dÿ-kot-ŏ-mee/ The moment
of exact half-phase of the Moon, Mercury,
or Venus.

dichroic extinction /dÿ-kroh-ik/ Ex-
tinction by aligned grains of INTERSTELLAR

DUST, which causes POLARIZATION of
starlight. Light with its polarization vector
lying along the projected long axis of the
grain is absorbed more than light of the or-
thogonal polarization. This gives rise to a
net excess of light polarized perpendicular
to the direction of grain alignment. See also
interstellar extinction.

Dicke-switched receiver /dik/ A radio-
astronomy RECEIVER in which the input is
continuously switched between the AN-
TENNA and a reference noise source of con-
stant noise power. The switching, at a rate
of between 10 and 1000 hertz, is carried
out by a Dicke switch, which is typically a
semiconductor-diode switch or a ferrite
switch. The switching reduces the fluctua-
tions in the output of the receiver that arise
from GAIN changes in the amplification
stages and seriously limit the performance
of total-power RECEIVERS. The amplitude of
the component at the switching frequency
in the output of the first detector is pro-
portional to the difference in powers be-
tween the noise source and the antenna; it
is detected using a PHASE-SENSITIVE DETEC-
TOR. The effect of a change in gain is much
reduced provided that the change takes

place much more slowly than in one switch
cycle.

differential rotation /dif-ĕ-ren-shăl/    Ro-
tation of different parts of a system at dif-
ferent speeds. It occurs in a system, such as
a star, composed primarily of gas. A solid
body, such as the Earth, rotates uniformly.
The SUN and the giant planets, such as
Jupiter, rotate differentially such that their
equatorial regions move somewhat faster
than areas closer to the poles. See also
galactic rotation.

differentiation /dif-ĕ-ren-shee-ay-shŏn/
The process by which layers of different
density are formed from originally homo-
geneous molten rock. It is generally ac-
cepted that melting and differentiation
occurred very early in the history of the
Earth and resulted from the rapid increase
in the young planet’s temperature; the heat
was generated by decay of radioactive ele-
ments in the planetary material, from the
impact of infalling material, and from con-
traction of the planet. The widespread
melting led to massive differentiation of
the Earth into the iron-rich core and the
lighter silicate (rocky) regions of the man-
tle and crust (see Earth). Differentiation
also occurred on other terrestrial planets
and the Moon.

diffraction /di-frak-shŏn/ The bending
of light or other electromagnetic radiation
at the edges of obstacles, with the result-
ing formation of light and dark bands or
rings (diffraction patterns) at the edges of
the shadow. An example of a diffraction
pattern is the AIRY DISK observed in tele-
scope images of distant celestial objects. A
small aperture or slit produces similar
annular or banded patterns. Diffrac-
tion results from the wave nature of elec-
tromagnetic radiation. See also interfer-
ence.

diffraction grating A device usually in-
corporated into a SPECTROGRAPH and em-
ployed in the production and study of
SPECTRA. Its action depends on the DIFFRAC-
TION of light or other radiation by a very
large number of very close and exactly

diagonal mirror
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equidistant parallel linear grooves. The
grooves are produced by ruling very fine
closely spaced scratches on glass or pol-
ished metal, forming either a transmission
grating in the first case or a reflection grat-
ing in the second. These ruled gratings are
very costly, and replica gratings – accurate
plastic casts of ruled gratings – are usually
used instead. Reflection gratings can be
plane or concave; the latter can act as a fo-
cusing element for incident radiation,
which would otherwise be partly absorbed
if a lens were employed .

The diffracted radiation, once focused,
produces a series of sharp spectral lines for
each resolvable wavelength present in the
incident beam. For a plane wave of a single
wavelength λ, incident on a transmission
grating at angle i, the successive wave
trains passing through the grooves will
travel different pathlengths. If the path dif-
ference between two adjacent grooves is a
whole number of wavelengths, the wave
trains will be brought to a focus as a bright
image of the radiation source at a particu-
lar angle of refraction, d (see illustration),
where

sin d = nλ/s – sin i
s is the spacing between adjacent grooves
and n is an integer. Bright images will in
fact be produced for each of the angles d
corresponding to n = 1, 2, 3… These num-
bers denote the orders of the image. If, for

a particular order, d is made equal to i,
then

sin d = nλ/2s
If the incident beam is composed of var-

ious wavelengths, the image of any partic-
ular order, n = 1, 2, 3…, will appear at
different points because d varies with
wavelength. Hence a grating produces sev-
eral spectra on either side of the incident
ray (n = 0). The angular dispersion of the
spectral lines, i.e. dd/dλ, will be high when
the grooves are very fine and closely spaced
(i.e. s is small). For the spectral resolution
– separation of images of very nearly equal
wavelength – to be high, the total number
of grooves must be large: several thousand
grooves per centimeter are common for the
visible and ultraviolet regions of the spec-
trum.

diffraction limit The finest detail that
can be resolved by a telescope, limited by
DIFFRACTION to a value proportional to λ/d,
where λ is the wavelength of the radiation
under observation and d is the telescope
aperture. See also aperture; resolution.

diffraction pattern The pattern of al-
ternating light and dark rings or bands pro-
duced when light is diffracted by a circular
opening or object (rings) or a rectangular
slit or an edge (bands). See also Airy disk;
interference.
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diffuse cloud A small atomic (H I) cloud
that has too low a COLUMN DENSITY for it to
be observed visually. Diffuse clouds consti-
tute the bulk of the cold neutral medium in
the three-phase description of the INTER-
STELLAR MEDIUM. They are usually ob-
served by means of absorption features,
such as the sodium D lines, in the spectra of
background stars.

diffuse interstellar bands A series of
more than a dozen diffuse (wide) ABSORP-
TION features due to dust in INTERSTELLAR

CLOUDS, of which the most intense include
those at wavelengths of 443, 618, and 628
nm. There are at least three (but possibly
more) families of bands. The carriers have
not yet been identified, although they are
almost certainly solids: evidence is mount-
ing in favor of some sort of aromatic hy-
drocarbon.

dI galaxy Short for dwarf irregular
galaxy. See dwarf galaxy.

Digitized Sky Survey Either of two
programs organized by the SPACE TELE-
SCOPE SCIENCE INSTITUTE to make available
in computerized form paper and plate pho-
tographs from major surveys of the whole
sky undertaken between the 1970s and
1999. The sources of the computer files are
plate images produced by the Oschin
Schmidt Telescope at Mount Palomar, Cal-
ifornia, for the PALOMAR OBSERVATORY SKY

SURVEY and the UK Schmidt at the Anglo-
Australian Observatory for the ESO/SERC
SOUTHERN SKY SURVEY and its extension
northward to the celestial equator. Each
digitized image file covers an area of sky
6.5° square. The images are being made
available in compressed form on CD-ROM
and on the World Wide Web.

Dione /dÿ-oh-nee/ A satellite of Saturn,
discovered in 1684 by Giovanni Domenico
Cassini. It has a diameter of 1118 km and
density of 1.4 g cm–3, and is slightly larger
than the satellite Tethys. An important
characteristic of Dione is the nonunifor-
mity of its brightness. The trailing hemi-
sphere is dark, with an albedo of
approximately 0.3, whereas the brightest

features of the leading hemisphere have an
albedo of approximately 0.6. Only Iapetus,
of the Saturn system, displays a greater
variation of brightness between the hemi-
spheres. The surface shows evidence of a
number of craters of 30–40 km, with a few
large craters 165 km or more in diameter.
There are some broad ridges in the south-
ern part of the heavily cratered plains, with
a long linear valley more than 500 km in
length near the south pole. Dione’s rela-
tively high density compared with the
neighboring satellites indicates a higher
rock content of the interior. The most
prominent feature is Amata, a crater 240
km in diameter associated with a system of
bright wispy features that extend over the
trailing hemisphere. The bright streaks on
the surface first imaged by the two VOY-
AGER PROBES have been shown by the
CASSINI probe to be a vast system of linear
features scarring the satellite’s surface. A
minor satellite, Helene, has been discov-
ered to share the orbit of Dione. See also
Table 2, backmatter.

dioptric system /dÿ-op-trik/ An optical
system, such as a refracting telescope, in
which all the optical elements are lenses.

Diphda /dif-dă/ See Cetus.

dipole /dÿ-pohl/ A simple linear bal-
anced ANTENNA that is fed from its center.
It usually consists of two equal-length
straight opposing elements, although these
may sometimes be folded back on them-
selves and their far ends joined together in
the middle to form a folded dipole. The el-
ements may be of any length but the over-
all length of the dipole is usually a multiple
of half a wavelength of the received (or
transmitted) radio wave; the reactive com-
ponent of the impedance seen at its feed
point is then small.

A half-wave dipole has two elements of
length one-quarter of a wavelength each
and has a RADIATION RESISTANCE of about
70 ohms. A full-wave dipole is twice as
long as a half-wave dipole and has a radia-
tion resistance of several thousand ohms.
The GAIN of a half-wave dipole over an
isotropic radiator is about two decibels.

diffuse cloud
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See also array; dish; radio telescope.

directivity /dÿ-rek-tiv-ă-tee/ A measure
of the ability of an ANTENNA to concentrate
its radiation or response in a particular di-
rection. It is defined as the ratio of the
maximum radiation intensity in the for-
ward direction to the average radiation in-
tensity over all directions. If an antenna is
operating at a wavelength λ and has an ef-
fective area Ae (see array), then the direc-
tivity, D, is given by 

D = 4πAe/λ2

See also gain.

direct motion (prograde motion)   1. The
apparent west to east motion of a planet or
other object as seen from Earth against the
background of stars. Retrograde motion is
an apparent motion from east to west.
When a superior planet near OPPOSITION is
overtaken by the Earth, moving with
higher relative velocity, its normal direct
motion seems to become temporarily retro-
grade and it appears to undergo a loop or
zigzag in the sky (see illustration); the turn-
ing points between these motions, when
the planet appears motionless in the sky,
are known as stationary points.
2. The anticlockwise orbital motion, as
seen from the north pole of the ecliptic, of
a planet or comet around the Sun or of a
satellite around its primary. The body is
then said to move in a direct orbit or pro-
grade orbit. A clockwise orbital motion is

retrograde. All the planets move in direct
orbits.
3. The anticlockwise rotation of a planet,
as seen from its north pole. Venus, Uranus,
and Pluto have a clockwise retrograde ro-
tation.

direct orbit See direct motion.

dirty beam See aperture synthesis.

dirty-snowball theory See comet; nu-
cleus.

disconnection event The detachment
of a cometary plasma tail from the coma of
the COMET. The detached tail then ‘flows’
away from the comet, carried by a loop of
interplanetary magnetic field lines that
have become draped around the comet.
The comet then quickly forms a new
plasma tail.

dish A type of ANTENNA used in radio
telescopes and consisting of a large spheri-
cal or parabolic metal reflector, usually cir-
cular in outline, by means of which radio
waves are brought to a focus above the
dish center. The waves are collected at the
focus by a secondary antenna, called a
FEED, or are reflected from a curved sec-
ondary to be brought to a focus elsewhere
(see Cassegrain configuration). At low
radio frequencies the feed may be a DIPOLE

mounted in front of a small reflector; at
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high frequencies it is usually a horn an-
tenna (see waveguide). The signals picked
up by the feed are transferred by means of
the FEEDER to the RECEIVER for amplifica-
tion and analysis. Both the angular RESOLU-
TION and the SENSITIVITY of the telescope to
a point source increase with the area of the
dish.

The dish is usually mounted so that it
can be steered to point in different direc-
tions and can be made to track a moving
object. Some dishes, however, can move in
only one coordinate and rely on the Earth’s
rotation to provide coverage in the other
coordinate. The 305-meter dish mounted
in a natural hollow in the ground at the
ARECIBO RADIO TELESCOPE, Puerto Rico,
achieves partial beam steering by moving
the feed.

disk 1. The two-dimensional projection
of the surface of a star or planet.
2. See Galaxy; galaxies.

disk population stars See population I,
population II.

disparation brusque /dees-pa-ra-see-awn
brewsk / (French) The sudden ‘disappear-
ance’, over a few hours, of a quiescent solar
FILAMENT as it is Doppler-shifted (see
Doppler shift) to a shorter wavelength in
the line of sight, following disruption of the
horizontal magnetic field supporting it and
its subsequent rapid ascent and dissipation
in the CORONA. The term is also sometimes
used for the sudden disappearance of an
active filament – although this may occur
for a variety of reasons.

dispersion 1. The separation of a beam
of light into its component colors, i.e. into
its component wavelengths, so that a spec-
trum is formed. It arises because of the
variation of the REFRACTIVE INDEX of the
transmitting medium with wavelength. It
occurs in a lens or prism, causing CHRO-
MATIC ABERRATION. It also occurs to a small
extent in the Earth’s atmosphere, produc-
ing atmospheric dispersion. Normally the
refractive index of a transparent substance
increases as the wavelength decreases: blue

light is refracted (bent) more than red light.
See also spectrograph.
2. The retardation of radio waves that oc-
curs when they pass through ionized gas in
the interstellar medium, the speed of prop-
agation depending on frequency: the lower
the frequency the greater the delay. This
delay is not observable in a continuous
radio signal but is detectable in a pulsed
one, such as that from a pulsar. The
amount of dispersion gives an indication of
distance to a pulsar.

See also dispersion measure.

dispersion measure (DM) The number
of electrons per unit volume, ne, integrated
along the line of sight to a source: 

DM = ∫ nedl
where dl is an element of the path. It is the
factor that determines, for example, the
time delay (i.e. DISPERSION) between the ar-
rival of radio pulses from a PULSAR at two
different frequencies. The value of ne in the
plane of our Galaxy is typically 0.03 cm–3.

distance determination The distances
of celestial objects can be determined di-
rectly by means of radar or laser ranging
and from measurements of PARALLAX, and
indirectly from photometric and spectro-
scopic methods. Radar and laser measure-
ments can be made only for comparatively
tiny distances, i.e. those within the Solar
System: the Earth-Moon distance has been
measured to a few cm by laser beaming;
radar measurements of the distances of
Venus, Mercury, and Mars have been used
in determining planetary distances from
the Sun by KEPLER’S LAWS. The distance
from Earth to Sun is thus now known very
accurately.

This Earth-Sun distance is used as the
baseline in the determination of the AN-
NUAL PARALLAX of stars; using spacecraft
measurements, stellar distances out to
about 500 parsecs can be determined
trigonometrically. At greater distances the
error in measuring parallax becomes as
large as the parallax itself. These distances
have therefore to be found indirectly from
measurements of LUMINOSITY, MAGNITUDE,
and other stellar properties: distances are
determined from relationships connecting

disk
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these properties, including DISTANCE MODU-
LUS, MOVING-CLUSTER PARALLAX, and the PE-
RIOD-LUMINOSITY RELATION for CEPHEID

VARIABLES.
A distance scale can be established

whereby the distances found for one set of
distance indicators, such as open clusters
(using MAIN-SEQUENCE FITTING, for exam-
ple), can be used to calibrate the next most
distant indicators – Cepheid variables – oc-
curring in such clusters. Cepheids, along
with novae and the most luminous stars,
are in turn used to measure the distances to
galaxies in the LOCAL GROUP and in other
nearby groups of galaxies. Out to this dis-
tance (a few megaparsecs), the distance
scale is believed to be accurate to 10% or
better. The HUBBLE SPACE TELESCOPE is able
to measure Cepheid distances to about
twenty nearby galaxies and in two of the
nearer clusters, VIRGO and Fornax.

In the case of more distant galaxies,
however, determination of distance cur-
rently differs by up to a factor of two. Tra-
ditional indicators of these larger distances
include: the size of a galaxy’s H II regions;
the brightness of its GLOBULAR CLUSTERS;
the maximum brightness of its Type Ia SU-
PERNOVAE; its total luminosity as inferred,
for a luminous spiral, from its detailed ap-
pearance and as a standard brightness for
cD galaxies (the brightest galaxies) in CLUS-
TERS OF GALAXIES. The stars or galaxies
used in these techniques are known as stan-
dard candles, and their absolute luminosity
is assumed not to vary with age. A further
technique at present is the TULLY–FISHER

METHOD, which relies on a relation be-
tween a spiral galaxy’s absolute magnitude
and the spread of its rotation velocities. An
analogous technique applied to elliptical
galaxies and the bulges of S0s is the
FABER–JACKSON RELATION. Finally, the com-
bination of the SUNYAEV–ZEL’DOVICH EF-
FECT and X-ray imaging of clusters of
galaxies provides a distance measure inde-
pendent of other measurements.

These methods provide distances out to
at least 100 megaparsecs, where the mo-
tions of galaxies are dominated by the ex-
pansion of the Universe. A galaxy’s
recession velocity is determined from its
REDSHIFT. The ratio of recession velocity to

measured distance for the more distant
galaxies gives a value for the HUBBLE CON-
STANT; the Hubble constant is then used to
derive distances to farther galaxies and
quasars from their measured redshifts. The
20% uncertainty in the distance scale leads
to a corresponding uncertainty in the value
of the Hubble constant.

distance modulus /moj-ŭ-lŭs/ The dif-
ference between the apparent magnitude,
m, and the absolute magnitude, M, of a
star and therefore a measure of distance
(see magnitude):

m – M = 5 log(d/10) = 5 logd – 5
where d is the distance in parsecs. Distance
modulus is used to determine the distances
of stars and stellar clusters. It is corrected
for INTERSTELLAR EXTINCTION by an addi-
tional term (see magnitude).

distance scale See distance determina-
tion.

distortion (field distortion) An ABERRA-
TION of a lens or mirror in which the image
has a distorted shape as a result of nonuni-
form lateral magnification over the field of
view. In barrel distortion the magnification
decreases toward the edge of the field; in
pincushion distortion there is greater mag-
nification at the edge.

diurnal /dÿ-er-năl/ Happening during a
24-hour day; daily.

diurnal circle See diurnal motion.

diurnal libration Daily geometrical LI-
BRATION brought about by the change in
the position of the observer with respect to
the Earth-Moon line as the Earth rotates
on its axis. This libration is most signifi-
cant near the equator, where it amounts to
57′2″.6; this is equal to the Moon’s mean
equatorial horizontal parallax (see diurnal
parallax). An observer closer to the poles
will however experience an equivalent geo-
metrical libration because of the displace-
ment from the ECLIPTIC. See also
augmentation; physical libration.

diurnal motion The apparent daily mo-
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tion of celestial bodies across the sky from
east to west. It results from the Earth’s ro-
tation from west to east, the axis of the di-
urnal motion coinciding with the Earth’s
axis. The apparent path of a celestial body
arising from diurnal motion is a circle par-
allel to the celestial equator and is termed a
diurnal circle.

diurnal parallax (geocentric parallax)
The PARALLAX of a celestial body that re-
sults from the change in position of an ob-
servational point during the Earth’s daily
rotation. It is the angle measured at a given
celestial body between the direction to the
Earth’s center and that to an observer on
the Earth’s surface. It is thus equal to the
difference between the topocentric and
geocentric ZENITH DISTANCES, η and η0, re-
spectively (see illustration). It is apprecia-
ble only for members of the Solar System.
As the observer’s position changes during
the day, the diurnal parallax of the body
varies from a minimum, when the body is
on the observer’s meridian, to a maximum,
when it is on the horizon. This maximum
value is the object’s horizontal parallax, π.
It is given by: 

sin π = r/d
where r is the Earth’s radius and d is the
distance to the celestial object.

The Earth’s nonspherical shape causes
the length of the baseline to vary with lati-
tude. If this variation is significant, as it is
with nearby bodies like the Moon, then for
the horizontal parallax to be a maximum 
it must be measured from the equator. 

This gives the equatorial horizontal paral-
lax: the average value for the Moon – the
lunar parallax – is 3422″.45; the mean
value for the Sun – the SOLAR PARALLAX – is
8″.794.

D-layer (D-region) See ionosphere.

D lines A close prominent doublet of
lines in the yellow region of the visible
spectrum of sodium. They occur at wave-
lengths of 589.6 nm and 589.0 nm and,
being easily recognizable, are useful as
standards in spectroscopy. The D lines are
strong FRAUNHOFER LINES.

Dobsonian /dob-soh-nee-ăn/ A tele-
scope with a simple but highly stable AL-
TAZIMUTH MOUNTING that can be
constructed and used by an amateur as-
tronomer. It swings very smoothly between
side bearings and is mounted on a simple
sturdy rotating platform. The mounting,
pioneered in the mid 20th century by John
Dobson, a US telescope maker, is popular
for large-aperture short-focus reflectors.

docking The locking together of two
spacecraft in space following their ren-
dezvous.

Dog Star See Sirius.

domain wall A two-dimensional defect
in SPACETIME that, unlike COSMIC STRINGS,
cannot survive the inflationary era. See in-
flationary Universe.

diurnal parallax
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dome 1. The insulated roof of an obser-
vatory, which protects the telescope and
associated equipment from bad weather
and from the heating effect of the Sun. The
telescope has access to the sky through a
shutter in the dome, which is closed when
the telescope is not in use. A delicate mo-
torized mechanism ensures that, where
necessary, the telescope is kept pointing
through the opening at the same object
throughout prolonged observations as the
dome turns to compensate for the Earth’s
axial rotation. Where the telescope has an
EQUATORIAL MOUNTING the dome is mov-
able and hemispherical. Rotation of the
dome on a circular track allows different
areas of the sky to be brought into view.
Built into the observatory’s design and en-
gineering is a complicated interaction be-
tween the dome’s rotation and the
movement of the telescope about its in-
clined axis. The dome must be much larger
than the telescope so that it will be able to
swing freely inside the structure.

For a telescope with an ALTAZIMUTH

MOUNTING the rotation rates of dome and
telescope are the same. The dome needs
only to be slightly larger than the telescope,
and can be square or oblong. The cost of
the dome is thus greatly reduced.
2. A low hill with a gentle convex-upward
profile, of probable volcanic origin, on a
planetary or satellite surface. Lunar domes
are confined to the MARIA and are generally
less than 15 km in diameter.

Dominion Astrophysical Observatory
An observatory near Victoria, British Co-
lumbia, Canada, at an altitude of 220 me-
ters. The chief instruments are a 1.8-meter
reflector, which went into use in 1918 and
is now equipped with a new CER-VIT mir-
ror, and a 1.2-meter reflector, in operation
since 1962. They are used mainly for spec-
troscopy.

Dominion Radio Astrophysical Ob-
servatory (DRAO) A national facility,
founded in 1959 and operated by the
Herzberg Institute of Astrophysics, Na-
tional Research Council of Canada; it is lo-
cated near Penticton, British Columbia. Its
main instruments are a 26-meter DISH and

an APERTURE SYNTHESIS interferometer,
working at 408 and 1420 MHz. The inter-
ferometer is composed of seven 9-meter pa-
raboloid dishes on a 600-meter E–W track.
Both telescopes are used to map continuum
and hydrogen-line emission from the
Galaxy. DRAO is one of the world’s most
radio-quiet sites.

Donati’s comet /doh-nah-teez/ (1858 VI)
A spectacular COMET famous for its COMA

with multiple haloes: parabolic envelopes
with vertices toward the Sun and foci near
the apparent NUCLEUS. These haloes were
regular and sharp and are thought to have
been produced by repetitive ejection of ma-
terial from a single active area exposed suc-
cessively to solar radiation as the solid
cometary nucleus rotated every 4.6 hours.

Doppler broadening /dop-ler/ Broad-
ening of spectral lines due to the random
motion of emitting or absorbing atoms. As
a result of the DOPPLER EFFECT, atoms mov-
ing away from the observer show lines with
a slight shift to longer wavelengths; atoms
moving toward the observer show a slight
shift to shorter wavelengths. The overall
effect is that the line is broader than the
natural width (determined by quantum
mechanical uncertainty).

The motion of the atoms may be due to
thermal motion, in which case the effect is
larger for lighter atoms. Turbulence of stel-
lar material, rapid rotation of a star, or an
expanding stellar atmosphere can also pro-
duce Doppler broadening. See also line
broadening.

Doppler effect A change in apparent
frequency (and hence wavelength) of a
wave motion as a result of relative motion
of the source and observer. For ELECTRO-
MAGNETIC RADIATION emitted from a mov-
ing source, the magnitude of this change is
known as the Doppler shift. For a source
moving away from the observer, the ob-
served wavelength is longer than it would
be if source and observer had no relative
motion along the line joining them. This
change to longer wavelengths (i.e. toward
the red end of the visible spectrum for vis-
ible wavelengths) is called a REDSHIFT. Con-
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versely, if the source is moving toward the
observer, there is a change to shorter wave-
lengths, i.e. a BLUESHIFT.

When there is no relative motion be-
tween source and observer, the wavelength
of a spectral line can be given by λ. If the
relative velocity along the line of sight of
source and observer is v, the change in
wavelength (∆λ) of the spectral line is given
by 

∆λ/λ = v/c
where c is the speed of light. For values of
v comparable with c, a relativistic expres-
sion is used: 

∆λ/λ = [(c + v)/(c – v)]½ – 1

v is taken to be positive for a receding ob-
ject and negative for an approaching one.
Doppler shifts can be observed in all re-
gions of the electromagnetic spectrum.

The Doppler effect was first suggested
by the Austrian physicist C.J. Doppler in
1842. It has proved invaluable in astron-
omy for measuring the RADIAL VELOCITIES

of celestial objects and is also used for de-
termining the orbital motions (and in some
cases the masses) of SPECTROSCOPIC binaries
and the rotational motions of bodies. See
also Doppler broadening.

Doppler shift See Doppler effect.

Dorado /dŏ-ray-doh, -rah-/ (Swordfish;
Goldfish) A small constellation in the
southern hemisphere, the brightest star
being of 3rd magnitude. It contains a large
portion of the Large Magellanic Cloud in
which lies the extremely luminous star
S DORADUS and the complex Tarantula neb-
ula, 30 DORADUS. Abbrev.: Dor; genitive
form: Doradus; approx. position: RA 5.5h,
dec –60°; area: 179 sq deg.

30 Doradus /dŏ-ray-dŭs, -rah-/ (Taran-
tula nebula; NGC 2070) A very exten-
sive very luminous EMISSION NEBULA in the
Large MAGELLANIC CLOUD (LMC) that is a
grouping of H II REGIONS characterized by
rapid complex motions. It is the brightest
object (absolute magnitude –19) in the
LMC and is visible to the naked eye. It is
also the strongest radio source in the LMC.
The most luminous object in the nebula,
both at optical and ultraviolet wave-

lengths, lies near the center and is called
R136. It is surrounded by dozens of fainter
yet still very bright stars. R136 has at least
three components, designated a, b, and c.
R136a, the brightest component, is an in-
tense UV source with a powerful STELLAR

WIND. Observations with the Hubble Space
Telescope have shown that R136a is an ex-
tremely dense cluster of at least 12 massive
young O stars within a region only 0.25
parsecs across.

dorsum /dor-sŭm/ (plural: dorsa) A
ridge. The word is used in the approved
name of such a surface feature on a planet
or satellite.

double cluster A pair of CLUSTERS that
lie relatively close together. A well-known
example is the pair H AND CHI PERSEI, in
which the individual clusters appear to be
of similar age.

Double Cluster in Perseus See h and
Chi Persei.

double galaxy Two galaxies observed
in close proximity. Physical doubles are
spatially close pairs assumed to be in orbit
about a common center of mass. They are
known as a dumbbell galaxy when two el-
liptical galaxies of similar mass orbit each
other in a common envelope. Optical dou-
bles are widely separated pairs that appear
close only because of a chance alignment
along the line of sight. Although orbital
motions cannot be directly observed, the
relative radial velocities of galaxies in a
gravitationally bound pair can be used to
estimate their total mass, and hence their
MASS-TO-LUMINOSITY RATIO.

double-lined spectroscopic binary See
spectroscopic binary.

double quasar The GRAVITATIONAL

LENS, Q0957+561, where two images of a
quasar, at a redshift of 1.41, are created by
the gravitational effects of a galaxy at a
redshift of 0.36. The two images are sepa-
rated by 6″, and are observed in the radio,
optical, and X-ray wavebands. It was the
first bona fide gravitationally-lensed image

Doppler shift
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to be discovered, by Walsh and collabora-
tors in 1979. The spectra of the two images
are almost identical, including common
absorption lines from intervening matter
along the line of sight. A 1.1-year TIME-OF-
FLIGHT difference has been measured be-
tween the two images.

double radio source See radio-source
structure.

double star A pair of stars that appear
close together in the sky. There are two
types: optical double stars and physical
double stars. Stars in an optical double,
such as DENEB, appear close only because
they happen to lie in very nearly the same
direction from Earth; they are actually too
far apart to be members of a dynamically
linked system. Stars in a physical double
are sufficiently close together for their mo-
tions to be affected by their mutual gravi-
tational attraction. They are more usually
known as VISUAL BINARIES.

Double Star Project An international
mission studying the effects of solar radia-
tion on the Earth’s space environment –
that is, its magnetosphere. The project, op-
erated jointly by ESA and the China Na-
tional Space Administration (CNSA),
consists of two spacecraft, each designed,
developed, launched, and operated by the
Chinese Academy of Sciences (CAS) and
the CNSA. The two small satellites, named
Tan Ce 1 and Tan Ce 2, were launched in
December 2003 and July 2004 respectively
by a Long March 2C rocket from the
Taiyuan spaceport, west of Beijing (Tan Ce
is Mandarin Chinese for Explorer). Fol-
lowing on from ESA’s successful CLUSTER

(Cluster II) mission, the two Double Star
Project spacecraft – one in a near-equator-
ial orbit, the other in a polar orbit – were
designed to provide new measurements in
key parts of the magnetosphere, especially
the magnetotail, where storms of high-en-
ergy particles are generated. Their results
were being coordinated with those of the
Cluster mission.

DQ Herculis stars /her-kyŭ-lis/ See
magnetic cataclysmic variables.

Draco /dray-koh/ (Dragon) An extensive
straggling constellation in the northern
hemisphere near Ursa Major. The brightest
stars are the 2nd-magnitude yellowish
giant Eltanin (γ) and several of fainter 2nd
and 3rd magnitude including THUBAN (α),
which was the POLE STAR around 2700 BC

and will assume that role again in 21 000
years’ time because of PRECESSION. The area
occupied by Draco contains several bina-
ries, such as Epsilon (ε) and Eta (η) Draco-
nis, and the bright planetary nebula
NGC 6543 (see Cat’s-eye nebula). Ab-
brev.: Dra; genitive form: Draconis; ap-
prox. position: RA 9.5 – 20.5h, dec
50° – 85°; area: 1083 sq deg.

draconic month /dră-kon-ik/ (nodical
month) The time interval of 27.2122
days, on average, between two successive
passages of the Moon through the ascend-
ing NODE (or descending node) of its orbit.

Draconids /drak-ŏ-nidz/  See Giacobinids.

Draco system A dwarf elliptical galaxy
that is a member of the LOCAL GROUP.

DRAO Abbrev. for Dominion Radio
Astrophysical Observatory.

Draper classification /dray-per/ An-
other name for Harvard classification. See
spectral types.

draw tube A simple tube of 31.75, 25.4,
or 50 mm bore into which fits the tele-
scopic EYEPIECE in use. It is equipped with a
mechanism, such as a rack and pinion, al-
lowing fine adjustment of the eyepiece po-
sition in order to obtain a sharp focus.

drift chamber A position-sensitive de-
tector of ionizing radiation. The point of
formation of a cloud of electrons, caused
by a particle ionizing a gas, is determined
by timing the constant velocity drift of the
cloud towards a fine wire anode, under the
influence of an electric field. Drift cham-
bers are used in high-energy gamma-ray
telescopes for detecting photons by mea-
suring the tracks of the electron-positron
pair after a PAIR PRODUCTION absorption.
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drift scan A profile of a RADIO SOURCE

made with a radio telescope by aiming the
ANTENNA at a point beside the source and
allowing the rotation of the Earth to move
the source through the antenna beam.

drive clock See equatorial mounting.

DRS See data-relay satellite.

DSN Abbrev. for Deep Space Network.

D-type asteroids A class of ASTEROID

whose members are rare in the main belt
but become increasingly dominant in the
regions beyond the 2:1 Jovian resonance at
3.2 AU (see Kirkwood gaps). The observed
surface coloring may be due to carbon-rich
kerogenlike material.

Dubhe /dûb-hay/ (αα UMa) An orange-
yellow giant that is one of the seven bright-
est stars in the BIG DIPPER and is one of the
two POINTERS. It is a close visual binary (pe-
riod 44 years) with a 4th-magnitude com-
panion. mv: 1.79; Mv: –0.8; spectral type:
K0 IIIa; distance: 33 pc.

dumbbell galaxy See double galaxy.

Dumbbell nebula (M27; NGC 6853)   A
PLANETARY NEBULA in the constellation
Vulpecula. It has an hourglass shape
(330 × 900 arc seconds) and a magnitude
of 7.6.

Durchmusterung /doork-mûs-tĕ-rûng/
German An astronomical survey of the po-
sitional data of stars published in the form
of a catalog. Such surveys are carried out
either by sweeping successive narrow zones
of the sky with a telescope and recording
the position and magnitude of each star
that transits the telescope’s field down to a
specified limiting magnitude or by analyz-
ing wide-angle photographs taken with a
Schmidt telescope or comparable instru-
ment. See Bonner Durchmusterung; Cape
Photographic Durchmusterung.

dust See cosmic dust.

dust lane A belt of gas and dust that

completely obscures the optical light from
the center of an elliptical or S0 galaxy,
forming a prominent dark band. Examples
occur in CENTAURUS A and the BLACKEYE

GALAXY. Dust lanes are seen in edge-on spi-
ral systems caused by obscuring matter in
the galactic disk, as in the SOMBRERO

GALAXY.

dust tail See comet tails.

dwarf Short for dwarf star.

dwarf Cepheids (AI Velorum stars) A
group of PULSATING VARIABLES that were
classed as RR LYRAE STARS but have been
shown to have a lower luminosity in addi-
tion to a shorter period of about 1 to 5
hours. The variation in apparent magni-
tude (i.e. AMPLITUDE) ranges from 0.3 up to
1.2 but can be higher. At the lower ampli-
tudes they are difficult to differentiate from
DELTA SCUTI STARS but are apparently older.
Instabilities of period and light-curve shape
are characteristic of these stars and many
exhibit the Blazhko effect found in some RR

LYRAE STARS. The pulsations are probably
mixtures of oscillations of a fundamental
mode and those at higher harmonic fre-
quencies (see pulsating variables).

dwarf elliptical (dE) See dwarf galaxy.

dwarf galaxy A GALAXY that is unusu-
ally faint either because of its very small
size, its very low surface brightness, or
both. Since galaxies exist in a continuous
range of sizes from the giant ellipticals
downward, the dividing line between aver-
age and dwarf is somewhat arbitrary. Since
no spiral or S0 galaxies have been observed
with total magnitudes below –16, this is
often used as a convenient demarcation
line. They contain only a few million stars
and are very difficult to observe against
foreground stars because they are almost
completely transparent. Dwarf galaxies
may make up the bulk of the cosmic popu-
lation and occur in all morphologies except
as spiral galaxies.

The dwarf irregulars (dI) are the most
numerous of these galaxies, and contain a
significant fraction of their mass as neutral

drift scan
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hydrogen gas in a dark halo (see also LSB
galaxies). Dwarf ellipticals (dE) are domi-
nated by metal-poor halo stars, and their
lack of gas or dust suggests that any star
formation occurred a long time ago in
these systems. In contrast, the gas-rich blue
compact dwarf (BCD) galaxies are under-
going active star formation with sizes and
spectra resembling giant H II regions. See
also extragalactic H II region.

dwarf irregular (dI) See dwarf galaxy.

dwarf novae A small group of intrinsi-
cally faint stars that are characterized by
sudden increases in brightness occurring at
intervals of a few weeks or months, the
maximum brightness lasting only a few
days. The change in brightness (i.e. AMPLI-
TUDE) is usually between 2–5 magnitudes.
The first to be discovered, U Geminorum,
is typical of the majority, which are there-
fore classified as U Geminorum stars. This
subgroup displays a fairly smooth decline
in brightness from the maximum, unlike
the much smaller subgroup of Z
Camelopardalis stars that can undergo
standstills, i.e. periods of nearly constant
intermediate brightness, before dropping
to minimum brightness. Both the occur-
rence of the standstill and its duration – a
few days to many months – are quite un-
predictable. There are also periods of er-
ratic light variations. SU Ursae Majoris
stars, another subgroup, differ from U
Gem stars by occasionally having particu-
larly long outbursts – superoutbursts – that
are brighter than normal outbursts.

Dwarf novae are a class of CATACLYSMIC

VARIABLES, i.e. close BINARY STARS in which
the primary is a WHITE DWARF. The sec-
ondary is a cooler main-sequence star,
spectral type K or G. The components have
similar masses (about 0.7 to 1.2 solar
masses); the orbital periods are between
about 3 to 15 hours. There are two popu-
lar models for dwarf novae. In the mass-
transfer instability model, the secondary is
undergoing irregular expansion and
episodically fills its Roche lobe (see equipo-
tential surfaces. Hydrogen-rich gas then
streams from the secondary and takes up a
disk-shaped orbit around the primary, ulti-

mately leading to an outburst. In the more
popular disk instability model, the out-
bursts are caused by episodically recurring
thermal instabilities in the accretion disk
(see mass transfer), which is continually
being fed by mass transfer from the Roche-
lobe filling secondary. The outburst itself
does not involve an explosion, and no sig-
nificant amount of mass is ejected. The gas
in the disk spirals down on to the white
dwarf, where it may eventually cause a
nova explosion.

dwarf planet Any of the four TERRES-
TRIAL PLANETS.

dwarf star (dwarf) Any star lying on the
MAIN SEQUENCE of the HERTZSPRUNG–RUS-
SELL DIAGRAM. The term arises from the
early dual classification of stars into giants
(g) and dwarfs (d): the Sun was classified as
dG2. This system has been superseded by
that of luminosity classes (see spectral
types), and these ‘dwarf’ stars are of lumi-
nosity class V. The term main-sequence
star is now more common, especially to
prevent confusion with WHITE DWARFS;
late-type main-sequence stars, however,
are still referred to as RED DWARFS.

Dwingeloo Radio Observatory /dwing-
gă-loo/ The administrative headquarters
of the Netherlands Foundation for Re-
search in Astronomy (NFRA) known as
ASTRON (Stichting Astronomisch Onder-
zoek in Nederland) in Dutch. It is the site
of a 25-meter radio telescope that came
into operation in 1955 and can observe at
1.42, 1.66, and 5 GHz.

dynamical equinox (vernal equinox (in-
formal))  The point of intersection of the
ecliptic with the celestial equator at which
the Sun’s declination changes from south
to north. It is thus the ascending NODE of
the Earth’s mean orbit on the Earth’s equa-
torial plane. This point moves slowly with
time. See also catalog equinox; equinoxes.

dynamical friction See dynamical re-
laxation.

dynamical parallax An iterative
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dynamical relaxation
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method used to determine the distance and
the mass of a VISUAL BINARY star, usually
from measurements of the orbital period (P
years) and apparent mean orbital size (l ″)
and an estimate of the mass of the two stars
(M1 + M2 solar masses). The approximate
semimajor axis (a AU) of the orbit is calcu-
lated from KEPLER’S THIRD LAW:

(M1 + M2)P2 = a3

The ratio of a/l gives an estimate of the dis-
tance of the binary. If the apparent magni-
tude is known, the absolute magnitude can
be deduced from the DISTANCE MODULUS

and a more accurate value of total mass is
hence obtained using the MASS-LUMINOSITY

RELATION. The process is repeated as neces-
sary using the corrected mass estimates, an
inaccurate estimate in mass leading to a
much smaller error in distance.

dynamical relaxation A process occur-
ring within a CLUSTER OF GALAXIES in which
the collective gravitational potential acts
on individual constituent galaxies. During
the early stages of cluster formation the en-
ergy of a galaxy fluctuates very rapidly as
the cluster undergoes violent relaxation to
settle into a constant potential in VIRIAL

EQUILIBRIUM. This process is modeled using
N-BODY simulations that assume that grav-
itational interactions between individual
galaxies are ignored in favor of modeling
their response to the total mass. Once the
cluster has collapsed, relaxation continues
through TWO-BODY gravitational interac-
tions. The galaxies lose orbital energy
through the process and slow down due to
this dynamical friction. This is particularly
important for the most massive galaxies
that gradually settle to the cluster center
and may merge to form the massive domi-
nant galaxy, often a cD galaxy. Most clus-

ters are in a process of segregation of slow-
moving massive galaxies at low cluster
radii and lighter galaxies further out.

dynamical time The family of time-
scales that was introduced in 1984 to
replace EPHEMERIS TIME, ET, as the inde-
pendent variable of dynamical theories and
ephemerides. Like ET these timescales are
independent of the Earth’s rotation.

Terrestrial dynamical time (TDT) is
used as the timescale of ephemerides for
observations from the Earth’s surface. It is
used for apparent geocentric ephemerides.
For practical purposes

TDT = TAI + 32.184 seconds
where TAI is the INTERNATIONAL ATOMIC

TIME. This takes advantage of the direct
(broadcast) availability of coordinated UNI-
VERSAL TIME, UTC, which is an integral
number of seconds offset from TAI. Conti-
nuity with pre-1984 practices has been
achieved by setting the difference between
TDT and TAI to the 1984 estimate of the
difference between ET and TAI. The incre-
ment to be applied to UNIVERSAL TIME,
UT1, to give TDT is called DELTA T (∆T).
The unit of TDT is the day, 86 400 sec-
onds, 24 hours, at mean sea level.

Barycentric dynamical time (TDB) is
used for ephemerides and equations of mo-
tion that are referred to the BARYCENTER OF

THE SOLAR SYSTEM. TDB differs from TDT
only by periodic variations.

dynamics The study of the motion of
material bodies under the influence of
forces. Newton’s laws of motion form the
basis of classical dynamics. When speeds
approach the speed of light the special the-
ory of RELATIVITY must be taken into ac-
count. 



Eagle nebula (M16; NGC 6611) A
large EMISSION NEBULA – an H II region –
that is located about 2.5 kiloparsecs away
in the direction of the constellation Serpens
Cauda (see Serpens). It contains some hot
young stars that are part of an open cluster.

early-type galaxies A general term now
used for elliptical galaxies.

early-type stars Hot stars of SPECTRAL

TYPE O, B, and A. They were originally
thought, wrongly, to be at an earlier stage
of evolution than LATE-TYPE STARS.

early Universe The era in the evolution
of the Universe soon after the BIG BANG

when it was very hot and dense. As the
Universe expanded it cooled, giving rise to
a sequence of phase transitions associated
with broken symmetries. The light ele-
ments such as helium were mostly formed
in the early Universe. It has been suggested
that in the early Universe inflation, i.e. very
rapid expansion, occurred. The very early
Universe, occurring immediately after the
big bang, requires a fundamentally new
physics involving the combination of quan-
tum mechanics and general relativity the-
ory before it will be understood.

Earth The third planet of the Solar Sys-
tem and the only one known to possess life.
It is the largest of the inner planets (equa-
torial radius: 6378 km) and has one nat-
ural satellite, the MOON. A summary of the
Earth’s orbital and physical characteristics
are given in Table 1, backmatter. The
Earth has a substantial atmosphere, mainly
of nitrogen and oxygen, and a MAGNETO-
SPHERE linked to a magnetic field. (See at-
mosphere, composition; atmospheric
layers; geomagnetism; Van Allen radiation

belts.) Two-thirds of the planet is covered
by water, ocean depth ranging from 2500
to 6500 meters; the average land elevation
is 860 meters. See also geoid.

On average the Earth’s surface transfers
to the atmosphere an amount of energy
equal to that it absorbs. The Earth’s mean
surface temperature, i.e. that needed to
keep Earth and atmosphere in thermal
equilibrium, is 13 °C. Temperatures in the
atmosphere generally decrease from equa-
tor to poles and from low to high atmos-
pheric altitudes. These temperature
gradients, together with the Earth’s rapid
rotation, drive the circulation of the at-
mosphere. On average the Earth emits into
space an amount of radiant energy equal to
that absorbed by surface plus atmosphere.
The Earth’s effective temperature, i.e. that
needed to keep Earth in thermal equilib-
rium with space, is –18 °C; this is the
Earth’s temperature as measured from
space.

Studies of the refraction and reflection
of seismic waves propagating through the
Earth show that it consists of three main
internal layers: the crust, mantle, and core.
The crust has a thickness of about 30–40
km under the continents (but much thicker
beneath mountains) and an average of 6
km under the oceans. It has a density of
about 3 times that of water. It consists
largely of sedimentary rocks, such as lime-
stone and sandstone, resting on a base of
igneous rocks, such as granite (under the
continents) and basalt (under both the con-
tinents and oceans). The mantle extends to
a depth of 2900 km, its density increasing
with depth from 3.3 to 5.5 times that of
water. Its composition is thought to in-
clude a high proportion of magnesium-
and iron-rich silicate rocks. The core in-
creases in density from 10 times that of
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water at its junction with the mantle to 13
times at the center. It is composed pre-
dominently of iron with several, possibly
many, additional components. The inner
core has a radius of about 1200 km and is
solid. The outer core has a radius of 3485
km; it is liquid and is regarded as the seat
of the Earth’s magnetic field (see geomag-
netism).

It is believed that the pressure at the
Earth’s center may reach 400 gigapascals
(4 million atmospheres), while the internal
temperature rises with increasing depth
and may exceed 4000 °C at the center. The
heat required to maintain these tempera-
tures is derived from the natural radioac-
tivity of the Earth’s constituent rocks, but
would have been greatly augmented soon
after formation by gravitational compres-
sion and the impact of meteoritic material.
This led to the widespread melting and DIF-
FERENTIATION that produced the present
layered structure.

After 4.6 thousand million years the
Earth’s internal heat is still a source of me-
chanical power, producing earthquakes
and volcanic eruptions, raising mountains,
and moving continent-sized blocks about
its surface. It is regarded as a convective
heat engine. The crust and part of the
upper mantle form a rigid zone, 50–70 km
thick, known as the lithosphere. This lies
above the weaker less rigid asthenosphere.
According to the theory of plate tectonics,
the lithosphere is broken up into fairly
rigid plates; there are seven major plates
and many smaller ones. Convection within
the asthenosphere causes the plates, with
their associated continental and/or oceanic
crust, to move relative to each other: the
phenomena of continental drift and sea-
floor spreading. The relative motion
amounts to a few cm per year. The plate
boundaries are defined by a global map of
earthquake epicenters. At transform
boundaries between two plates the plates
can slide past each other. At constructive
boundaries two plates are moving apart.
Where this occurs in mid-ocean, molten
rock from the mantle is injected into the
crust to form mid-oceanic ridges. At de-
structive boundaries two plates are moving
toward each other. The oceanic part of one

plate can plunge under another plate in a
process called subduction, forming an is-
land arc or mountain range.

See also age of the Earth; Solar System;
Solar System, origin.

Earth-grazers (Earth-crossers) NEAR-
EARTH ASTEROIDS.

Earth-rotation synthesis (supersynthe-
sis) See aperture synthesis.

earthshine /erth-shÿn/ (ashen light) Sun-
light reflected from Earth. Close to new
Moon, earthshine reflected by the Moon
back to the Earth enables the whole lunar
disk to become visible – the old Moon in
the new Moon’s arms. An observer on the
Moon sees the Earth illuminated by earth-
shine and at new Moon can measure the
Earth’s ALBEDO.

eastern elongation See elongation.

east point See cardinal points.

eccentric anomaly See anomaly.

eccentricity Symbol: e. A measure of the
extent to which an elliptical orbit departs
from circularity. It is given by the ratio c/2a
where c is the distance between the focal
points of the ellipse and 2a is the length of
the major axis. For a circular orbit e = 0.
The planets and most of their satellites

Earth-grazers
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Planet Eccentricity

Mercury 0.205 628
Venus 0.006 787
Earth 0.016 722
Mars 0.093 377
Jupiter 0.0483
Saturn 0.0560
Uranus 0.0461
Neptune 0.0097
Pluto 0.2482



have an eccentricity range of 0–0.25 (see
table). Many comets and some of the aster-
oids and planetary satellites have very ec-
centric orbits. The eccentricity of an orbit
varies over a long period due to changing
gravitational effects: that of the Earth’s
orbit varies between about 0.005 to 0.06 in
a period of about 100 000 years. See also
conic sections.

echelle grating /ay-shel/ A DIFFRACTION

GRATING with very fine lines ruled much
farther apart than in other gratings. Such a
grating has very high resolution but only
over a fairly narrow wavelength band. The
resolving power at a given wavelength de-
pends primarily on the total ruled width
and the angles of incidence and refraction;
a high resolution can be obtained with
coarse ruling if the grooves are properly
shaped (see blazed grating). The echelle
grating of the echelle spectrograph is used
at high-order diffraction to give larger an-
gular dispersion. Since the high orders
overlap, cross dispersion with, for exam-
ple, a second grating must be used. The sec-
ond grating is a standard grating with its
direction of dispersion at right angles to
that of the echelle; the spectral images of
the different orders can then be separated
and stacked above one another at the de-
tector.

echelle spectrograph See echelle grat-
ing.

eclipse The total or partial obscuration
of light from a celestial body as it passes
through the shadow of another body. A
planetary satellite is eclipsed when it passes
through the shadow of its primary or an-
other satellite. An eclipse of the Sun is
strictly an OCCULTATION.

An eclipse of the Sun – a solar eclipse –
or the Moon – a lunar eclipse – occurs
when the Sun, Moon, and Earth lie in or
nearly in a straight line: see illustration (a).
If the plane of the Moon’s orbit lay exactly
in the plane of the ECLIPTIC a solar eclipse
would take place at each new Moon and a
lunar eclipse at each full Moon. The two
planes are however inclined at an angle of
about 5°, intersecting at the NODES of the

Moon’s orbit. Eclipses are only observed
when the Sun is at or near a node and the
Moon is near the same node (solar eclipse)
or the opposite one (lunar eclipse). The
ecliptic limits are the maximum angular
distances of the new or full Moon from its
node for an eclipse to take place.

Although the Moon is 400 times
smaller than the Sun, it is also about 400
times nearer the Earth. As a result, Sun and
Moon have almost exactly the same angu-
lar size (about ½°), so that it is possible for
the Moon to obscure the Sun. The Earth
and Moon both cast shadows in sunlight,
the shadow having a dark cone-shaped
inner region – the UMBRA – and an outer
lighter penumbral region. A solar eclipse
occurs, between sunrise and sunset at new
Moon, when the Moon passes directly in
front of the Sun so that the Earth lies in the
Moon’s shadow: see illustration (b). When
the Moon is sufficiently close to Earth so
that its apparent diameter exceeds that of
the Sun, then the umbra of the Moon’s
shadow can just reach the Earth’s surface.
It moves in a general west to east trend
over a very narrow curved zone of the sur-
face, known as the path of totality, which
can be up to 250 km wide but averages
about 160 km. An observer at a point
where only the penumbra will move past
sees a partial eclipse, in which only part of
the Sun is obscured. An observer in the
path of totality will experience a total
eclipse, in which the Sun is completely ob-
scured. If the Moon is far enough away to
appear smaller than the Sun, a rim (or an-
nulus) of light will be seen around the
eclipsed Sun and an annular eclipse occurs.
The period of annularity never exceeds
12.5 minutes and is normally much less.

In a total solar eclipse, first contact oc-
curs when the Moon just appears to touch
the Sun’s western limb. As the Moon grad-
ually covers the Sun, the landscape darkens
and animals become disturbed. Totality
begins at second contact when the Sun dis-
appears from sight. The maximum dura-
tion of totality is 7m 31s but is usually
much less. Totality ends at third contact,
just as the crescent Sun emerges, and at
fourth contact the whole disk of the Sun is
once more seen. The time between first and
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last contact can approach four hours. Dur-
ing totality the CHROMOSPHERE, CORONA,
and other phenomena can be observed and
studied. There are between two and five
solar eclipses each year. Total eclipses are,
however, very rare at any particular place.

A lunar eclipse occurs, at full Moon,
when the Moon passes into the shadow
cone of the Earth. It can be seen from any
place at which the Moon is visible above
the horizon. A total eclipse occurs when
the Moon enters completely into the
umbra of the Earth’s shadow. If only part
of the Moon enters the umbra the eclipse is
partial. When the Moon only enters the

penumbral region, a penumbral eclipse
takes place in which a slight, usually quite
unappreciable darkening of the Moon’s
surface occurs. The maximum duration of
totality is 1h 47m. The Moon can usually
be seen throughout totality, being illumi-
nated by sunlight refracted by the Earth’s
atmosphere into the shadow area. Since the
bluer wavelengths are removed by scatter-
ing, the Moon has a coppery-red color.
There are up to either two or three lunar
eclipses each year. Up to seven eclipses can
occur in one year, either five solar and two
lunar or four solar and three lunar.

See also saros.

eclipse
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Eclipse: (a) solar and lunar eclipses; (b) lunar shadow in solar eclipse



eclipse year The period of time between
two successive passages of the Sun through
the same NODE of the Moon’s orbit. It is
equal to 346.620 days, being less than the
SIDEREAL YEAR because of REGRESSION of the
Moon’s nodes. There are almost exactly 19
eclipse years in one SAROS.

eclipsing binary A BINARY STAR whose
orbital plane is orientated such that each
component is totally or partly eclipsed by
the other during each orbital period. The
effect observed is a periodic decrease in the
light from the system (see illustration). The
deeper minimum corresponds to the eclipse
of the brighter star. The light curve gives
the period of revolution, and from the
depths and shapes of the minima it is pos-
sible to estimate the inclination of the or-
bital plane. The duration of the eclipses
compared to the time between eclipses in-
dicates the radii of the stars in terms of the
distance between them. If the system is also
a double-lined SPECTROSCOPIC BINARY the
individual masses and radii of the stars can
be calculated.

Eclipsing binaries tend to be composed
of large stars with small orbits and there-
fore the majority are close binaries (see bi-
nary star). In these systems MASS TRANSFER

affects the stars’ evolution, leading to three
main classes of eclipsing binaries. W URSAE

Majoris stars are in contact. In W SERPENTIS

stars one component is transferring mass
rapidly to the other. In these two classes
the stars are distorted into ellipsoids, an ef-
fect that shows in the light curve. ALGOL

VARIABLES represent a later stage; mass
transfer is almost complete and the stars
are nearly spherical.

ecliptic /i-klip-tik/ The mean plane of
the Earth’s orbit around the Sun. Although
the orbital plane is in fact defined by the
motion of the center of mass of the Earth–
Moon system around the sun, the ecliptic
refers to the Earth alone, the resulting er-
rors being negligible. The ecliptic may thus
be taken as coincident with the Sun’s ap-
parent annual path across the sky. The or-
bits of the Moon and planets, apart from
Pluto, lie very near the ecliptic.

The planes of the ecliptic and celestial
equator are inclined at an angle equal to
the tilt of the Earth’s axis. This angle,
known as the OBLIQUITY OF THE ECLIPTIC, is
about 23°26′. The EQUINOXES lie on the ce-
lestial sphere at the two points of intersec-
tion of ecliptic and celestial equator. The
poles of the ecliptic lie at 90° from all
points on the ecliptic at the positions RA
18h, dec +66°.5 and RA 6h, dec –66°.5.

ecliptic coordinate system A COORDI-
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NATE SYSTEM in which the fundamental ref-
erence circle is the ECLIPTIC and the zero
point is the vernal (or dynamic) EQUINOX

(γ). The coordinates are celestial (or eclip-
tic) latitude and celestial (or ecliptic) longi-
tude (see illustration).

The celestial latitude (β) of a star, etc.,
is its angular distance (from 0° to 90°)
north (counted positive) or south (counted
negative) of the ecliptic; it is measured
along the great circle through the body and
the poles of the ecliptic. The celestial longi-
tude (λ) of a body is its angular distance
(from 0° to 360°) from the vernal equinox,
measured eastward along the ecliptic to the
intersection of the body’s circle of longi-
tude; it is measured in the same direction as
the Sun’s apparent annual motion. Al-
though observations are taken from the
Earth’s surface the coordinates should
strictly be geocentric and, tabulated as
such, are universally applicable. A slight
correction is therefore applied to convert
surface (topocentric) observations to geo-
centric values.

The ecliptic system is older but less used
than the EQUATORIAL and HORIZONTAL CO-
ORDINATE SYSTEMS. It is sometimes used to
give the positions of the Sun, Moon, and

planets. See also heliocentric coordinate
system.

ecliptic limits See eclipse.

E-corona The part of the solar CORONA

that consists of relatively slow-moving ions
and exhibits an EMISSION SPECTRUM super-
imposed on the CONTINUUM of the K-
CORONA. The emission lines show that the
E-corona is very highly ionized, some ions
having lost up to 15 electrons. At visible
wavelengths, only FORBIDDEN LINES are pre-
sent, the most prominent of which are the
‘red’ line at 637.4 nm (caused by the pres-
ence of Fe X), the ‘green’ line at 530.3 nm
(caused by Fe XIV), and the ‘yellow’ line at
569.4 nm (caused by Ca XV).

ecosphere /ee-koh-sfeer/ The zone of
space around the Sun or some other star in
which a planet would experience external
conditions that are not incompatible with
the existence of life. Prevailing conditions,
as of atmospheric content or pressure,
might however prove too hostile.

Eddington limit /ed-ing-tŏn/ An upper
limit to the luminosity that can be radiated

ecliptic limits
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by a celestial object of a specified mass. Be-
yond this limit the forces on matter due to
RADIATION PRESSURE in the emitting region
would exceed the gravitational forces hold-
ing the object together.

effective area of a radio telescope See
array.

effective focal length The property of a
compound lens, such as an eyepiece, that is
analogous to the FOCAL LENGTH of a single
thin lens and can be used, for example, in
the determination of magnifying power.
For a two-lens system the effective focal
length, f, is given by

1/f = 1/f1 + 1/f2 – d/f1f2
where f1 and f2 are the focal lengths of the
components and d is their separation.

effective temperature Symbol Teff, Te.
The surface temperature of a star, ex-
pressed as the temperature of a BLACK BODY

(i.e. a perfect radiator) having the same ra-
dius as the star and radiating the same total
amount of energy (E) per unit area per sec-
ond. A star is thus being considered a black
body and its effective temperature is thus
given by STEFAN’S LAW:

Teff
4 = E/σ = L/4πR2

σ is Stefan’s constant and L and R are the
star’s luminosity and radius. Although ac-
curate determinations of effective tempera-
ture are difficult, each SPECTRAL TYPE has a
characteristic range of Teff; the total range
is from about 2500 to over 40 000 kelvin.
The Sun’s effective temperature is 5770 K.
The effective temperature is the best mea-
sure of the actual temperature of the gas in
a star’s outer layers.

Radiation temperature, Tr, is equivalent
to the effective temperature measured not
over the whole spectral range but over a
narrow portion of the spectrum, for exam-
ple at visible wavelengths, which gives the
optical temperature.

Effelsberg Telescope /ef-ĕlz-berg/ (Bonn
Telescope) One of the world’s largest
fully steerable radio telescopes, built in
1972 in Bad Münstereifel-Effelsberg 40 km
from Bonn, Germany, and operated by the
Max Planck Institute for Radioastronomy

(MPIR). The dish has a diameter of 100
meters and weighs 3200 tonnes. It was
resurfaced in 1986 to an accuracy of 0.5
mm and can be used at frequencies up to
50 GHz. About 30% of the observing time
on the telescope is assigned to VLBI obser-
vations.

EFR Abbrev. for emerging flux region.

EGRET Abbrev. for energetic gamma-
ray experiment telescope. See Compton
Gamma Ray Observatory.

Einstein cross /ÿn-stÿn/ A gravitation-
ally-lensed image of a distant quasar (red-
shift 1.7) by a foreground (redshift 0.039)
spiral galaxy. The image of the quasar is
split into four point sources forming a
cross at the center of the galaxy. Gravita-
tional microlensing has been observed as
variations in the light between the four
components. See gravitational lens.

Einstein–de Sitter universe See cosmo-
logical models.

Einstein Observatory NASA’s second
High-Energy Astrophysical Observatory,
HEAO-2, launched in Nov. 1978 for X-ray
observations and operated until loss of
control gas in Apr. 1981. The (then)
unique capabilities of its 60-cm GRAZING

INCIDENCE telescope revolutionized X-ray
astronomy, in the same way UHURU had
done a decade before. High-resolution
maps were obtained of many extended
sources (clusters of galaxies, supernova
remnants), the first high-resolution spec-
troscopy was achieved on a few bright
sources, and the enhanced sensitivity led to
the discovery of several thousand faint
sources (down to ∼10 nanojansky), mainly
identified with normal galactic stars or ac-
tive galaxies (quasars) at high redshifts. A
catalog of Einstein Observatory sources is
available as an extension to the EXOSAT

DATABASE.

Einstein ring See gravitational lens.

Einstein shift See gravitational redshift.
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EISCAT /ÿss-kat/ Short for European
incoherent scatter radars. The sophisti-
cated radar systems used in 1984–85 in N
Scandinavia to study the Earth’s IONO-
SPHERE.

ejecta /i-jek-tă/ Material excavated dur-
ing the formation of a CRATER or BASIN. See
also ejecta blanket; secondary craters.

ejecta blanket A deposit of EJECTA from
a CRATER or BASIN, the thickness of which
decreases with distance from the crater or
basin rim. The surface may exhibit trans-
verse dunes, radial furrows, and SEC-
ONDARY CRATERS.

Elara /e-lair-ă/ A small satellite of
Jupiter, discovered in 1905 by the US as-
tronomer Charles Dillon Perrine. See
Jupiter’s satellites; Table 2, backmatter.

E-layer (E-region) See ionosphere.

Electra /i-lek-tră / See Pleiades.

electromagnetic force /i-lek-troh-mag-
net-ik/ See fundamental forces.

electromagnetic radiation A distur-
bance that can travel through a vacuum as
well as through a material medium, light
and radio waves being familiar forms. It
consists of oscillating (time-varying) elec-
tric and magnetic fields with directions at
right angles to each other and to the direc-
tion of propagation. The two fields are
bound together, the time-varying electric
and magnetic components regenerating
each other in an endless cycle that moves
from one point to the next through space.
The radiation transfers energy and also
momentum. It travels through a vacuum at
the SPEED OF LIGHT, c, which is a funda-
mental constant equal to about 3 × 105

km s–1. The speed is slightly reduced on en-
tering a medium, such as air or glass.

Electromagnetic radiation is caused by
the acceleration of charged particles, such
as electrons. Its propagation through space
can be fully described in terms of wave mo-
tion. Like other periodic waves, electro-
magnetic waves have a WAVELENGTH λ and

a FREQUENCY ν, which are related by λν = c.
Reflection, refraction, interference, and
polarization can be explained in terms of
wave motion. When radiation interacts
with matter, however, it exhibits particle-
like behavior, as when it undergoes ab-
sorption or emission. It thus has a dual
wave–particle nature. A particulate nature
was originally proposed by Newton but in
its present form the concept is part of
QUANTUM THEORY. Light and other kinds of
radiation interact with matter as quanta. A
quantum of radiation of frequency ν trans-
fers energy hν and momentum hν/c2, where
h is the PLANCK CONSTANT. The quantum of
electromagnetic radiation is the PHOTON.
Light, etc., is thus absorbed by or emitted
from atoms or molecules in the form of
photons.

The range of frequencies (or wave-
lengths) of electromagnetic radiation is
known as the electromagnetic spectrum
(see illustration overleaf). The spectrum
can be divided into various regions, which
are not sharply delineated. These regions
range from low-frequency low-energy
RADIO WAVES through INFRARED RADIATION,
LIGHT, ULTRAVIOLET RADIATION, X-RAYS, to
high-frequency high-energy GAMMA RAYS.
Most astronomical observations measure
some form of electromagnetic radiation.

electromagnetic spectrum See electro-
magnetic radiation.

electron /i-lek-tron/ Symbol: e A stable
ELEMENTARY PARTICLE (a lepton) that has a
negative CHARGE of 1.6022 × 10–19

coulomb, a mass of 9.1094 × 10–28 gram,
and SPIN ½. Although it has mass, the elec-
tron has no size: it is described as ‘point-
like’. Electrons are constituents of all
ATOMS, moving around the central nucleus.
They can also exist independently. The AN-
TIPARTICLE of the electron is the positron,
symbol e+ or ).

electron density Symbol: ne. The num-
ber of electrons per unit volume (e.g. per
cubic meter) of the interstellar medium or
some other medium.

electronic imaging See imaging.

EISCAT
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electronographic camera

electronographic camera /i-lek-tron-ŏ-
graf-ik/ A highly sensitive electronic de-
vice that can be used for recording
astronomical images. It is an IMAGE TUBE in
which the beam of electrons liberated from
the photocathode is accelerated by an elec-
tric field and focused by a magnetic field on
to a film coated with an electronographic
emulsion. This is a very fine grain high-
resolution ‘nuclear’ photographic emul-
sion in which electrons are recorded di-
rectly: every high-energy electron leaves a

developable track so that an image can 
be produced by a process similar to that 
for a photograph. The resulting elec-
tronograph looks similar to a photograph
with the important difference that the den-
sity at any point on the electronograph is
proportional to the intensity at the corre-
sponding point in the optical image
through almost the whole intensity range.
The device thus has a highly linear re-
sponse. Photometric information can be
obtained directly by measuring the density
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of the image. The device also has a high
QUANTUM EFFICIENCY.

electron temperature A ‘statistical’
temperature required to account for the
observed energy of electrons, assuming
that the energy is kinetic energy. The elec-
trons may be in a plasma, gas, or solid,
however since they are not in equilibrium
with their surroundings, they may have a
much higher temperature.

electronvolt /i-lek-tron-vohlt/ Symbol:
eV. A unit of energy equal to the energy ac-
quired by an electron falling freely through
a potential difference of one volt. It is equal
to 1.6022 × 10–19 joule. High-energy ELEC-
TROMAGNETIC RADIATION is usually referred
to in terms of the energy of its photons: a
photon energy of 100 eV is equivalent to a
radiation frequency of 2.418 × 1016 hertz.
The energies of ELEMENTARY PARTICLES are
usually quoted in eV; their REST MASSES are
generally referred to in terms of their ener-
gies in eV.

element /el-ĕ-mĕnt/ Any of a large num-
ber of substances, including HYDROGEN,
HELIUM, carbon, nitrogen, oxygen, and
iron, that consist entirely of ATOMS of the
same ATOMIC NUMBER, i.e. with the same
number of protons in their nuclei. The
atoms are not all identical however: ISO-
TOPES of an element can occur with differ-
ent numbers of neutrons in their nuclei.
When arranged in order of increasing
atomic number along a series of horizontal
rows, elements with similar chemical and
physical properties fall into groups. The
similarities in properties arise from similar-
ities in the electron arrangements within
the atom. This table of elements is called
the periodic table. Over 100 elements are
now known, more than 90 of which occur
naturally on Earth. The elements have sta-
ble isotopes and/or unstable (i.e. radioac-
tive) isotopes.

The creation of the elements and the
means by which they become distributed
throughout the Universe are major areas of
study in astronomy (see nucleosynthesis).
The abundance of each element in the Uni-
verse, i.e. its COSMIC ABUNDANCE, depends

on the method of its synthesis – by nuclear
reactions in stars, by COSMIC-RAY colli-
sions, etc. – and on its lifetime in its imme-
diate surroundings and its long-term
stability.

elementary particles The basic build-
ing blocks of matter. At present the only
truly elementary particles containing no in-
ternal subcomponents are believed to be
LEPTONS and QUARKS. There are six leptons:
the ELECTRON, MUON, the massive tau lep-
ton, and the three NEUTRINOS. There are
also six so-called ‘flavors’ of quarks. At
one time the constituents of atomic nuclei
(NEUTRONS and PROTONS) were thought to
be elementary but it is now known that
they possess internal structure in the form
of triplets of quarks. Particles with quark
constituents are called hadrons. Those, like
the proton, composed of three quarks are
called baryons. Particles known as mesons
are produced by a variety of high-energy
reactions and decay into stable particles.
Mesons, which include the PIONS, are com-
posed of quark and antiquark pairs.

All the visible matter in the Universe
can be described in terms of leptons and
quarks and the forces acting between them.
The simplest theoretical framework for
this description is called the standard
model. There are four known interactions
between elementary particles: the strong
interaction (in which only quarks and
hadrons can take part), electromagnetism,
the weak interaction, and gravitation (see
fundamental forces).

elements, abundance See abundance;
cosmic abundance.

elements of an orbit See orbital ele-
ments.

ellipse A closed curve that is a type of
CONIC SECTION with an eccentricity less
than one. The longest line that can be
drawn through the center of an ellipse is
the major axis whereas the shortest line is
the minor axis. The two axes are at right
angles. There are two foci, which lie on the
major axis and are symmetrically posi-
tioned on opposite sides of the center. The

electron temperature
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elongation

sum of the distances from the foci to a
point moving round the ellipse is constant
and equal to the length of the major axis.
An orbiting body moves in an ellipse with
the primary at one of the foci. See also Ke-
pler’s laws; orbit.

ellipsoid /i-lip-soid/ A surface or solid
whose plane sections are circles or ellipses.
An ellipse rotated about its major or minor
axis is a particular type of ellipsoid, called
a prolate spheroid (major axis) or an oblate
spheroid (minor axis).

ellipsoidal reflector /el-ip-soi-dăl/ A re-
flector whose surface is part of an ellipsoid.
An object situated at one focus will be im-
aged, after reflection, at the other focus.

elliptical galaxy /i-lip-tă-kăl/ See galax-
ies; Hubble classification.

elliptical polarization See polariza-
tion.

ellipticity See oblateness.

Elnath /el-nath/ (Alnath; ββ Tau) A
bluish-white giant that is the second-
brightest star in the constellation Taurus. It
was originally part of Auriga, as Gamma
(γ) Aurigae. mv: 1.65; Mv: –1.5; spectral
type: B7 III; distance: 40 pc.

elongation /ee-long-gay-shŏn/ The an-
gular distance between the Sun and a
planet, i.e. the angle Sun–Earth–planet,
measured from 0° to 180° east or west of
the Sun. It is also the angular distance be-
tween a planet and one of its satellites, i.e.
the angle planet–Earth–satellite, measured
from 0° east or west of the planet. An elon-
gation of 0° is called CONJUNCTION, one of
180° is OPPOSITION, and one of 90° is QUAD-
RATURE (see illustration). When an inferior
planet follows the Sun in its daily motion,
appearing east of the Sun in the evening, it
is in eastern elongation. When it precedes
the Sun, appearing west of the Sun in the
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morning, it is in western elongation. The
inferior planets, which cannot come to
quadrature, reach positions of greatest
elongation (GE). The GE for both eastern
and western elongation varies from 18° to
28° (Mercury) and from 45° to 47°
(Venus).

Eltanin /el-tan-in/ See Draco.

Elysium Planitia /i-liz-ee-ŭm/ Mars’
second main center of volcanic activity, lo-
cated on a bulge in the Martian crust about
3 km high and 5312 km in diameter, situ-
ated on the planet’s equator. It is centered
on the areograohic coordinates 2° N lati-
tude, 205° W longitude (see areography).
Its principal volcano is Elysium Mons (25°
N latitude, 213.1° W), which is 250 km in
base diameter and 15 km high. See Mars,
volcanoes. In Feb, 2005, scientists examin-
ing images of Elysium Planitia taken by the
European spacecraft MARS EXPRESS noted
some that showed plated and rutted fea-
tures over an extensive area measuring 800
by 900 km. The platelike fractures resem-
ble ice floes seen in Earth’s polar regions,
leading the scientists to believe that a cata-
strophic event flooded the area about five
million years ago forming a sea that then
froze and became covered with dust and
volcanic ash. They think it now survives as
pack ice just below the Martian surface.

emerging flux regions (EFRs) New
areas of intense localized magnetic field in
the solar PHOTOSPHERE that are invariably
the precursor of ACTIVE REGIONS. They are
characterized by a small area of FACULAE in
white light and by a small bipolar PLAGE

connected by a few short arch filaments
(see prominences) in the MONOCHROMATIC

light of certain strong FRAUNHOFER LINES.

emersion /ee-mer-shŏn/  The reappearence
of a celestial body following its eclipse or
occultation.

emission 1. The release of light or other
radiation from an excited atom or mol-
ecule, or the radiation so emitted. See emis-
sion spectrum; nonthermal emission;
thermal emission.

2. The liberation of electrons from the sur-
face of a solid or liquid. See photoelectric
effect.

emission lines See emission spectrum.

emission-line star A star, such as a BE

STAR or OF STAR, whose spectrum exhibits
nonstandard emission lines. See spectral
types.

emission measure See thermal emis-
sion.

emission nebula A region of hot inter-
stellar gas and dust that shines by its own
light. Most of the gas atoms in the cloud
are ionized – stripped of one or more elec-
trons. The electrons liberated by the ion-
ization process are free to move about the
nebula. The light, and other radiation,
emitted by the nebula results from subse-
quent interactions between ions and free
electrons, and from the decay (de-excita-
tion) of excited atoms.

There are three classes of emission neb-
ula, all of extremely low gas density. In H II

(ionized hydrogen) regions, such as the
ORION NEBULA, the gas is ionized by ultra-
violet (UV) radiation from nearby hot
young O and B stars; if there is sufficient
gas close to one or more such stars a lumi-
nous nebula will form, surrounded by
cooler neutral gas. The size is dependent on
gas density and ultraviolet flux (see Ström-
gren sphere), ranging up to several parsecs.
The temperature is maintained at about
10 000 K by FORBIDDEN LINE radiation,
mostly of oxygen and nitrogen. In PLANE-
TARY NEBULAE, typified by the RING NEBULA,
the gas is ionized by UV radiation from the
remnant of a dying star lying within the
nebula; the nebula comprises gas expelled
from this star. In SUPERNOVA REMNANTS the
ionization mechanisms are very complex:
the atoms can be ionized by ultraviolet
SYNCHROTRON radiation, as in the CRAB

NEBULA, by interactions following the colli-
sion of an expanding remnant with sur-
rounding interstellar gas atoms, as in the
CYGNUS LOOP, or possibly by other
processes.

Eltanin
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Emission nebulae contain primarily free
electrons and hydrogen ions, together with
some helium ions and trace amounts of
oxygen, carbon, nitrogen, and other ele-
ments. These components can interact in
various ways. Firstly, an electron can be re-
captured by an ion, usually a hydrogen ion.
This recombination leads to the emission
of radio, infrared, and optical CONTINUUM

radiation, with line radiation then being
emitted as the electron cascades down to
lower ENERGY LEVELS. Secondly, an electron
can collide with an ion, such as ionized
oxygen, without being captured. Instead,
energy is transferred from electron to ion,
which becomes excited into an energy level
just above the ground state. The excited
ion returns to its normal energy state by
emitting light at discrete wavelengths: at
higher densities these transitions would be
‘forbidden’ (see forbidden lines). Thirdly,
free electrons can be decelerated when they
pass near an ion, energy being radiated
away as weak BREMSSTRAHLUNG – mainly
radio waves.

The spectacular colors, predominantly
red and green, of an emission nebula are
due to recombination and excitation. The
most intense visible radiation from hydro-
gen is the red hydrogen-alpha emission; red
light is also emitted during a forbidden
transition of singly ionized nitrogen. The
strongest emission, however, results from a
forbidden transition of doubly ionized
oxygen (O++ or O III), the emission being
green; the O III ions can only be produced
by highly energetic UV photons. See also
nebula.

emission spectrum A SPECTRUM formed
by emission of ELECTROMAGNETIC RADIA-
TION by matter. Energy has first to be sup-
plied, either as heat (high temperature) or
by some other mechanism such as absorp-
tion of electromagnetic radiation by the
matter or by impact of electrons. The en-
ergy raises the atoms or molecules to
higher ENERGY LEVELS. In a simple example,
the electron in a hydrogen atom may
‘jump’ from its normal orbit to one farther
from the nucleus (see hydrogen spectrum).
The emission spectrum of hydrogen, or any
other emitting material, is formed by tran-

sitions from such excited states to lower
energy states, the excess energy appearing
in the form of photons with characteristic
frequencies.

The emission spectrum therefore con-
sists of a specific pattern of narrow peaks –
emission lines – that occur at these fre-
quencies. These lines may be superimposed
on a CONTINUUM, but not necessarily so.
Emission lines can occur in stellar spectra
if, for example, the star is surrounded by a
hot shell of diffuse gas. They also occur, for
example, in the spectra of EMISSION NEBU-
LAE, the interstellar medium (see molecu-
lar-line radio astronomy), and QUASARS.
See also absorption spectrum; excitation.

emissivity /em-ă-siv-ă-tee/ Symbol: ε. A
measure of a body’s ability to radiate ELEC-
TROMAGNETIC RADIATION as compared to
that of a perfect radiator – a BLACK BODY –
at the same temperature.

Enceladus /en-sell-ă-dŭs/ A satellite of
Saturn, discovered in 1789 by William
Herschel, that is one of the innermost
moons of the planet, orbiting it at a dis-
tance of 238 100 km. It has been found to
have a varied surface of ancient and youth-
ful geological developments. Its diameter is
only 500 km and its density 1.6 g cm–3.
Enceladus is the most highly reflective
large object in the Solar System with an
ALBEDO approaching 1.0. The surface
shows evidence of highly cratered regions
(5–35 km diameter), smooth plains, and
ridged plains. The valleys and ridges indi-
cate crustal movements that may have been
associated with faulting and the extrusion
of fluids. Tidal effects from the nearby and
larger satellite DIONE may account for the
production of the surface faulting and may
have allowed the warmer fluid from the in-
terior to resurface portions of the satellite.
This situation also occurs on the Jovian
satellite IO, so it is possible that Enceladus
is still geologically active. During flybys in
February and March 2005, the Cassini/
Huygens spacecraft founded evidence of a
significant atmosphere of ionized water
vapor, due perhaps to volcanism, the erup-
tion of geysers, or the escape of gases from
the surface or the interior of Enceladus.
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The E ring of Saturn shows a pronounced
peak of brightness in the orbit of Enceladus
and may consist of particles that have es-
caped from the satellite. See also Table 2,
backmatter.

Encke Division /enk-kĕ/ (Encke Gap)   See
Saturn’s rings.

Encke’s comet /enk-kĕz/ The most ob-
served comet, having been seen at 55 ap-
paritions. The comet has a period of 3.30
years – one of the shortest – and is thought
to be the parent body of the Taurid METE-
OROID STREAM. The period of Encke is de-
creasing by up to 2.7 hours per orbital
revolution. This is caused by a jet effect
from its rotating nucleus, which is not ther-
mally symmetrical. The brightness of
Encke has hardly decreased during the 165
years of observation. Since the orbit of
Encke is extremely well known and a con-
siderable bank of scientific data has been
established, Encke is one of the prime tar-
gets for a spacecraft investigation of a
comet.

encounter theories Theories that pro-
pose that the planets formed from material
ejected from the Sun or a companion star
during an encounter with another object.
Although the first such theory, by G.L.L.
de Buffon in 1745, postulated that a comet
collided with the Sun, most later theories
have invoked an approach or collision in-
volving another star, protostar, or a giant
molecular cloud.

The planetesimal theory (1901–05) of
T.C. Chamberlin and F.R. Moulton sug-
gested that a passing star caused the Sun to
eject filaments of material. These con-
densed into PLANETESIMALS from which the
planets formed by ACCRETION.

Tidal theories (1916–18) of Harold Jef-
freys and James Jeans suggested that a star
grazed the Sun, drawing out into solar
orbit a cigar-shaped filament of material
that fragmented to form the planets: the
larger planets – Jupiter and Saturn – con-
densed from the thicker central regions of
the filament.

Variations on these ideas postulate that
the encounter took place between a passing

star and a binary companion star to the
Sun. This overcomes one objection to most
encounter theories: that material ejected
from the Sun could not enter near-circular
orbits at the observed planetary distances.
However a remaining major problem with
all these ideas is that most of the material
drawn out from the Sun or its postulated
companion would have stayed very close
to the parent object. Also any material
ejected at stellar temperatures would not
condense but would expand violently and
dissipate into space before it could form
planets.

A modification of the Jeans–Jeffreys
theory, the capture theory of M.M. Woolf-
son, attempts to overcome these problems.
It proposes that the filament of matter was
drawn off a relatively cool tenuous proto-
star moving past and tidally distorted by
the condensed and more massive Sun. Con-
densations of protoplanets formed from
the fragmented filament, of which six were
captured by the Sun. A gradual rounding-
off of the initial elliptical orbits and a
major collision between the two innermost
bodies led to the present distribution of
solar-system bodies.

See also nebular hypothesis; Solar Sys-
tem, origin.

energy Symbol: E. A measure of the ca-
pacity of a body or system for doing work,
i.e. for changing the state of another body
or system. The SI unit of energy is the joule;
the erg (10–7 joule) is also used. There are
various forms of energy including mechan-
ical, electrical, nuclear, and radiant energy,
all of which are interconvertible in the
presence of matter. Mass is also regarded
as a form of energy. In any closed system,
the total energy, including mass, is always
constant. See also conservation of mass-en-
ergy; kinetic energy; potential energy.

energy level One of a number of dis-
crete energies that, according to quantum
mechanics, is associated with an atomic or
molecular system. For instance, a hydrogen
atom, which consists of a proton and an
orbiting electron, has an energy due to elec-
trostatic interaction between the electron
and proton and to the motion of the elec-
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tron. This energy can only have certain
fixed values, which correspond to different
orbits of the electron, and these constitute
the electronic energy levels of the atom.
The state of lowest energy is the ground
state of the atom and higher states (in
which the electron is farther from the nu-
cleus) are known as excited states. Neither
the hydrogen atom nor any other type of
atom can take up energy continuously but
can only ‘jump’ from one energy state to
another: the energy is said to be quantized.
This behavior is quite general, applying to
energies of vibration and rotation in mol-
ecules and to energy difference due to in-
teraction of magnetic moments of the
electrons. See also excitation; hydrogen
spectrum.

energy transport The flow of heat from
a hot to a cooler region by means of radia-
tion, convection, or conduction. In stars
the heat flows from the hot interior to the
surface, where it is radiated away into
space. The most important means of en-
ergy transport in most stars is radiative
transport, in which high-energy photons
lose energy to the hot plasma through scat-
tering, mainly by free electrons, and by ab-
sorption through photoionization of ions;
this occurs in the radiative zone of the star.
(The equation of radiative transport is
given at stellar structure.) Convection is
another mode of energy transport in which
collections of hot fluid in the CONVECTIVE

ZONE of a star rise toward the surface, re-
lease their energy, and sink again to pick
up more energy. Convection is a highly ef-
ficient process but the conditions must be
right for its onset. Conduction is negligible
in most stars but becomes important in
very dense degenerate stars, such as white
dwarfs.

The mode of energy transport has im-
portant effects on a star’s evolution: radia-
tion (and conduction) do not affect the
shells of different composition within an
evolved star, but convection mixes them to
a uniform composition.

English mounting Another name for
yoke mounting. See equatorial mounting.

ENO Abbrev. for European Northern
Observatory. See Roque de los Muchachos
Observatory.

enstatite chondrite /en-stă-tÿt/ See
chondrite.

entrainment /en-trayn-mĕnt/  Any process
that involves the sweeping-up and trans-
port of material by a fluid. The effect is
thought to occur around JETS in RADIO

GALAXIES. These jets are light, probably
consisting of electrons and positrons, and
generate surface instabilities as they sweep
past the intergalactic medium. This leads
to mixing, and the entrainment of heavier
material, which affects the dynamics of the
jet.

entropy /en-trŏ-pee/ A measure of the
amount of disorder in a physical system. It
never decreases in any physical interaction
of a closed system.

entropy per baryon A cosmological
parameter that measures the relative distri-
bution of energy in disordered and ordered
forms in the Universe. It is determined by
the number of photons per baryon (proton
or neutron) in the Universe today and has
a value between 109 and 1010 according to
present observations. BIG BANG theories
must explain the value of this ratio.

Eos family /ee-os/ A HIRAYAMA FAMILY

of asteroids located at a distance of 3.0 AU
from the Sun. The members are unusual
and their color lies between that of C-TYPE

and S-TYPE ASTEROIDS. Their reflection spec-
tra are very similar to CHONDRITE mete-
orites. Observations of spin rates indicate
that the family is old.

ephemeris /i-fem-ĕ-riss/ (plural: ephem-
erides) 1. A work published regularly,
usually annually, in which are tabulated
the daily predicted positions of the Sun,
Moon, planets, etc., for that period, to-
gether with information relating to certain
stars, times of eclipses, etc. It is used in as-
tronomical observation and navigation.
See also Astronomical Almanac.
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2. A series of predicted geocentric positions
of a celestial object at constant intervals of
time.

ephemeris meridian The fictitious ter-
restrial meridian that rotates indepen-
dently of Earth at the uniform rate defined
by terrestrial DYNAMICAL TIME. It is

1.002 738 ∆T
east of the Greenwich meridian (see delta
T). Ephemeris longitude and ephemeris
hour angle are measured relative to the
ephemeris meridian.

ephemeris second See ephemeris time.

ephemeris time (ET) A measure of time
for which a constant rate was defined and
that was used from 1958 to the end of
1983 as the independent variable in gravi-
tational theories of the Solar System. It was
superceded in 1984 by DYNAMICAL TIME.
ET was reckoned from the instant, close to
the beginning of 1900, when the Sun’s
mean geometric longitude was 279° 41′
48″.04, at which instant the measure of
ephemeris time was 1900 Jan. 0d 12h pre-
cisely. The primary unit of ET was the
TROPICAL YEAR at this epoch of 1900 Jan.
0.5 ET, which contains a calculable num-
ber of seconds: the ephemeris second is the
fraction 1/31 556 925.9747 of the tropical
year 1900 Jan. 0.5 ET. The ephemeris sec-
ond was adopted in 1957 as the funda-
mental invariable unit of time until
replaced in 1967 by the second of ATOMIC

TIME. This SI-adopted second was defined
so that it was equal to the ephemeris sec-
ond within the error of measurement. The
ephemeris day contains 86 400 ephemeris
seconds. ET could be found by adding a
correction, DELTA T, to the UNIVERSAL TIME

UT1.

epicycle /ep-ă-sÿ-kăl/ See Ptolemaic sys-
tem.

Epimetheus /ep-ă-mee-th’ee-ŭs/ A small
irregularly shaped satellite of Saturn. It is a
COORBITAL SATELLITE with JANUS; they orbit
between the F ring and G ring. There are
two named craters on Epimetheus, Hi-

lairea and Pollux. See Saturn’s rings; Table
2, backmatter.

epoch An arbitrary fixed date or instant
of time that is used as a reference datum,
especially for stellar coordinates and or-
bital elements. For example, the coordi-
nates right ascension and declination are
continuously changing, primarily as a re-
sult of the precession of the equinoxes. Co-
ordinates must therefore refer to a
particular epoch, which can be the time of
an observation, the beginning of the year in
which a series of observations of an object
was made, or the beginning of a half cen-
tury. The standard epoch specifies the ref-
erence system to which coordinates are
referred. Coordinates of star catalogs com-
monly referred to the mean equator and
equinox of the beginning of a Besselian
year. Since 1984 the Julian year has been
used: the current standard epoch, desig-
nated J2000.0, is 2000 Jan. 1.5; it is ex-
actly one Julian century removed from the
standard epoch of 1900 Jan 0.5. Epochs
for the beginning of a year now differ from
the standard epoch by multiples of the Ju-
lian year. A standard epoch is usually re-
tained for 50 years.

epsilon /ep-să-lon/ (εε) The fifth letter of
the Greek alphabet, used in stellar nomen-
clature usually to designate the fifth-
brightest star in a constellation.

Epsilon Aurigae /ô-rÿ-jee, -ree-/ An
eclipsing binary star about 600 parsecs dis-
tant in the constellation Auriga, with a pe-
riod of 9892 days, the eclipse lasting about
610 days. It consists of an extremely lumi-
nous F2 Ia supergiant about 15 times the
mass of the Sun with a very large compan-
ion of about the same mass. Once thought
to be a very distended cool supergiant, the
large occulting object is now believed to be
a ring or shell of gases surrounding the true
companion, a main-sequence B star. The
gases arise from rapid mass transfer from
the F star (see W Serpentis star).

Epsilon Eridani (εε Eri) An orange-red
main-sequence star located in the constel-
lation Eridanus at a distance of 3.2 parsecs.

ephemeris meridian
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It is a young star (about 500 million to a
billion years old) and has between 75%
and 85% of the Sun’s mass and size but
only 27% to 35% of its luminosity. In
1998, astronomers announced the detec-
tion of a cool dusty ring around the star,
encircling it at a distance of between 35
and 75 AU. This is thought to be a belt of
rocky and icy bodies equivalent to the
Solar System’s Edgworth-Kuiper Belt. In
2000, researchers announced the detection
of a giant planet orbiting Epsilon Eridani at
a mean distance of about 3.3 AU in an el-
liptical orbit (eccentricity: 0.6) with a pe-
riod of 6.8 years. The planet is estimated to
have a mass equal to about 1.2 times that
of Jupiter. The existence of a second and
smaller planet orbiting about 40 AU out
from the star has been inferred from dis-
turbances in the structure of the dust ring
but remains unconfirmed. mv: 3.73; spec-
tral type: K2 V.

Epsilon Indi (εε Ind) An orange-red
main-sequence dwarf star in the constella-
tion Indus that is a near neighbor of the
Sun, lying at a distance of almost 3.62 par-
secs. It is about 1.3 billion years old and is
smaller and much dimmer than the Sun,
having a surface temperature of about
4300 K. In 2003, a team of astronomers
announced the detection of a BROWN

DWARF possibly with a methane atmos-
phere circling Epsilon Indi at a separation
of 1500 AU. The brown dwarf, now
known as Epsilon Indi ba, is thought to
have the same diameter as Jupiter but
nearly 50 times its mass. Epsilon Indi ba is
itself orbited by a brown dwarf, named Ep-
silon Indi bb. The Epsilon Indi system has
a very large proper motion (about 4.7 sec-
onds of arc per year) and over the next few
thousand years will move out of Indus into
the neighboring constellation Tucana. mv:
4.68; Mv: 6.89; spectral type: K5 Ve.

Epsilon ring See Uranus’ rings.

equation of center The true ANOMALY

minus the mean ANOMALY of a body mov-
ing in an elliptical orbit. It is the difference
between the actual angular position of the
body and the position it would have if its

angular motion were uniform. It is a major
INEQUALITY in the Moon’s motion, being a
direct result of the large ECCENTRICITY

(0.0549) of the Moon’s orbit and hence of
its varying orbital velocity (see Kepler’s
laws).

equation of light See light-time.

equation of the equinoxes See sidereal
time.

equation of time The correction that
must be applied to APPARENT SOLAR TIME to
obtain MEAN SOLAR TIME, i.e. it is the dif-
ference in time as measured by a sundial
and by a clock. The equation of time varies
through the year; it has two maxima and
two minima and is zero on four dates:
April 15/16, June 14/15, Sept. 1/2 and Dec.
25/26. A positive value indicates that ap-
parent time is ahead of mean time; the
greatest positive value, which can be over
16 minutes, occurs in early Nov.; the great-
est negative value, over 14 minutes, occurs
in mid-Feb. The curve is the sum of two
components, each reflecting a nonunifor-
mity in the apparent motion of the Sun:
one component arises from the ellipticity
of the Earth’s orbit, the other from the in-
clination of the ecliptic to the celestial
equator (see mean Sun).

equator 1. The great circle on the sur-
face of a planet or star that lies in a plane –
the equatorial plane – passing through the
center of the body and perpendicular to the
axis of rotation.
2. Short for celestial equator.

equatorial coordinate system The
most widely used astronomical COORDI-
NATE SYSTEM in which the fundamental
reference circle is the celestial equator and
the zero point is, strictly, a CATALOG

EQUINOX, or less formally the vernal (or
dynamical) EQUINOX. The coordinates are
RIGHT ASCENSION (α) and DECLINATION (δ),
which are measured along directions
equivalent to those of terrestrial longitude
and latitude, respectively (see illustration
overleaf). SIDEREAL HOUR ANGLE is some-
times used instead of right ascension and
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NORTH or SOUTH POLAR DISTANCE instead 
of declination. Because of the slow west-
erly drift of the dynamical equinox around
the ecliptic the coordinates right ascension
and declination are normally referred to
the MEAN EQUATOR AND EQUINOX for a
standard EPOCH, which in present use is
2000.0.

equatorial horizontal parallax See di-
urnal parallax.

equatorial mounting A telescope
MOUNTING in which one axis (the polar
axis) is parallel to the Earth’s axis of rota-
tion, while the second axis (the declination
axis) is at right angles to it. Its great ad-
vantage is that when the telescope is
clamped in declination, and the polar axis
is driven to turn once in 24 hours in the op-
posite direction to the Earth’s rotation, any
star will remain stationary in the FIELD OF

VIEW. Until recently almost every large tele-
scope was equatorially mounted, but the
constantly changing stresses involved in
swinging possibly hundreds of tonnes of
asymmetrically shaped material about an
inclined axis mean that the mounting must
be extremely strong and hence extremely

costly, so as a result many telescopes are
now constructed with a computer-con-
trolled ALTAZIMUTH MOUNTING.

There are several types of equatorial
mountings, some being shown in the illus-
tration overleaf. In the fork mounting the
telescope swings in declination about an
axis carried on two prongs of a fork; the
fork itself rotates about a shaft that is the
polar axis. In the yoke (or English) mount-
ing the polar axis is in the form of a long
frame with a bearing at each end. The tele-
scope swings in declination about an axis
between the sides of the frame. This
mounting is simple, very rigid, and needs
no counterpoise weights; the polar region
is, however, inaccessible. The horseshoe
mounting is a modification of the fork and
yoke mountings: the upper end of the polar
axis frame is made into a horseshoe shape
to accommodate the telescope tube; the
polar region may then be observed. Many
of the giant reflectors use this exceptionally
stable mounting. In the German mounting
the declination axis is carried as a tee on
the top end of the polar axis. The telescope
is carried on one end of the declination axis
and there is a counterpoise on the other
end.

north celestial
pole

celestial
body

vernal equinox

�

ααα

δδδ

equator
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equinoctial points

The drive mechanism for the telescope
is usually called a drive clock; in modern
telescopes it is often an electric motor con-
trolled by a variable frequency generator.
A telescope is usually driven, about its
polar axis, at the sidereal rate so that one
rotation is completed in 23h 56m 4s, the
duration of one sidereal day. Small correc-
tions are required in drive rates because of
atmospheric refraction and when follow-
ing the Moon or planets, which move rela-
tive to the stars. These corrections are

achieved by varying the frequency supplied
to the drive motor.

equatorial plane See equator.

equator of illumination The plane of
symmetry of a lunar or planetary PHASE.

equinoctial colure See colures.

equinoctial points See equinoxes.

•

polar axis

declination axis

polar
axis

Fork mountingHorseshoe mounting

declination
axis pivot

polar axis declination
axis

polar axis

counterpoise

Yoke mounting German mounting

declination
axis

Equatorial mountings
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equinoxes 1. (equinoctial points). The
two points on the celestial sphere at which
the ECLIPTIC intersects the CELESTIAL EQUA-
TOR. They are thus the two points at which
the Sun in its apparent annual motion
crosses the celestial equator. The Sun
crosses from south to north of the equator
at the DYNAMICAL EQUINOX, still informally
called the vernal equinox, symbol: γ, which
lies at present in the constellation Pisces.
The Sun crosses from north to south of the
equator at the autumnal equinox, symbol:
≅, which at present lies in Virgo. The dy-
namical or vernal equinox is the zero point
for both the EQUATORIAL and ECLIPTIC CO-
ORDINATE SYSTEMS, although in star cata-
logs a CATALOG EQUINOX is now used. The
equinoxes are not fixed in position but are
moving westward around the ecliptic as a
result of PRECESSION of the Earth’s axis; the
advance is about 50″ of arc per year. See
also mean equator and equinox; true equa-
tor and equinox.
2. The two instants at which the Sun
crosses the equinoctial points, on about
March 21 (dynamical equinox) and Sept.

23. On the days of the equinoxes the hours
of daylight and of darkness are equal.

Compare solstices.

equinox motion See catalog equinox.

equipotential surfaces /ee-kwă-pŏ-ten-
shăl, ek-wă-/ Imaginary surfaces sur-
rounding a celestial body or system over
which the gravitational field is constant.
For a single star the surfaces are spherical
and may be considered as the contours of
the potential well of the star. In a close BI-
NARY STAR the equipotential surfaces of the
components interact to become hourglass-
shaped (see illustration). The surfaces
‘meet’ at the inner LAGRANGIAN POINT, L1,
where the net gravitational force of each
star on a small body vanishes; the contour
line through this point defines the two
Roche lobes. When both components are
contained well within their Roche lobes
they form a detached binary system. If one
star has expanded so as to fill its Roche
lobe it can only continue to expand by the
escape of matter through the inner La-
grangian point. This stream of gas will then

••

Roche lobe

L1

L2L2L2

Equipotential surfaces of close binary star



enter an orbit about or collide with the
smaller component. The system is then a
semidetached binary: DWARF NOVAE, W SER-
PENTIS STARS, and some ALGOL VARIABLES

are examples. When both components fill
their Roche lobes, as with W URSAE MAJORIS

STARS, they form a contact binary sharing
an outer layer of gas. Matter can then even-
tually spill into space through the outer
Lagrangian point, L2.

equivalence principle /i-kwiv-ă-lĕns/
The principle that, on a local scale, the
physical effects of a uniform acceleration
of some FRAME OF REFERENCE imitates com-
pletely the behavior in a uniform gravita-
tional field. This equivalence of the two
frames of reference was introduced by Al-
bert Einstein in his general theory of RELA-
TIVITY. It is a generalization of the observed
direct proportionality between gravita-
tional and inertial MASS.

equivalent width A measure of the
strength of a spectral line. The LINE PROFILE

of an absorption line, for example, shows a
dip below the CONTINUUM level, and the
equivalent width is calculated as the area of
the dip divided by the height of the contin-
uum. It is the wavelength range of the spec-
tral line if the amount of absorption was
redistributed into a rectangle having the in-
tensity of the continuum.

Equuleus /i-kwoo-lee-ŭs/ (Little Horse) 
A very small inconspicuous constellation in
the northern hemisphere near Pegasus, the
brightest star (γ) being a triple star of 4th
magnitude. Delta (δ) and Beta (β) are dou-
ble stars. Abbrev.: Equ; genitive form: Equ-
ulei; approx. position: RA 21h, dec +7°;
area: 72 sq deg.

Eratosthenian System /e-ră-tos-th’ee-
nee-ăn/ See Copernican System.

Erfle eyepiece /erf-lĕ/ See eyepiece.

Eridanus /e-rid-ă-nŭs/ (River) A long
straggling constellation in the southern
hemisphere extending from Orion toward
the southern polar region. Except for the
zero-magnitude ACHERNAR (α), the bright-

est stars are of 2nd and 3rd magnitude. Za-
urak (γ) is a red giant of apparent magni-
tude 2.95 and spectral type M1 IIIb, while
Rana (δ) is somewhat hotter, an orange
subgiant of apparent magnitude 3.54 and
spectral type K0 IV. To the northwest of
Zaurak lies Epsilon (ε) Eridani, a star close
to the Sun that may be a planetary system
in the making (see Epsilon Eridani). The
3rd-magnitude Acamar (θ) is a fine double
star, possibly once much brighter than it is
now. Abbrev.: Eri; genitive form: Eridani;
approx. position: RA 1.5 to 5h, dec 0° to
–58°; area: 1138 sq deg.

Eros /eer-os, e-ros/ ((433) Eros) An AS-
TEROID that was discovered in 1898 by the
German astronomer Carl Gustav Witt and
is a member of the AMOR GROUP. It passed
within 23 million km of the Earth in 1975.
It is the second largest of the near-Earth as-
teroids and the first to be discovered. It ap-
pears to be an S-type asteroid, a stony
egg-shaped object measuring 13 × 13 × 33
km, and its varying light curve has been
monitored since the early 20th century.
Eros spins once every 5.27 hours and trav-
els once around the Sun every 1.76 years in
a slightly elliptical orbit that is inclined
10.8? to the ecliptic. In 2000, the NEAR-
Shoemaker spacecraft, a NASA mission,
entered orbit around Eros following a
four-year journey from the Earth, On Feb.
15, 2001, it landed on the asteroid’s sur-
face, making Eros the first such body to be
a landing site for a human-made space-
craft. Images sent back by NEAR-Shoe-
maker both before and after landing
revealed that the surface of Eros shows
fewer impact craters than expected and is
covered with a regolith, which over hun-
dreds of millions of years seems to have
filled in many of the craters. The impacts
appear to have left Eros in a shattered
state, its pieces held together only by grav-
ity. See Table 3, backmatter.

error box (error circle) The region of
uncertainty in the position of a celestial
source, defined on a statistical basis. The
term is often used in sky surveys of X-ray,
gamma-ray, and infrared sources.

153

error box



ERS ESA’s European Remote Sensing
satellite. See remote sensing.

eruptive center An active volcanic area
on a planet or satellite.

eruptive variable See cataclysmic vari-
able.

ESA /ee-să/ Abbrev. for European Space
Agency.

escape velocity The minimum velocity
required for an object to enter a parabolic
trajectory around a massive body and
hence escape from its vicinity. The object
will keep moving away from the body al-
though it travels at decreasingly lower
speeds as the massive body’s gravitational
attraction continues to slow it down. If the
object does not attain escape velocity it will
enter an elliptical orbit around the body. If
escape velocity is exceeded the object will
follow a hyperbolic path. The escape ve-
locity at a distance r from the center of a
massive body, mass m, is given by
√(2Gm/r), where G is the gravitational
constant. The escape velocity from the
Earth’s surface is about 11.2 km s–1, from
the Moon 2.4 km s–1, and from the Sun
617.7 km s–1. For a massive body to retain
an atmosphere the average velocity of the
gas molecules must be well below escape
velocity.

ESO Abbrev. for European Southern
Observatory.

ESOC /ee-sok/ See European Space
Agency.

ESO/SERC Southern Sky Survey See
Southern Sky Survey.

ESRIN See European Space Agency.

ET Abbrev. for ephemeris time.

eta (ηη) The seventh letter of the Greek al-
phabet, used in STELLAR NOMENCLATURE

usually to designate the seventh-brightest
star in a constellation or sometimes to in-
dicate a star’s position in a group.

Eta Aquarids /ay-tă, ee-/ See Aquarids.

Eta Carinae /kă-ree-nee, -nÿ, -rÿ-nee/ (ηη
Car) One of the most luminous and un-
stable stars in the Galaxy, lying at a dis-
tance of 2000 parsecs in the constellation
Carina. It displays a large variation in mag-
nitude at very irregular periods. Halley cat-
aloged it as a 4th-magnitude star in 1677.
From 1835 to 1845 it outshone every star
except Sirius, reaching a magnitude of –0.8
in 1843; it has since faded, the magnitude
range having been between 5.9 and 7.9
since 1880. Eta Carinae is an example of a
LUMINOUS BLUE VARIABLE. It is surrounded
by a shell of cool dust that emits strongly at
a wavelength of 20 µm. The decrease in
light output observed after 1843 is as-
sumed to have been caused by the ejection
of the dust. The dust obscures the light out-
put of the star (which may well have re-
mained constant), converting the light to
infrared radiation. Eta Carinae’s total lu-
minosity is about five million times that of
the Sun, its temperature is 29 000 K, and
its mass is about 120 solar masses. It is sur-
rounded by a small cloud of ejected gas
(the Keyhole nebula) that contains a high
abundance of nitrogen, indicating that
much NUCLEOSYNTHESIS has taken place.

Eta Carinae nebula (NGC 3372) A
large complex of dust and glowing gas in
the southern Milky Way. The nebulosity is
an extended H II region in which there are
clusters of young stars. Dark lanes of cool
dust divide the nebula into islands of glow-
ing gas. One of these dark and irregular
dust lanes is known as the Keyhole, which
is used to identify the bright emission Key-
hole nebula in which the object ETA CARI-
NAE is situated.

ether /ee-th’er/ An extremely elastic
medium of negligible density that was
thought in the 19th century to permeate all
space and thus provided a medium through
which light and other electromagnetic
waves from celestial bodies could travel.
(At that time all waves were considered to
require a medium for their propagation).
The speed of travel of the electromagnetic
waves, i.e. the speed of light, was assumed

ERS
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to be fixed with respect to the ether. The
Earth, however, should move with respect
to the ether and so, from considerations of
relative motion, the speed of light should
vary very slightly when measured in differ-
ent directions.

Experiments were set up in the late 19th
century to detect and measure the motion
of the Earth relative to the ether. The most
notable experiment was carried out in
1887 by A.A. Michelson and E.W. Morley
(the Michelson–Morley experiment). No
such motion was found, indicating both
that the ether did not exist and that elec-
tromagnetic waves did not require any
medium for their propagation. The con-
cept of the ether was thus discarded. The
result of these experiments was later ex-
plained by Einstein’s special theory of REL-
ATIVITY (1905) in which it was stated that
the speed of light was independent of the
velocity of the observer and was therefore
invariant.

E-type asteroids A rare class of asteroid
with a featureless spectrum between 0.3
and 1.1 micrometers. The surface composi-
tion may be similar to enstatite ACHON-
DRITE meteorites.

Eureca /yoo-ree-kă/ Short for European
retrievable carrier. A small reusable ro-
botic space platform developed by the
ESA. It was designed to be jettisoned from
a space shuttle, propelling itself into the de-
sired low Earth orbit, and to be retrieved
on a subsequent shuttle flight some months
later. It carried long-term computer-con-
trolled scientific experiments. Small
thruster motors controlled its position and
solar panels provided power. It was first
launched, as Eureca-1, in Aug. 1992, for
collection by the shuttle in mid-1993. Its 
1-tonne payload consisted mainly of ex-
periments on the growth, under MICRO-
GRAVITY, of large crystals of proteins,
semiconductors, and zeolites. Eureca-1
was reckoned to be a great success, and
ESA planned to launch five missions over
the subsequent decade, but the plan came
to nothing. A Eureca-2 mission was
planned for 1995, but ESA ministerial
meetings rejected further funding The Eu-

reca craft was put into storage at the Bre-
men facilities of DASA, the aerospace sub-
sidiary of the international automotive
engineering firm DaimlerChrysler for pos-
sible use in commercial spaceflights.

Europa /yoo-roh-pă/ The smallest of the
four GALILEAN SATELLITES of Jupiter and the
only one inferior in size and mass to the
Moon. It has a diameter of 3138 km and its
density is 2.97 g cm–3. Its albedo is 0.67.
Studied by the two PIONEER spacecraft 10
and 11, by VOYAGER 2, and in particular
depth by the GALILEO spacecraft, Europa
has been found to be a smooth-surfaced
world with no mountains and very few
craters – none more than about 20 km in
diameter. Its relatively young icy crust (at
least 100 km thick) overlies what is
thought to be a metallic core and is criss-
crossed by a series of streaks and cracks.
Most of the cracks appear to be filled with
dark-colored material, some with a light-
colored substance. The gravitational influ-
ence on Europa not only of Jupiter but also
of the satellites Io and Ganymede serve to
squeeze the satellite, resulting in tidal flex-
ing, which is believed to heat Europa’s in-
terior. Tidal flexing may have melted some
of the ice crust to form a substantial ocean
of liquid water between it and the core.
Water from this ocean may seep through
cracks produced in the crust and may re-
freeze at the surface, thereby renewing it or
forming icy ridges. It has been suggested
that this ocean, if it exists, may provide a
possible suitable environment for extrater-
restrial microorganisms. The Hubble Space
Telescope has revealed that Europa has a
vanishingly thin oxygen atmosphere, due
not to biological action but to the interac-
tion between charged particles from the
Sun and water molecules in the satellite’s
icy crust. The charged particles break up
some of the water molecules, liberating hy-
drogen, which dissipates into space, and
oxygen. See also Jupiter’s satellites; Table
2, backmatter.

Europa Orbiter A NASA mission pro-
posed for 2003 to investigate the surface
ice of Europa and measure its thickness by
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radio sounding. The mission is planned to
reach Europa in 2007.

European Northern Observatory See
Roque de los Muchachos Observatory.

European Southern Observatory (ESO)
A European intergovernmental organiza-
tion (members: France, Germany, the
Netherlands, Sweden, Belgium, Denmark,
Italy, Switzerland, and – since 2002 – the
United Kingdom), founded in 1962. Its
headquarters are at Garching, near Mu-
nich, where all activities have been concen-
trated since 1980. Its observatory is at La
Silla, near La Serena, Chile, at an altitude
of 2400 meters; even in normal conditions
the SEEING is exceptional due to the clear
dry stable climate.

The chief instruments at La Silla are the
3.5-meter NEW TECHNOLOGY TELESCOPE

(NTT), which began operating in 1989,
and the older 3.6-meter telescope, some-
times referred to as the ‘360’, which started
operations in 1977. The 3.6-meter tele-
scope works at focal ratios of f/3, f/8, and
f/32 at the prime, Cassegrain, and coudé
foci, and f/35 for infrared work. The limit-
ing magnitude is 24 or more. The NTT has
even better resolution than the 1 arcsec of
the 3.6-meter and was a pioneer in the use
of ACTIVE OPTICS. The 3.6-meter was up-
graded in 1996 with an improved ADAPTIVE

OPTICS system. There is also a 2.2-meter
telescope, installed in 1983, which is iden-
tical to the one at Calar Alto, Spain; a 
1-meter SCHMIDT TELESCOPE, operational
since 1972 and involved in the SOUTHERN

SKY SURVEY; and four telescopes of 1 to 1.5
meters. The 15-meter SWEDEN–ESO SUBMIL-
LIMETER TELESCOPE became operational in
1989.

The ESO’s VERY LARGE TELESCOPE

(VLT), completed in 2001, is sited at Cerro
Paranal, Chile. The VLT is the ESO’s pre-
mier site for optical and infrared observa-
tions.

European Space Agency (ESA) An in-
ternational organization for coordinating,
promoting, and funding Europe’s space
program. Following ministerial meetings in
Brussels in 1972 and 1973, ESA was

formed from the merging of the European
Space Research Organization (ESRO) and
the European Launcher Development Or-
ganization (ELDO). It became operational
at the end of May 1975. Originally con-
sisting of 11 member countries, it now has
a total of 15: Austria, Belgium, Denmark,
Finland, France, Germany, Republic of Ire-
land, Italy, The Netherlands, Norway, Por-
tugal, Spain, Sweden, Switzerland, and the
UK. Greece was set to become a full mem-
ber by the end of 2005. Canada is an asso-
ciate member and participates in certain
ESA projects, as does Hungary.

ESA has its headquarters in Paris. The
European Space Research and Technology
Centre (ESTEC) is at Noordwijk in the
Netherlands and is concerned with man-
agement of science and applications pro-
grams. The European Space Operations
Centre (ESOC) is at Darmstadt in Ger-
many and is concerned with satellite and
spaceprobe operations and data acquisi-
tion and processing; it controls a network
of ground stations for data reception from
satellites and interplanetary probes. ESRIN
(European Space Research Institute) at
Frascati, Italy, houses a major informa-
tion-retrieval service and handles data
from remote-sensing satellites. The Euro-
pean Astronaut Centre (EAC) at Cologne,
Germany, selects and trains people for mis-
sions aboard the INTERNATIONAL SPACE STA-
TION. ESA’s launch base for its ARIANE

launcher is at Kourou, French Guiana. It
also operates sounding-rocket launch sta-
tions in Norway and Sweden, a meteoro-
logical program office at Toulon, in
France, and satellite-tracking stations in
Belgium, Germany, Italy, and Spain.

The programs carried out under the
general budget and the science program
budget are mandatory for all member
countries. Other programs are optional,
and members are free to decide on their
level of scientific and financial involve-
ment. Several of ESA’s missions are carried
out in collaboration with other space agen-
cies, notably NASA, and ESA has made es-
sential contributions to such long-term
projects as the HUBBLE SPACE TELESCOPE.
The ARIANE series of launch vehicles, SPACE-
LAB, GIOTTO, SOHO, ISO, XMM-NEWTON,

European Northern Observatory
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MARS EXPRESS, and the Huygens probe to
Titan (see CASSINI-HUYGENS) are among
ESA’s most successful ventures into space.
Arianespace, the world’s first commercial
space transportation company and a divi-
sion of ESA, now conducts more than half
of all commercial satellite launches. See
also Horizon 2000.

European VLBI Network See EVN.

EUV (extreme ultraviolet)   Another name
for XUV. See XUV astronomy.

EUVE Abbrev. for Extreme Ultraviolet
Explorer.

eV Symbol for electronvolt.

EVA Abbrev. for extravehicular activ-
ity. Operations, including repair and main-
tenance, undertaken by an astronaut or
cosmonaut outside a spacecraft. EVA was
first achieved in 1965 by the Russians. See
Gemini project; Voskhod.

evection /i-vek-shŏn/ The periodic
(31.807 day) INEQUALITY in the motion of
the Moon that may amount to a displace-
ment in longitude of up to 1°16′20″.4. It
arises from changes in the ECCENTRICITY of
the Moon’s orbit (0.0432 to 0.0666) that
are brought about by solar attraction.
Evection was discovered by the Greek as-
tronomer Hipparchus. See also annual
equation; equation of center; parallactic in-
equality; variation.

evening star An informal name for
VENUS when it lies east of the Sun and is a
brilliant object in the western sky after sun-
set. Such periods of visibility follow supe-
rior CONJUNCTION and precede inferior
conjunction. The term is sometimes ap-
plied loosely to evening visibility of Mer-
cury or other planets.

event horizon The boundary of a BLACK

HOLE: for a nonrotating black hole it is a
spherical ‘surface’ having a radius equal to
the SCHWARZSCHILD RADIUS for a body of a
given mass. The event horizon marks the
critical limit where the ESCAPE VELOCITY of

a collapsing body becomes equal to the
speed of light and hence no information
can reach an external observer. Calcula-
tions predict that a body shrinking within
its event horizon – or indeed any body that
falls inside the event horizon of another –
inevitably contracts to a SINGULARITY at the
precise center of the black hole.

Evershed effect /ev-er-shed/ A radial
flow of material in the penumbra of a
SUNSPOT, outward from the edge of the
umbra, with a velocity of about 2 km s–1. It
forms part of a pattern of circulation de-
termined by the configuration of the in-
tense localized magnetic field. The gas
ascends at or just beyond the outer edge of
the penumbra, doubles back on itself in the
CHROMOSPHERE, and then descends into the
umbra (for the cycle to be repeated).

EVN Abbrev. for European VLBI Net-
work. An interferometric array of radio
telescopes in Europe and beyond that regu-
larly participate in VLBI observations at
wavelengths between 1.3 and 90 cm; the
network is administered by a consortium
of institutes called the European Consor-
tium for Very Long Baseline Interferome-
try. The founder-member telescopes are
those at JODRELL BANK (UK), WESTERBORK

(Netherlands), EFFELSBERG (Germany), ON-
SALA (Sweden), Medicina (Italy), and Noto
(Italy). There are several associated mem-
bers of the consortium.

evolved star A star, such as a GIANT or a
WHITE DWARF, that has passed the main-se-
quence stage of its evolution. See stellar
evolution.

excitation /eks-ÿ-tay-shŏn/ A process in
which an electron bound to an atom is
given sufficient energy to transfer from a
lower to a higher ENERGY LEVEL but not to
escape from the atom. The atom is then in
an excited state. The atom may be excited
in two ways. In collisional excitation a par-
ticle, such as a free electron, collides with
the atom and transfers some of its energy
to it. This energy corresponds exactly to
the energy difference between two energy
levels. The atom rapidly returns to a lower
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energy level, usually its ground state, possi-
bly passing through several intermediate
levels on the way. Photons are emitted dur-
ing these transitions, so that an emission
line spectrum results. The photon energies
are equal to the energy differences between
the levels involved.

In radiative excitation, a photon of ra-
diation is absorbed by the atom. The pho-
ton energy must correspond exactly to the
energy difference between two energy lev-
els. This process produces an absorption
line in a spectrum. The atom rapidly re-
turns to its ground state, emitting photons
in the process (as before). Since the pho-
tons can be emitted in any direction and
can have different (lower) energies than the
absorbed photon, the absorption line dom-
inates the spectrum. See also Boltzmann
equation; ionization.

excited state See energy level; excita-
tion.

exclusion principle See Pauli exclusion
principle.

exit pupil (Ramsden disk; Ramsden cir-
cle) The image of the objective or pri-
mary mirror of a telescope formed on the
eye side of the EYEPIECE. It is seen as a
bright disk when the telescope is pointed at
any extended bright surface. A convenient
way to determine the magnification is to
divide the telescope APERTURE by the diam-
eter of the exit pupil.

exobiology /eks-oh-bÿ-ol-ŏ-jee/  The theo-
ries concerning ‘living’ systems that may
exist on other planets or their satellites in
the Solar System or on planetary systems of
other stars, the methods of detecting them,
and the study of their origin, development,
distribution, etc. The probability of this ex-
traterrestrial life occurring at some time on
some planetary system of some star de-
pends on the fraction of the possible 1020

stars in the Universe – 1011 in our Galaxy –
that have planetary systems and on the
fraction of these planetary systems that
could support, on one or more members,
these ‘living’ organisms.

The degree to which exobiology may
differ from terrestrial biology is a matter of
dispute. There are no universal laws of bi-
ology as there are assumed to be for
physics; organisms could evolve on planets
or satellites moderately different from
Earth, in an unrecognizable form. There is
no absolute definition of life but it is be-
lieved that any living material is built up
from the common elements carbon, hydro-
gen, oxygen, and nitrogen and that the
presence of water is probably necessary for
sustaining life. In addition the environment
should have an atmosphere to act as a
shield from high-energy cosmic and stellar
radiation, and to aid respiration where
necessary, and the temperature should be
reasonably uniform.

The course and rate of evolution of liv-
ing organisms probably depends on the
type of star in the planetary system, and its
stability, as well as the planetary environ-
ment. The conditions may not be appropri-
ate for the origin and evolution of living
organisms in this present era. If they can
form, however, many scientists believe that
these organisms will inevitably become
more developed. The number of life forms
that might at this moment be ‘intelligent’ in
a human sense and also able to communi-
cate this intelligence is very uncertain: one
group of scientists has suggested that at
present there could be as many as one mil-
lion advanced civilizations in our Galaxy;
other estimates have been very much
lower. Communications, however, are se-
verely limited by distance: signals from a
star 100 light-years (30.7 parsecs) away
take 100 years to reach Earth.

There is to date no direct evidence for
extraterrestrial life. Searches for microor-
ganisms in the soils of the Moon and Mars
have been unsuccessful. Searches for ex-
traterrestrial intelligence (SETI) have also
been made and are once more in progress.

EXOSAT /eks-oh-sat/ The first Euro-
pean Space Agency mission in X-ray as-
tronomy, a sophisticated 400-kg satellite
launched in May 1983 carrying a payload
of two GRAZING INCIDENCE telescopes, a
large (1800 cm2) array of PROPORTIONAL

COUNTERS, and a (90 cm2) gas scintillation

excited state
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PROPORTIONAL COUNTER. The unusual orbit
of EXOSAT, initially 380 km perigee,
195 000 km apogee, gave it the unique ca-
pability of long (∼80 hr) observations, un-
interrupted by Earth occultation. With
apogee over N Europe, direct contact with
the ground station at Villafranca (Madrid)
furthermore allowed EXOSAT to be oper-
ated directly by the astronomer, much like
a ground-based telescope. Although prob-
lems occurred with two detectors early in
the mission, rendering one telescope inop-
erable, the spacecraft systems, including
on-board computer and 3-axis attitude
control system, worked well until exhaus-
tion of attitude control gas in Mar. 1986.
Outstanding results were obtained on a
wide range of SUPERNOVA REMNANTS, X-RAY

BINARIES, X-RAY BURST SOURCES, ACTIVE

GALAXIES, and CLUSTERS OF GALAXIES. The
discovery of QUASI-PERIODIC OSCILLATIONS

(QPOs) uncovered an important property
of accreting binary systems not known be-
fore EXOSAT. See also EXOSAT Data-
base.

EXOSAT Database An X-RAY data-
base containing a complete archive of re-
duced data and scientific data products
from the EXOSAT mission. It was made
available by ESA in 1990. The design of
this database has since been adopted
world-wide for subsequent archiving of X-
ray astronomy (and related optical and
radio) data.

exosphere /eks-ŏ-sfeer/ See atmospheric
layers.

expanding-cluster parallax See mov-
ing cluster.

expanding Universe The observation
that radiation from distant galaxies is red-
shifted leads to the conclusion that all
galaxies (beyond the Local Group) are re-
ceding from us or, more precisely, that the
distance between clusters of galaxies is
continuously increasing. The Universe as a
whole is therefore expanding. This expan-
sion was discovered by Edwin Hubble in
1929 although it had already been sug-
gested by theoretical cosmologists. It is the

observational basis of the BIG BANG THE-
ORY. The Universe may eventually contract
if the DECELERATION PARAMETER exceeds
0.5. See Hubble constant; Hubble’s law;
redshift.

Explorers A large group of US scientific
satellites, the first of which – Explorer 1 –
was America’s first satellite and was
launched on Jan. 31 1958; it weighed 14
kg. It was able to confirm the existence of
one of the VAN ALLEN RADIATION BELTS. Ex-
plorers have been used in a wide range of
scientific studies. Recent and proposed Ex-
plorers include IUE, COBE, EUVE, FUSE, and
XTE. The Small Explorer (SMEX) class
provides a more rapid access to space for
small payloads (less than 200 kg); SWAS is
an example.

extensive air shower See cosmic rays.

extinction The reduction in the amount
of light or other radiation received from a
celestial body as a result of absorption and
scattering of the radiation by intervening
dust grains in space (INTERSTELLAR EXTINC-
TION) and in the Earth’s atmosphere (at-
mospheric extinction). The extinction
decreases with wavelength of the radiation
and increases with the pathlength through
the absorbing medium and with the density
of the medium.

The starlight is also reddened since the
extinction of blue light by dust is greater
than that of red light. The reddening may
be given in terms of the color excess, E, 

E = (B–V) – (B–V)0
where (B–V) and (B–V)0 are the observed
and intrinsic COLOR INDICES of the star.
Most stars are reddened by a few tenths of
a magnitude although values of up to two
magnitudes are not uncommon. Stars lying
behind extremely dense matter might only
be detectable at radio or infrared wave-
lengths. See also infrared sources.

extragalactic H II region /eks-tră-gă-
lak-tik/ A cloud of hot ionized gas that is
isolated in extragalactic space and is be-
lieved to consist of intergalactic gas that
has begun to condense into stars and will
probably become a DWARF IRREGULAR
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galaxy. Extragalactic H II regions were
identified in 1970. They have no old stars,
and a low METALLICITY indicates that some
(like the COMPACT GALAXY IZw18) are less
than 108 years old. These are the only
‘galaxies’ significantly different in age from
our Galaxy.

extrasolar planet /eks-tră-soh-ler/ See
planet.

extraterrestrial life /eks-tră-tĕ-ress-tree-
ăl/ See exobiology; SETI.

extravehicular activity /eks-tră-vi-hik-
yŭ-ler/ See EVA.

extreme ultraviolet (XUV; EUV) The
region of the electromagnetic spectrum
bridging the gap between ultraviolet radia-
tion and X-rays. See XUV astronomy.

Extreme Ultraviolet Explorer (EUVE)
A NASA satellite launched June 1992 to
carry out the first survey of the sky in the
extreme ultraviolet (7–76 nm) region of the
spectrum. Radiation at these wavelengths
is totally screened out by the Earth’s at-
mosphere, and so this mission was ex-
pected to be of groundbreaking
significance. The 3.2-tonne satellite carried
four photometric imaging systems and a
three-channel EUV spectrometer. The
imaging instruments were used to accom-
plish the sky survey. The spectrometers
were used for the pointed spectroscopic
programs, which collected data from over
350 unique astronomical targets. NASA
authorized a Guest Observer Program of
pointed spectroscopy that ended on Jan.
31, 2001, when the EUVE was shut down.
The satellite fell out of orbit and broke up
in the Earth’s atmosphere at the end of Jan.
2002.

extrinsic variable /eks-trin-sik, -zik/ See
variable star.

eyelens /ÿ-lenz/ See eyepiece.

eyepiece The magnifying system of
lenses through which a telescopic image is
viewed. It normally comprises a field lens,

which receives the light rays, a stop, which
defines the FIELD OF VIEW, and an eyelens,
which directs the light into the eye. The
magnification of a telescope is normally
varied by using a short focal length eye-
piece to give high powers, and one of long
focal length for low powers.

Some eyepieces are shown in the illus-
tration. The Huygens eyepiece consists of
two planoconvex lenses with their flat
faces toward the eye and a field stop be-
tween them. The field lens has two or three
times the focal length of the eyelens and
their separation is half the sum of their
focal lengths. Although it has good EYE RE-
LIEF and little CHROMATIC ABERRATION, the
large SPHERICAL ABERRATION gives poor per-
formance except with long-focus refrac-
tors. The Ramsden eyepiece has two
identical planoconvex lenses mounted with
their convex faces together and separated
by 2/3 to 3/4 of their focal length. It has
much less spherical aberration than the
Huygens but suffers from troublesome
chromatic defects. The Kellner eyepiece is a
Ramsden with an achromatic eyelens. It is
an excellent eyepiece, widely used in binoc-
ulars and field glasses. For best results the
lenses must be coated to minimize ghost
images formed by internal reflections. The
orthoscopic eyepiece, in its commonest
form, has a planoconvex eyelens and a ce-
mented triplet field lens. Although it is ex-
pensive, this eyepiece gives excellent results
and has a long eye relief, which suits the
bespectacled user. The Plössl eyepiece has
two identical achromatic doublets
mounted close together with their bicon-
vex elements facing each other. The field is
wider (about 40°) and flatter than that
given by orthoscopics, with sufficient eye
relief for comfortable use, so that the Plössl
is preferred by many observers. Several
manufacturers have modified the design.

By the use of extra lens elements and
specially figured (aspheric) lenses, wide-
field eyepieces may be obtained; these have
fields subtending up to 90° at the eye; the
Erfle has a field of 68° and the Nagler and
Bertele up to 80°. Such eyepieces are useful
for observation work requiring exception-
ally wide fields, such as novae and comet
searches, but they are very expensive and

extrasolar planet
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will not fit a standard DRAW TUBE. See also
Barlow lens.

eye relief The distance between the
human eyeball and the eyelens of an EYE-
PIECE at which the observer can see clearly

the full FIELD OF VIEW. This is when the EXIT

PUPIL corresponds with the pupil of the eye.
Low-power eyepieces usually have good
eye relief and high powers very little. An
observer who must wear spectacles may
find it difficult to use the higher powers. 
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Faber–Jackson relation A correlation
between the luminosity of an elliptical
galaxy and the VELOCITY DISPERSION of its
stars. The gravitational potential of the
galaxy is thus related to the kinetic energy
of its constituents, so that the brightest
most massive galaxies have the higher ve-
locity dispersions. This relation, discovered
by S.M. Faber and R.E. Jackson in 1976, is
used in galactic DISTANCE DETERMINATION.
See also Tully–Fisher method.

Fabry–Perot interferometer /fah-bree
pair-oh/ A type of INTERFEROMETER used
in spectroscopy to study the fine structure
within a spectrum. It has extremely high
RESOLUTION. It consists essentially of two
flat plates, separated and held parallel to
each other very accurately. A beam of light,
infrared, etc., is multiply reflected in the
gap between the inner surfaces, so the plate
material must have high reflectivity and
low absorption in the wavelength region of
interest. The gap is normally precisely con-
trolled and adjustable.

The Fabry–Perot can be thought of as
acting like a tunable filter. The gap (d) is
related to the wavelength (λ) passed with
maximum efficiency by the following
equation: 2d cosθ = mλ, where m is an in-
teger known as the order number and θ is
the angle of incidence of the beam on the
plates (usually arranged to be zero so that
cosθ = 1). When the beam is multiply re-
flected, the particular wavelengths that sat-
isfy the above equation are partially
transmitted. This transmitted radiation is
focused by a lens or mirror system onto a
detector or screen to produce an interfer-
ence pattern consisting of narrow sharp
bright rings on a dark background. The in-
strument is able to distinguish, or resolve,
two very close wavelengths as two almost

overlapping superimposed ring patterns,
giving it its high resolving power. The
wavelength producing the second ring pat-
tern satisfies the equation for the same
value of the gap (d) as the first wavelength,
but with a different order number (m). The
ring patterns can be separated by the use of
a DIFFRACTION GRATING or dispersion by
the prism of a SPECTROGRAPH, which acts as
an order sorter. Instruments using two or
three Fabry–Perots in series have even
higher spectral resolutions.

faculae /fak-yŭ-lee/ (singular: facula) 
1. Bright patches in the upper part of the
solar PHOTOSPHERE that have a higher tem-
perature than their surroundings and occur
in areas where there is an enhancement of
the relatively weak vertical magnetic field.
With the exception of polar faculae, which
consist of isolated granules and appear in
high heliographic latitudes around the
minimum of the SUNSPOT CYCLE, they are
intimately related to SUNSPOTS, forming
shortly before the spots – in the same vicin-
ity – and persisting for several weeks after
their disappearance. Faculae are best seen
when near the Sun’s limb, where LIMB

DARKENING renders them more readily vis-
ible. They are approximately coincident,
albeit at a lower level, with the PLAGES vis-
ible in monochromatic light.
2. Bright patches observed on the surface
of planetary satellites, especially GANY-
MEDE.

faint blue galaxies The faintest galax-
ies detectable, which show an enhance-
ment in the number of blue, and hence
star-forming, systems. The bulk of star for-
mation occurred around redshifts 1 to 2,
and the reason for the subsequent demise
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of this population of faint blue galaxies re-
mains unclear.

fall See meteorite.

falling star Popular name for a meteor.

false-color imagery A process of color
coding in the reproduction of an image in
which colors unrelated to those of the orig-
inal subject are used to indicate the distrib-
ution of certain quantities, such as the
object’s temperature, intensity of emitted
radiation, etc. False-color images may be
taken of such objects as the Sun, or over a
region of the Earth, Sun, sky, etc. The col-
ors are usually computer-generated. False
color can also be used to indicate velocity
since different DOPPLER SHIFTS from a single
observational wavelength can be calcu-
lated and coded into different colors. In ad-
dition, images taken at different
wavelengths, e.g. a radio and an optical
wavelength, can each be allotted a color
and can be superimposed to form a com-
posite image. See also radio-source struc-
ture.

False Cross A cross-shaped group of
four 2nd-magnitude stars in the former
constellation Argo. The group is now di-
vided between Carina (Iota [ι] and Epsilon
[ε]) and Vela (Kappa [κ] and Delta [δ]).

Fanaroff–Riley types I, II /fan-ă-roff rÿ-
lee/ See FR I, FR II.

fan beam See antenna.

Faraday rotation /fa-ră-day/ The rota-
tion of the plane of polarization experi-
enced by a beam of plane-polarized
radiation when it passes through a region
where there are free electrons and a mag-
netic field. The plane of polarization is ro-
tated through an angle equal to λ2RM,
where λ denotes the radiation wavelength.
RM is the rotation measure and is propor-
tional to the integral along the line of sight
of the product of the electron density, ne,
and the component of the magnetic flux
density, B, parallel to the line of sight.
Faraday rotation can occur in the interstel-

lar medium, within radio sources them-
selves, or in the Earth’s ionosphere. The in-
terstellar magnetic field can be estimated
by dividing the rotation measure by the DIS-
PERSION MEASURE. The SYNCHROTRON EMIS-
SION from a radio source may become
depolarized by random Faraday rotation
within the source.

far-infrared See infrared radiation.

Far Infrared and Submillimeter Space
Telescope See FIRST.

farside /far-sÿd/ See nearside.

far-ultraviolet See ultraviolet radiation.

Far Ultraviolet Spectroscopic Explorer
(FUSE) A space observatory launched
June 1999 as part of NASA’s long-term
Origins Program. It was developed for
NASA by Johns Hopkins University, Balti-
more, USA, in collaboration with the space
agencies of Canada and France. It was
placed into a circular orbit with an altitude
of 775 kilometers. The science instrument
carried aboard the FUSE spacecraft was
the Integrated FUSE spectrograph (IFS), in
which ultraviolet light was focused by four
mirror segments and dispersed by four cor-
responding curved gratings allowing the
achievement of very high spectral resolu-
tion over the operating range of approxi-
mately 90–120 nm. An electronic guide
camera called the Fine Error Sensor (FES),
functioning in the visible part of the spec-
trum down to the 14th magnitude, pro-
vided visual confirmation of where the IFS
was being pointed. Computers controlled
the targeting mechanism.

FUSE complemented other NASA ob-
servatories, revealing new information
about the structure and chemical makeup
of the Universe. It calculated the ratio of
deuterium and the heavier elements to hy-
drogen in the Universe, and examined
other aspects of the chemistry of interstel-
lar and intergalactic space. Among its
many discoveries, the satellite detected the
immense ‘cobweb’ of helium that has per-
vaded space since soon after the Big Bang;
it confirmed the haloes of hot gas sur-
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rounding the Milky Way Galaxy and the
neighboring Magellanic Clouds; and it in-
vestigated SUPERNOVA REMNANTS and re-
gions of star formation. In August 2001 it
discovered what may be a cloud of millions
of comets around the young star BETA PIC-
TORIS. Much closer to home, it observed
molecular hydrogen in the atmosphere of
Mars (a hitherto undetected phenomenon)
and discovered molecular nitrogen outside
the Solar System for the first time. Al-
though FUSE was originally intended to
run for about three years, it received a soft-
ware upgrade in July 2003 and was still in
operation at the beginning of 2005.

fast ejection See flares.

fast nova See nova.

fault A vertical or near vertical crustal
displacement on the Earth, Moon, Mars,
or some other solid body. Lunar faults are
usually double but single-sided faults also
occur. See also graben; Mars, surface fea-
tures; rille; wrinkle ridges.

Faye’s comet /fayz/ A comet with a
COMA that increased in size as it ap-
proached the Sun. Most comets, Encke
being a typical example, have comas that
decrease as they near the Sun. Between
1843 and 1955 Faye’s brightness decreased
from 4.2 to 11.1 magnitudes.

F-corona The outer part of the solar
CORONA, responsible for the greater part of
its intensity beyond a distance of about two
solar radii. It consists of relatively slow-
moving particles of interplanetary dust and
exhibits an ABSORPTION SPECTRUM because
the particles scatter light from the PHOTO-
SPHERE. The F-corona extends for many
million kilometers into the INTERPLANE-
TARY MEDIUM and merges, in the plane of
the ecliptic, with the particles that give rise
to the ZODIACAL LIGHT.

feed The electrical element at the focus
of a radio DISH that collects the radio waves
and feeds them to the receivers. The ele-
ment may be a DIPOLE connected to a trans-
mission line, or a horn (called a feedhorn)

connected to a WAVEGUIDE. In both cases
the physical size of the feed must be chosen
to match the wavelength of the signal. A
telescope capable of observing at a number
of wavelengths may therefore possess a se-
lection of feedhorns, any one of which may
be moved to the focal point.

feeder A system of wires or WAVEGUIDES

used to connect a distant radio ANTENNA

with its transmitter or RECEIVER so that
radio-frequency power is transferred with
minimum loss (energy dissipation). The
wires are arranged to form a transmission
line, which carries the power in the form of
electromagnetic waves. When a transmis-
sion line is terminated by a resistance equal
to its characteristic impedance all the
power traveling down the line is absorbed
by the load and none is reflected. The line
is then said to be matched to its load.
Transmission lines are of two types: bal-
anced, as with the open-wire feeder, and
unbalanced, as with coaxial cable. It is im-
portant that a balanced load, such as a DI-
POLE, is fed by a balanced feeder. Where an
unbalanced feeder is required to drive a
balanced load, a balanced-to-unbalanced
transformer, or balun, must be used.

In an ARRAY many elements must be
connected together to one receiver. One
method of doing this is to join adjacent
pairs of elements and then pairs of pairs
and so on so that the total length of feeder
from the receiver to any element is the
same. Such an arrangement is sometimes
called a christmas tree. See also Butler ma-
trix.

feedhorn See feed.

fermions /fer-mee-on/ A class of ELE-
MENTARY PARTICLES with half integer units
of SPIN; examples are ELECTRONS, PROTONS,
and NEUTRINOS. No two fermions can exist
possessing an identical set of quantum
numbers (numbers assigned to the various
quantities that describe a particle). Com-
pare bosons.

FFT Abbrev. for Fast Fourier Transform.
A particularly efficient implementation of
the FOURIER TRANSFORM for computers. It is

fast ejection

164



used extensively in APERTURE SYNTHESIS,
digital signal processing and IMAGE PRO-
CESSING.

FG Sagittae A rapidly evolving variable
star in the constellation Sagitta that has re-
cently cooled and expanded. It is now a
pulsating yellow supergiant but in 1955
was a more compact hot blue supergiant. It
is surrounded by a glowing expanding
PLANETARY NEBULA, and it is thought that as
the nebula gradually disperses the central
star will again heat up and contract before
eventually becoming a WHITE DWARF.

fibrils /fÿ-brălz/ Predominantly horizon-
tal strands of gas in the solar lower CHRO-
MOSPHERE – typically 11 000 km long and
725–2200 km wide – that are visible (in the
MONOCHROMATIC light of certain strong
FRAUNHOFER LINES) as dark absorption fea-
tures against the brighter disk. They form
an ordered pattern in and around ACTIVE

REGIONS, where they tend to be aligned in
the direction of the localized magnetic
field. The overall configuration of fibrils is
stable over a period of several hours,
though an individual fibril has a lifetime of
only 10–20 minutes.

field 1. The region in which a physical
agency exerts an influence, measured in
terms of the force experienced by an object
in that region. Thus a massive body has an
associated gravitational field within which
an object will feel an attractive force. There
are several types of field, including gravita-
tional, magnetic, electric, and nuclear
fields, each of which has its own character-
istics and exerts its influence, strong or
weak, over a particular range. See also fun-
damental forces.
2. See field of view.

field curvature See curvature of field.

field distortion See distortion.

field equation An equation describing
the behavior of a FIELD, derived from the
law governing how the associated physical
agency varies in space and time. See also
relativity, general theory.

field galaxy   Any galaxy that is not a mem-
ber of a CLUSTER OF GALAXIES. Field galax-
ies are rare: the ratio of field galaxies to
cluster galaxies is extremely uncertain, esti-
mates ranging from 1:6 to essentially zero.

field lens See eyepiece.

field of view (field) The area made vis-
ible by the optical system of an instrument
such as a telescope at a particular setting. It
is expressed in the form of its angular di-
ameter. The field of view of a telescope
usually increases with decreasing magnifi-
cation, and depends on the EYEPIECE in use.
A wide field may be obtained with specially
designed eyepieces or with telescopes such
as the SCHMIDT. If the telescope optics pro-
duce a flat field, the image will be focused
at the center as well as at the edge of the
field of view.

field pattern Another name for antenna
pattern. See antenna.

field stars Stars that are not connected
with an astronomical object being studied
but which happen to appear in the same
field of view when the object is observed
through a telescope. Typical examples of
field stars are those that appear in the fore-
ground of a telescopic image of a distant
galaxy.

figuring The process of grinding and
polishing the surface of a lens or mirror
base to the exact shape desired.

filamentary structure /fil-ă-men-tă-ree/
See large-scale structure.

filaments 1. Clouds of gas in the solar
upper CHROMOSPHERE/inner CORONA, with
a higher density and at a lower temperature
than their surroundings, that are visible (in
the MONOCHROMATIC light of certain
strong FRAUNHOFER LINES) as dark absorp-
tion features against the brighter disk.
They were formerly sometimes called dark
flocculi. When viewed beyond the limb
they appear as bright projections and are
termed prominences. See prominences.
2. See large-scale structure.
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filar micrometer /fÿ-lar/ (position mi-
crometer) A measuring device incorpo-
rated into the eyepiece of an instrument
and used in astronomy to measure the an-
gular separation and orientation of a visual
binary star or to determine the position of
an object relative to a nearby star whose
coordinates are known. It consists essen-
tially of two parallel wires that lie in the
focal plane of the eyepiece and can be ro-
tated about the optical axis of the tele-
scope. A third wire lies perpendicular to
the parallel wires. Two stars are aligned
along this perpendicular wire. The position
of one of the parallel wires can be con-
trolled by turning a screw with a finely
graduated micrometer head. The parallel
wires are adjusted so as to coincide with
the images of the two stars and the separa-
tion of the images can then be accurately
measured.

filled supernova remnant (plerion) See
supernova remnant.

filling factor See array.

filter A device that transmits part of a re-
ceived signal and rejects the rest. The signal
may be in the form of a beam of light or
other radiation or may be an electrical sig-
nal. Optical, ultraviolet, and infrared fil-
ters are dyed plastic or gelatin, glass or
glasslike substances, or confined liquids,
all of which absorb incident radiation ex-
cept for a relatively narrow band of wave-
lengths. Such filters are used in
astronomical PHOTOMETRY, especially in
measurements of MAGNITUDES; transmit-
ting bands typically 100 nanometers wide,
they are termed broadband filters. Much
narrower wavelength bands, of maybe 1
nm, can be obtained with INTERFERENCE

and BIREFRINGENT FILTERS.
Electrical filters are devices whose AT-

TENUATION varies with frequency. Filters
that allow low or high frequencies to pass
without serious attenuation are called low-
pass and high-pass filters, respectively. A
filter that allows only a limited range of
frequencies through is a band-pass filter
while its converse is a band-stop filter. See
also bandwidth.

filtergram /fil-ter-gram/ See spectroheli-
ogram.

find See meteorite.

finder A low-power telescope with a
wide FIELD OF VIEW that has its optical axis
aligned with that of the main telescope. It
is used to locate an object to be observed
and facilitate the training of the main tele-
scope on that object. Because the field of
view of the average amateur astronomer’s
telescope used at its lowest power is only
about half a degree, some means of point-
ing it in the correct direction is needed. SET-
TING CIRCLES enable this to be done with a
permanent EQUATORIAL MOUNTING but for
a portable or a simple ALTAZIMUTH MOUNT-
ING a finder is essential. It should have a
field of view of at least four to eight degrees
and be provided with illuminated cross
wires or a graticule.

fireball A bright visual METEOR of MAG-
NITUDE greater than –10. About 50 000 to
100 000 occur in the Earth’s atmosphere
each year.

FIRST Abbrev. for Far Infrared and
Submillimeter Space Telescope. An orbit-
ing telescope under design for ESA and at
present scheduled for launch in 2007. It
will be used primarily for interstellar spec-
troscopic studies. FIRST is at present con-
sidered to be a 4.5-meter radiatively cooled
INFRARED (Cassegrain) telescope. It will
feed two or three instruments working at
wavelengths from about 100 µm to 1 mm
and giving high spectral and angular RESO-
LUTION. A direct imaging FABRY–PEROT IN-
TERFEROMETER (operating at 85–180 µm),
a HETERODYNE DETECTOR (200–600 µm),
and a multiband imaging bolometric sys-
tem (70 µm up to maybe 1.2 mm) are
under consideration; these will require ac-
tive cooling. See also Horizon 2000.

first point of Aries Another name for
the vernal EQUINOX, which over 2000 years
ago, when Hipparchus first used the term,
lay in the constellation Aries. Due to the
westerly PRECESSION OF THE EQUINOXES the
vernal equinox now lies in Pisces and will

filar micrometer
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subsequently move into Aquarius. Like-
wise the first point of Libra, or the autum-
nal equinox, once lay in Libra but is now
located in Virgo.

first point of Libra See first point of
Aries.

first quarter See phases, lunar.

fission /fish-ŏn/ See nuclear fission.

FITS Abbrev. for Flexible Image Trans-
port System. A standard format for the
transportation of astronomical images and
other data between computers.

FitzGerald contraction See Lorentz–
FitzGerald contraction.

Five-Kilometer Telescope See Ryle
Telescope.

fixed stars Originally stars in general,
which, until the early 18th century and the
discovery of PROPER MOTION, were thought
to have no relative motion and thus re-
mained fixed in position in the sky. In com-
parison the planets were described as
wandering stars (from the Greek planetes,
a wanderer).

FK4, FK5 See fundamental catalog.

FK4, FK5, FK6 See fundamental cata-
log.

FK Comae stars /koh-mee/ A class of
rapidly spinning giant stars, possibly ex-
amples of coalesced stars. See common en-
velope star.

Flamsteed number /flam-steed/ See
stellar nomenclature.

flares Sudden short-lived brightenings of
small areas of the Sun’s upper CHROMO-
SPHERE/inner CORONA that are optically vis-
ible usually only in the MONOCHROMATIC

light of certain strong FRAUNHOFER LINES.
They represent an explosive release of en-
ergy – in the form of particles and radiation
– that causes a temporary heating of the

surrounding medium and may accelerate
electrons, protons, and heavier ions to high
velocities.

A typical flare attains its maximum bril-
liance in a few minutes and then slowly
fades over a period of up to an hour. Al-
though attempts have been made to clas-
sify them according to their structure, the
most objective system considers the maxi-
mum area covered by the flare and to a
lesser extent its intensity. The overwhelm-
ing majority of flares are small, covering
areas of less than several hundred million
square kilometers, but those that are larger
are sometimes associated with a number of
interesting phenomena.

During the ‘flash phase’ of a large flare,
when it suddenly increases in brightness
and rapidly expands to its maximum ex-
tent, material may be ejected in the form of
a SURGE, SPRAY, or (for a particularly ener-
getic event) fast ejection – in which a com-
pact portion of the flare is expelled without
fragmentation, with a velocity of about
1000 km s–1. Large flares may initiate a
Moreton wave, which is a magnetohydro-
dynamic shock wave that spreads out from
the center of disturbance, in a sector of
about 90°, as it travels with a velocity of
the order of 1000 km s–1 across the vertical
magnetic fields of the inner corona. This
causes a depression and subsequent relax-
ation of the underlying CHROMOSPHERIC

NETWORK and may induce distant FILA-
MENTS, perhaps several hundred thousand
kilometers from the flare, to undergo sev-
eral damped vertical oscillations. Filaments
in the vicinity of the flare may also be acti-
vated, before and/or during the flare, by
changes in the configuration of the local
magnetic field. This activation usually
takes the form of increased internal motion
or flow along the filament (small surges),
sometimes accompanied by a gradual as-
cent of the filament itself. The aftermath of
large flares may include coronal condensa-
tions of relatively dense material at tem-
peratures of up to 4 000 000 K.

The effects of energetic flares are by no
means confined to the Sun. Fade-out of
short-wavelength radio signals is often ex-
perienced on the daylight hemisphere of
the Earth and is caused by a temporary
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strengthening (by increased ionization) of
the reflecting property of the D layer of the
ionosphere (60–90 km altitude), which
suppresses the passage of the signals to the
higher layers from where they are normally
reflected. This is accompanied by a sudden
increase in the electrical conductivity of the
E layer (90–120 km altitude) and by dis-
turbances of the Earth’s magnetic field. Ul-
traviolet radiation from the flare is
responsible for these effects. X-rays may
also be emitted and solar radio emission
(from the inner corona) frequently exhibits
an intense burst or series of bursts at cen-
timeter or meter wavelengths. Occasion-
ally, within about half an hour of the flare,
energetic charged particles (energies up to
1010 eV) reach the Earth, and within about
26 hours, on average, less energetic
charged particles may also arrive. These
latter particles spiral around the Earth’s
magnetic field lines, causing GEOMAGNETIC

STORMS and their luminous counterpart,
AURORAL displays.

The nature of flares and the physical
mechanism responsible for them are not
completely understood. They invariably
occur in ACTIVE REGIONS, close to the line of
inversion (see sunspots), where the gradi-
ent of the horizontal component of the
magnetic field is steepest and therefore
stresses are greatest. It is thought that en-
ergy is released when the stressed field re-
connects to a lower potential energy
configuration, and that this produces the
flare; but much remains to be done before
a quantitative picture will emerge.

A phenomenon similar to solar flares,
but far more energetic, is thought to be re-
sponsible for the rapid brightening of
FLARE STARS.

flare stars (UV Ceti stars) Intrinsically
faint cool RED DWARF stars that undergo in-
tense outbursts of energy from localized
areas of the surface, causing transient but
appreciable increases in the brightness of
the star. The brightness can change by two
magnitudes or more in several seconds, de-
creasing to its normal minimum in about
10 to 60 minutes; the output usually peaks
in the near-ultraviolet. There are also radio
and X-ray flares, not always coincident

with optical flares. Flare stars are of SPEC-
TRAL TYPE M or sometimes K with spectral
emission lines of hydrogen and ionized cal-
cium, i.e. they are ME STARS. They have un-
usually strong magnetic fields (typically
10–4 tesla), suggesting a similar mechanism
to solar FLARES. Most flare stars are either
young (found in ASSOCIATIONS) or are a
component of a close BINARY STAR: the fast
rotation due to youth or to tidal effects, re-
spectively, is probably responsible for the
strong magnetism. The nearby binary UV
Ceti (M6e V) is a typical flare star.

flash spectrum The EMISSION SPECTRUM

of the solar CHROMOSPHERE and E-CORONA.
It is observable only for a few seconds dur-
ing a total solar eclipse, at the beginning
and end of totality. The majority of the
spectral lines have the same wavelengths as
the FRAUNHOFER LINES of the photospheric
spectrum. Their presence in successive
spectrograms taken during an eclipse pro-
vides information on the distribution of el-
ements in the chromosphere.

flat field See field of view.

flat-spectrum radio source See radio-
source spectrum.

flattening See oblateness.

F-layer (F-region) See ionosphere.

flexus /fleks-ŭs/ (plural: flexi) A low
curvilinear ridge with a scalloped pattern.
The word is used in the approved name of
such a surface feature on a planet or satel-
lite.

flocculi /flok-yŭ-lÿ/ A term that has been
applied to several different solar phenom-
ena. In the older literature PLAGES and FILA-
MENTS were often referred to as bright and
dark flocculi respectively, while today the
term is sometimes used to denote the bright
mottles of the CHROMOSPHERIC NETWORK.

fluorescence /floo-ŏ-ress-ĕns/   The trans-
formation of PHOTONS of relatively high en-
ergy (i.e. high frequencies, especially
ultraviolet frequencies) to lower-energy

flare stars
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photons through interactions with atoms.
It is also the lower-energy radiation that is
produced by the process.

flux 1. A measure of the energy, number
of particles, etc., emitted from or passing
through a surface per unit time. See also ra-
diant flux.
2. A measure of the strength of a field of
force, such as a magnetic field, through a
specified area. See also magnetic flux den-
sity.

flux collector See infrared telescope.

flux density 1. (spectral flux density or,
strictly, spectral power flux density) Sym-
bol: S. A measure of the strength of the sig-
nal received from a discrete source of
emission. The dimensions of flux density
are energy per unit time per unit BAND-
WIDTH per unit area. The unit is the JANSKY.
2. See magnetic flux density.

flyby /flÿ-bÿ/ A trajectory that takes a
spaceprobe close to a planet or satellite but
does not permit it to enter an orbit about
the body or land on it.

f/number See focal ratio.

focal length Symbol: f. The distance
from the center of a reflecting surface or re-
fracting medium to the focal point or focus
(see illustration). With a converging sys-
tem, such as a PARABOLOID surface, a con-
cave mirror or thin convex lens, the focus,
F, is the point to which a narrow beam of
light, radio waves, etc., from a distant ob-
ject, i.e. a parallel beam closely aligned to
the axis, is brought to a sharply defined or
focused image. In a convex mirror or thin

concave lens it is the point from which a
parallel beam, made divergent by the mir-
ror or lens, appears to diverge. If the two
surfaces of a lens do not have identical cur-
vatures the lens will have two different
focal lengths and focal points, depending
on which surface the light falls.

The focal plane is the plane through the
focus, at right angles to the optical axis, in
which the image of a distant object will be
formed. In some cases, as in the SCHMIDT

TELESCOPE, the image is focused on a
curved surface – the focal surface – rather
than a plane. See also effective focal length.

focal plane See focal length.

focal-plane array An ARRAY of dipoles
or horn antennas in the focal plane of a
radio telescope. Each element in the array
is fed to its own receiving system, so that
the array can be used to map a region of
sky with an efficiency much greater than
that of a single element. These arrays may
however be difficult to fabricate, especially
at submillimeter wavelengths.

focal point (focus) See focal length.

focal ratio The ratio f/d of the FOCAL

LENGTH, f, of a reflecting surface or refract-
ing medium to its effective diameter, d, i.e.
to its aperture. The numerical value of the
ratio (often called the f/number) is usually
written f/4 or f:4 for a ratio of 4, say. The
reciprocal of the focal ratio (d/f) is the
APERTURE RATIO. The LIMITING MAGNITUDE

– i.e., the apparent brightness of the
faintest detectable star – depends on the
focal ratio of a telescope: for telescopes
used under the same observing conditions,
the larger the ratio the fainter the limit; if
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photographs are being taken, however, the
larger the ratio the longer the necessary ex-
posure time.

focal surface See focal length.

focus (focal point) See focal length.

folded dipole See dipole.

following edge, following member See
preceding.

following spot (f-spot) See sunspots.

Fomalhaut /foh-măl-hawt/ (αα PsA) A
white star that is the brightest in the con-
stellation Piscis Austrinus. In 1983 the in-
frared satellite IRAS detected a shell of cool
matter surrounding this star. The shell,
which has a temperature of about 50 K, is
thought to be solid material orbiting the
star and forming a protoplanetary system.
See also Vega. mv: 1.16; Mv: 2.0; spectral
type: A3 V; distance: 6.7 pc.

forbidden lines Lines that are not
found in spectra under normal terrestrial
conditions but are observed in certain as-
tronomical spectra. In EMISSION NEBULAE,
for example, atoms can be excited by im-
pact of low-energy electrons. Under nor-
mal laboratory conditions such atoms
would be de-excited by collisions with
other atoms, etc., before they had time to
radiate. Such collisions are very infrequent
in nebulae and the ‘forbidden’ transitions
between the excited state and a state of
lower energy can occur, producing the for-
bidden lines.

force Symbol: F. According to NEWTON’S
LAWS OF MOTION, any physical agency that
alters or attempts to alter a body’s state of
rest or of uniform motion. The force re-
quired to accelerate a body of mass m is
given by ma, where a is the acceleration im-
parted. There are many kinds of forces, in-
cluding the gravitational force. The SI unit
of force is the newton. See also fundamen-
tal forces; field.

fork mounting See equatorial mount-
ing.

Fornax /for-naks/ (Furnace) An incon-
spicuous constellation in the southern
hemisphere fairly near Orion, the brightest
stars being of 3rd and 4th magnitude. Ab-
brev.: For; genitive form: Fornacis; approx.
position: RA 3h, dec –30°; area: 397 sq
deg.

Fornax system A dwarf elliptical galaxy
that is a member of the LOCAL GROUP.

fossa /foss-ă/ (plural: fossae) A long nar-
row shallow depression. The word is used
in the approved name of such a surface fea-
ture on a planet or satellite.

Foucault’s pendulum /foo-kohz/ A
simple pendulum that demonstrates the ro-
tation of the Earth, first shown by J.B.L.
Foucault in 1851. It consists of a massive
metal ball that is suspended by a long wire
and can swing freely with a minimum
amount of friction. The pendulum swings
steadily, tracing a straight line on the floor
beneath it. The plane in which it swings,
however, is observed to rotate during the
day as a result of the Earth’s rotation. The
period of rotation of the plane depends on
the latitude of the place: at the poles the
plane would appear to move through a
complete circle in one sidereal day (23h
56m 4s) while on the equator it would not
rotate at all. The pendulum is in fact swing-
ing in a plane that is fixed relative to the
stars.

Fourier tachometer /foor-ee-ay, -er/ See
helioseismology.

Fourier transform A mathematical op-
eration by which a function expressed in
terms of one variable, x, may be related to
a function of a different variable, s, in a
manner that finds wide application in
physics. The Fourier transform, F(s), of the
function f(x) is given by

F(s) = �
∞

–∞
f(x) exp(–2πixs) dx

and
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f(x) = �
∞

–∞
F(s) exp(2πixs) ds

The variables x and s are often called
Fourier pairs. Many such pairs are useful,
for example, time and frequency: the
Fourier transform of an electrical oscilla-
tion in time gives the spectrum, or the
power contained in it at different frequen-
cies.

Fourier transform spectrometer (FTS)
A type of INTERFEROMETER that is used to
study the constituent frequencies of a beam
of radiation and can work in many wave-
length regimes. A parallel beam of radia-
tion is split into two coherent beams,
which are then recombined so that they un-
dergo INTERFERENCE. The distance traveled
by one beam can be changed at a uniform
rate. Any difference in distance traveled
produces a PHASE DIFFERENCE between the
two recombining beams. Different phase
differences occur for the different frequen-
cies present in the beams. If the recombined
beams are focused onto a detector and the
signal displayed as a function of time, the
signal increases and decreases in a complex
oscillatory fashion. The signal, digitized at
regular intervals, is fed into a computer,
where it can be processed by means of a
FOURIER TRANSFORM to reveal the ampli-
tudes of all the frequencies present in the
spectrum of the input radiation, i.e. the
POWER SPECTRUM of the source.

FR I, FR II Abbrev. for Fanaroff–Riley
types I, II. A simple but powerful classifi-
cation, made in 1974, of RADIO GALAXIES

that contain hot spots and diffuse emis-
sion. If the distance between the hot spots
is less than half the total extent of the
source, the radio galaxy is of type I, if
greater than half, it is of type II. The dis-
tinction is thought to arise from the speed
of the JET powering the radio lobes. A jet
that is always faster than the sound speed
in the intergalactic medium will produce
an FR II source, whereas a subsonic jet will
produce an FR I. The speed of the jet is af-
fected by ENTRAINMENT. See also radio-
source structure.

Fred L. Whipple Observatory The

observatory of the Smithsonian Institution,
located at 2600 meters on Mount Hop-
kins, Arizona. Formerly the Mount Hop-
kins Observatory, it was renamed in 1982
to commemorate the 20th-century US as-
tronomer Fred Lawrence Whipple, who
had been a teacher at Harvard. The chief
instrument is the 4.5-meter MULTIPLE MIR-
ROR TELESCOPE, which was converted to 
a 6.5-meter single-mirror instrument and
re-entered service for regular observation
in early 2001. The other telescopes are 
a 1.5-meter reflector, and a 10-meter opti-
cal mosaic used for gamma-ray astronomy.

Freedom See International Space Sta-
tion.

Fra Mauro formation /frah mor-oh,
m’ow-roh/ The EJECTA BLANKET associ-
ated with the IMBRIUM BASIN. It was the tar-
get for Apollo 14.

frame of reference A rigid framework,
such as the Earth, the celestial sphere, or a
set of coordinate axes, relative to which
position, motion, etc., in a system may be
measured.

Franklin-Adams charts A whole-sky
photographic star atlas of 206 plates pre-
pared by John Franklin-Adams and pub-
lished in 1914 as the Photographic Chart
of the Sky. It has a limiting magnitude of 16.

Fraunhofer lines /frown-hoh-fer/ Ab-
sorption lines in the solar (photospheric)
spectrum, first studied in detail by Joseph
von Fraunhofer in 1814. He cataloged over
500 lines and labeled the more striking
ones with letters. Over 25 000 lines have
now been identified. The most prominent
lines at visible wavelengths are due to the
presence of singly ionized calcium, neutral
hydrogen, sodium, and magnesium; many
weaker lines are due to iron. The strength
of a particular line depends not only on the
quantity of the element present but also on
the degree of IONIZATION and level of EXCI-
TATION of its atoms. By isolating an indi-
vidual strong line it is possible, by virtue of
its residual intensity due to the reemission
of radiation in the CHROMOSPHERE, to ob-
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serve the chromosphere in the light of the
element concerned. See spectroheliogram.
See also D lines; H and K lines; photo-
sphere.

free-bound emission The radiation
emitted when a free electron is captured by
an ion. See recombination line emission.

free electron An ELECTRON that is not
bound to an atom, molecule, or ion but is
free to move under the influence of an elec-
tric or magnetic field.

free fall Motion of a body under the in-
fluence of gravity alone, i.e. with no other
forces acting. See also weightlessness.

free-fall time The time it would take for
a system to collapse in upon itself under
force of gravity if it were not supported by
either pressure or rotation.

free-free absorption A process of ab-
sorption that occurs when a free electron
absorbs a photon of radiation and moves
to a higher energy state: the difference be-
tween final and initial electron energy is
equal to the photon energy. See also opac-
ity.

free-free emission See thermal emis-
sion.

frequency Symbol: f, ν. The number of
oscillations per unit time of a vibrating sys-
tem. Frequency is measured in hertz. The
frequency of a wave is the number of wave
crests passing a point per unit time. For
light and other ELECTROMAGNETIC RADIA-
TION, it is related to wavelength λ by
ν = c/λ, where c is the speed of light.

Friedmann Universe, equation See
cosmological models.

fringe-stopping See phase rotator.

f-spot Short for following spot. See
sunspots.

F stars Stars of SPECTRAL TYPE F that are
white with a surface temperature (Teff) of

about 6000 to 7400 kelvin. The hydrogen
lines in the spectrum weaken rapidly and
the lines of ionized calcium (Ca II, H and
K) strengthen from F0 to F9; there are
many lines of neutral and singly ionized
metals and heavy atoms. Canopus, Polaris,
and Procyon are F stars.

F-type asteroids See C-type asteroids.

full Moon See phases, lunar.

full-wave dipole See dipole.

fundamental catalog A catalog of FUN-
DAMENTAL STARS in which the precise mean
positions and proper motions of the stars
are listed for a given EPOCH; positions are
determined as accurately as possible by
recording transit times across the meridian
at several observatories. The inclusion of
data from many different observatories
worldwide and from earlier catalogs helps
to minimize errors. Other star catalogs can
be compiled by reference to a fundamental
catalog. A series of German fundamental
catalogs commenced publication with the
First Fundamental Catalog, prepared by
G.F.J.A. Auwers for the Astronomische
Gesellschaft in Berlin in 1879. It incorpo-
rated contemporary observations with the
best of earlier data. The Fourth Fundamen-
tal Catalog (Fundamentalkatalog 4 or
FK4) and its successors were prepared and
published in Heidelberg by the As-
tronomisches Rechen-Institut. FK4, pub-
lished 1963, contains data for 1535 classic
reference stars to a limiting magnitude of 7
for the epoch 1950.0. Information from
some 300 earlier catalogs contributed to
FK4’s dataset. The Fifth Fundamental Cat-
alog (FK5) was published in 1988. It con-
tains improved data on the same stars and
is based on the standard epoch J2000.0
(see Julian year); a supplement, FK5 Exten-
sion (FK5E), appeared in 1991, with data
on an additional 3117 stars to magnitude
9.5. The Sixth Fundamental Catalog
(FK6), which began publication in 1999,
combines the results of the HIPPARCOS mis-
sion with the FK5 data. Parts I and III of
FK6, which had appeared by the end of
2000, contain 878 fundamental stars and

free-bound emission
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3272 new stars respectively. The catalogs
FK4 to FK6 are being made available in
computerized form.

fundamental forces The four basic
forces of nature: the GRAVITATIONAL FORCE,
the electromagnetic force (both long estab-
lished), and the two nuclear forces, the
strong force and the weak force. These
forces act between ELEMENTARY PARTICLES,
i.e. the basic building blocks of matter. All
the visible matter in the Universe and its
behavior may be described in terms of
these particles and the forces acting be-
tween them. The standard model of ele-
mentary particles uses gauge theories
(based on the idea of symmetry) to describe
the electromagnetic, strong, and weak
forces: each is generated by the interaction
between particles, which involves the ex-
change of an intermediate particle known
as a gauge boson. These intermediates ef-
fectively ‘carry’ the force from one particle
to another. Different gauge bosons are ex-
changed in the three types of interaction:
the electromagnetic force is carried by pho-
tons, the strong force by gluons (see
quark), and the weak force by neutral Z
and charge W particles.

The gravitational force occurs between
all particles, the electromagnetic force be-
tween charged particles, e.g. electrons and
protons. The strong force arises between
hadrons, e.g. protons and neutrons, and
between the constituents of hadrons, i.e.
QUARKS, and is the force binding together
particles in the NUCLEI of atoms. The weak
force occurs between both leptons and
hadrons and is responsible for radioactiv-
ity. The four forces vary greatly in range:
the gravitational and electromagnetic
forces have an infinite range whereas the
other two have an extremely short range.
They also vary greatly in strength: the grav-
itational force is the weakest over very
short distances (∼10–39 times the strength
of the strong force) but on a cosmic scale it
dominates the others.

Attempts to construct a single theory
unifying the four forces have been pro-
gressing. Steven Weinberg and Abdus
Salam in the late 1960s found a mathemat-
ical description – the electroweak theory –

that successfully unified the electromag-
netic and weak forces so that they could be
regarded as two aspects of the same phe-
nomenon. There are various grand unified
theories (GUTs) that aim to provide a
mathematical framework in which the
strong, electromagnetic, and weak forces
emerge as parts of a single unified force. A
symmetry is said to relate one force to an-
other. Since the forces are very different in
strength and character this symmetry is
broken in the present-day Universe. GUTs
predict that the symmetry holds only when
the temperature is greater than about 1027

K, when particles would have extremely
high energies, above 1024 electronvolts.
Such extremes of temperature and energy
occurred in the very young Universe imme-
diately after the BIG BANG. GUTs are thus of
great importance to cosmology.

The ultimate goal is to incorporate the
gravitational force into the unification by
formulating a satisfactory theory of QUAN-
TUM GRAVITATION. This would produce a
theory of everything, or TOE; one candi-
date is STRING THEORY.

fundamental plane The tight correla-
tion between properties of elliptical galax-
ies such as their total luminosity, SURFACE

BRIGHTNESS and VELOCITY DISPERSION, and
the relation between the luminosity and ro-
tational velocity for spiral disks. Such rela-
tions are a natural consequence for
self-gravitating systems with approxi-
mately constant mass-to-light ratio. See
also Faber–Jackson relation; Tully–Fisher
method.

fundamental stars Selected stars whose
positions are determined with the greatest
possible accuracy so that the positions of
other stars can be compared with them.
They are thus used as reference stars. A
large number of observations of these
stars, made at various times at several ob-
servatories throughout the world, con-
tribute to the accuracy by minimizing
errors. The positions of fundamental stars
are recorded and published in a FUNDA-
MENTAL CATALOG.

FU Orionis /o-rÿ-ŏ-niss, or-ee-oh-niss/ 
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A very young star, thought to be a T TAURI

STAR, that is located in Orion in a cloud of
gas and dust and is a strong source of in-
frared radiation. It flared up from about
16th to 10th magnitude in 1936 and has
remained near that brightness. It has a high
lithium content. It is the prototype of the
FU Orionis stars, a group of very young

stars all showing a persistent increase of
several magnitudes, or thought to have re-
cently done so.

FUSE /fyooz/ Abbrev. for Far Ultravio-
let Spectroscopic Explorer.

fusion /fyoo-zhŏn/ See nuclear fusion. 

FUSE
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Gacrux /gay-kruks/ Another name for
Gamma (γ) Crucis. See Crux.

GAIA Abbrev. for Global Astrometric
Interferometer for Astrophysics, an ESA
astrometric mission under consideration as
part of ESA’s HORIZON 2000 program. A
successor to HIPPARCOS, GAIA will consist
of a continuously scanning satellite provid-
ing a global astrometric system in which
positions, proper motions, and trigono-
metric parallaxes will be worked out for
about 50 million stars and other celestial
objects to an accuracy of better than 10
µas. The satellite should achieve this un-
precedented level of precision by its use of
an interferometer using a modest baseline
and a highly efficient detector incorporat-
ing a CCD and allowing parallel rather
than sequential observations. The resulting
catalog is intended to be complete to a lim-
iting magnitude of 15, but millions of
fainter objects down to magnitude 20
should be measurable with less accuracy.
GAIA could be launched as early as 2009
or as late as 2014.

gain 1. A measure of the amplification of
an electronic device. If the power input to
the device is P1 and the power output is P2,
the gain expressed in decibels is given by

G = 10 log10(P2/P1)
Gains measured in this way can be added
when amplifying stages are connected in
series.
2. A measure of the directional advantage
of using one radio ANTENNA as compared
with another. It is usual to express the gain,
G, of a particular antenna over an isotropic
radiator. For a lossless antenna it is given
by 

G = 4πAe/λ2

where Ae is the effective area (see array)
and λ is the wavelength; the gain is equal to
the DIRECTIVITY in this case. Sometimes the
comparison is with a DIPOLE, which itself
has a gain over an isotropic radiator of 1.5
(equivalent to 1.7 decibels, or dBi).

galactic bulge /gă-lak-tik/ See galaxies;
Galaxy.

galactic cannibalism See cannibalism.

galactic center The innermost region of
our GALAXY, or its exact center. INTERSTEL-
LAR EXTINCTION obscures this region by up
to 30 magnitudes at optical wavelengths
and information on the very complex phe-
nomena in the galactic center has been de-
rived mainly from radio, infrared, and
X-ray observations. The central region
(with radius around 200 parsecs) is bright
in radio and infrared continuum emission,
particularly in lines of molecular CO and
atomic C. This central molecular zone ac-
counts for about 10% of the Galaxy’s total
molecular mass and has a high density and
temperatures (30–200K). Star formation at
rates of 0.5 solar masses a year is occurring
at many places within this central molecu-
lar zone, probably triggered by external
events such as shocks. In particular the
central parsec shows evidence for recent
massive star formation, with many 
emission-line stars centered on the core of
the central stellar cluster. The peak of this
infrared emission and the stellar density
coincide with the radio emission from an
H II region in SAGITTARIUS A (West). This is
generally considered to be the dynamic
center of the galaxy. There is also extended
X-ray line emission centered on the Galac-
tic nucleus, with a size roughly half that of
the central molecular zone, indicating that
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some of the gas not consumed by star for-
mation is present as a hot plasma. The X-
rays also reveal a point source at the
position of Sgr A West.

The density of dust at the center is very
low but probably increases beyond a ra-
dius of 1 parsec to give rise to a double-
lobed structure, with a 100 µm luminosity
of about 107 LO. This may be heated by ul-
traviolet radiation from a central object lo-
cated at the position of Sgr A West. The
source of this heating radiation is thought
to be emission from a massive black hole.

Farther away from the center, radio ob-
servations indicate that there is a thin
rapidly rotating disk of hydrogen extend-
ing out to a radius of about 750 parsecs
and also gas moving rapidly away from the
center. In particular there are two expand-
ing arms of gas both roughly at a radius of
3 kiloparsecs. The arm on the sunward side
of the center is approaching us with a speed
of 50 km s–1 and the one on the other side
is receding at 135 km s–1.

galactic cluster 1. See open cluster.
2. See clusters of galaxies.

galactic coordinate system A COORDI-

NATE SYSTEM used to study the structure,
surroundings, and contents of the GALAXY.
The fundamental circle is the GALACTIC

EQUATOR and the zero point lies in the di-
rection of the galactic center (in the con-
stellation Sagittarius) as seen from Earth
(see illustration). The coordinates are
galactic latitude and longitude.

The galactic latitude (b) of a celestial
body is its angular distance (from 0° to
90°) north (counted positive) or south
(counted negative) of the galactic equator;
it is measured along the great circle passing
through the body and the galactic poles.
The galactic longitude (l) of a celestial body
is its angular distance (from 0° to 360°)
from the nominal galactic center measured
eastward along the galactic equator to the
intersection of the great circle passing
through the body.

The position of zero galactic longitude,
i.e. the nominal galactic center, was agreed
(1959) by the International Astronomical
Union (IAU); it lies at RA 17h 45.6m, dec
–28°56′.3 (2000.0). More recent observa-
tions suggest the actual galactic center co-
incides with a radio and infrared source,
SAGITTARIUS A West, a few arc minutes from
this nominal position; the nominal center is

galactic cluster
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still used, however, as the zero point for
galactic coordinates. The true center lies at
l = –3′.34, b = –2′.75.

galactic disk See galaxies; Galaxy.

galactic equator A great circle on the
CELESTIAL SPHERE. The galactic plane,
which contains the galactic equator, is the
plane that passes most nearly through the
central plane of the spiral disk of our
Galaxy. The galactic plane and celestial
equator are inclined at an angle of about
63°. The nominal galactic center lies on the
galactic equator in the direction of the con-
stellation Sagittarius and is the zero point
for the GALACTIC COORDINATE SYSTEM.

galactic fountain Hot X-ray emitting
gas from groups of SUPERNOVA REMNANTS

that breaks free of the plane of our Galaxy
and expands away until it cools and falls
back onto the disk in a fountainlike behav-
ior.

galactic halo See Galaxy. See also dark
halo.

galactic latitude, longitude See galac-
tic coordinate system.

galactic magnetic field A very weak
and complex system of magnetic fields,
known to exist in the interstellar regions of
the Galaxy from observations of the FARA-
DAY ROTATION of radiation from pulsars
and other radio sources, of the ZEEMAN

splitting of the 21-cm hydrogen line arising
in interstellar clouds, and of INTERSTELLAR

POLARIZATION. The magnetic flux density
lies in the range 10–10 to 10–9 tesla, with
3–6 × 10–10 tesla being the best estimate.
The direction of the field seems to be in the
plane of the Galaxy, along the spiral arms.
See also cosmic rays.

galactic nucleus See active galaxy;
galaxies; Galaxy.

galactic plane See galactic equator;
Galaxy.

galactic poles The two points on the ce-

lestial sphere that are 90° north and 90°
south of every point on the GALACTIC EQUA-
TOR. The north galactic pole lies in the con-
stellation Coma Berenices at RA 12h
51.4m, dec +27°7′.7 (2000.0). The south
galactic pole, diametrically opposite, lies in
Sculptor.

galactic rotation The rotation of the
GALAXY about its center, all its components
sharing in this rotation to varying degrees.
The predominant motion in the galactic
disk is circular and parallel to the galactic
plane. The orbital speed is determined by
the mass within a star’s orbit, not by the
Galaxy’s total mass, so the stars’ rotation
speeds do not follow KEPLER’S LAWS. The
rotation speed increases from near zero to
150 km s–1 in the first kiloparsec of the
Galaxy’s radius, then increases more grad-
ually to a peak near the Sun’s orbit (at a ra-
dius of about 10 kpc). Farther away it may
fall off gradually or remain roughly con-
stant. The rotation velocity of the LOCAL

STANDARD OF REST in the galactic plane was
formerly taken to be 250 km s–1, but the
accepted value is now 220 km s–1 as a re-
sult of the Galaxy’s massive DARK HALO.
Objects in the galactic halo display much
more random motions than those in the
disk and the system as a whole has only a
small residual rotation with respect to the
galactic center. See also rotation curve.

galactic wind A substantial outflow of
hot gas from a galaxy that has recently suf-
fered a high burst of STAR FORMATION or a
MERGER. The gas has a velocity of a few
hundred kilometers per second and is usu-
ally hot enough to emit in X-rays. The oc-
currence of galactic winds has implications
for the energetics, chemical enrichment,
and evolution of galaxies and their envi-
ronment.

galactic year See cosmic year.

Galatea /gal-ă-tee-ă/ A small satellite of
Neptune, discovered in 1989. See Table 2,
backmatter.

galaxies /gal-ăks-eez/ Giant assemblies
of stars, gas, and dust into which most of
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the visible matter in the Universe is con-
centrated. Each galaxy exists as a separate,
though not always entirely independent,
system held together and organized largely
by the gravitational interactions between
its various components. When capitalized,
the term denotes specifically our own sys-
tem, the Milky Way GALAXY. Owing to
their cloudlike appearance when viewed by
eye through simple telescopes, galaxies
other than our own were once known as
‘nebulae’. This term is now strictly applied
only to clouds of interstellar gas and dust.

The majority of galaxies are composed
of two structural components, the central
spheroidal bulge and the flattened disk.
The bulge is usually supported against
gravitational collapse by the anisotropic
VELOCITY DISPERSIONS of its stars, whereas a
disk is maintained by rotation. Galaxies
are divided into broad categories based on
the relative importance of these two com-
ponents.

Elliptical galaxies are those systems
that have no disk component. They appear
in photographs as fuzzy elliptical patches
of light, diminishing smoothly in bright-
ness from the center outward with no ob-
vious internal structure. The shape of the
outline varies from almost circular through
to narrow ellipses about three times as long
as they are wide. Traditionally the latter
were regarded as oblate (flattened) systems
but recent analyses show that prolate
(elongated) systems are also possible. Most
elliptical galaxies are probably triaxial el-
lipsoids with their three axes of different
lengths. The shape of the outline is the
basis of the HUBBLE CLASSIFICATION. Ellipti-
cal galaxies were long thought to be devoid
of gas but X-ray and radio observations
have shown them to have a significant and
complex interstellar medium, with very hot
(107 K) gas coexisting with clouds of neu-
tral hydrogen. Some galaxies even show
low-level emission-line activity. The stars
within them are predominantly old (SPEC-
TRAL TYPES K and M).

Galaxies with a second, disk-shaped
component in addition to the bulge are
known as spiral galaxies. They form flat-
tened systems containing prominent spiral
arms of interstellar matter and bright

young stars that wind outward from a
dense central bulge or nucleus. Although
two-armed spirals are the most common,
systems with one arm or even, very occa-
sionally, three arms have also been ob-
served. In normal spirals the arms emerge
directly from the nucleus, usually from op-
posite sides; in barred spirals the arms em-
anate from each end of a bright central bar
that extends across the nucleus. Both types
exist in a wide range of forms. At one ex-
treme there are galaxies with large domi-
nant bulges and thin tightly wound spiral
arms; at the other extreme there are galax-
ies with inconspicuous nuclei and promi-
nent loosely wound spiral arms. The shape
and structure of spirals and barred spirals
is the basis of Hubble’s classification.

Spiral galaxies are rich in gas and dust,
most of which is distributed in clouds
along the spiral arms. Stars in the nuclei of
spirals appear to be predominantly well
advanced in their evolution and the bright-
est individual stars observed there are RED

GIANTS of POPULATION II. A fairly smooth
axially symmetric distribution of old stars
also extends beyond the nucleus. However,
owing to the intrinsic faintness of most of
its constituent stars, this system is much
less conspicuous than the spiral arms em-
bedded within it.

Although star formation is undoubt-
edly still taking place in the spiral arms,
what triggers this process is still uncertain,
as is the origin of the arms themselves. It
has been proposed, in the DENSITY-WAVE

THEORY, that the spiral structure is main-
tained over a long period by gravitational
effects. Alternatively, it has been suggested
that the spiral structure arises and persists
as a result of SELF-PROPAGATING STAR FOR-
MATION involving supernovae. All spiral
galaxies are in differential rotation, stars in
the outer parts completing their orbits on
average more slowly than those nearer the
center. As far as can be ascertained, the spi-
ral arms always trail away from the direc-
tion of rotation.

Galaxies possessing a large bulge and
small disk, intermediate between the spi-
rals and ellipticals, are known as S0 galax-
ies or lenticular galaxies. The disk shows
no evidence for spiral arms, although dark

galaxies
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dust clouds are sometimes seen when the
galaxy presents an edge-on aspect. The
stars within S0 galaxies are predominantly
old and little gas is apparent.

Irregular galaxies are those without dis-
cernable symmetry in shape or structure.
They vary enormously in appearance but
all are below average in size and contain
large amounts of interstellar matter. In the
early Hubble classification this term was
applied to any galaxy that could not be fit-
ted into the elliptical or spiral classes. Hub-
ble’s Irr II galaxies are now reclassified as
STARBURST, ACTIVE, and INTERACTING

GALAXIES. The DWARF GALAXIES presently
labelled as irregular correspond to Hub-
ble’s Irr I galaxies.

The colors of galaxies vary according to
the age of the stars responsible for most of
the light. In general, ellipticals and S0s are
the most red and irregulars, because of
their high content of very young stars, are
the most blue. Differences in the dominant
spectral type are also reflected in the mass
to luminosity ratio, spirals and irregulars
being, on average, brighter than ellipticals
or S0s of similar mass.

The brightest and most massive galax-
ies are the cD galaxies, which resemble
giant ellipticals; they have absolute magni-
tudes of about –22.5 and masses in excess
of 1012 solar masses. cD galaxies are lo-
cated exclusively at the gravitational center
of clusters of galaxies. They possess an
extra component in the form of a very faint
but extensive (up to radii of 100 kilopar-
secs) envelope of stars. They are the rarest
galaxies, and usually contain the most
powerful radio sources in the nearby Uni-
verse.

Ellipticals also display the greatest vari-
ation in mass, ranging down to extreme
dwarfs (about 106 solar masses) that are no
brighter than the most luminous GLOBULAR

CLUSTERS. Spirals appear to exist only as
large or giant systems, with masses typi-
cally of the order of 1010 or 1011 times that
of the Sun. No irregulars are as bright as
the giant spirals and some are extreme
dwarfs.

Of the 1000 brightest galaxies, about
75% are spiral, 20% elliptical, and 5% ir-
regular. However, when allowance is made

for the many DWARF GALAXIES, the true pro-
portions turn out to be nearer to 30:60:10.
Few galaxies exist in total isolation. Dou-
ble and multiple systems are common and
many galaxies are also members of larger
groups known as CLUSTERS OF GALAXIES.
Clusters can in turn form loosely bound ag-
gregates called SUPERCLUSTERS.

How and why galaxies have evolved to
their present shapes is still uncertain al-
though it appears that spirals contain
much more ANGULAR MOMENTUM than el-
lipticals. Turbulence and vorticity in the
early Universe may play a role. However, it
is generally conceded now that the princi-
pal types of galaxy represent separate
species rather than one species seen at dif-
ferent stages in its evolution. There is, in
fact, no direct evidence that any other
galaxy is significantly older than our own
Galaxy (which is thought to be about 12
thousand million years old), and none
younger apart from the minuscule EXTRA-
GALACTIC H II REGIONS. All galaxies appear
to contain a mixture of stellar POPULA-
TIONS.

See also galaxies, formation and evolu-
tion; recession of the galaxies.

galaxies, classification Galaxies may
be classified according to a variety of crite-
ria, including morphology (shape, concen-
tration, and structure), spectroscopy
(integrated spectrum, etc.) colorimetry (in-
tegrated color, etc.), photometry (luminos-
ity, etc.), and unusual activity at various
wavelengths (radio, infrared, X-ray, etc.).
The HUBBLE CLASSIFICATION is based on
morphology whereas MORGAN’S CLASSIFICA-
TION is basically a quantitative spectro-
scopic classification.

galaxies, formation and evolution
Galaxies must have condensed out of the
gases expanding from the BIG BANG, begin-
ning at a time when the average density of
the Universe was roughly the same as the
current mean density of a galaxy. Details of
the formation of galaxies are still highly
uncertain, as is their subsequent evolution.
Astronomers are not agreed, for example,
on the extent to which the different types
of GALAXY have been determined by condi-
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tions at formation or by later evolution.
The current picture of galaxy formation as-
sumes a COSMIC POWER SPECTRUM of fluctu-
ations in the COLD DARK MATTER.
Gravitational instability causes the over-
dense regions to collapse and the gas falls
into these developing gravitational poten-
tial wells. This may lead to dissipation of
gravitational energy heating the gas. That
gas which can cool rapidly forms the vis-
ible stars of the galaxy; as time progresses
more and more fluctuations become unsta-
ble and the potential wells of galaxies
merge and cluster. This is known as hierar-
chical clustering. Although the details of
the evolution of the cold dark matter can
be calculated fairly precisely, the behavior
of the gas is much more complicated, with
energy and metals injected by SUPERNOVAE

playing a major role in the visible appear-
ance of the final galaxies.

Elliptical galaxies probably formed in
the densest regions of the original fluctua-
tions. Rapid star formation converted al-
most all the available gas to stars in less
than a thousand million years. The most
distant ellipticals should contain a propor-
tion of younger bluer stars, and observa-
tions of distant RADIO GALAXIES display a
bluer continuum that may be consistent
with intense star formation. Spiral galaxies
formed by the slower accumulation of
fragments or collapse of larger clouds in
less dense regions, and where turbulence
caused the protogalaxy to rotate. Fairly
rapid star birth during formation produced
the old stars of the halo and central re-
gions; the remaining gas settled into a disk,
where stars continued to form much more
slowly and interstellar gas remains to the
present day.

The most dramatic examples of galaxy
evolution are caused by external factors.
For example, galaxies may collide and
merge, or the hot INTRACLUSTER MEDIUM

may strip gas from a rapidly moving
galaxy.

Galaxy /gal-ăks-ee/ (Milky Way System)
The giant star system to which the Sun be-
longs. The Galaxy has a spiral structure
and, like other spiral galaxies, is highly
flattened. It is estimated to contain of the

order of 100 billion (1011) stars, the bulk of
which are organized into a relatively thin
disk with an ellipsoidal bulge, or nucleus,
at its center. This system is embedded in an
approximately spherical halo of stars and
GLOBULAR CLUSTERS (see illustration). The
radius of the disk is approximately 20 kilo-
parsecs and its maximum thickness (at the
center) is about 4 kpc. The halo is more
sparsely populated than the disk and its full
extent is uncertain, although its radius is
known to be greater than that of the disk.
There may also be a very much larger DARK

HALO, or corona, of unseen matter stretch-
ing out to a radius of 100 kpc or more (see
below). The characteristic spiral arms,
which contain many of the brightest stars
in the Galaxy, wind outward from the nu-
clear region, in or close to the central plane
of the disk.

The Sun is situated only a few parsecs
north of the central plane, near the inner
edge of one of the spiral arms. Our distance
from the center is nominally taken as 8.5
kpc (IAU, 1985).

The entire Galaxy is rotating about an
axis through the center, the disk rotating
fairly rapidly, the halo more slowly (see
galactic rotation). At the Sun’s distance
from the center, the systematic rotation of
the disk stars is about 220 km s–1, whereas
the halo system is rotating with a speed of
only about 50 km s–1.

Many astronomers now believe that
our Galaxy (and others) is enveloped in a
huge dark halo. Its presence is inferred only
from the ROTATION CURVE of the Galaxy
and by its gravitational effect on the more
distant globular clusters in the halo and on
nearby dwarf galaxies. It contains ten
times as much mass as the stars of the
Galaxy. Most of the matter, like other dark
matter, is likely to consist of some kind of
elementary particle.

The objects in the halo are old stars or
clusters of old stars, i.e. globular clusters,
that belong to POPULATION II. They increase
in density toward the center of the Galaxy
but show little concentration toward the
galactic plane. Stars in this system are be-
lieved to have condensed early in the life of
the Galaxy, maybe 15 billion years ago,
when the gas cloud from which it formed

Galaxy
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was still almost spherical. The bulk of the
stars in the disk, and probably in the nu-
cleus also, are stars of intermediate age
(3–5 billion years) belonging to the disk
POPULATION. The young POPULATION I stars
are mainly confined to a layer about 500 pc
thick along the center of the disk.

Most of the interstellar gas and dust de-
tected in the Galaxy lies in or close to the
galactic plane, and about half of it is con-
centrated into very dense MOLECULAR

CLOUDS distributed along the spiral arms.
The youngest stars in the Galaxy, notably
the T TAURI stars and the very bright,
short-lived O and B STARS, are also largely
confined to the spiral arms and it is almost
certain that stars are still being formed
from the molecular clouds there. Tracing
of the spiral structure is complicated by our
position in the disk. Three relatively

nearby sections of arms have been traced
optically – principally by mapping the dis-
tribution of O and B stars and associated
EMISSION NEBULAE. These are the Orion
arm, in which the Sun is located; the
Perseus arm, located about 2 kpc farther
out along the plane; and the Sagittarius
arm, which lies about 2 kpc nearer the cen-
ter. Another section, the Carina arm, may
be a continuation of the Sagittarius arm,
the concatenation being called the Sagittar-
ius-Carina arm. INTERSTELLAR EXTINCTION

makes optical tracing impossible beyond
the first few kiloparsecs of the Sun in most
directions. More distant spiral features
have been traced by radio-astronomy tech-
niques, mainly by mapping the distribution
of neutral hydrogen in H I regions and,
more recently, the CARBON MONOXIDE in
molecular clouds. The analysis is not sim-
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ple, however, and it is even uncertain
whether the Galaxy is a two-armed or
four-armed spiral.

INTERSTELLAR EXTINCTION also obscures
the central nucleus of the Galaxy at optical
wavelengths. Information about this re-
gion has been derived mainly from radio,
infrared, and X-ray observations. See
galactic center.

The total mass of the Galaxy (ignoring
the dark halo) is estimated to be a little less
than 2 × 1011 solar masses, of which about
10% exists in the form of interstellar mat-
ter. Where our Galaxy fits in the HUBBLE

CLASSIFICATION is still open to argument.
Some observations suggest a type Sb struc-
ture, others a type Sc. There is evidence of
a central bar extending to a radius of at
least 2.4 kpc, with a mass of around 1010

solar masses.

galaxy cluster See clusters of galaxies.

Galaxy Evolution Explorer (GALEX)
A NASA ultraviolet space telescope
launched into a nearly circular orbit Apr.
2003 for the purpose of observing ultravi-
olet radiation from a range of galaxies,
both near and remote, in order to advance
our knowledge of the evolution and history
of galaxies and of star formation. In a 29-
month mission supervised by the Califor-
nia Institute of Technology (Caltech),
GALEX carried out an extragalactic all-
sky survey to produce the first comprehen-
sive map of the Universe showing galaxies
evolving. To accomplish this, the observa-
tory looked back in time to an era when the
Universe was only 20% of its present age.
The UV radiation from such remote re-
gions is redshifted into the visible and near
infrared, and the telescope made provision
for this. By making a fair comparison be-
tween the remote galaxies observed at such
an early period with ones close to us in
both space and time, GALEX helped pro-
vide a means of assessing what changes
have occurred between then and now so
that cosmologists can learn when and
where the stars and elements found today
had their origins. GALEX was also tasked
with identifying celestial objects for further
investigation by current and future mis-

sions and producing an all-embracing pub-
licly available archive of data.

The GALEX satellite weighed 280 kg.
Its telescope was equipped with f/6 Richey–
Chrétien optics. Its 50-cm-diameter pri-
mary mirror and 22-cm-diameter second-
ary mirror were especially coated to screen
out local background radiation, and its ob-
servations were made only while it was in
the Earth’s shadow. The mirrors focused
incoming light onto two 65-mm mi-
crochannel plate detectors with a total ul-
traviolet sensitivity range of 135–280 nm.
The GALEX telescope produced wide-field
circular images of sky measuring 1.2° in di-
ameter at a resolution of 5 arcseconds in
the far and near ultraviolet light bands.
Spectra with 10 to 20 angstrom resolution
for all objects within the field of view were
obtained by placing a crystalline prism in
the light path.

galaxy harassment The morphological
disruption of a galaxy similar to that expe-
rienced by INTERACTING GALAXIES, but the
galaxy is responding to the gravitational
potential of a whole cluster of galaxies
rather than to another galaxy.

galaxy surveys See redshift survey.

GALEX Abbrev. for Galaxy Evolution
Explorer.

Galilean satellites /gal-ă-lee-ăn/ The
satellites IO, EUROPA, GANYMEDE, and CAL-
LISTO of Jupiter, discovered in 1610 by
Galileo Galilei and, independently, by the
German astronomer Simon Marius. They
are bright enough to be seen with the aid of
binoculars and have been studied in detail
by PIONEER and VOYAGER spacecraft and
the GALILEO spaceprobe. The Galilean
satellites are Jupiter’s largest satellites by
far, comparable in size with the small plan-
ets. Ganymede, the largest satellite in the
Solar System, is slighter bigger than Mer-
cury in diameter, and all of them except
Europa are larger than the Moon. Each is
in SYNCHRONOUS ROTATION, keeping one
face permanently turned toward Jupiter.
Their maximum surface temperatures vary
between the 120 K of Io to 155 K for Cal-

galaxy cluster
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listo, probably as a result of differences in
ALBEDO; the albedo of Io is 0.61, of Europa
0.64, of Ganymede 0.42, and of Callisto as
low as 0.20. They show a progressive de-
crease in bulk density from Io, the closest
(3.57 times that of water) through Europa
(2.97) and Ganymede (1.94) to Callisto,
the farthest (1.86), indicating that the pro-
portion of rocky material to ice is greater
for the denser satellites. Ganymede and
Callisto, unlike Io and Europa, are both
heavily cratered bodies. The three Galilean
satellites closest to Jupiter in order of dis-
tance – Io, Europa and Ganymede – follow
paths that are locked in to each other by
ORBITAL RESONANCE. thus for every single
orbit completed by Ganymede, Europa
completes two and Io four. One conse-
quence of this orbital resonance takes the
form of gravitational effects. Europa’s
gravitational influence on Io has perturbed
it into a more eccentric orbit around
Jupiter, taking it both closer to and farther
away from the giant planet and exposing it
to the tidal stresses that produce the active
volcanoes observed by the Voyager and
Galileo spacecraft. Europa in its turn is
acted upon by Ganymede and as a result its
geology may have been subject to the ef-
fects of tidal friction and heating. It has
been suggested that as Callisto’s distance
from Jupiter increases owing to the tidal
exchange of angular momentum between it
and the giant planet, it too will eventually
reach a 2:1 resonance with Ganymede. See
also Jupiter’s satellites; Table 2, backmat-
ter.

Galilean telescope The first type of as-
tronomical telescope, developed in 1609
by Galileo from Hans Lippershey’s ‘magic

tubes’. It is a refractor made up from a sin-
gle long-focus object lens and a powerful
diverging lens used as an eyepiece (see il-
lustration). This optical system, which
gives an upright image, survives in modern
opera glasses. Galileo’s best telescopes had
a magnification of about 30 times; al-
though very imperfect, they led to the great
achievements of 17th-century astronomy.
See also telescope.

Galileo /gal-ă-lee-oh, -lay-/ A NASA
mission to Jupiter and its moons, launched
Oct. 18 1989 from the space shuttle At-
lantis. With insufficient power to fly di-
rectly to Jupiter, Galileo first followed a
circuitous 3-year flight path through the
inner Solar System using the gravity of the
celestial bodies it passed to catapult it on
its way. Its trajectory involved the follow-
ing events: Venus flyby (Feb. 1990), Earth
flyby (Dec. 1990), flyby of asteroid (951)
GASPRA in the inner asteroid belt (Oct.
1991), second Earth flyby (Dec. 1992). Its
instruments sent back excellent images and
data on Venus, the Moon, Earth, and
Gaspra. The mission received a potentially
disastrous blow when Galileo’s communi-
cations system was crippled after its main
transmission antenna failed to open prop-
erly in Apr. 1991. As a result, data could be
relayed to Earth only using a slow weak
backup link, greatly reducing the number
of transmitted images. Despite this prob-
lem, the spacecraft was to prove a major
success.

Following the second Earth flyby,
Galileo had gained sufficient momentum
to reach Jupiter (see gravity assist). On its
flight there, it flew past the asteroid (243)
IDA (Aug. 1993), where it discovered the

183

Galileo

objective

eyepiece

Ray path in Galilean telescope



first asteroidal moon, Dactyl, about 1.5
km in diameter, orbiting its primary at a
distance of about 100 km. Galileo reached
Jupiter in Dec. 1995, entering a 198-day,
highly elliptical orbit around the gas giant.
Among its first tasks was to relay data back
to Earth from a probe it had released in
1995. The probe plunged into Jupiter just
as Galileo entered orbit and sent back in-
formation on the physical and chemical na-
ture of the upper reaches of the planet’s
deep atmosphere before being destroyed.

Galileo’s mission to the Jovian system
was at first set to run for 23 months. Dur-
ing this first period – its primary mission –
the spacecraft made observations of Jupiter
and flew by the Galilean satellites
Ganymede, Callisto, and Europa. It also
returned long-range images of the volcani-
cally active Io. Its endurance in the hostile
radiation-filled environment around
Jupiter and the excellence of the scientific
data it sent back to Earth despite its com-
munication problems persuaded NASA to
prolong its stay after the end of its primary
mission in Dec. 1997. It embarked on ex-
tended observations of Europa and Io. In
1999, it made its first close encounter with
Io, returning during this and later visits
valuable data on the satellite itself and on
the Io torus, the doughnut-shaped cloud of
highly energetic charged particles that sur-
round the satellite’s orbit. In late 2000,
Galileo teamed up with the Saturn-bound
Cassini–Huygens spacecraft to investigate
the interaction between Jupiter’s magne-
tosphere and the solar wind. The Galileo
spacecraft remained operational in
Jupiter’s vicinity for nearly 8 years. In all,
it made 35 circuits of Jupiter and com-
pleted 34 flybys of its major satellites. It re-
turned a rich stream of information that
transformed our understanding of the
giant planet itself as well as its retinue of
moons and its dusty rings. Altogether, it
spent almost 14 years in space, traveling a
total distance of 4 631 778 000 km. On
Sept. 21 2003, Galileo was deliberately
guided into Jupiter’s atmosphere to be
crushed out of existence.

Galileo Regio See Ganymede.

Galileo Telescope See Roque de los
Muchachos Observatory.

Gallex /gal-eks/ See neutrino astron-
omy.

gamma /gam-ă/ (γγ) The third letter of
the Greek alphabet, used in STELLAR

NOMENCLATURE usually to designate the
third-brightest star in a constellation or
sometimes to indicate a star’s position in a
group.

gamma-ray astronomy The study of
radiation from space at the extreme short-
wavelength end of the electromagnetic
spectrum (less than 0.01 nanometers) and
with the largest photon energies (usually
exceeding 100 000 electronvolts (eV), i.e.
>100 keV). The immense range of gamma-
ray energies (see gamma rays) has led to a
variety of detection instruments and tech-
niques, including SCINTILLATION COUNTERS,
SPARK CHAMBERS, DRIFT CHAMBERS, CODED-
MASK TELESCOPES, COMPTON TELESCOPES,
and GAMMA-RAY SOLID-STATE DETECTORS.

Gamma rays from space cannot pene-
trate the Earth’s atmosphere so that γ-ray
observations only became possible when
instruments could be carried above the at-
mosphere in satellites. The first cosmic γ-
rays were detected with a scintillation
counter on the OSO-3 satellite in 1968.
More detailed observations confirmed
their origin in a narrow band along the
galactic plane, being particularly strong
within 30° of the galactic center; these ob-
servations were provided by the NASA SAS-
2 satellite launched in Nov. 1972 and
suggested that the γ-rays come from inter-
actions in interstellar gas. The spark-cham-
ber detector on SAS-2, sensitive in the
energy band 30–1000 MeV, also found
discrete γ-ray sources coincident with two
PULSARS, the Crab and Vela pulsars.

The European Space Agency’s COS-B
satellite, launched in Aug. 1975, also car-
ried a large spark chamber and operated
successfully for nearly seven years, provid-
ing improved exposure and angular resolu-
tion of medium-energy (70–5000 MeV)
γ-rays. In addition to the Crab and Vela
pulsars 22 other galactic sources, plus the

Galileo Regio
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bright QUASAR 3C273, were detected by
COS-B. Identification of the remaining γ-
ray emitters with known celestial objects
has not, however, been possible. Detailed
study of the COS-B positional ERROR BOXES

has shown that none of these medium-en-
ergy γ-ray sources can have an X-ray lumi-
nosity more than a fraction of the γ-ray
luminosity; this indicates that an under-
standing of their physical nature has to be
found in the interpretation of γ-ray data
and, furthermore, that they could represent
a new class of cosmic object. At least two
of the COS-B sources are coincident with
MOLECULAR CLOUD regions (RHO OPHIUCHI

and the ORION MOLECULAR CLOUD). The ob-
served positional correlation between the
γ-ray ISOPHOTES and the distribution of EX-
TINCTION from these regions suggests γ-ray
production by means of particle interac-
tions with the matter of the cloud. The im-
proved sensitivity of instrumentation on
the Compton Observatory has shown that
a growing number of pulsars are powerful
γ-ray emitters (see gamma-ray pulsars;
Geminga).

Apart from the localized sources in our
Galaxy, a clearly defined band (±15° lati-
tude) of enhanced γ-ray continuum emis-
sion lying along the galactic equator has
been observed; it has been interpreted as
being mainly the result of interaction of
COSMIC-RAY electrons (via BREMSSTRAH-
LUNG) and cosmic-ray nuclei (via neutral
PION, π0, decay) with the interstellar gas.
There is also evidence favouring local
structure in the γ-ray emission coincident
with the GOULD BELT as well as the Doliditz
system. The Galaxy is also a rich source of
low-energy (0.5–10 MeV) γ-ray emission,
which encompasses a diffuse component as
well as a number of discrete sources. The
GALACTIC CENTER is a powerful emitter of
electron-positron ANNIHILATION radiation.
Detailed studies with germanium detectors
of high spectral resolution have revealed
that the line is narrow and shows some ev-
idence for three-photon POSITRONIUM con-
tinuum below 511 keV.

The 1.809 MeV line of 26Al has been
detected from the general direction of the
galactic plane. The emission intensity cor-
responds to approximately 3 MO of this

long-lived (106 year) isotope within our
Galaxy. The discovery of the 0.847 MeV γ-
ray line from SN 1987A provided the first
direct evidence of the explosive synthesis of
elements. About 0.075 MO of the radioac-
tive isotope 56Ni were produced in this su-
pernova explosion.

Although the quasar 3C273 was de-
tected as a medium-energy γ-ray source,
other types of ACTIVE GALAXIES have been
discovered to be strong emitters of γ-rays.
The γ-ray power output is found to domi-
nate all emissions at other wavelengths.
This high luminosity coupled with the
timescale of the γ-ray variability (a few
months) may be taken as evidence that the
emissions are intimately related to the re-
gion containing the central power house.

A diffuse, and as far as can be measured
isotropic, cosmic γ-ray flux has been ob-
served to extend from 0.1 MeV to more
than 1000 MeV. At the present time it is
unclear if this COSMIC BACKGROUND flux is
derived from particle interactions through-
out the Universe, or whether it is derived
from the contributions of a large number
of active galaxies.

A growing number of galactic objects
have been detected as very high energy
(> 1012 eV) γ-ray emitters. In two cases a
NEUTRON STAR is almost certainly involved
and the emission follows the period of pul-
sations at other wavelengths.

The measurement of γ-ray photons per-
mits the study of the largest transfers of en-
ergy occurring in astrophysical processes.
The extreme penetrating power of these
high-energy photons offers a unique op-
portunity to probe deeply into the heart of
violent galactic and extragalactic systems.
The new generation of more sensitive γ-ray
telescopes are revealing much new infor-
mation on both the properties of astro-
nomical objects and the high-energy
processes that govern the dynamics of their
evolution. See also Compton Gamma Ray
Observatory; GRANAT; HETE; INTE-
GRAL.

gamma-ray bursts Intense flashes of
hard X-rays or gamma rays, detected at en-
ergies up to one million electronvolts. They
are of short duration (0.1–1000 seconds)
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and were discovered by US Air Force satel-
lites in 1967 but not declassified until
1973. There are sharp temporal features in
the burst time profile; this allows the mea-
surement of differences in arrival times of
wavefronts of the order of a few millisec-
onds over baselines separated by hundreds
of light-seconds. For the strongest and
most rapidly varying bursts, such measure-
ments yield angular resolutions of the
order of arc seconds. The most intense
burst observed so far lies within the super-
nova remnant N49 in the Large MAGEL-
LANIC CLOUD. The BATSE experiment on
the COMPTON GAMMA RAY OBSERVATORY

has detected hundreds of γ-ray bursts, av-
eraging about one per day. Measurements
have revealed that the distribution of the
bursts is consistent with isotropy: they are
uniformly distributed across the sky. Their
origin still remains a mystery. γ-ray emis-
sion lines in their spectra may be related to
ANNIHILATION radiation redshifted by the
strong gravitational field of a NEUTRON

STAR, and γ-ray absorption features to CY-
CLOTRON absorption in intense magnetic
fields. The rapid temporal structure, in-
cluding the periodic emission, is generally
assumed to point to neutron star origins
for γ-ray bursts, although sources at cos-
mological distances cannot be ruled out.
The most probable energy source is
thought to be either gravitational or nu-
clear in origin.

Gamma Ray Observatory (GRO)
Original name of Compton Gamma Ray
Observatory.

gamma-ray pulsars The improved sen-
sitivity of instrumentation on the COMPTON

GAMMA RAY OBSERVATORY has shown that
PULSARS can be powerful gamma-ray emit-
ters. The gamma radiation is thought to
originate in the star’s outer magnetos-
phere, and in some cases it appears that a
large fraction of the spin-down energy of
the pulsar is emitted as pulsed gamma ra-
diation. GEMINGA is now known to be a γ-
ray pulsar, and, with a 180° phase
separation of the two pulses, is thought to
be an extreme case; nearly 100% of the
available energy is emitted as γ-rays and

the dipole magnetic field is inclined at a
very large angle (> 65°) to the spin axis.

gamma rays (γγ-rays) Very high energy
ELECTROMAGNETIC RADIATION, i.e. radia-
tion with the shortest wavelengths and the
highest frequencies: γ-ray wavelengths are
less than 10–11 meters. There is no sharp
cutoff between the γ-ray region and the ad-
jacent X-ray region of the electromagnetic
spectrum.

Gamma rays, like X-rays, are usually
described in terms of photon energy, hν,
where ν is the frequency of the radiation
and h is the Planck constant. The γ-ray re-
gion of the electromagnetic spectrum spans
many decades of photon energy – from
about 105 electronvolts (eV) to more than
1015 eV. The range is customarily subdi-
vided into a number of energy bands that
are related to changes in telescope technol-
ogy:

low energy γ-rays, 105–107 eV;
medium energy γ-rays, 107–109 eV;
high energy γ-rays, 109–1011 eV;
very high energy γ-rays, 1011–1014 eV;
ultra high energy γ-rays, >1014 eV.

Low energy γ-ray photons (hν ∼ 106 eV)
are the most penetrating photons available
to the astronomer. Traditionally γ-ray
source spectra have been measured in units
of photons per unit area per second per
unit energy interval, i.e. treating the pho-
tons as individual events. At present the
general move is to unify the measurement
system by use of the JANSKY.

gamma-ray solid-state detectors Semi-
conductor detectors designed to give high
spectral resolution in the spectral domain
in which the characteristic nuclear decay
lines are emitted. Electron-hole pairs are
created in a solid-state device along the
path of the secondary electrons derived
from γ-ray interactions, much as ion pairs
are created in a gas-filled detector (see pro-
portional counter). Applying an electric
field to the detector enables the electron-
hole pairs to be collected and thus provides
the basic electrical signal from the device.
Semiconductor detectors may be rendered
position-sensitive, and hence adapted to

Gamma Ray Observatory
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provide imaging systems, by appropriate
geometric design of the electrode contacts.

A variety of semiconductors are suit-
able for such detector systems. Silicon, ei-
ther in the form of silicon diodes or
lithium-drifted silicon, provides high-qual-
ity detectors for operation at hard X-ray/γ-
ray energies (< 50 keV). High-purity
germanium (HPGe), either in planar or
coaxial form, currently provides the best-
available spectral resolution for γ-rays (up
to ∼10 MeV); germanium devices, how-
ever, must be cooled to ∼70 K for effective
operation. Two semiconductors, mercuric
iodide (HgI2) and cadmium telluride
(CdTe), currently show great promise for
room-temperature operation, and hence in
telescopes would not need cooling; difficult
to produce with sufficient purity, they are
best-employed as thin detector systems in
hard X-ray/γ-ray telescopes that operate
typically in the range 5–300 keV.

gamma-ray sources See gamma-ray as-
tronomy.

gamma-ray transients Sources of tran-
sient gamma-ray outbursts, the vast major-
ity of which lie within 10° of the galactic
plane and have peak luminosities of 1029 to
about 1028 joules per second. Both neutron
star and black-hole systems exhibit such
outbursts. The γ-ray emission features of
black-hole candidates are particularly
spectacular and may prove to be a collec-
tive signature of the presence of a black-
hole system. They include hard (E ≥ 200
keV) power-law emission tails, rapid sto-
chastic flickering, broad electron–positron
pair plasmalike spectral features; broad-
ened and redshifted 511 keV line features;
the presence of Compton backscattered
spectral features near 170 keV.

Ganymede /gan-ă-meed/ The brightest
and largest of the four GALILEAN SATELLITES

of Jupiter. With a diameter of 5262 km it is
the largest satellite in the Solar System. It is
in fact larger in diameter than the planet
Mercury but is only half as massive. It has
an albedo of 0.42 and a density of 1.94
g cm–3. There are two main types of sur-
face feature: ancient darkish heavily

cratered terrain and the younger brighter
regions, which have long parallel grooves
or SULCI. The two types intermingle, giving
a complex surface. The largest single fea-
ture on Ganymede is the vast dark area
Galileo Regio with a diameter of 4000 km.
The most ancient craters – ghost craters or
palimpsests – are barely visible in the dark
areas such as Galileo Regio. Some of the
younger craters are surrounded by bright
rays of exposed ice. The grooved terrain
consists of parallel mountain ridges up to 1
km high, 10 to 15 km apart, which wander
for thousands of kilometers across the sur-
face forming intricate patterns. From data
collected by the Galileo spacecraft, scien-
tists have surmised that Ganymede’s inter-
nal structure consists of three layers: a
compact core consisting of molten iron or
iron and sulfur, a surrounding mantle
made up of rocky silicates, and an outer
shell of ice. As in the case of Europa and
Callisto, evidence has been discovered of a
tenuous oxygen atmosphere, resulting
from charged solar particles breaking
down water molecules in the icy crust. See
also Jupiter’s satellites; Table 2, backmat-
ter.

Gargantuan Basin /gar-gan-choo-ăn/
See Procellarum, Oceanus.

Garnet star (µµ Cep) A red supergiant in
the constellation Cepheus. It is a SEMIREGU-
LAR VARIABLE with a magnitude that ranges
from 3.6 to 5.1 although it is usually about
4.5. It is also a triple star. Spectral type:
M2 Ia.

gas hypersensitization (hypering) See
hypersensitization.

Gaspra /gas-pră/ ((951) Gaspra) A typi-
cal S-TYPE ASTEROID discovered by the
Ukrainian astronomer Grigoriy N. Neu-
jmin in 1916. It became the first asteroid
ever to be visited by a spacecraft from the
Earth when it was imaged by the GALILEO

probe in Oct. 1991 from a distance of
about 16 000 km; the spacecraft was on its
way to Jupiter. Gaspra was found to be
conical in shape, being about 15 km across
at its broadest. The shape was consistent
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with it being a fragment produced by the
breakup of a much larger body some time
in the past. The surface was, however,
much smoother than anticipated and
lacked the expected number of large
craters.

gas scintillation proportional counter
(SPC) See proportional counter.

Gassendi /ga-sen-dee/   See table at craters.

gauge bosons, gauge theory /gayj/ See
fundamental forces.

gauss /gowss/ Symbol: G. The c.g.s.
(electromagnetic) unit of MAGNETIC FLUX

DENSITY. One gauss is equal to 10–4 tesla.

Gaussian gravitational constant
/gowss-ee-ăn/ Symbol: k. A constant
equal in value to 0.017 202 098 95. It de-
fines the astronomical system of units of
length (ASTRONOMICAL UNIT), mass (SOLAR

MASS), and time (DAY) by means of New-
ton’s form of KEPLER’S THIRD LAW:

n2a3 = k2(1 + m)
n is the mean motion of a planet in radians
per day, a is the semimajor axis of its orbit
in astronomical units, and m is its mass in
terms of solar mass. The dimensions of k2

are those of Newton’s GRAVITATIONAL CON-
STANT.

GBT Abbrev. for Green Bank Tele-
scope. See Green Bank.

GC Abbrev. for (Boss) General Catalog.
See also NGC.

GCVS Abbrev. for General Catalog of
Variable Stars, a publication providing a
comprehensive list of variable objects com-
piled under the direction of the Russian as-
tronomer P.N. Kholopov. The fourth
edition in its printed form (1985–90) listed
28 484 stars that had been confirmed as
variables by 1982, giving their positions
for the epoch 1950.0. The most salient sec-
tions of its five volumes are available in
computerized form from the Sternberg In-
stitute, Moscow. The first four volumes
deal with variable stars within the Milky

Way system, the fifth catalogs 10 979 vari-
ables in 35 extragalactic star systems, in-
cluding the Magellanic Clouds and the
Andromeda and Triangulum galaxies.
There is also a catalog of 984 confirmed
and suspected extragalactic supernovae.
The New Catalog of Suspected Variable
Stars (compiled by B.V. Kukarkin et al. and
published in its latest revision in 1982)
gives the positions, magnitudes, variability
types and alternative identifications of
14 811 stars whose variability was still not
confirmed before 1980; a supplement to
this publication lists 11 206 stars that were
still unconfirmed as variables by 1997.

G-dwarf problem The observed lack of
metal-poor stars in our Galaxy. There are
expected to be some stars that formed early
in the life of our Galaxy and, if of less than
one solar mass (i.e. dwarf stars of SPECTRAL

TYPE G), have not yet evolved away from
the MAIN SEQUENCE. There should thus be a
population of low-mass stars that display
the very low metal abundances expected to
be typical of the conditions at the time of
the formation of the Galaxy. Subsequent
generations of more massive POPULATION I

stars have since enriched the environment.
The lack of observed stars of the expected
METALLICITY may be understood if the early
initial mass function (see stellar mass) was
radically different, consisting of only mas-
sive stars, or by invoking a hypothetical
POPULATION III whose very rapid evolution
enriched the Galaxy as it formed.

GE Abbrev. for greatest elongation. See
elongation.

gegenschein /gay-gĕn-shÿn/ (counter-
glow) A very faint patch of light that can
be seen on a clear moonless night on the
ecliptic at a point 180° from the Sun’s po-
sition at the time of observation. It is part
of the ZODIACAL LIGHT.

Geminga /jĕ-ming-gă/  An intense gamma-
ray source in the constellation Gemini
(hence the name), first discovered by the
SAS-2 satellite. It is also an X-ray source,
but more than 99% of its power output is
observed in the γ-ray spectral range. Recent

gas scintillation proportional counter
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observations with the X-ray satellite ROSAT

and the COMPTON GAMMA RAY OBSERVA-
TORY have revealed that Geminga is a
GAMMA-RAY PULSAR with a period of 237
milliseconds; this periodicity has been con-
firmed by the analysis of archive data from
COS-B and SAS-2. Geminga is possibly the
result of a nearby SUPERNOVA.

Gemini /jem-ă-nÿ/ (Twins) A conspicu-
ous zodiac constellation in the northern
hemisphere near Orion, lying partly in the
Milky Way. The brightest stars are the 1st-
magnitude POLLUX (β) and the somewhat
fainter multiple star CASTOR (α), the spec-
troscopic binary Alhena (γ), and several
stars of 2nd and 3rd magnitude. There are
many interesting objects including variable
stars, such as the CEPHEID Zeta (ζ) Gemino-
rum and the prototype of the U Gemino-
rum DWARF NOVAE stars, binary stars, such
as Eta (η) Geminorum, the open cluster
M35 (NGC 2168) visible to the naked eye,
and the planetary nebula NGC 2392
(known as the Clownface or Eskimo neb-
ula). Abbrev.: Gem; genitive form: Gemi-
norum; approx. position: RA 7h, dec +25°;
area: 514 sq deg.

Geminids /jem-ă-nidz/ An important
and active winter METEOR SHOWER that
maximizes on Dec. 13, meteors being vis-
ible between Dec. 7 and Dec. 15. The
shower has a radiant of RA 113°, dec +32°,
and a ZENITHAL HOURLY RATE of about 80;
the meteoroids hit the atmosphere with a
velocity of about 36 km s–1. The orbit of
the METEOROID STREAM has a low semima-
jor axis (1.5 AU) and matches almost ex-
actly the orbit of the Apollo asteroid
PHAETHON–3200. The shower has yielded a
fairly constant rate during the last century.
The meteoroids have a higher density than
normal because the parent of the shower is
an asteroid rather than a comet.

Gemini project A series of US space
missions that extended the knowledge
gained from the MERCURY PROJECT and pre-
ceded the APOLLO program. The project
demonstrated that humans could function
effectively over long periods of weightless-
ness, both inside and outside a spacecraft,

and that two spacecraft could be made to
rendezvous and dock while in orbit. Gem-
ini 3 was the first manned flight, launched
in Mar. 1965, with two astronauts on
board. America’s first spacewalk was made
by Ed White in Gemini 4, launched in June
1965. Geminis 6 and 7 rendezvoused in
Dec. 1965, and in Mar. 1966 Gemini 8
made the first successful docking with a
crewless target. Gemini 7 remained in orbit
for what was then a record 330.6 hours.
Gemini 12, launched Nov. 1966, com-
pleted the project.

Gemini telescopes Two 8.1-meter
groundbased telescopes with identical ca-
pabilities for use in the infrared, visible,
and near ultraviolet. One (completed in
1998) is sited in the northern hemisphere
on MAUNA KEA in Hawaii and is known as
the Gillett Telescope or Gemini North; the
other (which saw first light in 2001) is in
the southern hemisphere at Cerro Pachón
in Chile and is known as Gemini South.
The two telescopes together provide full
sky coverage as well as similar perfor-
mance in programs spanning both hemi-
spheres. The telescopes are a joint venture
between the USA, UK, Canada, Argentina,
Chile, and Brazil. The US NATIONAL OPTI-
CAL ASTRONOMY OBSERVATORY (NOAO)
administers the work of the telescopes
through the NOAO Gemini Science Center
(NGSC), headquartered in Tucson, Ari-
zona. Image quality at near-infrared wave-
lengths is better than 0.1 arcsecond over a
1-arcminute field of view. The use of ADAP-
TIVE OPTICS extends this near-diffraction-
limited angular resolution to shorter
wavelengths. A wide-field capability of 45′,
for optical wavelengths, allows simultane-
ous spectroscopic sampling of multiple ob-
jects.

Gemma /jem-ă/ See Alphecca.

general precession See precession.

general relativity See relativity, general
theory.

Genesis A NASA mission to obtain pre-
cise measurements of the abundances of
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the different elements and isotopes in the
Sun and thereby gain more accurate infor-
mation on its chemical makeup. The data
gathered by Genesis would also advance
scientists’ understanding of the isotopic
variations in meteorites, comets, lunar
samples, and planetary atmospheres. The
mission was set to collect samples of
charged particles making up the solar wind
and return them in a capsule to Earth. The
aim was to provide a reservoir of solar ma-
terial for scientific research and eliminate
the need for future solar wind sample re-
turn missions. Part of NASA’s Discovery
program, Genesis was launched from
Kennedy Space Center Aug. 8 2001 and
took up a halo orbit around the La-
grangian point L1, far beyond the Earth’s
magnetic influence, in Nov. 2001. For 16
months, between Dec. 3 2001 and Apr. 2
2004, it gathered its samples of the solar
wind by exposing thin wafers of silicon,
gold and other ultrapure substances to the
particle stream. Some 1020 particles, about
half a milligram in mass, embedded them-
selves in these collecting materials. Genesis
then became the first spacecraft to make a
return journey from L1, flying by the Earth
on May 2 2004 on its way to L2. The cap-
sule that it ejected reached Earth on Sept. 8
2004 and entered the atmosphere to be
picked up in mid-air by a helicopter in
order to minimize contamination. Unfortu-
nately, the capsule’s parachute failed to
open, and the helicopter could not retrieve
it before it fell to earth in the Utah desert,
hitting the ground at more than 300 km/h.
The capsule was smashed, but miracu-
lously several of the wafer-thin collectors
survived intact but soiled. NASA scientists
remained confident that the collectors
could be cleaned and that, despite its mis-
fortunes, the Genesis mission would yield
useful scientific results.

geocentric coordinate system /jee-oh-
sen-trik/ A COORDINATE SYSTEM, such as
the ECLIPTIC COORDINATE SYSTEM, in which
the position of a celestial body is referred
to the center of the Earth. Compare helio-
centric coordinate system; topocentric co-
ordinates.

geocentric gravitational constant The
product of the GRAVITATIONAL CONSTANT

and the Earth’s mass, equal to 
3.986 005 × 1014 N m2 kg–1

geocentric parallax See diurnal paral-
lax.

geocentric system A model of the Solar
System or of the Universe, such as the
PTOLEMAIC SYSTEM, that has the Earth at its
center.

geocentric zenith See zenith.

geocorona /jee-oh-kŏ-roh-nă/ A tenu-
ous cloud of hydrogen and some helium
extending more than 50 000 km from the
Earth’s outermost ATMOSPHERIC LAYER to
the MAGNETOSPHERE. It scatters Lyman-
alpha radiation (see Lyman series) from the
Sun, producing a glow that is visible on
long-distance far-ultraviolet photographs
of the Earth. It also interferes with far-ul-
traviolet astronomical observations from
Earth orbit.

geodesy /gee-od-ĕ-see/ The study and
measurement of the external shape of the
Earth, and hence of its gravitational field
and internal construction, using both the
measurements of the precise form of the
GEOID and observations of artificial Earth
satellites.

geoid /jee-oid/ The form of the Earth ob-
tained by taking the average sea level sur-
face and extending it across the continents.
It is an EQUIPOTENTIAL SURFACE defined by
measurements of the variation of the
Earth’s gravitational attraction with lati-
tude and longitude and the acceleration
produced by the Earth’s rotation. The
geoid differs from a sphere in that the
equatorial diameter (12 756.32 km) is
greater than the diameter through the poles
(12 713.51 km). The flattening of the
Earth corresponds to the difference be-
tween these diameters as a fraction of the
equatorial diameter and has a value of
1/298.257.

Studies of the PERTURBATIONS affecting
the orbits of artificial Earth satellites have

geocentric coordinate system
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shown that the geoid departs from an
oblate spheroid, or ellipsoid; this is a result
of density anomalies within the Earth and
supports the theory of dynamic convective
processes in the mantle. There are more
than ten elevations and depressions on the
true geoid, scattered worldwide and typi-
cally of 40–60 meters. The greatest depar-
tures are a 105-meter depression to the
south of India and a 75-meter elevation to
the north of Australia.

geology /jee-ol-ŏ-jee/ The study of the
history, structure, and composition of the
EARTH’S crust. The principle divisions of ge-
ology include physical geology, historical
geology, and economic geology.

Physical geology includes mineralogy,
which is the study of minerals; petrology,
the study of the formation, composition,
and structure of different types of rock;
structural geology, concerned with how
these rocks combine to form the crust; and
geomorphology (or physiography), the
study of the relation between geographical
features and sub-surface geological struc-
tures.

Historical geology includes stratigra-
phy, which is concerned with the chronol-
ogy of rock strata; paleogeography, the
study of the distribution of geographical
features (seas, deserts, mountains) during
early periods of the Earth’s history; and pa-
leontology, dealing with the development
of life as revealed by the fossil record on
different geological strata.

Economic geology is concerned with
the study of valuable mineral deposits,
such as ores, coal, and oil.

geomagnetic storms /jee-oh-mag-net-
ik/ Sudden alterations in and subsequent
recovery of the Earth’s magnetic field due
to the effects of solar FLARES. The varia-
tions are complex in the auroral zone and
polar regions but at middle latitudes the
horizontal component of the field shows
four distinct phases.

The first is storm sudden commence-
ment (SSC), when a sharp rise in field
strength (over 2.5 to 5 minutes) is caused
by compression of the MAGNETOSPHERE by
a flare-generated shock wave. The second

is the initial phase (IP), when the Earth is
surrounded by the high-speed post-shock
plasma and field, and is effectively isolated
(for between about 30 minutes and several
hours) from the interplanetary magnetic
field. The surface field strength is higher
than the pre-SSC value. In the main phase
(MP) an increase in particle population, or
in particle acceleration by reconnection of
the geomagnetic and interplanetary fields,
or in magnetospheric fluctuations pro-
duces a RING CURRENT at three to five Earth
radii. This generates a magnetic field op-
posed to the Earth’s and causes a decrease
in the surface field strength of 50–400 nan-
oteslas, which lasts from a few hours to
more than a day. During the fourth phase,
recovery phase (RP), which is typically
longer than the MP, the ring current decays
by diffusion of the trapped particles and
plasma instabilities. The surface field
strength may return to, or just below, the
pre-SSC value.

Geomagnetic storms are usually accom-
panied by ionospheric and auroral activity,
and some may recur after 27 days owing to
the persistence of a particular solar ACTIVE

REGION or CORONAL HOLE.

geomagnetism /jee-oh-mag-nĕ-tiz-ăm/
The Earth’s magnetic field (or its study),
which at the Earth’s surface approximates
that of a bar magnet at the center of the
Earth with its axis inclined by 11.4° to the
Earth’s rotation axis and somewhat off-
centered: the north magnetic and geo-
graphical poles are much closer together
than the south poles. Both sets of poles
wander in position. The strength of the
magnetic field varies from 0.6 gauss near
the magnetic poles to 0.3 gauss near the
equator, i.e. from 60–30 microtesla, but
can depart by up to 20% from the average
without any correlation with major surface
features. The dipole field changes only
slowly with time but there are larger local
variations in strength and direction. Vio-
lent short-term fluctuations occur during
GEOMAGNETIC STORMS. Studies of magne-
tized rocks show that the entire magnetic
field has reversed in direction about twice
every million years in the past 165 million
years. Complete reversals (i.e. north pole
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switching from pointing toward geo-
graphic north to pointing south, or vice
versa) can occur within a few thousand
years. The source of the geomagnetic field
is believed to lie in a complex dynamo ac-
tion in the Earth’s liquid iron-rich outer
core. Convective motion in this rotating
electrically conducting fluid, in the pres-
ence of a magnetic field, generates electric
currents; these in turn induce a magnetic
field. Hence the Earth’s field has been
maintained. The field existed at least 2.5,
probably 3.5 thousand million years ago.
See also magnetosphere; ring current.

geometrical albedo See albedo.

geometrical libration (optical libration)
See libration.

geophysics /jee-oh-fiz-iks/ The physics
of the Earth. It includes the study of the
history, motion, and constitution of the
planet; movements within it, such as those
associated with continental drift, moun-
tain-building, earthquakes, glaciers, tides,
and atmospheric circulation; geomagnet-
ism; and the interaction between the Earth
and its interplanetary environment.

GEOS /jee-os/ The first all-scientific
satellite in geostationary orbit, built by the
European Space Agency for the purpose of
studying the Earth’s MAGNETOSPHERE.
GEOS–1, launched in April 1977, failed to
reach its planned orbit; GEOS–2 was suc-
cessfully launched in July 1978 and oper-
ated for two years with the reactivated
GEOS–1 and some other satellites. Having
become redundant it was boosted into a
higher orbit in 1984.

geospace /jee-oh-spayss/ The region of
space surrounding the Earth and contain-
ing the Earth’s MAGNETOSPHERE and its var-
ious plasma regimes and complex magnetic
and electric fields. Satellite missions to
study the physics of geospace include EX-
PLORER I, the ORBITING GEOPHYSICAL OBSER-
VATORIES, the INTERNATIONAL SUN-EARTH

EXPLORERS, the AMPTE missions, and the
SOLAR/TERRESTRIAL ENERGY PROGRAM.

geostationary orbit /jee-oh-stay-shŏ-
nair-ee/ See geosynchronous orbit.

geosynchronous orbit /jee-oh-sink-rŏ-
nŭs/ An Earth orbit made by an artificial
satellite (moving west to east) that has a pe-
riod of 24 hours, equal to the Earth’s pe-
riod of rotation on its axis. If the orbit is
inclined to the equatorial plane the satellite
will appear from Earth to trace out a fig-
ure-of-eight, once per day, between lati-
tudes corresponding to the angle of orbital
inclination to the equator. If the 24-hour
orbit lies in the equatorial plane, and is cir-
cular, the satellite will appear from Earth
to be almost stationary; the orbit and or-
biting body are then termed geostationary.
A geostationary orbit has an altitude of
36 000 km.

A geosynchronous or geostationary
orbit is very difficult to achieve, requiring a
very high orbital velocity. Satellites in such
orbits are used for communications and
navigation and also for certain types of
Earth observations. Most communications
satellites are now geostationary, with
groups of three or more, spaced around the
orbit, giving global coverage.

German mounting See equatorial
mounting.

German-Spanish Astronomical Cen-
ter An observatory on the mountain
Calar Alto in Almeria, Spain at an altitude
of 2160 meters. A joint project of Germany
and Spain, it is an outpost of the Max
Planck Institute for Astronomy (MIPA),
Heidelberg. The instruments include a 3.5-
meter reflector with a Zerodur primary
mirror, operational 1984, a 2.2-meter re-
flector, operational 1979 and with a twin
at the EUROPEAN SOUTHERN OBSERVATORY at
La Serena, a 1.5-meter reflector of Madrid
University operational (independently)
since 1979, a 1.2-meter reflector opera-
tional 1975, and a 0.8-meter Schmidt
moved from Hamburg Observatory.

GHA Abbrev. for Greenwich hour angle.

ghost crater A CRATER that has been al-
most totally buried by lava. Ghost craters

geometrical albedo
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survive in the shallow irregular MARIA on
the Moon, where they can be made use of
to calculate mare depths.

GHz Symbol for gigahertz, i.e. 109 hertz.

Giacobinids /ja-koh-bă-nidz/ (Draconids)
A METEOR SHOWER, radiant RA 262°, dec
54° (in Draco), that maximizes on 8 Oct.
The parent of the shower is comet GIA-
COBINI–ZINNER (period 6.6 years). The
shower has been seen five times, in 1926,
1933, 1946, 1952, and 1985. In 1933 the
Earth crossed the orbit about 80 days after
the parent comet and the resulting METEOR

STORM was the most spectacular this cen-
tury. In 1946 the Earth crossed the orbit 15
days behind the comet, and the 4.2-meter
radar at Jodrell Bank recorded a maximum
of 10 000 meteors per hour; this observa-
tion was one of the first major successes of
meteor radar astronomy.

Giacobini Zinner /jak-ŏ-bee-nee tsin-er/
(1900 III)   A short-period (6.6-year) comet
with perihelion near 1 AU and aphelion
near 6 AU, discovered in 1900 by M. Gia-
cobini and rediscovered in 1913 by E. Zin-
ner. It has been seen 14 times since
discovery, every other apparition leading
to a good view from Earth. Ground-based
viewing in 1985 was excellent. The INTER-
NATIONAL-SUN-EARTH-EXPLORER satellite
(ISEE–3) was reorbited so that it inter-
cepted the comet on Sept. 11, 1985 when it
was near perihelion. The interaction be-
tween the comet and the SOLAR WIND was
investigated. See also Giacobinids.

giant A large highly luminous star that
lies above the MAIN SEQUENCE on the
HERTZSPRUNG–RUSSELL DIAGRAM. Giants are
grouped in luminosity classes II and III (see
spectral types) and generally have absolute
MAGNITUDES brighter than 0. Despite their
great size, they are not necessarily more
massive than typical main-sequence stars;
they have dense central cores, but their at-
mospheres are very tenuous – a feature that
shows in their spectra.

Giants represent a late phase in STELLAR

EVOLUTION, when the central hydrogen
supplies have been exhausted and the star

is ‘burning’ other nuclei in concentric shells
near its core. As these nuclear processes
change, the star’s size, luminosity, and
temperature gradually alter, and it moves
about in the giant region and HORIZONTAL

BRANCH region of the H–R diagram. Most
stars cross the instability strip (see pulsat-
ing variables) at least once, and are then
CEPHEID or RR LYRAE variables. In its final
stages, a giant becomes rather brighter and
moves to the asymptotic giant branch just
above the giants on the H–R diagram.
Capella and Arcturus are typical examples
of giant stars. See also globular cluster (il-
lustration); red giant; supergiant.

giant impact hypothesis See Moon.

Giant Meter-wave Radio Telescope
See GMRT.

giant molecular clouds (GMCs) Huge
MOLECULAR CLOUDS that are the main sites
for STAR FORMATION in our Galaxy and
others. The average linear dimension of a
GMC is about 40 parsecs, total mass about
5 × 105 solar masses, with gas tempera-
tures of 15–30 K. GMCs are found to lie
mostly in the Galactic plane. Warmer ac-
tive clouds lie in the spiral arms; smaller
cooler clouds are distributed almost ran-
domly throughout the disk. It is estimated
that there are between 4000 and 5000
GMCs in the Galaxy, implying a total mass
of 2 × 109 solar masses. This represents a
large proportion – possibly up to 50% – of
the Galaxy’s gas content, and is of impor-
tance in theories of galactic evolution and
structure.

giant planets The planets Jupiter, Sat-
urn, Uranus, and Neptune, which have di-
ameters between 3.9 and 11.2 times that of
the Earth and masses of between 14 and
318 Earth masses. They orbit the Sun at
mean distances ranging from 5.21 AU for
Jupiter to 30.06 AU for Neptune in periods
from 11.86 to 164.79 years. All have low
densities – from 0.7 to 1.8 times that of
water – and are probably composed largely
of hydrogen in its molecular or metallic
state. Their visible surfaces are thought to
be clouds of ammonia or methane. They all
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have PLANETARY RING systems and share at
least 150 satellites between them (see Table
2, backmatter).

giant radio galaxy See radio galaxy.

giant star See giant.

gibbous Moon /gib-ŭs/  See phases, lunar.

giga- Symbol: G. A prefix to a unit, indi-
cating a multiple of 109 of that unit. For
example, one gigahertz is 109 hertz.

Gillett Telescope See Gemini tele-
scopes.

Ginga /jing-gă/ A Japanese X-ray as-
tronomy satellite that was launched into a
600 km, 31° inclination orbit in Feb. 1987,
and operated near perfectly until reentry in
Nov. 1991. It continued the X-ray studies
begun with the satellites HAKUCHO and
TENMA. The major payload was a 5000 cm2

array of PROPORTIONAL COUNTER detectors
capable of spectral and variability studies.
The mission yielded the most detailed tim-
ing and broad-band spectral data available
over the 2–20 keV band on a wide range of
cosmic sources. Initially operated as a
Japanese/UK collaboration, Ginga obser-
vations were subsequently opened up to
world-wide use. Major advances included:
the discovery of spectral features in ACTIVE

GALACTIC NUCLEI, arising from reflection in
previously unseen cold dense matter; mea-
surement of temperature and chemical
abundance differences in CLUSTERS OF

GALAXIES, indicative of evolution and merg-
ing; resolution of DOPPLER shifted iron K-
line emission from the galactic binary
source SS433; the discovery of many new
CATACLYSMIC VARIABLES and several galac-
tic BLACK HOLE candidate systems. Com-
plete archives (X-ray databases) of the
Ginga data have now been established at
ISAS and Leicester University, UK. See also
Asca.

Giotto /jot-oh/ An ESA spacecraft
launched in July 1985 into Earth orbit
from where it was fired into a trajectory
that intercepted the path of HALLEY’S

COMET on Mar. 13, 1986. Giotto was
steered deep into the comet’s coma to
within 600 km of the cometary NUCLEUS.
Data was gathered over a period of about
10 hours. Its 10 instruments recorded
many images at various wavelengths, mea-
sured the composition of the coma and the
mass, distribution, and composition of the
dust tail, and analyzed the dynamics of the
cometary plasma and its interaction with
the solar wind. Though damaged by multi-
ple impacts, Giotto continued its mission.

After a period of ‘hibernation’, the
spacecraft was retargeted by an Earth flyby
so that it would intersect the comet
GRIGG–SKJELLERUP on July 12, 1992. It flew
by at a distance of 200 km on the antisun
side. Dust, gas, and plasma were investi-
gated but the camera that had been so suc-
cessful at Halley did not operate.

glitch See pulsar; neutron star.

Global Oscillations Network Group
(GONG) A program for the continuous
monitoring of solar oscillations (see helio-
seismology), coordinated by the US
NATIONAL SOLAR OBSERVATORY. Six obser-
vatories spaced at approximately 60° inter-
vals of longitude around the world form
the observational network.

global positioning system (GPS) A
satellite-based coordinate positioning tool
and navigation system that can rapidly and
accurately determine the latitude, longi-
tude, and altitude of a point on or above
the Earth’s surface. It is based on a constel-
lation of 24 satellites orbiting the Earth at
a very high altitude and uses a form of tri-
angulation based on the known positions
and distances of three satellites relative to
the surface of the Earth. First developed by
the US Department of Defense to provide
the military with a state-of-the-art posi-
tioning system, GPS receivers are now
small enough and economical enough to be
used by the general public. In meteorology
and climatology, GPS receivers are increas-
ingly used, for example, in RADIOSONDES,
and have experimentally been used in the
measurement of integrated (total column)
precipitable water vapor.

giant radio galaxy
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globular cluster A spherically symmet-
rical compact CLUSTER of stars, containing
from several tens of thousands to maybe a
million stars that are thought to share a
common origin. An example is the GREAT

CLUSTER IN HERCULES. A few globular clus-
ters, such as OMEGA CENTAURI, appear to be
slightly flattened. The concentration of
stars increases greatly toward the center of
the cluster, where the density may be as
much as 1000 stars per cubic parsec. Glob-
ular clusters occur in our GALAXY and in
other galaxies. About 150 are known in the
Galaxy. Most appear to move in giant and
highly eccentric elliptical orbits about the
galactic center, and, unlike OPEN CLUSTERS,
are not concentrated toward the galactic
plane; instead they show a roughly spheri-
cal distribution in the galactic halo. About
20% are found in the galactic disk, moving
in more circular orbits.

Globular clusters are POPULATION II sys-
tems (∼80% halo population II): all the
stars within them are relatively old (older
than the Sun) and have a very low metal
content; the METALLICITY varies from clus-
ter to cluster, but in most clusters all stars

have very similar chemical compositions.
The galactic disk clusters are younger and
more metal-rich than the halo objects. The
stars that dominate the visual output of
globular clusters are RED GIANTS, the bluer
horizontal-branch GIANTS becoming domi-
nant at shorter wavelengths. Although very
few ordinary binary stars are observed in
globular clusters, many contain strong X-
ray sources typical of X-RAY BINARIES or
CATACLYSMIC VARIABLES, i.e. systems con-
taining a neutron star or a white dwarf, re-
spectively.

The distribution and other characteris-
tics of globular clusters suggest that they
were formed early in the life of the Galaxy.
The oldest formed possibly some 12 to 16
billion years ago, before the main body of
the galactic disk had evolved. Because most
of the member stars will have evolved away
from the main sequence, the HERTZSPRUNG–
RUSSELL DIAGRAM for stars of a globular
cluster differs greatly from the conven-
tional H–R diagram (see illustration). The
luminosity at the TURNOFF POINT from the
main sequence gives a measure of the age
of a cluster, given the distance. Distances to
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globular clusters are usually calculated
from the apparent magnitudes of the RR

LYRAE STARS within them. Although the age
of the oldest globular clusters is disputed,
the difference between the ages of clusters
can be measured more precisely. Evidence
is mounting of a spread in ages of several
billion years.

gluon /gloo-on/ See quark.

GMC Abbrev. for giant molecular
cloud.

GMRT Abbrev. for Giant Meter-wave
Radio Telescope. The world’s largest radio
telescope operating at meter and decimeter
wavelengths, located 80 km north of Pune
in India. It is an APERTURE SYNTHESIS array
consisting of 30 fully steerable parabolic
DISHES, each of 45-meter diameter, operat-
ing at six frequency bands in the range 38
to 1420 MHz. The dish surfaces are of a
novel design called SMART, using a thin
wire mesh stretched over rope trusses.
Twelve of the dishes are in a central array
one kilometer square, and the remaining
eighteen are distributed along three 14-km
tracks in a Y-shaped configuration (com-
pare VLA). The telescope is designed to
look for highly redshifted HYDROGEN-LINE

emission from the early Universe, and to
study MILLISECOND PULSARS with a view to
measuring primordial GRAVITATIONAL

WAVES.

GMST Abbrev. for Greenwich mean
sidereal time.

GMT Abbrev. for Greenwich mean
time.

gnomon /noh-mon/ A device used in an-
cient times to measure the altitude of the
Sun and hence to determine the time of day
and time of year. It consisted of a vertical
shaft of known height (such as an upright
rod or pillar) that cast a shadow of mea-
surable length and direction on a gradu-
ated horizontal base. The ratio of height to
shadow length gave the tangent of the alti-
tude angle. The term is also applied to the

metal projection on a sundial, used for the
same purpose.

Goddard Space Flight Center /god-
ard/ A NASA establishment at Green-
belt, Maryland, that is a major center for
basic astronomical research and the design,
development, and management of near-
Earth orbiting spacecraft. It is also con-
cerned with suborbital flights. It is an
astronomical data center.

Goldstone /gohld-stohn/ See Deep Space
Network.

GONG Abbrev. for Global Oscillations
Network Group.

GOODS Abbrev. for Great Observato-
ries Origins Deep Survey. See Great Obser-
vatories.

Gossamer Ring See Jupiter’s rings.

Gould Belt /goold/ (Local System) A
local formation of stars and clouds of gas
and dust that appears to be a spur attached
to the lower edge of the Orion arm of the
GALAXY. It contains many of the apparently
brightest stars in the sky, which follow the
projection of the system across the sky in a
‘belt’ at 16° to the line of the Milky Way.
The system is about 700 parsecs wide and
70 parsecs thick and includes the II Persei,
Scorpio-Centaurus, and Orion OB-associa-
tions (see association). The Sun lies ap-
proximately 12 parsecs north of the Belt’s
equatorial plane and about 100 parsecs
from its center.

GPS See global positioning system.

graben /grah-ben/ An elongated depres-
sion of land between two FAULTS. Lunar
graben are usually 1–2 km wide and may
be hundreds of kilometers in length.

gram A unit of mass equal to one thou-
sandth of a KILOGRAM.

GRANAT A Russian satellite devoted
to high-energy astronomy, launched in
Dec. 1989 into a highly eccentric orbit

gluon
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(apogee: 30 Earth radii, perigee: 3000 km)
with a period of 4.09 days and inclination
49°. The payload includes two types of in-
struments.

The narrow-field instruments – SIGMA,
ART–P, and ART–S – are designed to ob-
serve point sources at a variety of energies.
SIGMA is a CODED-MASK TELESCOPE imag-
ing low-energy γ-ray sources in the energy
range 30–2000 keV; it can also make spec-
tral and temporal measurements. ART–P is
an X-ray imaging telescope with a coded
mask and four independent gas PROPOR-
TIONAL COUNTERS; operating over the en-
ergy range 3–100 keV, it is designed to
provide X-ray images of localized sources.
ART–S is a hard X-ray/γ-ray spectroscope
constructed from four gas proportional
counters; operating over the spectral range
3–150 keV, it performs spectral and time
analysis of relatively bright localized
sources.

The wide-field telescopes – Phebus and
Konus – are designed to observe the entire
sky and detect transient events, especially
GAMMA-RAY BURSTS. Both have detector el-
ements distributed around the spacecraft
for all-sky coverage, and provide the loca-
tion as well as a spectral and time analysis
of the bursts. Phebus operates over the en-
ergy range 0.1–100 MeV, Konus over the
range 0.02–20 MeV.

The payload also includes the Tourna-
sol experiment, which has a narrow field of
view but can also observe transient events
because it is on a gimbal mount that can
slew automatically to the direction of a
burst localized by Konus. Mounted on the
gimbal are two optical detectors and four
proportional counters, designed for the op-
tical detection of γ-ray bursts and the X-ray
spectral analysis (2–20 keV) of any burst
decay ‘tails’.

grand unified theories (GUTs) See
fundamental forces.

granulation /gran-yŭ-lay-shŏn/ A net-
work of convective cells in the solar PHO-
TOSPHERE. It consists of bright irregularly
shaped (often polygonal) granules, sepa-
rated by dark narrow intergranular lanes.
The individual granules are about 1000 km

in diameter, have an upward velocity of
about 0.5 km s–1, and exhibit a horizontal
flow of material – outward from the center
– with a velocity of about 0.25 km s–1; their
average lifetime is about 8 minutes. They
represent the changing tops of currents
from the CONVECTIVE ZONE, bringing hot
gases to the photosphere, where the gases
cool and then return via the intergranular
lanes.

Granulation is readily visible under fa-
vorable conditions, when it gives the pho-
tosphere a mottled appearance. It may be
best seen near the center of the Sun’s disk,
where foreshortening is not significant. See
also supergranulation.

graticule /grat-ă-kyool/ A glass plate or
cell bearing a grid, cross wires, or gradu-
ated scale that is set in the focal plane of
the eyepiece of a telescope and is used for
positioning or measuring.

grating Short for diffraction grating.

grating response See array; aperture
synthesis.

grating spectrograph A SPECTROGRAPH

in which a DIFFRACTION GRATING is used to
produce the spectra.

gravitation /grav-ă-tay-shŏn/ The abil-
ity of all material bodies to attract each
other. This mutual attraction, or gravita-
tional force, is the most familiar force of
nature and was first expressed in mathe-
matical form by Isaac Newton. Newton’s
law of universal gravitation was published
in 1687 in Principia. It states that the force
of attraction, F, between two bodies is pro-
portional to the product of their masses,
m1 and m2, and inversely proportional to
the square of their distance apart, d:

F = Gm1m2/d2

The constant of proportionality, G, is the
GRAVITATIONAL CONSTANT. The force expe-
rienced by the mass m1 is equal to but in
the opposite direction to that felt by the
mass m2: the two masses are attracted to-
ward each other. Newton showed that any
body behaves, gravitationally, as if its mass
were concentrated at its center. Thus grav-
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itational force acts along a line joining the
center of two bodies. In a system in equi-
librium, such as the Solar System or a star
like the Sun, gravitational force is balanced
by an equal force acting in the opposite di-
rection.

The region of space surrounding a mas-
sive body and in which the gravitational
force is appreciable is the gravitational
field of that body. The magnitude of the
field at a particular point is the gravita-
tional acceleration (in the direction of the
massive body) that would be experienced
by any object at that point; this is equiva-
lent to the force that would be experienced
by an object of unit mass at that point. A
gravitational field depends on the distribu-
tion of matter that causes it. Its effect is on
another distribution of matter. The gravi-
tational potential at a point in a gravita-
tional field is the work done in bringing
unit mass to this point from a point infi-
nitely distant from the cause of the field; it
is thus the potential energy of a particle of
unit mass arising from the mass of a ma-
terial body.

Gravitation is the weakest force known.
It is many orders of magnitude smaller
than the other FUNDAMENTAL FORCES of na-
ture – the strong, electromagnetic, and
weak interactions. It is, however, the only
means by which bodies can interact over
immense distances.

Newton’s theory of gravitation has
proved adequate in most circumstances but
was challenged by the more complex gen-
eral theory of RELATIVITY put forward by
Albert Einstein in 1915. According to gen-
eral relativity, gravitational fields change
the geometry of SPACETIME: both space and
time are curved or warped around a mas-
sive body. Matter tells spacetime how to
curve and spacetime tells matter how to
move. See also Kepler’s laws; quantum
gravitation.

gravitational collapse Contraction of
a body arising from the mutual gravita-
tional pull of all its constituents. Although
there are several examples of such contrac-
tion processes in astronomy, ‘gravitational
collapse’ usually refers to the sudden col-
lapse of the core of a massive star at the

end of nuclear burning, when its internal
gas pressure can no longer support its
weight. For a massive star this may initially
result in a SUPERNOVA explosion, removing
much of the star’s mass. The eventual de-
gree of gravitational collapse is determined
by the mass that remains after a supernova,
or after any other form of MASS LOSS. The
three most likely end-products (in order of
increasing mass) are WHITE DWARFS, NEU-
TRON STARS, and BLACK HOLES.

gravitational constant Symbol: G. A
universal constant that appears in New-
ton’s law of GRAVITATION and is the force
of attraction between two bodies of unit
mass separated by unit distance. It is equal
to 6.672 × 10–11 N m2 kg–2. Predictions
that G is decreasing very slightly with time
(by less than one part in 1010) are not sup-
ported by experimental evidence.

gravitational field See gravitation.

gravitational force See gravitation.

gravitational instability The tendency
for fluctuations in an inhomogeneous
medium to grow because of self-gravita-
tion. It is opposed by pressure forces. The
critical length-scale beyond which such
condensations collapse is known as a Jeans
length, and the Jeans mass it encloses even-
tually forms a stable gravitationally bound
system. The Jeans length is thus often taken
as a characteristic length-scale for gravita-
tional collapse; an INTERSTELLAR CLOUD

larger than the Jeans length will fragment
into clumps with this characteristic size.
See also galaxies, formation and evolution.

gravitational lens A concept arising
from the fact that a gravitational field
bends light, and hence a concentration of
mass can focus light rays in a manner sim-
ilar to that of a lens. In the illustration, the
observer at O sees two apparent images S′
of the background source S caused by lens-
ing effects of the intervening galaxy. The
theory of gravitational lensing was dis-
cussed by both Einstein and Lodge in 1919,
and its applications to cosmology realized
by Zwicky in 1937, but the first known

gravitational collapse
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gravitational lens (the DOUBLE QUASAR) was
not discovered until 1979. Lensing by a
smooth mass distribution such as a galaxy
or a cluster of galaxies is known as macro-
lensing, and can occur in several forms.

The simplest form of gravitational lens-
ing is where a pointlike background
source, usually a QUASAR, is split into mul-
tiple images, the location and number of
which are dependent on the relative geom-
etry of the source and lens. The lens will
distort and concentrate the original path of
the light, so that an image will also appear
brighter, or magnified. Different images
forming a multiple system may have their
luminosities magnified by different factors.
Cases of double, triple and even quadruple
lensing have been found (e.g. the CLOVER-
LEAF and the EINSTEIN CROSS). In most cases
the lensing galaxy is not observed. Theo-
retical models of gravitational lensing pre-
dict that there should always be an odd
number of images so both the double and
quadruple systems are expected to have a
central image that is too faint to be detected.

If the background object is a distant
galaxy that is itself extended, the lensed im-
ages are smeared out into long luminous
arcs several arc seconds long. Such arcs are
commonly observed in the core of rich
clusters of galaxies, usually elongated tan-
gentially to the cluster center and bluer in
color than the cluster member galaxies. In
several clusters many tens of smaller arclets
are seen, which originate from weak lens-
ing of background galaxies that are not so
strongly magnified. The most extreme case
of gravitational lensing is observed when
an extended background source is exactly
aligned with a symmetrical lens. The lensed
image takes the form of an Einstein ring.

The alteration in the light path to the
quasar will result in different TIMES OF

FLIGHT for each image. If the quasar itself is
variable, then a corresponding time delay
for the brightening to be seen in each com-
ponent of the image may be measured. The
difference in the light travel time is related
to the inverse of the HUBBLE CONSTANT, so it
is theoretically possible to estimate H0
from such time delays. In practice, precise
modeling of the lens geometry is required
before H0 can be well constrained.

It is possible that individual stars in a
lensing galaxy can cross the light path to
the quasar and cause fluctuations in image
brightness known as microlensing. This ef-
fect can also be seen when objects known
as MACHOs in the galactic halo lens the light
from an extragalactic star to cause a large
amplification in its brightness, although
such events are very rare.

gravitational mass See mass.

gravitational potential See gravitation.

gravitational radiation See gravita-
tional waves.

gravitational redshift (Einstein shift)
The REDSHIFT of spectral lines that occurs
when radiation, including light, is emitted
from a massive body. In order to ‘climb
out’ of the body’s gravitational field, the
radiation must lose energy. The radiation
frequency must therefore decrease and its
wavelength λ, shift by ∆λ toward a greater
value. The redshift is given by 

∆λ/λ = Gm/c2r
G is the gravitational constant, m and r the
mass and radius of the massive body, and c
is the speed of light. Gravitational redshift
was predicted by Einstein’s general theory
of RELATIVITY and although extremely
small has been detected, for example, in the
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spectra of the Sun and several WHITE

DWARFS. The redshift of the Earth’s gravi-
tational field has been determined very ac-
curately using beams of radiation traveling
upward through a tall building. Predicted
and measured values agree very closely.

gravitational waves (gravitational radia-
tion) Extremely weak wavelike distur-
bances that were predicted by Einstein’s
general theory of RELATIVITY. They repre-
sent the radiation associated with the grav-
itational force, and are produced when
massive bodies are accelerated or other-
wise disturbed. They are ripples in the fab-
ric of SPACETIME that travel at the speed of
light, with a wide range of frequencies, and
carry energy away from the source. They
should affect all matter: gravitational
waves hitting a suspended body, for exam-
ple, should make it vibrate slightly. The in-
teractions are very small, however.

No conclusive direct evidence of the ex-
istence of gravitational waves has been
forthcoming from the various highly sensi-
tive experiments designed to detect them.
Laser interferometers could be sufficiently
sensitive. They consist of two identical ex-
tremely long tubes, set at right angles and
with mirrors at both ends. A laser beam is
split and sent down the tubes. A relative
change in the two lengths would indicate a
passing gravitational wave, and would be
seen in the interference patterns produced
when the reflected beams are recombined.

Gravitational waves should be emitted
during supernova explosions or energetic
events in the cores of active galaxies. They
should also be emitted by two massive stars
in close orbit. Recent observations of the
BINARY PULSAR PSR 1913+16 show that its
orbital period is decreasing by 76 ± 2 mi-
croseconds per year. The observed value
corresponds almost exactly with the de-
crease predicted to result from the emission
of gravitational waves (75 µs per year) and
is at present the best indirect evidence for
their existence.

A quantum of gravitational radiation is
known as a graviton, analogous to a PHO-
TON.

graviton /grav-ă-ton/ See gravitational
waves; quantum gravitation.

gravity 1. Another name for gravitation.
2. The apparent force of gravitation on an
object at or near the surface of a planet,
satellite, etc.

gravity assist An astronautical tech-
nique whereby a spacecraft takes up a tiny
fraction of the orbital energy of a planet
that it is flying past, allowing it to change
direction and speed. It has been used, for
example, in the VOYAGER and ULYSSES mis-
sions.

Gravity Probe B A US mission to test
two predictions of Einstein’s general the-
ory of relativity, launched Apr. 2004. The
mission, developed jointly by NASA and
Stanford University, aims to verify these
predictions: it will seek to assess (1) how
the presence of the Earth warps space and
time and (2) how the Earth’s rotation drags
space and time around with it. The effects
of the Earth on space and time are minute
and have hitherto gone undetected and
therefore unmeasured. The Gravity Probe
B is designed to measure them for the first
time. It will seek to do so using four gyro-
scopes housed within an artificial satellite
orbiting directly over the Earth’s poles at
an altitude of 640 km. Free from external
disturbances and cooled to near absolute
zero to eliminate disruptions caused by
their own molecular structures, the gyro-
scopes are near perfect spheres spinning in
a vacuum and designed to provide direc-
tion measurements that are 30 million
times as accurate as any gyroscope ever
built before. If Einstein’s predictions are
correct, the gyroscopes should help to de-
tect that very small amounts of space and
time are missing from each orbit. In order
to measure each orbit accurately, the gyro-
scopes are lined up with a guide star by
means of a tracking telescope, and a mag-
netic-field measuring instrument records
any changes with respect to the guide star.
The mission was scheduled to run for a
total of 18 months, including 16 months of
data collection. It is set to end in late 2005.

gravitational waves
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grazing incidence X-rays reflect from
surfaces for the same physical reason that
light reflects, mainly due to coherent scat-
tering in the surface material. However,
since X-ray photon energies are large, the
REFRACTIVE INDEX, n, is slightly less than
unity and reflection occurs only up to a
critical angle, θ, where cos θ = n. The angle
θ is usually small and thus X-ray reflection
is only high for rays that graze the surface;
hence ‘grazing incidence’. For example θ is
about 1° for a gold surface and X-rays of
wavelengths of about 0.3 nm (4 keV). θ is
proportional to X-ray wavelength and also
increases with the ATOMIC NUMBER of the
reflecting surface.

The space station SKYLAB was the first
space mission to carry a large grazing inci-
dence X-ray telescope, in fact two, both of
which produced many high-resolution X-
ray images of the solar corona in 1973–74.
With two coaxial reflectors (usually a pa-
raboloid/hyperboloid pair), high-quality
X-ray images are produced over a field of
view of order of the grazing angle. The
great potential of such optical systems for
cosmic X-ray astronomy was first demon-
strated with the flight of a 60-cm diameter
grazing incidence telescope on the EINSTEIN

OBSERVATORY in 1978–81. Subsequently,
most X-ray astronomy satellites have em-
ployed or will employ this technique.

grazing occultation A lunar OCCULTA-
TION in which the astronomical body is
only momentarily occulted by mountain
peaks along the Moon’s limb.

Great Attractor A large concentration
of mass that is detectable only by its pow-
erful gravitational pull on our Galaxy and
its LOCAL SUPERCLUSTER. Redshift surveys in
the late 1980s revealed that the PECULIAR

MOTION of the Local Group relative to the
microwave background was not due solely
to the gravitational effect of the VIRGO

CLUSTER, but also to LARGE-SCALE STRUC-
TURE just beyond the Hydra–Centaurus su-
percluster in the southern sky.

Great Bear Common name for URSA

MAJOR.

great circle The circular intersection on
the surface of a sphere of any plane passing
through the center of the sphere. A sphere
and its great circles are thus concentric and
of equal radius. Compare small circle.

Great Cluster in Hercules (M13;
NGC 6205)   The finest GLOBULAR CLUSTER

to be seen from the northern hemisphere,
discovered in Hercules by Edmund Halley
in 1714. It has a dense broad center that is
just visible to the naked eye; a 7.5-cm tele-
scope will show some of the outer stars.

Great Dark Spot A prominent feature
in Neptune’s atmosphere, similar in many
ways to Jupiter’s GREAT RED SPOT. The
Great Dark Spot measures roughly 12 000
km by 8000 km and, scaled down by the
same factor that Neptune’s diameter is
smaller than Jupiter’s, occupies a similar
proportion of surface area to that occupied
by the Great Red Spot. The Great Dark
Spot is a high-pressure system around
which winds flow in a counterclockwise di-
rection. Wind speeds around the Great
Dark Spot are near supersonic at about
700 m s–1.

greatest elongation (GE)  See elongation.

Great Observatories NASA’s four
major orbiting observatories launched be-
tween 1990 and 2003. In chronological
order of launch, they are: the HUBBLE SPACE

TELESCOPE (HST), observing at ultraviolet
and optical wavelengths; the COMPTON

GAMMA RAY OBSERVATORY (CGRO); the
CHANDRA X-RAY OBSERVATORY, which orig-
inally was to form part of the more ambi-
tious Advanced X-Ray Astrophysics
Facility (see AXAF); and the SPITZER SPACE

TELESCOPE, formerly known as the Space
Infrared Telescope Facility. Of the four
satellites, only the Compton Gamma Ray
Observatory had ended its mission by the
start of 2005. In June 2004 NASA an-
nounced that the three Great Observato-
ries still in orbit would collaborate with the
European Space Agency’s XMM-NEWTON

satellite and some of the best groundbased
observatories on a survey of deep sky ob-
jects called the Great Observatories Ori-
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gins Deep Survey (GOODS). This survey
will focus on two 150-square-arcminute
portions of sky, one in the center of the
Hubble Deep Field North, the other in the
Chandra Deep Field South. GOODS will
provide a multi-wavelength analysis of
these regions to supply us with a rich
legacy of data that will extend our knowl-
edge about the remote and early universe.

Great Red Spot (GRS) An immense
oval feature centered 22° south of Jupiter’s
equator. It is variable in size and color. At
its largest it can be 40 000 by 14 000 km,
but at the time of the VOYAGER flybys, it
was only slightly larger than the Earth. Its
color – possibly associated with the con-
version of phosphene into red phosphorus
– has varied from pale pink to bright red.
Often visible from Earth through small
telescopes, it has been persisted as a feature
of Jupiter ever since astronomers made the
first telescopic observations in the 17th
century. Early explanations involved a
solid island adrift in Jupiter’s atmosphere
or an atmospheric disturbance above a
Jovian mountain or basin; the latter was
disputed by evidence that it drifts in longi-
tude. Infrared data from PIONEER, Voyager,
and GALILEO spacecraft confirm that the
spot is an anticyclonic high-pressure region
that is much colder than its surroundings
and at a higher elevation. In effect it is a
vast high-pressure storm. Examination of
cloud motions in and around the GRS re-
veal that the spot rotates counterclockwise
with a period of about six days. The winds
to the north of the spot are blowing to the
west, the winds to the south move toward
the east.

Great Rift A chainlike complex of large
DARK NEBULAE that more or less obscures
the light from a narrow but extensive band
of the Milky Way between the constella-
tions Cygnus and Sagittarius.

Great Square of Pegasus See Pegasus.

Great Wall See large-scale structure.

Greek alphabet See stellar nomencla-
ture; Table 5, backmatter.

Green Bank Original location, in West
Virginia, of the NATIONAL RADIO ASTRON-
OMY OBSERVATORY. In Nov. 1988, the 91-
meter diameter meridian transit telescope
at Green Bank collapsed after 26 years of
use. Its replacement – the Green Bank Tele-
scope (GBT) – is the world’s largest fully
steerable dish, with a height of nearly 145
meters and an aperture of 100 by 110 me-
ters. The subreflector and prime-focus feed
for the dish is supported on a long boom
arm extending over the top edge of the
structure and offset so that it does not
block the view. The primary surface is
composed of 2209 panels whose position
can be determined and adjusted using laser
distance-measuring equipment; the ad-
justed surface should have an accuracy of
220 µm and operate at up to 86 GHz.

green flash A shortlived phenomenon
sometimes observed immediately before
sunset whereby the last segment of the
Sun’s limb turns green just as it is about to
sink below the horizon. The effect, result-
ing from refraction and absorption by the
Earth’s atmosphere, is sometimes followed
by the appearance of a vertical green ray at
the very instant of sunset. The same phe-
nomenon may sometimes be observed at
the moment of sunrise. The green flash is
best seen in an area where the horizon is
uninterrupted, typically at sea.

greenhouse effect A phenomenon in
which a rise in temperature is caused be-
cause incoming radiation at certain wave-
lengths can pass through a barrier, be
absorbed, and then re-emitted as radiation
at longer wavelengths, which is absorbed
by the barrier. In a glass greenhouse, solar
radiation in the form of visible and (some)
ultraviolet radiation is able to pass through
the Earth’s atmosphere and through the
glass of the greenhouse. The radiation is
absorbed by any surface it falls on, causing
a rise in temperature. As a result these sur-
faces emit heat radiation (i.e. electromag-
netic radiation in the infrared), which is
absorbed by the glass, causing an overall
increase in temperature inside the green-
house. The analogous process occurs for a
planet with the ‘glass’ being the planet’s at-

Great Red Spot
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mosphere. On Earth, for example, the at-
mosphere allows visible and ultraviolet
through, but certain gases in the atmos-
phere absorb strongly in the infrared.
These, so-called greenhouse gases include
water vapor (the main greenhouse gas),
carbon dioxide, and methane. The green-
house effect is not a bad thing – it is essen-
tial for keeping the Earth warm enough to
support life. However, in recent times envi-
ronmentalists have become concerned
about the phenomenon of global warming,
i.e. an increase of 0.3–0.6°C in the average
temperature of air at the Earth’s surface
since the late 19th century. This could be a
part of a natural cycle (essentially the end
of the last ‘Little Ice Age’), but there is evi-
dence that this global warming could be
the result of the greenhouse effect. The
main suspect is carbon dioxide. The con-
centration of carbon dioxide in the atmos-
phere has risen by 25–30 % over the last
200 years as a result of human activity –
deforestation and the burning of fossil
fuels (coal, oil, and natural gas). Levels of
methane in the atmosphere have also dou-
bled in the last 100 years. There is a fear
that an excess of greenhouse gases in the
atmosphere will heat the planet too much
and adversely affect weather patterns. A
runaway greenhouse effect is responsible
for the high surface temperature of Venus,
where no water exists and life is impossi-
ble. A greenhouse effect also operates in
the deep atmospheres of the giant planets
and on Saturn’s large satellite Titan.

Greenwich hour angle /grin-ij, -ich, 
gren-, / (GHA) The HOUR ANGLE of a ce-
lestial body or point on the Greenwich
meridian. It is equal to the Greenwich si-
dereal time minus the right ascension (in
hours) of the body or point.

Greenwich mean sidereal time (GMST)
The GREENWICH HOUR ANGLE of the mean
equinox of date (see mean equator and
equinox). UNIVERSAL TIME is defined in
terms of GMST by a mathematical formula.

Greenwich mean time (GMT) The
MEAN SOLAR TIME on the longitude (0°) at
Greenwich, in the UK, reckoned from mid-

night. In 1928, on the recommendation of
the IAU, GMT became known as UNIVER-
SAL TIME (UT) for scientific purposes; the
version coordinated universal time, avail-
able since 1972 from broadcast signals, is
now generally known as GMT.

Greenwich Observatory See Royal
Greenwich Observatory.

Greenwich sidereal date (GSD) A con-
cept analogous to that of the JULIAN DATE.
It is the number of SIDEREAL DAYS that have
elapsed at Greenwich since the beginning
of the sidereal day that was in progress on
Julian date 0.0. The integral part of the
date is the Greenwich sidereal day number;
the fractional part is the GREENWICH SI-
DEREAL TIME.

Greenwich sidereal time (GST) The
SIDEREAL TIME on the Greenwich meridian.
See also local sidereal time.

Gregorian calendar /grĕ-gor-ee-an, -goh-
ree-/ The calendar that is now in use
throughout most of the world and that was
instituted in 1582 by Pope Gregory XIII as
the revised version of the JULIAN CALENDAR.
The simple Julian four-year rule for leap
years was modified so that when consider-
ing century years only one out of four, i.e.
only those divisible by 400, were to be leap
years: 1700, 1800, and 1900 were not leap
years. There are therefore 365.2425 days
per year averaged over 400 years. This
greatly reduced the discrepancy between
the year of 365.25 days used in the Julian
calendar and the 365.2422 days of the
TROPICAL YEAR, which had resulted in the
accumulation of 14 days over the centuries.

The revision came into effect in Roman
Catholic countries in 1582, the year being
brought back into accord with the seasons
by eliminating 10 days from October:
Thursday Oct. 4 was followed by Friday
Oct. 15. The vernal EQUINOX, which would
have occurred on Mar. 11 and which had
originally fallen on Mar. 25 in Julius Cae-
sar’s time was thus adjusted to Mar. 21.
Gregory also stipulated that the New Year
should begin on Jan. 1. Non-Catholic
countries were slow to accept the advan-
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tages of the Gregorian reform. Britain and
its colonies switched in 1752 when an ad-
ditional day had accumulated between old
and new calendars: Sept. 2, 1752 was fol-
lowed by Sept. 14 and New Year’s Day
was changed from Mar. 25 to Jan. 1, be-
ginning with the year 1752. The very slight
discrepancy between the Gregorian year
and the tropical year amounts to about
three days in 10 000 years.

Gregorian telescope The first com-
pound REFLECTING TELESCOPE to be devised,
designed by the 17th-century Scottish
mathematician James Gregory. It has a
small concave secondary mirror that is
mounted beyond the focal plane and re-
flects the light back through a central hole
in the paraboloid primary mirror (see illus-
tration). The design, published in 1663 in
Gregory’s book Optica promota, requires
a secondary mirror of ellipsoid figure. It
has a small field limited mainly by COMA.
In the aplanatic Gregorian, which uses an
ellipsoidal primary, coma and spherical
aberration are both eliminated but the field
is limited by astigmatism. Because of the
imperfect grinding techniques available to
him during the early 1660s, Gregory was
unable to build the telescope he designed
before Newton and Cassegarin produced
their reflectors in the following decade.
The more compact CASSEGRAIN CONFIGURA-
TION, similar to the Gregorian design, is
usually preferred.

Grigg–Skjellerup comet /grig skyel-ĕ-
rup/ A comet that, after Encke, has the
second shortest cometary period, 5.1 years.

The retargeted spacecraft GIOTTO flew by
the comet in July 1992 on the side away
from the Sun at a distance of 200 km. Dust,
gas, and plasma were investigated but no
pictures could be taken.

Grimaldi /gră-mawl-dee, -mal-/ See table
at craters.

ground state See energy level.

groups of galaxies Small isolated col-
lections of from three to a hundred galax-
ies, examples being the LOCAL GROUP and
STEPHAN’S QUINTET. Most are gravitation-
ally bound systems but a few may be due to
chance line-of-sight projections. If the
groups are bound and stable their MASS-TO-
LUMINOSITY RATIO must be high. The most
extreme groups where several galaxies are
in close proximity to each other are known
as compact groups of galaxies. The mem-
bers of such groups often show morpho-
logical features typical of INTERACTING

GALAXIES.

Grus /grus, grûs/ (Crane) A fairly con-
spicuous but isolated constellation in the
southern hemisphere, the two brightest
stars, Alpha (α) Gruis, or Alnair (a blue
main sequence star) and Beta (β) Gruis, or
Al Dhanab (a red giant), being of 1st and
2nd magnitude respectively. Abbrev.: Gru;
genitive form: Gruis; approx. position: RA
22.5h, dec –50°; area: 366 sq deg.

GSD Abbrev. for Greenwich sidereal date.

GST Abbrev. for Greenwich sidereal time.

Gregorian telescope
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G stars Stars of SPECTRAL TYPE G that
are yellow stars with a surface temperature
(Teff) of about 4900 to 6000 kelvin. The
lines of ionized calcium (Ca II, H and K)
dominate the spectrum and there are a
large number of strong neutral metal lines
(strengthening) and ionized metal lines
(weakening) from G0 to G9. Molecular
bands of CH and CN appear. The Sun,
Alpha Centauri, and Capella are G stars.

G-type asteroids See C-type asteroids.

guide star See guide telescope.

Guide Star Catalog A catalog of celes-
tial objects, mainly stars, compiled at the
Space Telescope Science Institute during
the early 1980s. It served as the database
for the sensitive guidance system of the
HUBBLE SPACE TELESCOPE. In its earliest pub-
lished form, Version 1.2, it contained the
positions of about 19 million objects, in-
cluding some of the 16th magnitude. It was
superseded by Version 2.2, which con-
tained the positions for 435 million celes-
tial objects down to the 19th magnitude.
The Guide Star Catalog was compiled
from the analysis of photographic plates
and contains no proper motions. It is avail-
able on CD-ROM.

guide telescope A telescope carried upon
the same mounting as one used for photog-
raphy or with instruments, to ensure that
the camera, etc., is accurately guided for
the whole of an exposure, which may be of
many hours duration. For this duty a high
magnification and an illuminated graticule
are required. The telescope drives must
also be provided with slow motions in both
axes so that corrections can be applied
manually as the selected guide star begins
to drift from the cross wires. Manual guid-
ance may now be avoided by using auto-
matic devices – autoguiders – that monitor
the position of the guide star image elec-

tronically and adjust the drive to hold it
steady.

Gum nebula An immense EMISSION NEB-
ULA that dominates the Milky Way in the
southern constellations Puppis and Vela. It
is an expanding shell of ionized gas some
35° in diameter. It is thought to be one of
the closest supernova remnants to the Solar
System; the center is estimated to be about
400 parsecs distant but the outer edge clos-
est to us may be as little as 100 parsecs
away. It has been suggested that the Gum
nebula is a fossil STRÖMGREN SPHERE pro-
duced by a supernova that exploded maybe
up to a million years ago and gave off suf-
ficient ultraviolet radiation to ionize inter-
stellar gas out to an immense distance.
Several very hot stars within the shell are
now ionizing the gas, thus preventing it
from returning to a neutral state. The neb-
ula takes its name from the Australian as-
tronomer Colin Gum (1924–1960), who
first identified and photographed it in
1952. The VELA PULSAR and its supernova
remnant lie in the same direction as the
Gum nebula.

Gunn–Peterson test A test for the pres-
ence of neutral hydrogen and singly-ion-
ized helium in the diffuse INTERGALACTIC

MEDIUM, first proposed by J.E. Gunn and
B.A. Peterson in 1965. Such hydrogen and
helium are expected to cause absorption of
a quasar continuum shortward of its rest-
frame Lyman emission lines; the fact that
this continuum is detected (in between the
Lyman-alpha forest) reveals that most of
the IGM is already highly ionized, at least
to a redshift of 4–5.

GUT Abbrev. for grand unified theory.
See fundamental forces.

gyrofrequency /jÿ-roh-free-kwĕn-see/  See
synchrotron emission. 
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H I Symbol for spectrum of the neutral
hydrogen atom, or the atom itself. See hy-
drogen; H I region.

H II Symbol for spectrum of the singly
ionized hydrogen ion, or the ion itself. See
hydrogen; H II region.

HA Abbrev. for hour angle.

Hadar /hay-dar/ See Beta Centauri.

Hadley Rille /had-lee/ (Rima Hadley) A
sinuous rille in Palus Putredinis, adjacent
to the Apennine (third) ring of the Imbrium
Basin. It was sampled by the crew of
Apollo 15.

hadron /had-ron/ See elementary parti-
cles. See also Big Bang theory.

Hakucho /hă-koo-choh/   The first Japan-
ese X-ray astronomy satellite, launched in
Feb. 1979 and operating until re-entry in
late 1984. Its payload included several
small nonimaging detectors well matched
to the study of variability in the brighter
galactic X-ray sources. Extended observa-
tions of X-ray pulsars and of X-ray burst
sources were the major scientific contribu-
tions. See also Asca; Ginga; Tenma.

HALCA /hal-kă/ See VSOP.

Hale-Bopp /hayl bop/ (1995 01) Large
bright comet discovered by Alan Hale and
Thomas Bopp in July 1995. Reaching per-
ihelion in 1997, its maximum brightness
was about magnitude –1, with a core 40
km across.

Hale telescope See Palomar Observa-
tory.

half-life The time taken for the number
of atoms of a radioactive isotope to be re-
duced, by radioactive decay, to one half.
The mean life is the average time before
decay of a large number of similar elemen-
tary particles or atoms of a radioisotope.
Mean life is equal to 1.44 times the half-
life.

half-wave dipole See dipole.

half-width Half the width of a spectral
line, measured at half the height. In some
branches of spectroscopy it is customary to
use the term to mean the full width at half
height. See also equivalent width; line pro-
file.

Halley’s comet /hal-eez, hay-leez, haw-/
A comet that was first positively recorded
in 240 BC and has a period of 76 years on
average, one return coinciding with the
Battle of Hastings (1066) and leading to
the comet’s representation on the Bayeux
Tapestry. The orbit is retrograde, the
comet moving in the opposite direction to
the planets. It is named after Edmond Hal-
ley who showed that comets move around
the Sun in accordance with Newton’s
theory of gravitation. He noticed that the
orbits of the bright comets of 1531, 1607,
and 1682 were very similar and concluded
that they were actually one and the same
comet. He calculated its orbit and pre-
dicted that this comet should return in
1758. Unfortunately Halley died 16 years
before the comet returned.

Halley’s comet was seen with the naked
eye in October and November 1985 and in
early spring 1986: perihelion was on Feb.
9, 1986 and it passed through its ascending
and descending nodes on Nov. 27, 1985
and Apr. 11, 1986. Detailed observations
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were made using instruments on Earth and
in five spacecraft: ESA’s Giotto, the Soviet-
led missions Vega 1 and Vega 2, and the
Japanese craft Sakigake and Suisei. Pic-
tures were obtained by Giotto of the dark
potato-shaped nucleus (16 × 8 km) and of
structure and activity near the nucleus. The
comet’s development as it rounded the Sun
was recorded and studies were made of
cometary composition, of processes pro-
ducing and occurring in the coma and tails,
and the interaction between comet and
solar wind. Halley’s comet will return in
2061.

halo 1. See Galaxy.
2. See dark halo.
3. See Donati’s comet.

halo orbit A very stable orbit in which
the periods of the planar and vertical com-
ponents are equal. Spacecraft orbiting a
Lagrangian point, such as L1 or L2 in the
Sun–Earth system, follow such an orbit.

Halo Ring See Jupiter’s rings.

Hamal /ham-ăl/ (αα Ari) An orange giant
that is the brightest star in the constellation
Aries. mv: 2.00; Mv: 0.1; spectral type:
K2 IIIab; distance: 24 pc.

h and Chi Persei /per-see-ÿ/ (Sword-Han-
dle; Double Cluster in Perseus) A fine
double cluster in the constellation Perseus.
Both the constituent OPEN CLUSTERS,
NGC 869 (h Persei) and NGC 884 (Chi [χ]
Persei) are visible to the naked eye. They
are relatively young clusters, about 10 mil-
lion years old, and appear to be associated
with the surrounding Zeta (ζ) Persei OB-
association. See association; OB cluster.

H and K lines Lines in the spectrum of
singly ionized calcium, occurring at the vis-
ible/ultraviolet wavelengths of 393.4 nm
(H) and 396.8 nm (K). They are very
prominent Fraunhofer lines.

Harrison–Wheeler spectrum See cos-
mic power spectrum.

Harvard classification (Henry-Draper
system) See spectral types.

harvest Moon The full Moon that oc-
curs closest to the autumnal equinox. At
this time the retardation is small (so that
the Moon appears to rise at the same time
on successive evenings) because of the low
inclination of the plane of the Moon’s orbit
to the horizon.

Hat Creek Observatory A radio as-
tronomy observatory in California oper-
ated by the University of California,
Berkeley at an altitude of 1024 meters. The
26-meter dish, once used for millimeter-
wave astronomy, blew down in Jan. 1993.
The remaining major instrument at the site
is the Berkeley-Illinois-Maryland Associa-
tion array (BIMA array) – a millimeter-
wave interferometer. The array consists of
ten dishes, each of 6-meter diameter, on
tracks that stretch 300 m E–W and 200 m
N–S. It can observe at wavelengths be-
tween 1.3 and 2.6 mm.

Hawking radiation See black hole.

Hawking’s area theorem A result of
general relativity theory proved by Stephen
HAWKING in papers published in 1971 and
1972, stating that in any process the area
of a black hole can only increase. This in-
crease in area is analogous to the increase
in entropy in the second law of thermody-
namics. The analogy led Jacob Bekenstein
to postulate that a black hole has an en-
tropy associated with its area.

Hayashi track /hÿ-ah-shee/ A near-ver-
tical downward-directed line on the
Hertzsprung–Russell diagram that is be-
lieved to be followed by protostars as they
contract toward the main sequence. C.
Hayashi (1965) calculated these tracks as
the evolutionary paths of stars that are
convective throughout (see energy trans-
port), as protostars are expected to be dur-
ing at least their early contraction.

Haystack Observatory A facility in
Massachusetts, NW of Boston, run by the
Northeast Radio Observatory Corporation
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(NEROC) under agreement with the Mass-
achusetts Institute of Technology. It has a
36.6-meter radio dish consisting of 96 stiff
panel sections. The telescope is housed in a
45.7-meter diameter raydome, which re-
duces the effects of wind and rain; has a
Cassegrain focus and an altazimuth
mounting. It was originally used for radar
astronomy, but is used mostly for spectral-
line and VLBI work. It can observe in a se-
lection of wavebands between 0.3 and 18
cm. At the shorter wavelengths the sec-
ondary mirror is deformed to take account
of errors in the shape of the dish surface.
The site contains a number of other radio
and optical telescopes and radar antennas.

HD A prefix used to designate a star as
listed in the Henry Draper Catalog.

HdC stars Hydrogen-deficient carbon
stars. They are supergiants that look much
like R Coronae Borealis stars but are not
variable.

H-D system Short for Henry-Draper
system. See spectral types.

head The coma and nucleus of a comet
when seen together. In this context ‘nu-
cleus’ means the diffuse starlike luminous
condensation sometimes observed in the
coma. The head generally contracts as per-
ihelion is approached and expands again
afterward. Remarkable changes in size, lu-
minosity distribution, and the number of
observed ‘nuclei’ can take place inside the
head in a few hours.

head-tail galaxy See radio-source struc-
ture.

HEAO Abbrev. for High Energy Astro-
physical Observatory. Any of three large
(about 3000 kg) Earth satellites built by
NASA for second-generation studies of X-
RAY SOURCES, GAMMA-RAY SOURCES, and
COSMIC RAYS.

HEAO-A, or HEAO-l after launch, was
put into a 400-km, 22° inclination orbit in
Aug. 1977 and carried a payload of large
X-ray detectors with which to conduct a
more sensitive sky survey than that of

UHURU and ARIEL V. HEAO-l completed
two-and-a-half surveys of the sky and sev-
eral extended pointings at individual
sources before reentry early in 1979. The
eventual outcome was a catalog of 842 X-
ray sources, brighter than about 1 micro-
jansky, together with broad-band spectra
of many active galaxies, clusters, and
galactic sources.

HEAO-2, the EINSTEIN OBSERVATORY,
operated from launch in Nov. 1978 until
loss of control gas in Apr. 1981. The
unique capabilities of its 60-cm GRAZING

INCIDENCE telescope revolutionized X-ray
astronomy in the same way that Uhuru had
done a decade earlier.

HEAO-3 was launched in Sept. 1979. It
carried a number of large cosmic-ray in-
struments to study the mass and charge dis-
tribution of primary cosmic rays,
particularly the nuclei of the heavier ele-
ments, over a wide range of energies. The
gamma-ray spectroscopy experiment was
designed specifically to search for cosmic
sources of narrow-line emission in the en-
ergy range 50 keV to 10 MeV. It consisted
of a cluster of germanium solid-state detec-
tors surrounded by an active cesium iodide
scintillator shield. Apart from the study of
gamma-ray line emission from solar
FLARES, 511 keV ANNIHILATION radiation
from the galactic center region, and 1.809
MeV line emission from radioactive 26Al
(see gamma-ray astronomy), the spectrom-
eter detected two strong gamma-ray line
emissions from the extraordinary galactic
object SS433. The various experiments on
board HEAO-3 ceased operations during
the years 1980-82.

heavy elements In astronomy, all ele-
ments heavier than hydrogen and helium.
The cosmic abundance of the heavy ele-
ments is very much lower than that of hy-
drogen and helium.

Hector /hek-ter/ ((624) Hector) A mem-
ber of the TROJAN GROUP of asteroids. It
was discovered by Auguste Kopff in 1907.
It is possibly a contact binary, or else an
abnormally elongated single object, the
ratio of its two principal axes being greater
than two.

HD
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HED meteorites A group of stony
(achondrite) meteorites, named after the
three types: howardites, eucrites, and dio-
genites. They are igneous rocks that are
about 4.5 billion years old.

Heinrich Hertz Submillimeter Tele-
scope /hÿn-rik hairts/ A 10-meter radio
telescope, commissioned in 1994 at the
Mount Graham International Observatory
in Arizona, that operates in the 0.3–1.0
mm waveband. It is run jointly by the Uni-
versity of Arizona and the Max-Planck In-
stitut für Radioastronomie in Bonn,
Germany.

Helene /he-lee-nee/ A small irregularly
shaped satellite of Saturn, discovered in
1980. Helene is a COORBITAL SATELLITE

with DIONE. See Table 2, backmatter.

heliacal rising /hi-lÿ-ă-kăl/ The first ap-
pearance of a star or planet in the eastern
sky just before dawn, following a period
when it has been too close to the Sun to be
visible. A heliacal setting is the last occa-
sion on which a star or planet can be seen
in the western sky just after sunset prior to
its becoming too close to the Sun to be
seen.

heliocentric coordinate system /hee-lee-
oh-sen-trik/ A coordinate system refer-
ring usually to the plane of the ecliptic but
specifying position with respect to the cen-
ter of the Sun rather than that of Earth (see
geocentric coordinate system). The coordi-
nates – heliocentric latitude and longitude
– are used to determine the relative posi-
tions of objects in the Solar System. See
also barycenter.

heliocentric gravitational constant
The product of the gravitational constant
and the solar mass, equal to

1.327 124 38 × 1020 N m2 kg–1

It can be determined with greater precision
than either quantity alone.

heliocentric parallax See annual paral-
lax.

heliocentric system A model of the

Solar System or of the Universe that has the
Sun at its center. Aristarchus of Samos pro-
posed a heliocentric system in the third
century BC in which the planets moved at
uniform rates around the Sun in circular
orbits. The theory was abandoned due to
large discrepancies between prediction and
observation, and the geocentric Ptolemaic
system was subsequently favored until the
establishment of the heliocentric Coperni-
can system.

heliographic latitude The angular dis-
tance from the Sun’s equator, measured
north or south along the meridian. The po-
sition of a point on the Sun’s disk may be
defined in terms of this and its heliographic
longitude.

heliographic longitude The angular
distance from a standard meridian on the
Sun (taken to be the meridian that passed
through the ascending node of the Sun’s
equator on the ecliptic on 1854 Jan 1 at
12h 00m UT and calculated for the present
day assuming a uniform sidereal period of
rotation of 25.38 days; see Sun), measured
from east to west (0° to 360°) along the
equator. The position of a point on the
Sun’s disk may be defined in terms of this
and its heliographic latitude.

heliometer /hee-lee-om-ĕ-ter/ An obso-
lete refracting telescope with a split objec-
tive lens that was used to measure the
angular distance between two stars and to
measure position angles. The two sections
of the objective were moved until the im-
ages of the stars produced in the two sec-
tions were made to coincide. The amount
of movement gave a precise measure of the
angular distance.

heliopause /hee-lee-oh-pawz/ See helio-
sphere.

helioseismology /heel-ee-oh-sÿz-mol-ŏ-
jee/ The study of the Sun’s interior by the
observation of solar oscillations. First de-
tected in 1960 by measuring the Doppler
shifts of Fraunhofer lines at several points
on the Sun’s disk away from active regions,
the oscillations are a rhythmic rise and fall
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of regions of the solar photosphere (and
lower chromosphere) several thousand
kilometers in diameter. They have periods
of about 5 minutes, persist at any one point
for less than half an hour, and attain a
maximum velocity of about 0.5 km s–1.
The oscillations are thought to be pro-
duced by the outward propagation of low-
frequency sound waves, generated by
turbulence in the convective zone, and by
analyzing their global occurrence over an
extended period of time it is possible to
build up a picture of the Sun’s interior.

Instruments used in the observation of
solar oscillations include grating spectro-
graphs, narrow-band interference filter
(Lyot filter, magneto-optical filter, or
Fabry–Perot interferometer) imagers, and
Michelson interferometers – notably the
Fourier tachometer, which has been in op-
eration since 1985 and simultaneously
monitors more than 60 000 points on the
Sun’s disk. A number of collaborative pro-
grams have been established, for example
the Global Oscillations Network Group
(GONG). These are complemented by con-
tinuous monitoring by the helioseismology
instrument on ESA’s spacecraft, the Solar
Heliospheric Observatory (SOHO).

heliosphere /hee-lee-ŏ-sfeer/ The vast
region around the Sun that is permeated by
the solar wind and the weak interplanetary
magnetic field, and in which the solar-wind
plasma plays a dominant role. It is
bounded by the heliopause, which is esti-
mated to be 100 AU or more from the
Sun’s center but has not yet been encoun-
tered by any spacecraft. The heliosphere
may be very elongated owing to the pres-
ence of an interstellar wind of neutral hy-
drogen flowing from the direction of the
galactic center.

heliostat /hee-lee-ŏ-stat/   A coelostat mir-
ror mounted on a synchronously con-
trolled drive mechanism so that it may
reflect sunlight in a fixed direction as the
Sun moves across the sky. Together with
additional optical elements it is a basic
component of most solar telescopes.

helium /hee-lee-ŭm/ Chemical symbol:

He. A chemical element with an atomic
number of two. In its most abundant form
it consists of a nucleus of two protons and
two neutrons, around which orbit two
electrons. This nucleus, i.e. the positively
charged helium ion, is exceptionally stable;
it is called an alpha particle. A second far
less abundant isotope, helium-3, has two
protons and one neutron as its nucleus.
Two radioactive (i.e. unstable) isotopes
also exist.

Helium is the second most abundant el-
ement in the Universe (after hydrogen):
about 25% by mass and 6% or more by
numbers of atoms. All but about 1% of
this approximate 25% cosmic abundance
is now considered to have been synthesized
in the first few minutes of the Universe (see
Big Bang theory). Helium is also synthe-
sized, from hydrogen, by nuclear fusion re-
actions in the centers of main-sequence
stars. It is by these reactions – the proton-
proton chain reaction and the carbon cycle
– that the energy of the stars is generated.
When the hydrogen supplies in the stellar
cores are exhausted, the helium is itself
consumed by further fusion processes to
form carbon (see stellar evolution).

Helium is not easy to detect. It was first
discovered in 1868 by Norman Lockyer: a
yellow emission line of a then unknown el-
ement was observed in the spectrum of the
Sun’s chromosphere, recorded during a
solar eclipse. High temperatures are re-
quired for helium to emit or absorb radia-
tion. Absorption lines of neutral helium
(He I) do not appear, for example, in the
Sun’s absorption spectrum, which origi-
nates in the photosphere, but they domi-
nate the spectra of B stars. Even greater
temperatures are required to ionize helium,
i.e. to remove one or both of its electrons.
Singly ionized helium (He II) occurs, for in-
stance, in O stars and in emission nebulae.
Helium, although a minor component in
the inner planets, is a major constituent in
the atmospheres of Jupiter, Saturn,
Uranus, and Neptune.

helium burning The nuclear fusion of
three helium nuclei to form carbon. See
triple alpha process.

heliosphere
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helium flash The explosive onset of he-
lium burning (by the triple alpha process)
in the degenerate core of an evolved star (a
giant) when the core temperature reaches
about 108 kelvin. The sudden increase in
energy production causes a rapid rise in
temperature, in turn increasing the reac-
tion rate, but this runaway process eventu-
ally removes the degeneracy and the
reaction once again becomes sensitive to
the gas pressure. The helium flash occurs in
stars of about one to two solar masses.

helium shell flash A violent outburst of
energy that occurs periodically in a highly
evolved giant star. The star is producing
energy in a shell of hydrogen and in an
inner shell of helium surrounding the inert
dense core of carbon and oxygen. Helium
shell burning is unstable, producing energy
mainly in short intense flashes. After a shell
flash, which causes the star to expand then
cool, the convective region in the outer part
of the star goes deeper and may dredge up
carbon to the surface.

helium star 1. One of a rare class of
stars (excluding white dwarfs) whose outer
layers contain more helium than hydrogen.
These are evolved stars that have lost their
hydrogen-rich envelope, possibly by the ef-
fect of a companion in a close binary sys-
tem. Some helium stars are likely
progenitors of type Ib/Ic supernovae. See
also Wolf–Rayet stars.
2. Obsolete name for B star.

Helix nebula /hee-liks/ (NGC 7293) A
planetary nebula lying in the southern
hemisphere about 140 parsecs away in the
direction of Aquarius. It has the largest ap-
parent diameter (0°.2) of any planetary
nebula but at magnitude 6.5 is too faint to
be seen with the naked eye.

Hellas Planitia /hell-as/ A vast, roughly
circular impact basin in Mars’ southern
hemisphere, located in the planet’s south-
ern highland region at the areographic co-
ordinates 40° S latitude, 290° W longitude
(see areography). It can be seen as a bright
area from the Earth and is the largest im-
pact feature on the planet. It is thought to

be the result of an asteroidal impact about
3900 million years ago during the heavy
bombardment phase of the formation of
the Solar System. The crater excavated by
the asteroid is about 9 km deep and 2100
km in diameter and is girdled by a ring of
material forming an elevated rim that
reaches a height of about 1.5 kilometers
above the level of the surrounding area. See
Mars, surface features.

hemispherical albedo See albedo.

Henry Draper Catalog (HD Catalog) 
A star catalog in nine volumes compiled by
Annie J. Cannon and E.C. Pickering of the
Harvard College Observatory and pub-
lished 1918–24 as part of the Harvard An-
nals. It was the first catalog to assign stars
to spectral classes as well as giving their po-
sitions and magnitudes. The catalog (a
memorial to Henry Draper, a distinguished
physician who, as an amateur astronomer,
pioneered in the field of astronomical pho-
tography) was financed through a fund set
up by Draper’s wife after his death in 1882.
It lists 225 300 stars for the epoch 1900.0,
each allocated a SPECTRAL TYPE according
to the Harvard classification. The Henry
Draper Extension (HDE), 1925–36, lists a
further 133 700 stars. The entire catalog,
of which the latest version appeared in
1985, is currently being reclassified on the
MK system by a team from the University
of Michigan led by Nancy Houk. Work on
this publication, the Michigan Catalog of
Two-dimensional Spectral Types for the
HD Stars, began 1975.

Henry-Draper system (H-D system)
Another name for Harvard classification.
See spectral types.

Herbig Ae-Be stars /her-big/ (Herbig
emission-line stars) See Be stars.

Herbig–Haro objects /hah-roh/ (HH ob-
jects) Small peculiar bright nebulae, con-
taining concentrations of gas and dust, that
have been lit up by the flux of radiation
from, for example, T Tauri stars or
shocked into excitation in gas outflows
from T Tauri stars or other protostellar
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objects. The latter may give rise to a string
of HH objects, aligned along a bipolar out-
flow.

Hercules /her-kyŭ-leez/    An extensive but
rather faint constellation in the northern
hemisphere near Ursa Major. The brightest
stars, Beta (β) and Zeta (ζ) Herculis, are of
2nd magnitude with many of 3rd and 4th
magnitude. There are several binary stars,
including Zeta and RASALGETHI (α) and the
X-ray binary HERCULES X-1; globular clus-
ters include the GREAT CLUSTER IN HERCULES

(M13), visible to the naked eye, and the
smaller and slightly fainter M92
(NGC 6341). Hercules A is a distant and
very powerful radio galaxy. Abbrev.: Her;
genitive form: Herculis; approx. position:
RA 17h, dec +30°; area: 1225 sq deg.

Hercules X-1 An X-ray binary star, the
second to be established as such (after Cen-
taurus X-3), based on Uhuru satellite ob-
servations. It exhibits a complex behavior,
with regular 1.24 second X-ray pulsations,
eclipses (by the binary companion star)
every 1.75 days, and longer-term modula-
tion of the X-ray intensity over a 35-day
cycle. Her X-1 was the first X-ray binary to
be optically identified; the low-mass opti-
cal counterpart, HZ Her, varies through
the binary period from spectral type A/F to
B due to X-ray heating. Its mass (about 1.5
times that of the Sun) and the 1.24-second
pulsations strongly suggest the X-ray com-
ponent to be a rotating neutron star. It is
thus often referred to as an X-ray pulsar,
with the X-ray pulsations arising most
probably from channeling of the accreting
gas onto the magnetic poles of the neutron
star. The discovery in 1976 of a hard X-ray
‘emission line’ at 55 keV, attributed to cy-
clotron radiation from near the star’s sur-
face, provides support for this view and
gave a direct measure of the intense polar
magnetic field (about 108 tesla). More re-
cent X-ray spectra have led to the re-inter-
pretation of this feature as an absorption
line, at 38 keV, arising from cyclotron ab-
sorption of electrons in a magnetic field of
3 × 108 tesla.

Hermes /her-meez/ 1. A spaceplane orig-

inally proposed by ESA as a crew-carrying
space transport system to be launched by
ARIANE-5. ESA approved the spaceplane
project in 1987, aiming at a first launch in
1995. But the loss of the space shuttle
Challenger in 1986 forced the craft’s de-
signers to add in extra safety features that
increased its weight and drove up costs.
After its budget was cut in 1992, ESA tried
to revive it as a joint project with Russia,
but without success. Hermes was finally
cancelled in 1993.
2. (1937 UB or (69230) Hermes) An AS-
TEROID discovered by Karl Reimuth in
1937 when it approached within 0.006 AU
(780 000 km) of the Earth. A very small
member of the APOLLO GROUP, it was lost
for 66 years because of uncertain knowl-
edge of its orbit. It was rediscovered in
2003 by US astronomer Brian A. Skiff and
is now known to cross the Earth’s orbit
once every 777 days. By tracking its orbit
back to the year of its discovery, as-
tronomers have learned that it made very
close approaches to Earth in 1942 (within
0.0044 AU), 1954, 1974, 1980 and 1986,
but went unnoticed. Radar observations of
Hermes made from the Arecibo observa-
tory since its rediscovery indicate that it is
in fact two rocky bodies in orbit around
each other.

Herschel /her-shĕl/ See Mimas.

Herschel Space Observatory A space-
borne infrared and submillimeter imaging
photometry and spectroscopy facility
scheduled to be launched by the European
Space Agency (ESA) in early 2007. It will
enter space aboard the same launch vehi-
cle, an Ariane-5 rocket, as the PLANCK mis-
sion. The observatory (known as Herschel
for short) takes its name from the German-
born English astronomer of the late 18th
and early 19th century, Sir William Her-
schel. Originally designated the Far In-
fraRed and Submillimeter Telescope
(FIRST), it is one of the cornerstones of
ESA’s science program. Its purpose is to
observe the ‘cool’ universe, operating in
the far infrared and submillimeter region
of the spectrum over an approximate range
of 57–670 µm. Functioning at these wave-
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lengths, it will have the potential to look
back into the Universe’s remote past, dis-
covering the earliest epoch proto-galaxies,
revealing cosmologically evolving AGN/
starburst symbiosis, and unraveling the
mechanisms governing the formation of
stars and planetary systems. Herschel will
carry a 3.5-m-diameter passively cooled
telescope. The science instruments – two
cameras/medium resolution spectrometers
and a very high resolution heterodyne
spectrometer – will be housed in a super-
fluid helium cryostat. From its eventual
observing position far out in space in orbit
around L2, one of the Lagrangian points of
the Sun–Earth system situated 1.5 million
km from the Earth, Herschel will be able to
benefit from a low and stable background
and full access to the frequency range in
which it is to work.

Herschel Telescope See William Her-
schel Telescope.

Herstmonceux /herst-mŏn-soo/ Former
site, in East Sussex, of the ROYAL GREEN-
WICH OBSERVATORY.

Hertha family /her-thă/ See Nysa fam-
ily.

hertz /herts/ Symbol: Hz. The SI unit of
frequency, defined as the frequency of a pe-
riodic phenomenon that has a period of
one second. The frequency range of elec-
tromagnetic radiation is about 3000 Hz
(very low frequency radio waves) to about
1022 Hz (high-frequency gamma rays).

Hertzsprung gap /herts-sprûng/ A re-
gion on the Hertzsprung–Russell diagram,
to the right of the main sequence, in which
few stars are found. This is because of a
star’s rapid evolution through this region,
away from the main sequence. This occurs
during the period when hydrogen is being
burnt in a shell around the core of helium,
before the onset of helium burning (see
stellar evolution). The gap can be easily
seen on H-R diagrams of open clusters.

Hertzsprung–Russell diagram /rus-ĕl/
(H–R diagram)    A two-dimensional graph

that demonstrates the correlation between
spectral type (and hence temperature) and
luminosity of stars, discovered indepen-
dently by the Danish astronomer E.
Hertzsprung in 1911 and the American as-
tronomer H.N. Russell in 1913. Instead of
a uniform distribution, any large sample of
stars is found to form well-defined groups
or bands on the graph of spectral type plot-
ted against absolute visual magnitude:
about 90% lie along a diagonal band
known as the main sequence; the some-
what brighter giant stars form another se-
quence as do the very brightest and
relatively rare supergiants; white dwarfs
and other groupings can also be distin-
guished.

There are several forms of H–R dia-
gram. In most observational applications
the absolute visual magnitude, MV, is the
vertical axis and the color index, B–V, the
horizontal axis, color index being related
to but more easily measured than spectral
type. These are color-magnitude H–R dia-
grams. When studying a cluster, whose
stars are all at the same distance, apparent
rather than absolute magnitude is used.
Other studies use bolometric magnitude
against effective temperature – theoretical
H–R diagrams – or luminosity against
color index – color-luminosity H–R dia-
grams.

The H–R diagram is of great impor-
tance in studies of stellar evolution. Dia-
grams obtained on the basis of theoretical
calculations can be tested against observa-
tionally determined diagrams. They can be
drawn for the brightest stars (see illustra-
tion overleaf), for stars in a particular lo-
cality such as the solar neighborhood
(mainly small cool main-sequence stars),
for pulsating variables, for globular clus-
ters, etc. The two broad stellar populations
– populations I and II – can be demon-
strated by the H–R diagrams of a young
open cluster (no giants), a somewhat older
open cluster (a few giants), and a much
older globular cluster (many giants and su-
pergiants).

The H–R diagram can also be used for
distance determination by both main-se-
quence fitting for stellar clusters and by
spectroscopic parallax for individual main-
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sequence stars, the star’s spectral type fix-
ing its position on the diagram and thus in-
dicating its absolute magnitude and hence
its distance modulus.

HET Abbrev. for Hobby–Eberly Tele-
scope.

HETE The High Energy Transient Ex-
periment, an international mission sched-
uled by NASA for launch on a Pegasus
rocket in 1994. The prime objective is to
carry out the first multiwavelength study
of gamma-ray bursts with UV, X-ray, and
γ-ray instruments mounted on a single
spacecraft. Bursts can be localized with
about 10 arcsec accuracy, in near real-
time, on board the spacecraft, and these
positions can be transmitted directly to a
network of receivers at ground-based ob-
servatories, enabling rapid and sensitive
follow-up studies in the radio, IR, and op-
tical bands.

heterodyne detector /het-ĕ-rŏ-dÿn/ A
system that analyzes the frequency spec-
trum of a signal at very high spectral reso-
lution. Originally developed in the
radio-frequency region, systems are now
being built to allow far-infrared and sub-
millimeter studies of astronomical objects.

Basically, the radiation collected by a tele-
scope is converted to a signal of lower fre-
quency that can then be handled
electronically. This is achieved by hetero-
dyning, or merging, the signal with one
from a local oscillator (see receiver). Once
at the lower frequency the signal is much
easier to process. It is analyzed in a spec-
trometer that further converts the signal
from the time domain to the frequency do-
main and can in principle be analyzed at
any resolution. The entire spectrum within
the bandwidth is processed in parallel.

Hevelius formation /he-vel-ee-ŭs/ The
ejecta blanket of the Orientale Basin. See
also Fra Mauro formation; highland light
plains.

hexahedrite /heks-ă-hee-drÿt/ See iron
meteorite.

HH object Short for Herbig–Haro ob-
ject.

Hidalgo /hi-dal-goh/ ((944) Hidalgo) An
ASTEROID that was discovered by Walter
Baade in 1920 and has an eccentric 13.7
year orbit that carries it between 2.00 AU
and 9.64 AU from the Sun, crossing the or-
bits of the main-belt asteroids and Jupiter
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and extending to that of Saturn. The ec-
centricity of its elliptical path is about 0.66
and its inclination to the ecliptic is 42.6′. It
has a diameter estimated at between 20
and 30 km. Until the discovery of CHIRON

in 1977, it had the farthest aphelion and
longest period of any known asteroid.
From the similarity of its orbit to those of
the periodic COMETS, it has been suggested
that Hidalgo represents the remains of a
large comet nucleus. It has an albedo of
0.03 and a D-type spectrum. See Table 3,
backmatter.

hierarchical clustering See dark mat-
ter; galaxies, formation and evolution.

hierarchical Universe A cosmological
model, originally due to Charlier in 1908,
in which inhomogeneities exist on increas-
ingly larger scales: galaxies occur in clus-
ters (as observed), which in turn are
clustered into superclusters (as observed),
which may in turn aggregate as clusters of
superclusters, and so on. As the level of
clustering increases then the mean density
of matter must decrease in the progres-
sively larger volumes considered.

Higgs mechanism The mechanism by
which the W BOSON and the Z BOSON and,
more generally, all massive particles, ac-
quire their mass. In the mid 1960s Peter
HIGGS, and independently Robert Brout
and François Englert, predicted the exis-
tence of a massive spin-zero particle is now
known as the Higgs boson. The Higgs
boson is associated with a scalar field, now
known as the Higgs field.

In the WEINBERG–SALAM MODEL the W
boson and the Z boson which mediate the
weak interaction acquire their masses by
the Higgs mechanism. Higgs bosons have
not been found experimentally, although
thorough searches up to 130 GeV have
been conducted. It is thought that fermions
in the STANDARD MODEL acquire their
masses by the Higgs mechanism but it has
not been possible to implement this sugges-
tion.

High-Energy Astrophysical Observa-
tory See HEAO; Einstein Observatory.

highland light plains (Cayley forma-
tions) The widespread relatively level
‘ponds’ of light-colored materials that have
accumulated in depressions in the lunar
highlands. Originally thought to be high-
land volcanics they are now believed to be
rubble derived from impacts, possibly from
the Orientale Basin.

highlands, lunar The topographically
elevated and more rugged regions of the
Moon. They have a higher albedo – and
thus appear brighter – than the maria and
consist largely of anorthosite, a calcium-
aluminum silicate rock. Lunar highland
areas include most of the farside and south-
ern part of the nearside of the Moon.
Craters are larger and more abundant here
than in the maria; this reflects the greater
age of the highland crust, parts of which
date back 4600 million years to the forma-
tion of the Moon. See also Moon rocks;
mountains, lunar.

high-pass filter See filter.

high-velocity clouds Small molecular
and diffuse clouds, often far from the
galactic plane, that have radial velocities
differing significantly – sometimes up to
100 km s–1 – from those predicted by a
simple Galactic rotation curve. Some may
be associated with tidal effects, such as the
Magellanic Stream (see Magellanic Cloud),
while others are more likely due to galactic
fountains.

high-velocity stars Very old (popula-
tion II) stars in the galactic halo that are
relatively near the Sun but do not share in
the common circular motion around the
galactic center of the Sun and other stars in
the Sun’s neighborhood (see local standard
of rest). They are actually moving slower
than the Sun in elliptical orbits that often
carry them far out of the galactic plane.
Their apparently high velocities (>65
km s–1) relative to the Sun result from this
difference in relative motions. High veloc-
ity provides an easy means of identifying
individual old stars near the Sun, i.e. stars
with a low abundance of heavy elements.

215

high-velocity stars



Hilda group /hil-dă/ A group of ASTER-
OIDS that have orbits with semimajor axes
of around 4.0 AU and orbital periods that
are very close to the 3:2 resonance with
that of Jupiter. The group takes its name
from (153) Hilda, the largest member in it,
which was discovered by the Austrian as-
tronomer Johann Palisa in 1875. In com-
mon with the TROJAN GROUP, Hildas are
thought to have more elongated shapes
than the more normal main-belt asteroids.

Hill sphere The spherical region around
a planet (or satellite) within which that
body dominates the motion of particles.
Once the core of a planet exceeds a mass of
about 1023 kg, it gravitationally attracts
gas from the Hill sphere and is able to form
an atmosphere in this way. Jupiter’s Hill
sphere, for example, had a volume about
1000 times greater than that of the Earth.

Himalia /hi-may-lee-ă, -mah-/ A satellite
of Jupiter, discovered in 1904 by the US as-
tronomer Charles Dillon Perrine (1867–
1951). It is the largest of Jupiter’s irregular
satellites, with a diameter of 150 km. See
Jupiter’s satellites; Table 2, backmatter.

Hind’s nebula /hÿndz/ (NGC 1554–5)   A
REFLECTION NEBULA in the constellation
Taurus, illuminated by the young variable
star T Tauri. The nebula has varied consid-
erably in brightness since it was first ob-
served in the 19th century.

Hipparcos /hi-par-koss/ (High-Precision
Parallax Collecting Satellite) An astro-
metric satellite of the European Space
Agency (ESA) launched in Aug. 1989 to
gather modern data on the position,
brightness and other properties of an input
catalog of selected stars with an unprece-
dented level of accuracy. Although its
name was an acronym, it was deliberately
chosen to recall the ancient Greek as-
tronomer Hippachus, who compiled an
important star catalog in the 2nd century
BC. A faulty booster motor failed to lift
Hipparcos into its intended geostationary
orbit, but, following a revision of its mis-
sion, it was operated successfully from its
10-hour orbit and completed its mission in

4 years (rather than the planned 2.5 years).
Prolonged exposure to radiation eventually
caused it to cease working in 1993.

The satellite’s 29-cm Schmidt telescope
plotted very exactly the position, magni-
tude, parallax, and proper motion of a
large number of stars. The resulting Hip-
parcos catalog (published 1997) gave the
positions of 118 218 stars with a precision
(0.002 arcsec) not possible from the
ground. It was complete to magnitude 7.5
but included many fainter stars down to
magnitude 12.5. The mean epoch was
1991.25.The less accurate Tycho catalog
was prepared using the Hipparcos satel-
lite’s less sensitive star tracker instrument
and was published the same year. Tycho
gave positional date and magnitudes for
the 1 058 332 brightest stars, including
many as faint as magnitude 11.5. Tycho 2,
a collaborative venture between the United
States Navy Observatory and the Univer-
sity of Copenhagen, Denmark, was re-
leased on CD-ROM in 2000. It extended
the number of the brightest stars listed to
2 539 913, complete to magnitude 11,
with their positions precessed to J2000.0.

Among its other achievements, Hippar-
cos helped to forecast the impacts on
Jupiter of the fragments of Comet Shoe-
maker-Levy 9 and identified stars that in
the far future will pass close to the Sun.

Hirayama families /hee-rah-yah-mah/
Groupings of ASTEROIDS whose members
orbit at approximately the same distance
from the Sun and have very similar orbital
characteristics (period, ECCENTRICITY, IN-
CLINATION). More than 40 families are rec-
ognized, some containing more than 70
members. They are named after the Japan-
ese astronomer Kiyotsugu Hirayama who
discovered the first nine families in 1918. It
is believed that each family represents de-
bris resulting from a collision between
larger asteroids in the past. In contrast, the
AMOR GROUP and the APOLLO GROUP each
comprise asteroids with a range of orbital
characteristics. A large number of asteroids
are members of Hirayama families.

H line See H and K lines.

Hilda group
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HLIRG Abbrev. for hyperluminous
IRAS galaxy. See IRAS galaxies.

HMXB Abbrev. for high-mass X-ray bi-
nary. See X-ray binary.

Hoba meteorite /hoh-bă/ The world’s
largest single meteorite mass, found in
1920 near Grootfontein, Namibia. It is an
iron meteorite weighing 60 tonnes and
measures 2.7 × 2.7 × 1 meters. It still lies at
its original resting place and produced no
crater, being only partly buried in the
ground. A good percentage has rusted
away.

Hobby–Eberly Telescope /hob-ee eb-er-
lee/ (HET) A telescope at the MCDONALD

OBSERVATORY in Texas, used mainly for
spectrographic surveys. It has an 11-meter
segmented spherical mirror (f/1.3, with an
effective aperture of 9.2 meters) on an al-
tazimuth mounting, tipped at a permanent
angle of 35° to the zenith. A movable sec-
ondary mirror reflects images onto it, and
in this way it can survey 70% of the sky
visible at the site. It was commissioned in
1997.

Hohmann transfer /hoh-mahn/ (Hoh-
mann orbit) See transfer orbit.

Holmberg radius /holm-berg/ The
length of the semimajor axis of a galaxy
down to a surface brightness of 26.5 mag-
nitudes per square arc second, expressed
either in arc minutes, or if the distance to
the galaxy is known, in kiloparsecs. It is a
useful measurement of the visible size of
the galaxy.

Homestake experiment See neutrino
astronomy.

homogeneity /hoh-mŏ-jĕ-nee-ă-tee/   Uni-
formity in space. A medium or process that
is not homogeneous is called inhomoge-
neous. See cosmological principle;
isotropy.

honeycomb mirror See primary mir-
ror.

Hooker telescope See Mount Wilson
Observatory.

horizon 1. The horizontal plane perpen-
dicular to a line through an observer’s po-
sition and his or her zenith. The great circle
in which an observer’s horizon meets the
celestial sphere is called the astronomical
horizon, or simply the horizon; it separates
the visible half of the celestial sphere from
the invisible half for that observer or posi-
tion. See also cardinal points.
2. See event horizon.
3. See horizon distance.

Horizon 2000 ESA’s long-term space
science research program covering the pe-
riod from 1995 to the early 2000s. ESA
originally introduced the program as early
as 1984 and intended it to cover the years
1995–2007. There were four major ‘cor-
nerstone’ missions. The first was ESA’s
contribution to the international SOLAR/
TERRESTRIAL ENERGY PROGRAMME (STEP).
The second was the X-ray spectroscopy
mission XMM. The other two were the Far
Infrared and Submillimeter Space Tele-
scope (FIRST) and the ROSETTA cometary
mission. There were also some less costly
small and medium-sized projects. In 1992,
ESA set up a survey committee to identify
the main aims and challenges of future
space missions and to design a new long-
term program for the period up to 2016.
This new program, Horizon 2000+, was
approved in 1995. With the new project
came a further four ‘cornerstone’ missions,
including a Mercury orbiter (now under
development as BEPICOLOMBO), an interfer-
ometry and astrometry mission (see
GAIA), a project to observe gravity waves
(now being developed as LISA), and a mis-
sion to join the search for extrasolar Earth-
like planets (currently being considered
under the name DARWIN). The new name
for the program, Horizon 2000+, was
shortlived, however, and ESA decided to
refer to both the original plan and its ex-
tension as Horizon 2000.

The Horizon 2000 program provided a
basis for a number of projects not origi-
nally included, such as GIOTTO, ULYSSES,
and HIPPARCOS. It was also seen as the in-
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spiration for the Huygens probe that
formed ESA’s contribution to the NASA
CASSINI–HUYGENS mission to Saturn, land-
ing on Titan in January 2004. The first two
‘cornerstone’ missions of Horizon 2000
have achieved implementation: SOHO and
CLUSTER (ESA’s contributions to STEP) and
the XMM satellite (launched as XMM-NEW-
TON in 1999); the fourth, Rosetta, was
launched in 2004. a year behind its original
schedule and with a new target, Comet
Churyumov-Gerasimenko. The remaining
‘cornerstone’ mission, FIRST, has been re-
named HERSCHEL and is due for launch in
2007, alongside another ESA science mis-
sion, PLANCK. Horizon 2000 has been
unanimously welcomed by the scientific
community both within and outside Eu-
rope. Many non-European scientists col-
laborate on its missions. In 2004, ESA
invited proposals for space projects to be
considered covering the years 2016 to 2025.

horizon distance (particle horizon) The
total distance that a light signal could 
have traveled since the beginning of the
Universe, and hence the maximum dis-
tance that can be seen in a cosmological
model.

horizon problem See inflation.

horizontal branch A horizontal strip
on the Hertzsprung–Russell diagram of a
globular cluster, to the left of the red-giant
branch. It consists of low-mass stars that
have lost mass during the red-giant phase;
they all have absolute magnitudes of about
the same value. Where the instability strip
associated with pulsating variables crosses
the horizontal branch, the stars are RR
Lyrae stars; in a conventional H–R dia-
gram of nonvariable stars, this appears as a
gap in the horizontal branch.

horizontal (or horizon) coordinate
system A coordinate system in which
the fundamental reference circle is the ob-
server’s astronomical horizon and the zero
point is the north point (see cardinal
points). The coordinates are altitude and
azimuth (see illustration).

The altitude (h) of a celestial body is its
angular distance north (counted positive)
or south (counted negative) of the horizon;
it is measured along the vertical circle
through the body and ranges from 0°,
when the object rises or sets, to 90°, when
the object is directly overhead at the zenith.
The zenith distance (ζ) is the complement
of the altitude (90° – h) and is frequently
used instead of altitude in the horizontal
system. The azimuth (A) of a body is its an-

horizon distance
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gular distance measured eastward along
the horizon from the north point (or some-
times the south point) to the intersection of
the object’s vertical circle.

The horizontal system is simple but is
strictly a local system. At any given mo-
ment a celestial body will have a unique al-
titude and azimuth for a particular
observation point, the coordinates chang-
ing with observer’s position. The coordi-
nates of a star, etc., also change with time
as the Earth rotates and the observer’s
zenith moves eastward among the stars.

horizontal parallax See diurnal paral-
lax.

horn antenna See waveguide.

Horologium /ho-rŏ-loh-jee-ŭm, hor-ŏ-/
(Clock) An inconspicuous constellation
in the southern hemisphere near the star
Achernar. Apart from Alpha (α), which is
of magnitude 3.8, the brightest stars are of
4th magnitude. Abbrev.: Hor; genitive
form: Horologii; approx. position: RA
3.5h, dec –50°; area: 249 sq deg.

Horsehead nebula (IC 434) A DARK

NEBULA in Orion located near the star Zeta
(ζ) Orionis. It is seen as a dark distinctively
shaped region silhouetted against the
bright background of an emission (H II)
nebula.

horseshoe mounting See equatorial
mounting.

Horseshoe nebula See Omega nebula.

hot Big Bang See Big Bang theory.

hot dark matter Dark matter that con-
sists of particles moving at speeds near to
the speed of light. Since neutrinos have
nonzero masses it is thought that they may
contribute much of the hot dark matter in
the Universe.

hot spot See radio-source structure.

hour Symbol: h. 1. A unit of time
equal to 60 minutes, i.e. 1/24 of a day.

2. A unit of angle equal to 15° of arc, i.e.
1/24 of a circle. See right ascension.

hour angle (HA) Symbol: t. The angle
measured westward along the celestial
equator from an observer’s meridian to the
hour circle of a celestial body or point. It is
usually expressed in hours, minutes, and
seconds from 0h to 24h. It is thus measured
in the same units but in the opposite direc-
tion to right ascension. The angle mea-
sured eastward along the equator from the
meridian is sometimes called the meridian
angle. Due to the daily apparent rotation of
the celestial sphere, a celestial body’s hour
angle increases daily from 0h at the merid-
ian; after six hours the hour angle is 6h and
24 hours later the celestial body again
crosses the meridian. See also sidereal hour
angle.

hour circle Any of a series of great cir-
cles on the celestial sphere along which
declination is measured. The hour circle of
a particular celestial body or point passes
through the body or point and the north
and south celestial poles. See also hour
angle.

HR Prefix used to designate a star as
listed in the Harvard Revised Photometry,
1908.

H–R diagram Short for Hertzsprung–
Russell diagram.

H I region A diffuse region of neutral,
predominantly monatomic, hydrogen in
interstellar space. A typical H I region is
about 5 parsecs across, contains 50 solar
masses of gas, and is at a temperature of 70
K. Between these clouds is more tenuous
neutral hydrogen gas at a temperature of
about 8000 kelvin. Although the tempera-
ture is too low for optical emission, neutral
hydrogen emits radio radiation at the spot
frequency of 1.420 405 751 786 gigahertz,
which corresponds to a wavelength of
about 21 cm. This emission, termed the hy-
drogen line or 21 cm line emission, is asso-
ciated with a forbidden transition between
two closely spaced energy levels of the
ground state, related to the relative elec-
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tron and proton spin orientation in the hy-
drogen atom. Predicted in 1944 by van der
Hulst it was first detected in 1951.

This radio emission has allowed the dis-
tribution and relative velocity of neutral
hydrogen to be studied both in our own
and in nearby spiral galaxies, using line re-
ceivers. Motions within the galaxy cause
the observed frequency (1.4204 GHz) to be
displaced by the Doppler effect. The veloc-
ity is determined from the frequency shift.
See also H II region; interstellar medium.

H II region A region of predominantly
ionized hydrogen in interstellar space,
existing mainly in discrete clouds. The ion-
ization is usually caused by photoioniza-
tion by ultraviolet photons in regions of
recent star formation, but cosmic rays, X-
rays, or shock waves in the medium may
sometimes be responsible. In comparison
with the 21-cm radio emission of neutral
hydrogen in H I regions, the ionized hy-
drogen of H II regions emits radio waves
by bremsstrahlung (thermal emission) and
recombination line emission; the ionized
hydrogen also emits recombination lines in
the infrared, ultraviolet, and optical, the
latter making an H II region appear as an
emission nebula. Younger H II regions are
often roughly spherical with a sharply de-
lineated boundary (see Strömgren sphere).
Their size is usually less than 200 parsecs,
the largest being relatively constant in di-
ameter from galaxy to galaxy. By studying
the apparent diameters of the H II regions
in a distant galaxy, the distance to the
galaxy can be estimated. See also extra-
galactic H II region; interstellar medium.

H–I rocket, H–II rocket See NASDA.

HST Abbrev. for Hubble Space Telescope.

Hubble classification /hub-’l/ A classi-
fication scheme for galaxies introduced by
Edwin Hubble in 1925. Although more
complex and refined schemes have since
been devised the simple but slightly revised
Hubble scheme is still widely used. The
scheme recognizes three main types of
galaxy: elliptical, spiral, and barred spiral.
Each is divided into subtypes according to
gross observable characteristics, the princi-
ple one being shape. These subtypes are
arranged into a morphological sequence
(see illustration).

Elliptical galaxies are denoted by the
letter E followed by a number from 0 to 7
that indicates the apparent degree of flat-
tening; this number is the nearest integer to
10(1 – b/a), where a and b are respectively
the semimajor and semiminor axes of the
observed profile. Thus E0 galaxies are al-
most circular in outline and E7, the most
elliptical, have an a:b ratio of about 3:1.

The spirals (type S) and barred spirals
(type SB) are separated into subtypes a, b,
and c along a sequence that follows a pro-
gressive decrease in central bulge luminos-
ity compared to the disk and an increase in
the openness and prominence of the spiral
arms. An additional subtype, d, has been
introduced. Galaxies with intermediate
characteristics can be classified as Sab,
SBab, Sbc, SBbc, etc. The S0 galaxies,
placed at the junction of the elliptical and
spiral sequences, resemble the spirals in
general shape but lack spiral arms. This

H II region
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type was predicted by Hubble in 1925 but
identified only later.

The less commonly observed irregular
galaxies were not included in Hubble’s
original diagram, but are now placed to the
right of the S and SB sequences. They were
originally divided into two types. Irr I
galaxies lack both symmetry and a nucleus
and are mainly comprised of blue popula-
tion I stars and H II regions. Irr II galaxies
were objects that could not otherwise be
classified, possessing either a highly per-
turbed morphology or some prominent
feature unusual for their class. The term ir-
regular galaxy is now applied only to Hub-
ble type Irr I, and Irr II systems are now
usually reclassified as interacting or star-
burst galaxies as appropriate.

Hubble constant Symbol: H0. The rate
at which the expansion velocity of the Uni-
verse changes with distance; it is com-
monly measured in km s–1 megaparsec–1.
Current estimates place H0 between 60 and
75 km s–1 Mpc–1.

The value of H0 is derived from the
ratio of recession velocity to distance for
galaxies beyond the Local Group. The ve-
locity can be measured accurately from the
redshift in the galaxy’s spectrum. It must
be corrected for the Sun’s motion (see
galactic rotation) and the Virgocentric flow.
The main source of dispute over the value
of H0 comes from the uncertainty of the
distances to far-flung galaxies. Refinements
in distance measurements have reduced the
value since Hubble first determined it (as
about 500 km s–1 Mpc–1). Uncertainties in
large extragalactic distances by a factor of
two still leave H0 in doubt by the same fac-
tor (see distance determination).

The inverse of H0 has the dimensions of
time and is a measure of the age of an open
Universe – the Hubble time (see age of the
Universe). In an evolving Universe the
Hubble ‘constant’ actually changes with
time at a rate dependent upon the deceler-
ation parameter, q0. It is independent of
time only in a steady-state Universe where
q0 equals –1. In terms of the cosmic scale
factor, R, 

H0 = R–1(dR/dt)
See steady-state theory.

Hubble deep field An undistinguished
– and therefore considered ‘typical’ – area
of sky that was the subject of an extremely
long observation taken with the Hubble
Space Telescope. The resulting image has
enabled astonomers to study the ordinary
galaxies at the edge of the Universe.

Hubble diagram A plot of the redshift
of galaxies against their distance (see illus-
tration overleaf) or of redshift against ap-
parent magnitude. Apparent magnitude is
a crude measure of galactic distance, the
value for the brightest or the third or tenth
brightest member of a cluster of galaxies
commonly being used. See Hubble con-
stant; Hubble’s law.

Hubble flow See Hubble’s law.

Hubble radius The size of the observ-
able Universe as derived from the ratio
c/H0, where H0 is the Hubble constant and
c the speed of light.

Hubble–Sandage variables The most
massive and luminous stars (Mv < –9 and
all spectral types) occurring in the nearby
galaxies M31 and M33. Like other highly
massive stars, they are variable stars. The
variations in brightness, discovered by E.
Hubble and A. Sandage in 1953, were in
most cases slow, small, and irregular al-
though some displayed much greater vari-
ation. They are members of the class of
luminous blue variables.

Hubble’s law The law, first proposed
by the American astronomer Edwin Hub-
ble in 1929, stating that the recession ve-
locity, v, of a distant extragalactic object
(one outside the Local Group) is directly
proportional to its distance, D. The con-
stant of proportionality is known as the
HUBBLE CONSTANT, H0, thus 

v = H0D
The law is a direct consequence of a uni-
formly expanding isotropic Universe. The
uniform outward streaming motion of all
galaxies due to the cosmological expansion
is called the Hubble flow. See also reces-
sion of the galaxies.
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Hubble Space Telescope (HST) The
first of NASA’s GREAT OBSERVATORIES,
named after the US astronomer and cos-
mologist Edwin Hubble, and also the first
mission in that agency’s Origins Program.
It was launched from the space shuttle Dis-
covery in Apr. 1990 into a 600-km low-
Earth orbit and in a projected 15-year
mission was set to provide extensive imag-
ing and spectroscopic observations over
ultraviolet, optical, and near-infrared
wavelengths. ESA’s participation gave Eu-
ropean observers at least 15% of the avail-
able observing time.

The science instruments carried into
space aboard the HST included a 2.4-
meter-diameter telescope and, in its focal
plane, five highly sensitive scientific instru-
ments functioning in the range 115–1000
nm. These were (1) the wide field/planetary
camera (WF/PC), operating over 120–
1000 nm; (2)ESA’s faint object camera
(FOC), operating over 120–650 nm; (3) a
high-resolution spectrograph (115–320
nm); (4) a faint object spectrograph (115–
700 nm); and (5) a high-speed photometer.
In addition, one of the fine-guidance sen-
sors made accurate astrometric measure-
ments. The pointing accuracy was 0.007

arcsecond. Power was provided by solar
arrays, and communication was made to
Earth using relay satellites.

Free from the distortion and absorption
effects of the Earth’s atmosphere, the HST
was expected to send back images that
would have a resolution of 0.1 arcsecond
or better. But initial observations revealed
a flaw – SPHERICAL ABERRATION – in the pri-
mary mirror. This turned out to be the re-
sult of a manufacturing error. Most of the
scientific programs originally envisaged,
however, were carried out. There was im-
portant new spectroscopy and imaging of
hot stars, late-type stellar chromospheres
and coronae, the interstellar medium,
galaxies and clusters, quasars and active
galactic nuclei, and solar-system objects.

A servicing mission to the HST–the first
of four–took place in 1993 using the space
shuttle Endeavour, during which a correc-
tive optics package, known as COSTAR,
was emplaced and other repairs made.
Pairs of mirrors in the COSTAR module
focused light to five apertures serving three
of the instruments – the two spectrographs
and the FOC. COSTAR itself took the
place of the high-speed photometer. The
WF/PC was also replaced by the improved
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WF/PC-2. Sharply focused imaging began
in 1994 and soon produced dazzling re-
sults. During the second servicing mission,
by Discovery in 1997, a Near Infrared
Camera and Multi-Object Spectrometer
(NICMOS) and Space Telescope Imaging
Spectrograph (STIS) replaced the previous
high-resolution and faint-object spectro-
graphs.

In October 1997 NASA announced that
the HST mission would be extended an-
other five years, taking its projected opera-
tional life up to 2010. In 1999, however,
the cooling system for the NICMOS ceased
to function and the instrument stopped
working. More importantly, one of the
HST’s gyroscopes failed and the telescope
could no longer be aimed. Astronauts
crewing the space shuttle Discovery re-
paired the gyroscope, updated the onboard
computers and carried out maintenance
work. The telescope was upgraded again
during a fourth service mission by the
space shuttle Columbia in March 2002,
with the installation of new solar arrays
and a power control unit, a new cooling
system for the NICMOS and a new scien-
tific instrument, the Advanced Camera for
Surveys (ACS). A fifth mission was can-
celled because of safety concerns arising
from the loss of Columbia in 2003. Any
further missions were postponed indefi-
nitely after NASA decided not to prolong
HST’s operations beyond 2010.

Despite its faults and problems, the
HST proved one of NASA’s outstanding
successes. From 1994 it produced a long
succession of sharply focused, beautiful
photographs, showing in unprecedented
detail a range of objects from nearby plan-
ets and asteroids to distant galaxies and gas
clouds. Its famous Hubble Deep Field
image of 1995, a 10-day exposure of a tiny
patch of sky, revealed 1500 galaxies in var-
ious states of evolution and gave as-
tronomers their best view back in time to
the early dawn of the Universe. The HST
discovered black holes at the centers of
galaxies and made reliable distance mea-
surements to galaxies using Cepheid vari-
ables as its yardsticks. In these ways, the
HST helped researchers to peer into the
Universe’s deepest mysteries.

See also James Webb Space Telescope.

Hubble’s variable nebula (NGC 2261)
A fan-shaped REFLECTION NEBULA in the
constellation Monoceros that is illumi-
nated by the variable star R Monocerotis.
R Mon, an infrared source, is a very young
stellar object surrounded by a disk of dust
and ejecting a BIPOLAR OUTFLOW; this
causes the brightness and outline of the
nebula to vary. The nebula is a
HERBIG–HARO OBJECT. It takes its name
from the great US astronomer Edwin Hub-
ble, who first noticed its variability.

Hubble time See Hubble constant.

Hungaria group /hung-gair-ee-ă/ A
group of asteroids with a rather unusually
high inclination of around 23? and semi-
major axes close to 1.95 AU. It appears to
be a HIRAYAMA FAMILY, which, in common
with the Phocaea group (inclination 24′
semimajor axis 2.36 AU), consists of mem-
bers that have been separated from the AS-
TEROID BELT by secular RESONANCES. Such
orbital resonances occur when the preces-
sion of a minor body’s orbit is some simple
fraction of the rate at which a nearby
major planet precesses. This kind of rela-
tionship makes certain orbital elements
more popular than others. The group takes
its name from (434) Hungaria, a small, E-
type main-belt asteroid discovered by
Maximilian Wolf in 1898.

Huygens eyepiece /hÿ-gĕnz/ See eye-
piece.

Huygens probe See Cassini.

Hyades /hÿ-ă-deez/ An open cluster of
over 200 stars in the constellation Taurus.
It is the nearest open cluster, about 46 par-
secs away, and is scattered over an area of
about 6°. Its brightest members form a V-
shaped group that is visible to the naked
eye, with Aldebaran in the foreground (but
not a member). Its age is about 600 million
years.

Hyakutake /hÿ-ah-koo-tah-kay/ (1996
B2) A bright comet that passed within 15
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million km of the Earth in 1996, reaching
a brightness of zero magnitude.

hybrid ring A four-port device by which
two input signals A and B are combined to
give two output combinations A + B and
A – B, with a high degree of isolation be-
tween one input port and the other and be-
tween one output port and the other, and
such that identical cables are matched (see
matching) at all four ports.

Hydra /hÿ-dră/ (Sea Serpent; Monster)
The most extensive constellation in the
sky, straggling between Leo in the northern
hemisphere and Centaurus in the south. Its
stars are rather faint apart from the solitary
2nd-magnitude ALPHARD. It contains sev-
eral types of variable stars, the just-visible
open cluster M48 (NGC 2548), the globu-
lar cluster M68 (NGC 4590), the bluish
planetary nebula NGC 3242, and the spi-
ral galaxy M83 (NGC 5236). Abbrev.:
Hya; genitive form: Hydrae; approx. posi-
tion: RA 8h to 15h, dec +7° to –35°; area:
1303 sq deg.

Hydra–Centaurus supercluster See
Shapley supercluster; supercluster.

hydrogen /hÿ-drŏ-jĕn/ Chemical sym-
bol: H. The simplest chemical element,
with an atomic number of one and the low-
est density of all elements. In its most abun-
dant form it consists of a proton orbited by
a single electron. Two other forms, i.e. iso-
topes, exist: deuterium has a proton plus a
neutron as its nucleus; tritium, which is ra-
dioactive (i.e. unstable), has a proton plus
two neutrons.

Hydrogen is the most abundant element
in the Universe: 91% by numbers of atoms,
70% by mass. All this hydrogen is primeval
in origin, created in the earliest phase of the
Universe (see Big Bang theory). The
amount of deuterium formed relative to
the amount of hydrogen would have been
very sensitive to the density of matter at the
time of formation: deuterium readily com-
bines with an additional neutron to form
tritium, which rapidly decays into an iso-
tope of helium. Thus if the Universe was
very dense in its first few minutes, most of

the deuterium would have been converted
to helium. Deuterium is not easy to detect
but recent measurements of the ratio of
deuterium to hydrogen give an upper limit
of about 2 × 10–5 for interstellar gas.

Hydrogen can exist in atomic, molecu-
lar, and ionized forms. Ionized hydrogen,
H+, more usually denoted H II, results
when neutral atoms are stripped of their
electrons. It occurs at high temperatures, as
in the centers of stars and in H II regions.
Nuclear fusion of hydrogen ions, i.e. pro-
tons, in the stellar core generates the energy
of main-sequence stars by either the pro-
ton-proton chain reaction or the carbon
cycle. Ionized hydrogen can also be pro-
duced by photoionization, as in emission
nebulae, and may then be detected by its
recombination line emission.

In addition to the positive ion, the neg-
ative ion, H–, can occur when an electron
attaches itself loosely to a neutral atom. A
continuous spectrum of radiation is emit-
ted in the process. The negative ion is not
very stable and breaks up easily with the
second electron escaping with any amount
of energy: this results in a continuous ab-
sorption spectrum. These two processes,
producing continuous emission and ab-
sorption of both light and infrared radia-
tion, take place concurrently, as happens in
the Sun’s photosphere. The H2– ion has re-
cently been discovered.

Neutral hydrogen, usually denoted H I,
occurs throughout interstellar space as fil-
aments and clouds (H I regions) of varying
density. It is detected by means of the 21-
cm hydrogen line emission. At low temper-
atures and when the hydrogen density is
sufficiently high, pairs of hydrogen atoms
can combine to form molecular hydrogen,
H2, which exists in discrete molecular
clouds. The molecular ion H3

+ forms in
such clouds when a molecule, H2, is ion-
ized and then further reacts with H2. The
molecular ion is thought to have an impor-
tant role in interstellar chemistry, allowing
protons to be transferred to oxygen, car-
bon, and other heavy atoms, thereby lead-
ing to the formation of many different
interstellar molecules. Molecular hydrogen
is also a major constituent of the atmos-
phere of the giant planets, with liquid hy-

hybrid ring
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drogen forming the bulk of the interiors of
Jupiter and Saturn.

Hydrogen can be observed at a number
of wavelengths including radio (21 cm), in-
frared, visible, and ultraviolet wavelengths
(see hydrogen spectrum).

hydrogen alpha line (Hαα line) See hy-
drogen spectrum.

hydrogen line (21 cm line) See H I re-
gion.

hydrogen region See H I region; H II
region; interstellar medium.

hydrogen spectrum Emission and ab-
sorption spectra of hydrogen are relatively
simple compared with spectra of heavier
elements. Atomic hydrogen (H I) has a line
spectrum in which several series of lines
can be distinguished. The Swiss physicist
Johann Balmer showed, in 1885, that lines
in the visible region of the hydrogen spec-
trum formed a series represented by the
equation 

1/λ = R∞(1/4 – 1/m2)
λ is the wavelength of the line and m an in-
teger greater than two. The constant R ∞
has a value of 1.097 37 × 107 m–1, and is
called the Rydberg constant.

This series of spectral lines is called the
Balmer series. Its existence was first ex-
plained by Niels Bohr in his theory of the
atom (1913). Bohr postulated that only a
discrete number of orbits is allowed to an
electron in an atom and that when the elec-
tron jumps from one orbit to another, a
photon of radiation is emitted or absorbed
(see energy level). The Balmer series is pro-
duced by transitions of the electron be-
tween the second permitted orbit, in order
of distance from the nucleus, and higher
orbits. When m = 3, the spectral line is pro-
duced by a transition from the second to
the third orbit (or from the third to the sec-
ond orbit). This line is referred to as Hα
(the hydrogen alpha line) and has a wave-
length of 656.4 nm, i.e. it falls in the red re-
gion of the visible spectrum. The next line,
Hβ (m = 4), is at 486.1 nm in the blue. Hγ
and Hδ occur at 434.2 nm and 410.2 nm,
respectively. The lines in such a series get

closer together at shorter wavelengths and
the Balmer series converges to a limit at
364.6 nm in the ultraviolet region of the
spectrum. Emission lines are produced by
transitions from higher levels to the second
orbit; absorption lines result from transi-
tions from the second orbit to higher or-
bits.

In general, lines in the hydrogen spec-
trum can be represented by the equation

1/λ = R ∞(1/n2 – 1/m2)
where n and m are integers; n is called the
principal quantum number and can have
values from one to infinity. The Balmer se-
ries is formed for n = 2, i.e. the second
orbit of the atom. Transitions from or to
the first orbit, i.e. the ground state (n = 1),
produce the Lyman series of spectral lines.
This is in the far ultraviolet and extreme ul-
traviolet regions. Lyman alpha, denoted
Ly α (n = 1, m = 2), occurs at 121.6 nm;
the series Ly α, Ly β, Ly γ…, converges to
a value of 91.2 nm, the Lyman limit. The
Paschen series is produced by transitions to
or from the third permitted orbit (n = 3)
and occurs in the near infrared region of
the spectrum. The Brackett series occurs at
longer infrared wavelengths involving the
fourth orbit (n = 4).

hydrostatic equilibrium A state of
equilibrium in which the inwardly directed
gravitational force in a star just balances
the outwardly directed gas and radiation
pressure. The star is thus held together but
supported against collapse. The equation
of hydrostatic equilibrium is given at stel-
lar structure.

hydroxyl radical /hÿ-droks-ăl/ The rad-
ical OH, consisting of an oxygen and hy-
drogen atom bound together. It was the
first interstellar molecule to be detected
(1963) in the radio region of the spectrum
and is also associated with certain red and
infrared stars (see OH/IR star; maser
source). The spectral lines – OH lines –
occur at 18, 6.3, 5.0, 3.7, and 2.2 cm.

Hydrus /hÿ-drŭs/ (Water Snake) A small
constellation in the southern hemisphere
lying between the Large and Small Magel-
lanic Clouds. Its brightest star, Beta (β)
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Hydri, is of magnitude 2.8 and is the near-
est conspicuous star to the south pole. Ab-
brev.: Hyi; genitive form: Hydri; approx.
position: RA 2h, dec –70°; area: 243 sq deg.

Hygeia /hÿ-jee-ă/ ((10) Hygeia) A large
ASTEROID with a diameter of about 407 km
and a quoted mass of (9 ± 5) × 1019 kg. The
Hubble Space Telescope has revealed that
it has a spherical shape. Microwave mea-
surements indicate that it has a surface soil
layer that is very finely divided and at least
8 cm deep. This is similar to the depth of
soil on VESTA and Pallas. The fourth largest
asteroid, it was discovered in 1849 by the
Italian astronomer Annibale de Gasparis.
See Table 3, backmatter.

hyperbola /hÿ-per-bŏ-lă/ A type of conic
section that has an eccentricity greater than
one. See also orbit.

hyperboloid reflector /hÿ-per-bŏ-loid/
A reflector whose surface is hyperboloid in
shape, i.e. its curvature is that obtained by
rotating a hyperbola about its axis. The
secondary mirror in a Cassegrain telescope
is hyperboloid.

Hyperion /hÿ-peer-ee-ŏn/ A satellite of
Saturn, discovered in 1848. Images taken
by VOYAGER 2 in 1981 showed an elon-
gated irregular body with a ‘chaotic’ spin
orientation and rate; this tumbling is due to
its irregular shape, its eccentric orbit, and
the gravitational effects upon it of Saturn
and TITAN. Hyperion has a low ALBEDO

(0.03) compared with the other icy inner
satellites of Saturn, although it is also prob-
ably composed largely of ice. The Voyager
2 pictures showed craters with diameters
up to 120 km and one long ridge or scarp
extending for 300 km; this is named Bond–
Lassell in honor of the discoverers of Hy-
perion, William Cranch Bond, George Phil-
ips Bond, and William Lasell. The Cassini/
Huygens probe flew by Hyperion in Sept.
2005 at a distance of 500 km. The images
it returned reveal a heavily cratered world
with a reddish tinge. In the Cassini images
Hyperion shows evidence of possible mul-
tiple landslides in the past. A vast impact

crater 200 km across is surrounded by
rays. A mysterious dark material fills many
of the craters. See Table 2, backmatter.

hyperluminous IRAS galaxies /hÿ-per-
loo-mă-nŭs/ See IRAS galaxies.

hypernova /hÿ-per-noh-vă/   A new type of
supernova, possibly related to cosmologi-
cal gamma-ray bursts. The prototype su-
pernova, SN 1998bw, was an unusually
energetic event, some 30 times more lumi-
nous than a normal core-collapse super-
nova. It was also detected as a gamma-ray
burst, albeit a weak one. In the best model
to date, the progenitor was a rapidly rotat-
ing, massive helium star that collapsed into
a black hole forming a massive disk around
it. Matter ejected along the spin axis in the
form of a relativistic jet is believed to be re-
sponsible for the gamma-ray burst. Several
more hypernovae have been identified
since 1998.

hypersensitization /hÿ-per-sen-să-ti-zay-
shŏn/ The subjection of an unexposed
PHOTOGRAPHIC EMULSION to one or more
methods of treatment in order to improve
its response to light or other radiation. This
allows the emulsion to be used at the ex-
tremely low intensities of light and other
electromagnetic radiation encountered in
astronomy without an excessively long ex-
posure time. Alternatively in a set period of
telescope time the quantity or quality of in-
formation obtained can be increased by hy-
persensitization. Various techniques are
used. One particularly suitable for light-
sensitive emulsions is gas hypersensitiza-
tion (or hypering). It involves heating the
emulsion in either pure nitrogen gas or in
nitrogen with a small admixture of hydro-
gen. The gas removes oxygen and water
vapor from the emulsion; these impurities
act as desensitizers. Heating speeds up this
leaching process and can also increase the
chemical sensitization, i.e. the possibility
that grains in the emulsion if hit by light
will be activated.

Hz Symbol for hertz. 

Hygeia
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Iapetus /ÿ-ap-ĕ-tŭs/ A satellite of Saturn,
discovered in 1671 by Giovanni Domenico
Cassini. The diameter of Iapetus is 1440
km so that in size it is the twin of the satel-
lite RHEA but its density, 1.21 g cm–3, is
much lower. It is a strange satellite with a
dark leading hemisphere (albedo
0.04–0.05) compared with a bright trailing
edge of albedo 0.6. The dark hemisphere
carries the name Cassini Regio. It appears
to be coated with some dark material. The
demarcation between the dark and light re-
gions is not abrupt and there is a transition
region 200–300 km in width with a mean-
dering boundary. The bright trailing edge
is most heavily cratered; some of the
craters have dark floors but it is not known
if the dark material in them is the same as
that covering Cassini Regio. The material
on the leading edge is thought to be car-
bon-based, but it is unclear whether it was
emitted from the interior of Iapetus or was
debris from eruptions on other Saturnian
satellites swept up by Iapetus from space.

Iapetus was photographed by Voyager
2 in 1981 and by Cassini/Huygens in 2004.
The Cassini images revealed some new fea-
tures not seen on the Voyager images, in
particular a vast ancient impact basin over
400 km across, which has been heavily
overprinted with more recent smaller
craters, and a curious and extraordinary
ridge that almost exactly coincides with Ia-
petus’ equator. It appears as a 20-km-wide
band, 1300 km long, that seems to girdle
the whole satellite, extending above the
surface of Iapetus to a height of up to 13
km. The equatorial ridge may be a moun-
tain belt that has folded upward, or per-
haps it was formed when material from
inside Iapetus erupted onto the surface
through a crack and accumulated locally.

See also Table 2, backmatter.

IAT Abbrev. for International Atomic
Time.

IAU Abbrev. for International Astro-
nomical Union.

IC Abbrev for Index Catalog. See NGC.

Icarus /ik-ă-rŭs/ ((1566) Icarus) An ASTER-
OID that was discovered in 1949 by Walter
Baade and passed only 0.04 AU from the
Earth in 1968. It belongs to the APOLLO

GROUP of near-Earth asteroids and has one
of the smallest PERIHELION DISTANCES

(0.205 AU), well within the orbit of Mer-
cury. See Table 3, backmatter.

icebergs See LSB galaxies; Malin 1.

Ice Cube See AMANDA Telescope.

ice dwarfs Large distant interplanetary
objects that exceed the size of a normal
cometary nucleus and are much icier than
an ordinary asteroid. The composition of
asteroids varies somewhat as a function of
distance from the Sun, so that the more dis-
tant HILDAS and TROJANS will certainly con-
tain more icelike material than the
main-belt asteroids. However, the vast ma-
jority of ice dwarfs are probably to be
found in the KUIPER BELT and beyond.
PLUTO, though traditionally considered a
planet, is now regarded as among the
largest icy dwarfs, along with other Kuiper
belt objects and TRANS-NEPTUNIAN OBJECTS.
CHIRON and PHOLUS may also be placed in
this category.

ICM Abbrev. for intracluster medium.

icy satellites See satellite, natural.
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Ida-2 /ÿ-dă/ An asteroid that was discov-
ered in 1880. It is an S-type asteroid, stud-
ied by the Galileo spacecraft in 1993, when
it was found to have a satellite, named
Dactyl. Ida is about 58 km × 23 km. Dactyl
is about 1.5 km in diameter and orbits Ida
at a distance of about 100 km.

Ikeya-Seki comet /ee-kay-ă sek-ee/
(1965 VIII) A comet that was discovered
by two amateur Japanese comet searchers.
At one time it was actually thought that it
would hit the Sun but it turned out to be a
sungrazing comet with a perihelion dis-
tance of 0.0078 AU, missing the Sun’s sur-
face by 0.68 solar radii. The orbit is
retrograde with an eccentricity of 0.99915.

image The representation of an object
formed from the light or other electromag-
netic radiation reflected or transmitted by
the object and collected and brought to a
focus by a telescope, camera, or similar in-
strument. Depending on the type of object
being observed and telescope involved, im-
ages may be viewed directly by the ob-
server, photographed, or recoded or
analyzed by other instruments or electronic
equipment. In an optical telescope, light is
gathered by the primary mirror or objec-
tive, which bends the incoming rays until
they meet at the focal point where the
image is generated. In astronomy, the ob-
jects observed are so distant that images
formed by all telescopes are upside down
and real – that is, the light that produces
them actually passes through them, mak-
ing it possible for them to be projected
onto a screen, for example. Such images
are magnified by lenses in the eyepiece. In
a refractor or Schmidt–Cassegrain, an an-
gled device called a star diagonal, contain-
ing a prism or mirror, can be inserted in
front of the eyepiece. Apart from making
the telescope easier to use by making the
eyepiece more accessible, this item of
equipment turns the image up the right
way but laterally inverts it, swapping it left
to right as in a mirror. Radio telescopes
work in a similar way to optical instru-
ments, producing images from radio waves
and converting them to a visible form by
computer processing. See also imaging.

image converter See image tube.

image intensifier See image tube.

image photon counting system See
IPCS.

image processing See imaging.

image tube (image intensifier) An evac-
uated electronic device that is used to in-
tensify a faint optical image. The beam of
light (or near-ultraviolet radiation) falls on
a PHOTOCATHODE so that electrons are lib-
erated by the photoelectric effect. The elec-
trons are accelerated by an electric field
and may be detected and recorded by a va-
riety of methods. They can be focused on a
positively charged phosphor screen so that
an optical image is produced, many times
brighter than that of the original beam.
This image can be directed onto a CCD de-
tector. Alternatively, it can be made to fall
on the photocathode of a second image
tube and the intensification process re-
peated. Several image tubes can be linked
in this way to form a multistage image tube
but the coupling between phosphor screen
and subsequent photocathode must be very
efficient. The image on the final phosphor
screen may then be photographed. The
ELECTRONOGRAPHIC CAMERA and the IPCS

(image photon counting system) use
slightly different techniques.

In image converters a beam of infrared
or ultraviolet radiation or X-rays is inci-
dent on the photosensitive surface. The lib-
erated electrons can then produce a
pictorial representation of a ‘nonvisible’
image.

imaging The representation, by means
of TV pictures, photographs, graphs, etc.,
of an object or area by the sensing and
recording of patterns of light or other radi-
ation emitted by, reflected from, or trans-
mitted through the object or area. Two
broad classifications are chemical imaging,
i.e. PHOTOGRAPHY, and electronic imaging.
Both are important in astronomy, a variety
of photographic emulsions and electronic
devices being available for different fre-

Ida-2
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quency bands of the electromagnetic spec-
trum.

The majority of information gathered
by ground-based and orbiting telescopes is
in digital form so that it can be manipu-
lated by computer. This information can
be derived directly from electronic devices,
such as CCDs, PHOTON-COUNTING DETEC-
TORS, or PHOTOVOLTAIC DETECTORS, associ-
ated with the telescope. These devices
respond to radiation by converting it to an
electrical signal. They are more sensitive
than photographic emulsions, responding
to lower levels of intensity and/or produc-
ing an image in a shorter time. Photo-
graphic plates do, however, provide an
image of a much greater area of the sky
than existing electronic devices. Machines
such as COSMOS have therefore been built
to measure data on photographic plates
rapidly and automatically and produce re-
sults in digital form.

An electronic detector can be moved
across the focused image of an astronomi-
cal object or area of the sky, or the image
can be moved across the detector. The elec-
trical signal from the detector is sampled in
such a way that an array of values corre-
sponding to an array of portions of the
complete image is obtained. Alternatively
the image falls on a large number of closely
packed detectors, all producing a signal. In
each case the result is a set of numbers cor-
responding to some property of the indi-
vidual image portions, e.g. the intensity at
a particular wavelength. The individual
portions into which the image is divided
are called pixels (short for picture ele-
ments). The greater the number of pixels
per image, the higher the resolution, i.e. the
greater the detail seen.

This numerical version of the image will
normally reside in a computer system, and
can be manipulated in different ways in
order to highlight different aspects of the
original image; the manipulative tech-
niques are known as image processing. The
final form of the display can be a TV mon-
itor, a visual display unit attached to a
computer, a plotting device, or photo-
graphic film, and information derived from
the image can also appear in graphs and ta-

bles, and be subjected to statistical and nu-
merical analysis.

imaging proportional counter (IPC)
See proportional counter.

Imbrian System /im-bree-ăn/ One of
the stratigraphic systems of the Moon, de-
fined by the deposits of the IMBRIUM BASIN

and covering the period from about 3.85 to
3.15 billion (109) years ago. It includes the
ORIENTALE BASIN, most visible MARE de-
posits, and many large CRATERS. See also
Copernican System; Nectarian System.

Imbrium Basin /im-bree-ŭm/ The sec-
ond youngest lunar BASIN, of which much
of the second and third rings survive as
mountain arcs (see table at mountains,
lunar). The EJECTA BLANKET of the basin
covers much of the NEARSIDE and provides
the major reference horizon for lunar
stratigraphy. The basin was formed 3850
million years ago and was flooded with
basalt lavas during at least the following
600 million years. This produced Mare Im-
brium (Sea of Rains), which was visited by
Lunokhod 1, and also Palus Putredinis,
which was sampled by Apollo 15. See also
Fra Mauro formation; Imbrian System.

immersion /i-mer-shŏn/ Entry of a celes-
tial body into a state of invisibility during
an ECLIPSE or OCCULTATION.

inclination 1. Symbol: i. The angle be-
tween the orbital plane of a celestial body
and a reference plane. For a planet or
comet the reference plane is the plane of
the ECLIPTIC, for a satellite it is the prima-
ry’s equatorial plane, and for a double star
it is the plane of the sky. Inclination is one
of the ORBITAL ELEMENTS and varies be-
tween 0 and 180°, being less than 90° for a
body with DIRECT MOTION.
2. (axial inclination) The angle between the
rotational axis of a body and a line per-
pendicular to its orbital plane.

See also Tables 1–3, backmatter.

Index Catalog (IC) See NGC.

Indus /in-dŭs/ (Indian) A constellation in
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the southern hemisphere near Grus, the
brightest stars being of 3rd magnitude. The
star Epsilon (ε) Indi, one of the Sun’s near
neighbors, is located on the northwestern
edge of the constellation (See Epsilon Indi).
Abbrev.: Ind; genitive form: Indi; approx.
position: RA 21h, dec –60°; area: 294 sq
deg.

inequality An irregularity in the orbital
motion of a celestial body. The inequalities
of the Moon’s motion are periodic terms
whose sum gives the variation of either the
spherical coordinates or the osculating ele-
ments of the lunar orbit. The principal in-
equalities of the Moon’s motion are
EVECTION and VARIATION.

inertia /i-ner-shă/ The property of a
body by which it resists change in its veloc-
ity. It is inertia that causes a body to con-
tinue in a state of rest or of uniform motion
in a straight line (see Newton’s laws of mo-
tion). The force required to give a specific
acceleration to a body depends directly on
its inertia. It is through the property of in-
ertia that the concept of the MASS of a body
(its inertial mass) arises.

inertial frame /i-ner-shăl/ A FRAME OF

REFERENCE in which an isolated particle
placed at rest will remain at rest, and one in
uniform motion will maintain a constant
velocity. It is thus a frame of reference that
is not subject to acceleration, as from a
gravitational field, and in which Newton’s
first law of motion applies. According to
Einstein’s special theory of RELATIVITY,
which is concerned only with inertial
frames, all laws of physics are the same in
every inertial frame.

inertial mass See inertia; mass.

inferior conjunction See conjunction.

inferior planets The planets Mercury
and Venus, which lie closer to the Sun than
the Earth.

inflation A short period of very rapid
expansion of the Universe postulated to
occur very soon after the BIG BANG. The hy-

pothesis of inflation in the EARLY UNIVERSE

solves a number of cosmological problems.
One of these is the flatness problem; i.e. the
problem that the Universe appears to be al-
most exactly Euclidean. Another of these
problems is the horizon problem; i.e. the
problem of why the Universe looks the
same on opposite horizons in spite of there
not being enough time for light to traverse
the Universe. The third problem is the
monopole problem; i.e. the problem of
why MAGNETIC MONOPOLES predicted by
GRAND UNIFIED THEORIES are not plentiful.

If there was a period of rapid expansion
when the size of the Universe was about the
same as the PLANCK LENGTH then all these
problems disappear. Space–time would be-
come much flatter as a result of such an ex-
pansion. Before the inflation the Universe
would have been sufficiently small for sig-
nals to go the very small distance from one
side of it to the other.

In addition to solving these problems
inflation provides a solution to the prob-
lem of STRUCTURE FORMATION in the
Universe. It is postulated that quantum
fluctuations in the early Universe were
magnified by inflation, producing the ir-
regularities necessary for the formation of
structures. This theory made the prediction
that there should be very slight variations
in the temperature of the COSMIC MI-
CROWAVE BACKGROUND (CMB) as a result
of the irregularities in the early Universe. 
In the early 1990s COBE found precisely 
the expected variations. This finding was 
a major success for inflation theory. The
theory also predicts that the irregularities
in the early Universe produced GRAVITA-
TIONAL RADIATION with distinct features. It
is hoped that sufficiently sensitive detectors
will detect this radiation within the first
few decades of the twenty-first century.

Although the general idea of inflation
theory is very successful it has proved very
difficult to link it with any particular
model of elementary particle theory. Theo-
retical frameworks for the early Universe
invoke GUTs, where the FUNDAMENTAL

FORCES are held in a symmetry not ob-
served in the present Universe. It is hypoth-
esized that the state of the Universe
changed at an age of 10–35 seconds, when

inequality
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the electromagnetic and strong nuclear
forces separated, or ‘froze out’ to different
values. Mathematical solutions to this
process of symmetry-breaking invoke the
creation of defects in spacetime, such as
MONOPOLES and DOMAIN WALLS, that are
not observed in the present Universe. The
phase transition caused by symmetry-
breaking released energy that is calculated
to have caused the Universe to expand or
inflate catastrophically. Inflation theory
was initially proposed by Alan GUTH in
1981 although his initial model was seri-
ously flawed.

infrared astronomy /in-fră-red/ The
study of radiation from space with wave-
lengths beyond the red end of the visible
spectrum, i.e. from about 0.8 micrometer
(µm) to about 1000 µm; radiation above
300 µm is now described as submillimetric
(see submillimeter astronomy). Infrared
observations are possible from the ground
through several ATMOSPHERIC WINDOWS up
to about 20 µm, but longer-wavelength ob-
servations require balloon-, rocket-, or
satellite-platforms. The equipment used in-
cludes reflecting telescopes (see infrared
telescope) and solid-state INFRARED DETEC-
TORS, such as PHOTOVOLTAIC and PHOTO-
CONDUCTIVE devices and BOLOMETERS. The
detectors need to be cooled to low temper-
atures, and in some cases the telescope op-
tics are also cooled, to minimize the
instrumental thermal emission and NOISE.
The first satellite-borne infrared telescope,
IRAS, was launched on Jan. 20 1983. IRAS
has made an all-sky survey in the 10–100
µm waveband as well as investigating in
more detail a wide range of astronomical
sources. The European Space Agency
launched the INFRARED SPACE OBSERVATORY

(ISO) in 1995. ISO uses a cooled telescope
to make observations in the 2–200 µm
waveband.

Cosmic INFRARED SOURCES emit infrared
radiation in a variety of ways. They may
emit thermally as approximate BLACK-BODY

radiators; such sources include the stars
themselves, COSMIC DUST grains in the cir-
cumstellar shells around stars, and MOLEC-
ULAR CLOUDS, and have temperatures in the
range 20–1000 K. In H II regions electrons

moving in the thermally heated and ionized
gas emit infrared radiation by a process
known as thermal bremsstrahlung (see
thermal emission). In PHOTODISSOCIATION

REGIONS, where molecular clouds have in-
terfaces with H II regions, highly ionized,
ionized, and neutral species all occur, and
collisional EXCITATION can produce FORBID-
DEN LINES in the far-infrared and infrared
spectra of these species. Infrared emission
can also be produced by a nonthermal
process in which high-energy electrons
moving in a magnetic field emit SYNCHRO-
TRON radiation.

infrared background radiation Unre-
solved radiation from space in the infrared
waveband 10–200 µm. The diffuse radia-
tion is the sum of several components: ZO-
DIACAL LIGHT, the infrared flux from stars,
emission from COSMIC DUST in the Galaxy,
INFRARED CIRRUS, and the infrared flux
from external galaxies. Observations from
the satellite IRAS show that zodiacal emis-
sion dominates the infrared background at
12–60 µm except near the galactic plane.
The zodiacal emission is also present at
100 µm but diffuse galactic emission is
prominent at this wavelength. See also cos-
mic background radiation.

infrared cirrus Extended sources of
60–100 µm infrared emission superim-
posed on the INFRARED BACKGROUND RADI-
ATION. Such sources were first detected by
the satellite IRAS. At high galactic latitudes
some of these sources are associated with
clouds of atomic hydrogen containing in-
frared-emitting dust at a temperature of
about 30 K. Others are only poorly corre-
lated with known interstellar gas clouds
and may be due to cold material in the
Solar System.

infrared detectors Devices sensitive to
INFRARED RADIATION in the region from 0.8
µm to about 400 µm. Present-day detectors
are nearly all operated at cryogenic tem-
peratures: 77 K using liquid nitrogen or
4 K or lower by using liquid helium. They
are made from very pure semiconductor
material, such as silicon or germanium, ei-
ther as 1 mm cubes or smaller or as square

231

infrared detectors



arrays of tiny PIXELS (as with CCDs). For ei-
ther form, electrical connections to the
semiconductor allow monitoring of the
electrical signal that is generated when the
device is struck by infrared PHOTONS. Dif-
ferent conversion mechanisms from inci-
dent photon to electrical signal are
involved, depending upon the detector (see
bolometer; photoconductive detector; pho-
tovoltaic detector).

‘Doping’ the detector material with a
particular impurity determines the wave-
length region in which the detector will
have its best response; impurities used
include indium, gallium, copper, arsenic,
antimony, beryllium, and boron. For ex-
ample, a gallium-doped germanium detec-
tor (denoted, using chemical symbols, as
Ge:Ga) has a useful wavelength region of
40–180 µm while an arsenic-doped silicon
detector (denoted Si:As) has a useful range
of 8–14 µm. A detector denoted InSb is
made of indium antimonide, which is a
compound rather than a crystalline mix-
ture. Detectors of Ge:Ga can have their re-
sponse limit extended to 205 µm by
slightly squashing or stressing the material
of the detector. Infrared detectors are sus-
ceptible to hits from COSMIC RAY particles,
and work is progressing on detectors that
are less vulnerable to this phenomenon.

infrared excess See infrared sources.

infrared radiation ELECTROMAGNETIC

RADIATION lying between the radio and the
visible bands of the electromagnetic spec-
trum. The wavelengths range from about
0.8 micrometer (µm) to about 1000 µm.
The definitions of the regions of the in-
frared are a little arbitrary, but are roughly
as follows: 

near-infrared: 0.8 to 8 µm 
mid-infrared: 8.0 to 30 µm 
far-infrared: 30 to 300 µm

The region around 8–13 µm has been de-
scribed as far-infrared by some as-
tronomers. Radiation above 300 µm is
now called submillimeter radiation.

infrared sources A variety of objects
emitting strongly in the infrared (see in-
frared radiation). Many stars exhibit an in-

frared excess in that they radiate more
strongly in the 1–20 µm waveband than
would be expected from their SPECTRAL

TYPE. In most cases the excess arises from
circumstellar shells containing COSMIC

DUST grains that are heated by the visible
and UV radiation from the central star.
PROTOSTARS and their associated dust
clouds are also strong infrared emitters.
Many T TAURI STARS emit infrared radia-
tion, in some cases by thermal bremsstrah-
lung and/or emission from heated dust. At
longer wavelengths (60–200 µm) cool
MOLECULAR CLOUDS containing dust are
found to be infrared sources.

Infrared line emission occurs from a va-
riety of different complex regions, particu-
larly from H II regions and associated
molecular-cloud interfaces. Lines from
atomic hydrogen are seen in the near-in-
frared (Brackett and Paschen lines), and in
the mid- and far-infrared the lines occur
from neutral and ionized states of neon,
oxygen, nitrogen, sulfur, and iron. Highly
ionized species of, for example, oxygen
(O III) and nitrogen (N III) can be identi-
fied by the FORBIDDEN LINES in their in-
frared spectra. The molecule carbon
monoxide has been detected in the far-in-
frared from some sources, the lines mea-
sured arising from the rotational spectrum
of the molecule.

Infrared emission is also found in extra-
galactic sources (see IRAS) and is strongly
correlated with galaxy type: elliptical and
lenticular galaxies emit little or no infrared
while most spiral galaxies are infrared
emitters. Active galaxies, such as SEYFERT

type II, BL LAC OBJECTS, and QUASARS, ex-
hibit infrared emission from their nuclei. It
is unclear at the present time whether this
is thermal emission by dust in the nuclei or
is due to nonthermal SYNCHROTRON EMIS-
SION. Galaxies that are interacting or merg-
ing are also seen to be strong infrared
CONTINUUM emitters. This may be due to
the triggering of star formation in one or
both galaxies.

Infrared Space Observatory (ISO) A
satellite project funded by ESA. The space-
craft was launched in Nov. 1995, on an Ar-
iane–4 rocket, and injected into a highly

infrared excess
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elliptical 24-hour orbit. Its telescope plus
instruments were used to make photomet-
ric and spectroscopic studies of galactic,
extragalactic, and Solar-System objects
emitting in the infrared in the waveband
2–200 µm.

The payload consisted of a RITCHEY–
CHRÉTIEN telescope with a 60-cm diameter
primary mirror, and experiments mounted
behind this at the CASSEGRAIN FOCUS. This
equipment was all housed in a toroidal liq-
uid-helium cryostat, which is insulated and
Sun-shielded, the telescope looking out
from one end of the enclosure. The tank of
superfluid liquid helium, at a temperature
below 2.17 K, provides the temperatures
of 2–3 K that are necessary for the detec-
tors to become sensitive. The telescope
structure and mirrors were cooled to about
8 K by the gas boiling off from the helium.

Four cryogenically cooled instruments
made up the scientific payload. ISOCAM is
an infrared camera system that uses two in-
frared detector arrays (32 by 32 pixels) to
view selected parts of the sky through the
ISO telescope. The first array operates over
2.5–5.5 µm and the second over 4–17 µm,
bandpass filters being used to limit the
spectral coverage. The total field of view
can be as large as 3 arc minutes. ISOPHOT
is a multiband imaging photometer-po-
larimeter operating over 2–200 µm. Its 23
infrared FILTERS can be used to limit the ra-
diation reaching different detectors in the
system. Some of these filters are common
to those used on ISOCAM, and to those
flown on the earlier satellite IRAS, thus pro-
viding overlap with both. The short-wave-
length and long-wavelength spectrometers,
SWS and LWS, are high-resolution spec-
trometers operating over 2–45 µm and
45–180 µm respectively. A variety of IN-
FRARED DETECTORS can be used with both
instruments, and FABRY–PEROT INTERFER-
OMETERS provide the highest resolutions.

Two ground stations were used to con-
trol and receive the data from ISO. One
was provided by ESA and the second was
provided by a Japanese/US collaboration.

infrared telescope (flux collector) A re-
flecting telescope used to detect and study
infrared radiation from space; refractors

cannot be employed because glass is
opaque at these wavelengths. The mirror
surface does not, however, need to be made
to the same accuracy as one used for opti-
cal work because of the longer wavelengths
of infrared radiation. Since neither the eye
nor the photographic plate is sensitive to
long-wavelength infrared radiation, special
INFRARED DETECTORS are required, such as
PHOTOVOLTAIC and PHOTOCONDUCTIVE DE-
TECTORS and BOLOMETERS. The detectors,
and in some cases the telescope optics,
must be cooled to liquid-helium or liquid-
nitrogen temperatures to reduce thermal
emission from the instruments themselves
and hence NOISE. As an alternative to active
cooling by cryogenic liquids, space tele-
scopes can be allowed to cool radiatively,
i.e. passively, by being shielded from direct
sunlight.

Infrared telescopes can detect sources
partly or totally obscured at optical wave-
lengths by interstellar dust, and can iden-
tify those that are true infrared sources
rather than highly reddened ordinary stars.
Because water vapor in the Earth’s atmos-
phere absorbs infrared radiation (see at-
mospheric windows), the most advanced
work is carried out with specially designed
telescopes, such as the UK INFRARED TELE-
SCOPE, at high-altitude observatories or
with airborne or space observatories, such
as KAO, IRAS, and ISO. Infrared telescopes
can operate day and night.

Infrared Telescope Facility (IRTF) A
3.0-meter INFRARED TELESCOPE at the
MAUNA KEA Observatory, Hawaii, that
began operations in 1979 and is operated
by the University of Hawaii’s Institute of
Astronomy on behalf of NASA, which
funds the IRTF as a national facility. The
telescope has a CER-VIT primary mirror and
an equatorial mounting.

infrared windows See atmospheric win-
dows.

initial mass function (IMF) See stellar
mass.

injection (insertion) The process of
boosting a spacecraft into a particular

233

injection



orbit or trajectory. It is also the time of
such action or the entry itself.

inner Lagrangian point /lă-grayn-jee-ăn/
See equipotential surfaces; Lagrangian
points.

inner planets The terrestrial planets
Mercury, Venus, Earth, and Mars, which
lie closer to the Sun than the main ASTEROID

BELT.

insolation /in-sŏ-lay-shŏn/ The expo-
sure of any surface or body to solar radia-
tion. It is usually quoted as the radiant flux
received from the Sun per unit area per unit
time; it can therefore be considered as the
heating effectiveness of solar radiation.

instability strip Short for Cepheid in-
stability strip. See pulsating variables.

INT Abbrev. for Isaac Newton Tele-
scope.

INTEGRAL /in-tĕ-grăl, in-teg-răl/ (Inter-
national Gamma-Ray Astrophysics Labo-
ratory) A European Space Agency (ESA)
space observatory, launched Oct. 2002
aboard a Proton rocket from Baikonur in
Kazakhstan and comprising four high-en-
ergy astronomical telescopes. The 4-tonne
satellite, developed and operated by ESA in
conjunction with Russia and the USA, was
built to detect some of the most energetic
radiation emanating from space, including
that from gamma-ray bursts and neutron
stars. Its achievements include spectral
measurements of numerous gamma-ray
sources and the mapping of the galactic
plane in gamma radiation, the detection of
some of the faintest and closest gamma-ray
bursts ever found, the resolution of diffuse
gamma-ray emissions from the center of
the Milky Way Galaxy, the increase of our
knowledge of active galactic nuclei, and
the discovery of a new class of highly ab-
sorbed object. In a mission intended to last
for two years, extendable to three, INTE-
GRAL followed a highly eccentric orbit
(period 72 hours, inclination 51.6°) that
carried it from 9000 km to 153 000 km
above the Earth. Its four science instru-

ments were (1) IBIS, a gamma-ray imager
operating over the range 50–100 000 keV
and imaging the sky at the arcminute level;
(2) SPI, a gamma-ray spectrometer with a
functional spectral range of 15–10 000
keV and a spectral resolution of about 500;
(3) JEM-X, an X-ray monitor operating
over the range 4–100 keV; and (4) OMC,
an optical monitor with CCD and lens op-
tics designed to detect the afterglow from a
gamma-ray burst and identify the object
associated with it.

integrated magnitude See total magni-
tude.

integration time The period for which
a noisy signal is averaged in order to im-
prove the signal to noise ratio in an elec-
tronic system. See sensitivity.

intensity 1. (radiant intensity). The RA-
DIANT FLUX emitted per unit solid angle by
a point source in a given direction. It is
measured in watts per steradian.
2. Obsolete name for field strength of a
magnetic or electric field.

interacting galaxies Two, three, or
(more rarely) four or more galaxies that
show signs of mutual disturbance, such as
perturbed morphologies or extruded fila-
ments of stellar material, called tidal tails,
which can sometimes link to form bridges
between the galaxies. Examples include the
ANTENNAE, ARP 220, and the MICE. Encoun-
ters of galaxies moving at low relative ve-
locities are much more likely to produce
MERGERS than fast encounters, where the
interaction time is short and the galaxies
pass through each other completely. The
infrared satellite IRAS found that many in-
teracting galaxies are powerful infrared
sources: the interaction apparently stimu-
lates star formation (see IRAS galaxies).
There is also evidence that some radio-
quiet QSO lie in interacting galaxies.

interference 1. Unwanted signals picked
up by a RADIO TELESCOPE or other electronic
equipment; the signals usually arise from
terrestrial sources but occasionally come
from the Sun or Jupiter.

inner Lagrangian point
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2. The interaction of two sets of waves to
produce patterns of high and low intensity
(interference fringes). For this to happen
the two beams of light or other radiation
must be coherent, i.e. they must be related
with respect to PHASE and have the same, or
nearly the same, WAVELENGTH. They must
intersect at a fairly small angle and not dif-
fer too much in intensity. In addition, they
must not be polarized in mutually perpen-
dicular planes.

The interference pattern of fringes
formed at a particular position is the sum
of the intensities of the two interacting
waves at that position. The fringes occur
because of differences in pathlength be-
tween interacting waves, i.e. because of un-
equal distances from source to interaction
point. If the difference is a whole number
of wavelengths, then wave peaks (or
troughs) of the two interacting waves coin-
cide and the waves reinforce one another,
producing a bright fringe when light waves
are involved; this is termed constructive in-
terference. If the path difference is an inte-
gral number of half wavelengths a peak
coincides with a wave trough and a dark
fringe results; this is destructive interfer-
ence.

Both constructive and destructive inter-
ference of light can be produced by means
of thin films of uniform thickness, as used
in INTERFERENCE FILTERS. Waves of selected
wavelengths are reflected from the front
and back surfaces of the film and by a suit-
able choice of film composition and thick-
ness the waves will either be reinforced or
will cancel each other.

See also interferometer.

interference filter An optical, ultravio-
let, or infrared FILTER in which unwanted
wavelengths are removed by destructive IN-
TERFERENCE rather than by absorption. It
produces a very narrow band of wave-
lengths, typically between 1 and 10 nano-
meters. One form, the multilayer filter,
consists of a stack of transparently thin
films with different refractive indices de-
posited on an optical glass substrate. The
films allow only a selected waveband of
1 nm or less to be transmitted right
through. The remaining wavelengths are

reflected and caused to interfere destruc-
tively.

interference fringes See interference;
radio telescope.

interferometer /in-ter-fĕ-rom-ĕ-ter/ An
instrument or system in which a beam of
light or other radiation is split and subse-
quently recombined after the components
of the split beam have traversed different
pathlengths so that INTERFERENCE occurs
and an interference pattern is produced
(see interference). Interferometers use the
effect of interference to measure some pa-
rameter – either the frequency components
of the radiation undergoing interference, as
with the FABRY–PEROT INTERFEROMETER or
FOURIER TRANSFORM spectrometer, or spa-
tial information about the radiation
source, such as the apparent diameter of a
star as with the MICHELSON STELLAR INTER-
FEROMETER or the laser interferometers
being used to detect GRAVITATIONAL WAVES.

The spatial interferometer also uses in-
terference to make measurements but takes
a different form. Radio, infrared, or optical
waves collected by a group of separate tele-
scopes observing the same object and
linked to a common receiver are combined
in order to improve the spatial RESOLUTION

of the system: the resolving power is equiv-
alent to that of a single instrument with an
aperture equal to the largest distance sepa-
rating the component telescopes. The inter-
ference pattern from a particular pair of
telescopes records information on the rela-
tive amplitude and phase of the two beams
being collected by that pair. The interfer-
ence patterns from different pairs can then
be combined and processed by computer to
produce a highly detailed image of the
source of the beams.

The radio interferometer is one of the
two basic forms of RADIO TELESCOPE. Very
great separations (baselines) may now be
used (see VLBI; LBI). Technical problems
have slowed the successful development of
this type of interferometer to operate at op-
tical and infrared wavelengths. New tech-
nology, however, especially ADAPTIVE

OPTICS, reduces the distorting effects of at-
mospheric turbulence, which is a serious
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problem for these optical and infrared in-
terferometers. Since the end of the 1980s,
optical interferometers, such as SUSI, have
been used for the measurement of stellar
diameters, the resolving of close binary
stars, and wide-angle astrometry with mil-
liarcsecond precision. Radio, IR, and opti-
cal interferometry carried out in space
avoids the problems of atmospheric turbu-
lence; see RadioAstron; VSOP.

intergalactic medium /in-ter-gă-lak-tik/
The matter contained in the space between
the GALAXIES, about which very little is
known. It exists in large amounts only in
CLUSTERS OF GALAXIES where it is com-
pletely ionized and constitutes a significant
proportion of the total observed mass of
the cluster. Absorption lines in quasar
spectra often indicate many clouds of in-
tergalactic hydrogen along the line of sight
but their total mass is very small.

intermediate-mass stars See stellar
mass.

intermediate polar system See mag-
netic cataclysmic variables.

International Astronomical Union
(IAU) An international association of as-
tronomers that is the controlling body of
world astronomy. It was founded in Brus-
sels in 1919. A general assembly is held
every three years, the first one having oc-
curred in 1922. In addition the IAU orga-
nizes periodic symposia for the discussion
of current astronomical problems, estab-
lishes international standards and the offi-
cial names for astronomical objects,
produces several publications, and runs a
telegram service for the rapid dispersal of
information relating to transient phenom-
ena such as novae and comets. One of the
IAU’s most important achievements was
the establishment in 1929 of official con-
stellation boundaries, making it possible to
assign every star and the vast majority of
other objects to one constellation and one
only.

International Atomic Time (TAI) The
most precisely determined timescale now

available, set up by the Bureau Interna-
tionale de l’Heure in Paris, following
analysis of ATOMIC TIME standards in many
countries. It was adopted for all timing on
Jan. 1 1972. The fundamental unit is the SI
SECOND. It is a more precise scale than can
be determined from astronomical observa-
tions. Coordinated UNIVERSAL TIME is based
on TAI and is used for all civil timekeeping.
See also dynamical time.

International Cometary Explorer (ICE)
See International Sun–Earth Explorer.

International Microgravity Labora-
tory A SPACELAB mission, launched in
Jan. 1992 and dedicated to MICROGRAVITY

research.

International Solar Polar Mission For-
mer name of Ulysses.

International Space Station (ISS) An
internationally managed permanently
crewed spacecraft providing an Earth-or-
biting platform intended to function as an
observatory, laboratory, manufacturing fa-
cility, assembly facility, and staging post.
The ISS began as an ambitious program
originated by the USA in 1984 under the
name Freedom. The project went through
several revisions of its design in order to re-
duce costs and meet Congressional bud-
getary limitations. Meanwhile Russia, with
its considerable experience in building and
running its SALYUT and MIR space stations,
was contemplating the development of a
successor to Mir, Mir-2. Following the
break-up of the Soviet Union in 1991,
however, the Russians too faced budgetary
restrictions. In September 1993 the USA
and the Russian Federation signed an
agreement to merge the Freedom and Mir-
2 projects, resulting in the birth of the ISS.
Since then, the project has been widened to
embrace contributions from 16 countries
in all: the USA, Russia, Japan, and Canada;
the ESA member countries Italy, Belgium,
the Netherlands, Denmark, Norway,
France, Spain, Germany, Sweden, Switzer-
land, and the UK; and Brazil.

Assembly of the ISS in space began
Nov. 20 1998, when the first module,

intergalactic medium
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Zarya (Sunrise), was carried into orbit by a
Russian Proton rocket from the Baikonur
Cosmodrome in Kazakhstan. Zarya was
the first of several elements originally in-
tended by the Russians for incorporation
into Mir-2. It served as the power and
propulsion unit of the ISS. In Dec. 1998 the
US space shuttle Endeavour lifted the US-
made Unity module into orbit and linked it
to Zarya. With the fifth ISS assembly mis-
sion, which took place in July 2000, the
Russian-made Zvezda (Star) module was
installed, providing living accommodation
for the crew and housing the station’s con-
trol room.

There followed two more missions to
install supplies and equipment, including
batteries and communications facilities as
well as the US-made Z1 Truss, which
among other things served as a framework
for the attachment of early US solar arrays.
Then on Oct. 31 2000, in the eighth mis-
sion to the ISS, the three-member Expedi-
tion 1, consisting of US Commander
William Shepherd, Russian Commander
Yuri Gidzenko and Russian Flight Engi-
neer Sergey Krikalyev, blasted off from
Baikonur aboard a Russian Soyuz launch
vehicle. On Nov. 2 2000 these astronauts
boarded the ISS to commence humanity’s
ongoing residence in Earth orbit. Their
stay lasted four months, at the end of
which they handed over to the newly ar-
rived Expedition 2.

Assembly and maintenance of the space
station continues, with each country in the
ISS team making an important contribu-
tion. For example, the US-made Destiny
Laboratory was delivered Feb. 2001 to
provide a comfortable environment for
year-round research in many fields.
Canada’s robotic arm, Canadarm2, was
delivered Apr. 2001 and was used to install
the US-made airlock, Quest. The tragic loss
of the space shuttle Columbia in 2003
meant that for more than two years US
participation in the ISS had to rely on Rus-
sia for transportation to and from the sta-
tion. ESA’s main contribution to the ISS is
the COLUMBUS program, due for installation
in 2006.

By the end of 2004, Expedition 10 had
taken up residence aboard the ISS. Each

crew had added greatly to the sum of
human experience about living in space.

International Sun–Earth Explorer
(ISEE) A joint project of NASA and ESA
for studying the structure and interactions
within the Earth’s MAGNETOSPHERE and the
solar phenomena producing such effects.
The two satellites ISEE–1 and ISEE–2 were
launched in tandem, in Oct. 1977, into a
highly eccentric Earth orbit at a control-
lable distance apart. ISEE–3 was launched
in Aug. 1978 into an orbit around the
Sun–Earth Lagrangian point L1, a point
lying outside the magnetosphere, where it
measured the SOLAR WIND, solar FLARES,
and SUNSPOTS, unperturbed by the Earth’s
influence. It was thus a reference point for
simultaneous observations made by
ISEE–1 and ISEE–2. In 1982/83 the trajec-
tory of ISEE–3 was altered so that it would
intercept the comet GIACOBINI-ZINNER. The
craft was renamed the International
Cometary Explorer (ICE). It was the first
spacecraft to rendezvous with two comets,
flying through the plasma tail of Gia-
cobini-Zinner in Sept. 1985, where it made
particle, field and wave measurements, and
passing between the Sun and Halley’s
comet in March 1986, at a distance from
Halley’s nucleus of 28 million km. By
1990, ICE had taken up a 355-day orbit
around the Sun. In 1991, its mission was
extended once more in order to study coro-
nal mass ejections and cosmic rays. It was
also occasionally linked up with ESA’s
Ulysses probe on certain science projects.
NASA shut down the spacecraft in May
1997. It will return to the vicinity of the
Earth in 2014. NASA has already agreed
that, if the craft can be recovered success-
fully, it is to be donated to the Smithsonian
Institute.

International Sunspot Number See
relative sunspot number.

International Ultraviolet Explorer
(IUE) A satellite that is a joint project of
NASA, ESA, and SERC (the UK’s Scientific
and Engineering Research Council) and
was launched by NASA into an elliptical
GEOSYNCHRONOUS ORBIT on Jan. 26 1978.
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Its 45-cm Ritchey–Chrétien telescope fo-
cuses ultraviolet radiation on either of two
ECHELLE GRATING spectrographs providing
about 0.01 nm spectral resolution; they op-
erate in the wavelength range 115–190 nm
and 180–320 nm. In addition lower resolu-
tion (about 0.6 nm) spectrographs are
available for observations of faint sources.
The satellite is controlled from ground sta-
tions in Maryland and Madrid by real-time
data link, which permits operation in a
manner similar to that of a ground-based
observatory. In the 18 years of operation
over 90 000 spectra were obtained on a
wide variety of astronomical sources in-
cluding planets, comets, interstellar dust
and gas, stars of most spectral types, galax-
ies and galactic halos, Seyfert galaxies, and
quasars (see ultraviolet astronomy). IUE
became the longest-lived astronomical
satellite ever, and finally ceased operating
in 1996.

interplanetary dust /in-ter-plan-ĕ-tair-ee/
The huge doughnut-shaped cloud of dust
particles that orbit the Sun and have been
produced mainly by the decay of the major
comets such as Halley, Encke, Mellish, and
Swift–Tuttle. The mass influx to this cloud
is typically 200 kg per second. Dust parti-
cles in the cloud are continually colliding
with each other, and the small debris from
these collisions is then influenced by the
POYNTING–ROBERTSON EFFECT and starts to
spiral into the Sun. Particles with radii less
than about 10–6 m can be blown out of the
Solar System because the force exerted on
them by RADIATION PRESSURE exceeds the
gravitational attraction of the Sun. It is
thought that in general this dust cloud is in
equilibrium. See also zodiacal dust cloud.

interplanetary magnetic field See inter-
planetary medium.

interplanetary medium The matter con-
tained in the Solar System in the space be-
tween the planets. The term usually refers
to the PLASMA and neutral gas (which
comes from the local interstellar medium),
but there is also INTERPLANETARY DUST. The
Solar System is filled with a tenuous
plasma – the SOLAR WIND – that streams

outward from the Sun at supersonic speeds
and in which is embedded the Sun’s mag-
netic field wound into a spiral by the Sun’s
rotation (see plasma). This is called the in-
terplanetary magnetic field. At the Earth
the interplanetary medium has a density of
about eight particles per cm3 moving at a
velocity of 300–400 km s–1, and a mag-
netic flux density that averages about
5 × 10–9 tesla. The interplanetary magnetic
field is crucial in coupling the solar wind
plasma to the MAGNETOSPHERE of the Earth
and other planets. The interplanetary
medium moves at supersonic speed relative
to the Earth, creating a shock front called
the bow shock, rather like that set up by
supersonic aircraft. Irregularities in the
density of the solar wind cause interplan-
etary scintillations (see scattering) on small
RADIO SOURCES viewed through the
medium.

interplanetary scintillation (IPS) See
scattering; interplanetary medium.

interpulse /in-ter-pulss/ The weaker
pulse of radio emission received after the
main pulse and before the next main pulse
in the signals from some PULSARS. The pres-
ence of an interpulse may indicate that we
are seeing radiation from both magnetic
poles of the pulsar.

interstellar bubble /in-ter-stell-er/ A
large cavity in the distribution of gas in and
near the plane of our Galaxy. The bubble is
blown by the winds of multiple SUPER-
NOVAE from the most massive (and hence
shortest-lived) stars in a stellar CLUSTER or
ASSOCIATION. The bubble is usually filled
with CORONAL GAS and is delineated by
swept-up filaments and clouds of denser
gas.

interstellar cloud A MOLECULAR CLOUD

or H I region, as opposed to a cloud of the
same composition more intimately con-
nected with a star (circumstellar cloud).

interstellar dust COSMIC DUST occurring
in the INTERSTELLAR MEDIUM.

interstellar extinction The reduction

interplanetary dust
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in brightness, i.e. the EXTINCTION, of light
(and other radiation) from stars as a result
of absorption and scattering of the radia-
tion by INTERSTELLAR DUST. Although dust
makes up only a small proportion of the in-
terstellar medium, its effect on starlight is
considerable. The amount of extinction,
usually measured in MAGNITUDES, depends
on the direction of observation. It is a max-
imum (about one magnitude per kiloparsec
distance for visible wavelengths) toward
the center of the Galaxy, where the density
and extent of the dust is greatest. The ex-
tinction varies inversely with wavelength.
Red light is thus less affected than blue
light so that starlight appears reddened
when observed through a dust cloud; this
interstellar reddening can also be used to
map the presence of dust in the Galaxy.
Radio and infrared waves with their longer
wavelengths can pass through the interstel-
lar medium with ease compared with opti-
cal wavelengths. The presence of obscuring
matter between the stars was first conclu-
sively demonstrated by Robert Trumpler in
1930.

interstellar medium (ISM) The matter
contained in the region between the stars of
the GALAXY, constituting about 10% of the
galactic mass. It is largely confined to a
thin layer in the galactic plane and tends to
be concentrated in the spiral arms. Several
different constituents have been observed
in the ISM, including clouds of ionized
hydrogen – H II regions – and smaller re-
latively cool (100 kelvin) clouds of neu-
tral hydrogen – H I regions – surrounded 
by more tenuous regions of hot gas
(1000–10 000 K). The presence of some
very much hotter regions has been inferred
from a diffuse background of soft X-ray
emission and by ultraviolet absorption
lines. There are also very cool (10 K) dense
clouds of molecular hydrogen – MOLECU-
LAR CLOUDS – in which a number of other
molecules and RADICALS have been ob-
served.

There are several components of the
ISM. In the three phase model of the ISM
these are referred to as the cold neutral
medium (H I gas at about 70 K and a den-
sity of 30 cm–3 filling 3–4% of the total

volume), the warm neutral medium (H I,
6000 K, 0.3 cm–3, 20% of the volume),
and the hot ionized medium (H II, 106 K,
10–3 cm–3, 70% of the volume). The three
components are in approximate pressure
equilibrium, and gas may cycle back and
forth between the three phases.

In addition to the gas, COSMIC DUST is to
be found throughout the medium. The dust
comprises small solid grains that are be-
tween about 0.01 to 0.1 µm in size. The
grains are thought to be composed of car-
bon, silicates, or iron material, with man-
tles of water and ammonia ice and possibly
solid carbon dioxide, when they occur in
dense molecular clouds. The total mass of
interstellar dust is thought to be about 1%
of the gas mass. The dust causes dimming
and reddening of starlight (see interstellar
extinction) and also INTERSTELLAR POLAR-
IZATION of starlight. The interstellar grains
can undergo a complex life cycle, passing
into and out of molecular clouds: the ISM
is constantly churned up by shock waves
from expanding SUPERNOVA REMNANTS, by
STELLAR WINDS and BIPOLAR OUTFLOWS, and
by other forces. While in a molecular cloud
the grains may be incorporated in a newly
forming star, and may later be ejected back
into the ISM in a stellar wind or supernova
explosion.

The medium is permeated by a flux of
COSMIC RAYS that spiral along the field lines
of the GALACTIC MAGNETIC FIELD of a few
microgauss and cause the SYNCHROTRON

EMISSION that is the galactic radio back-
ground radiation. RADIO MAPS show that
this radiation is largely confined to the
galactic plane but has several spurs, in par-
ticular the north galactic spur, radiating
away from it. The north galactic spur is the
most prominent segment of a huge frag-
mentary ring of gas detected at radio and
X-ray wavelengths. This giant gas shell is
probably a nearby old SUPERNOVA REM-
NANT.

interstellar molecules See molecular-
line radio astronomy.

interstellar polarization The partial
POLARIZATION of starlight caused by dust in
the interstellar medium. Since only non-
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spherical particles with a nonrandom ori-
entation can polarize light, the dust grains
must be elongated and are thought to be
partly aligned in a weak GALACTIC MAG-
NETIC FIELD.

Interstellar polarization may be due to
reflection, absorption or emission. Reflec-
tion polarization is independent of grain
alignment and is perpendicular to the line
of sight from the reflecting dust to the light
source; it is often used to determine the po-
sition of a hidden infrared source illumi-
nating the dust. Emission and absorption
polarization do depend on the grain align-
ment, which can be achieved with a very
weak magnetic field. Since the grains tend
to align perpendicular to the field, observa-
tions of dust polarization at infrared, sub-
millimeter, and millimeter wavelengths can
be used to probe the magnetic-field direc-
tion in increasingly dense regions of the
dust clouds. Observations of absorption
polarization require a bright (unpolarized)
background source (usually a star), and
hence are most commonly performed at IR
wavelengths, and only at a few positions
across the face of the cloud; emission po-
larization can be observed from the entire
extent of the dust cloud.

interstellar reddening See interstellar
extinction.

interstellar scintillation See scattering.

interstellar wind See heliosphere.

intracluster medium /in-tră-klus-ter/
(ICM) The invisible medium that lies be-
tween the galaxies in a cluster. It is mostly
comprised of hot (107–108 K) gas emitting
strongly in X-rays. See clusters of galaxies;
X-ray astronomy.

intrinsic color index /in-trin-sik, -zik/
See color index.

intrinsic variable See variable star.

invariable plane The unvarying refer-
ence plane through the CENTER OF MASS of
the Solar System and perpendicular to the
direction of the ANGULAR MOMENTUM vec-

tor of the Solar System. At present the
ECLIPTIC is inclined by 1°.58 to the invari-
able plane.

inverse Compton emission See Comp-
ton scattering.

Io /ÿ-oh/ The innermost of the four giant
GALILEAN SATELLITES of Jupiter. It keeps one
face permanently toward the planet (see
synchronous rotation) as it orbits at a dis-
tance of 422 000 km, within Jupiter’s MAG-
NETOSPHERE. Io is yellow-brown in color,
has a high ALBEDO (0.61), and has a diame-
ter of 3630 km. The orbital period of Io is
one half that of EUROPA and one-fourth
that of GANYMEDE; the three satellites are
locked into an orbital resonance, the inter-
action of the satellites having caused their
orbital distances to adjust until their peri-
ods were common multiples. Early pho-
tographs from the VOYAGER 1 probe March
1979 showed the surface of Io to lack im-
pact craters. An explanation for this was
found when intense volcanic action was
observed on the satellite: at least nine ac-
tive volcanoes were seen to eject material
over a very wide area; seven were still ac-
tive when Voyager 2 arrived four months
later. Following the six passes of Io made
by the Galileo spacecraft during its 33 or-
bits of Jupiter between 1996 and 2002, sci-
entists now know there are at least 120
active volcanic regions. Few of Io’s volca-
noes resemble the crater-topped mountains
seen on the Earth and Mars. Instead, most
of Io’s volcanic craters lie in relatively flat
regions. Yet half the mountains on Io are
located next to volcanic craters.

Io is the most active volcanic body
known in the Solar System. The activity is
thought to result from heating by tidal
forces exerted by Jupiter. There are several
types of activity: eruptive plumes, a few of
which reach altitudes of hundreds of kilo-
meters; huge calderas (volcanic collapse
craters) with associated lava flows and/or
surface markings; some possible lava lakes.
The first volcano observed by Voyager 1
was an eruptive plume ascending to 280
km and visible above the satellite limb; ma-
terial was deposited in concentric rings up
to about 1400 km across. This volcano has

interstellar reddening
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been named Pele. The plume of Loki was
active on both Voyager passes, rising to
100 km as measured by Voyager 1 and 200
km as measured by Voyager 2. Many of the
plumes, such as that of Prometheus, were
50–120 km high and also apparently long-
lived. Ionized matter – sulfur, oxygen, and
hydrogen – escapes from the tenuous vol-
canic atmosphere of Io and forms a torus
centered on Io and encompassing the
whole of Io’s orbit. The particles in the
torus glow brightly in the ultraviolet. This
matter interacts with Jupiter’s magneto-
sphere: it controls the rate at which Jupiter
radiates energy and probably affects auro-
rae on Jupiter, radio bursts from the
planet, and other phenomena. See also
Galilean satellites; Jupiter; Jupiter’s satel-
lites; Table 2, backmatter.

ion /ÿ-on, -ŏn/ An atom or molecule that
has lost or gained one or more electrons,
thus having a positive or negative charge.

ion engine A device consisting of a
source for producing ions and an electro-
magnetic field for accelerating the ions in a
particular direction. In practice, an ion en-
gine can be used in a low-pressure environ-
ment to produce propulsion by reaction
forces associated with the rapidly moving
ions. It is also necessary to expel oppositely
charged particles to the ions from the en-
gine to ensure charge neutrality. Ion en-
gines have been investigated as possible
power sources for spacecraft.

ionization /ÿ-ŏ-ni-zay-shŏn/ Any of sev-
eral processes by which normally neutral
atoms or molecules are converted into IONS

or by which one ion of an atom or mol-
ecule is changed to another ionic form, as
by losing a second electron. Positive ions
are commonly formed by impact of high-
energy photons or particles with neutral
atoms or molecules. The minimum energy
required to remove an electron from an
atom or molecule is the ionization poten-
tial, I, of that atom or molecule, and for
ionization to occur the energy of the im-
pacting photon or particle must exceed the
ionization potential. It requires a higher
energy (the second ionization potential) to

remove a second more tightly bound elec-
tron, and an even greater energy to remove
a third electron. For equilibrium to exist in
a system, such as an EMISSION NEBULA, ion-
ization processes must be balanced by re-
combination of positive ions and electrons.

Because of the high temperatures in
stars, much of the matter present is in an
ionized state; often more than one electron
has been lost so that the atom or molecule
is doubly or triply ionized, etc. In astron-
omy the neutral state of an element is con-
ventionally denoted by I (H I, for example,
denotes neutral hydrogen) whereas II de-
notes singly charged ions (H II is ionized
hydrogen) and III indicates a doubly
charged ion, and so on. See also plasma;
Saha ionization equation.

ionization front See Strömgren sphere.

ionization potential See ionization.

ionization zone See pulsating variables.

ionosphere /ÿ-on-ŏ-sfeer/ A region in
the atmosphere of a planet, satellite, or
comet that contains a high concentration
of free electrons and ions produced by the
ionizing action of solar X-ray and ultravio-
let radiation on atmospheric constituents.
The Earth’s ionosphere extends from
about 60 km to more than 1000 km in al-
titude. It disturbs the propagation of RADIO

WAVES through it by reflecting or refracting
them and attenuating them. The degree of
ionization varies with time of day, season,
latitude, and state of SOLAR ACTIVITY. The
charged particles are found in four distinct
layers: the D-layer lies below about 90 km,
the E-layer lies between about 90 and 120
km, the F1-layer (a daytime feature) is cen-
tered on about 150 km, and the F2-layer is
centered on about 300 km. Radio waves of
sufficiently low frequency are reflected by
the E- and F-layers. The D-layer, being
lower in the atmosphere where collisions
between molecules and ions are more fre-
quent, is more an absorber than a reflector.
The total DISPERSION MEASURE of the ionos-
phere is about 5 × 1017 m–2 by day and
5 × 1016 m–2 by night.
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The ionosphere is important in radio
communications, allowing long-distance
propagation at frequencies up to about 30
megahertz by successive reflections be-
tween it and the ground. In RADIO ASTRON-
OMY, however, it makes ground-based
observations almost impossible below 10
megahertz, causes PHASE and AMPLITUDE

scintillations (see scattering) on RADIO

SOURCES viewed through it, and alters the
observed POLARIZATION of radio waves by
FARADAY ROTATION. Other bodies, includ-
ing Mars, Venus, and the giant planets, the
moons Titan and Triton, and comets Hal-
ley and Giacobini-Zinner, are now known
to possess ionospheres.

ionospheric scintillation /ÿ-on-ŏ-sfe-rik/
See scattering.

ion tail See comet tails.

iota (ιι) The ninth letter of the Greek al-
phabet, used in STELLAR NOMENCLATURE

usually to designate the ninth-brightest star
in a constellation or sometimes to indicate
a star’s position in a group.

Io torus /tor-ŭs, toh-rŭs/ See Io; Jupiter.

IPC Abbrev. for imaging proportional
counter. See proportional counter.

IPCS Abbrev. for image photon count-
ing system. A highly sensitive electronic
system for detecting and accurately record-
ing single photons of light or ultraviolet ra-
diation; it was developed in 1973 by the
British astronomer Alec Boksenberg. It en-
ables very low intensities to be detected
and recorded, or allows images to be
recorded in a very short time. It is particu-
larly useful for studying spectra. The light
is first intensified by a high-gain multistage
IMAGE TUBE and then recorded by a special
TV camera. The TV signal is fed to and
stored in a computer, where extraneous
noise can be removed. A sharp and accu-
rately recorded two-dimensional image is
thus built up in the computer memory.
This can be displayed on a screen, ana-
lyzed, or manipulated electronically.

IPS Abbrev. for interplanetary scintilla-
tion. See scattering.

IR Abbrev. for infrared.

IRAF /ÿ-raf/ Abbrev. for image reduc-
tion and analysis facility. A software pack-
age used in the reduction and display of
astronomical images from optical and in-
frared telescopes. It is aimed specifically at
the reduction of multislit spectrographic
data obtained using CCD detector systems.
IRAF was developed by NOAO.

IRAM /ÿ-ram/ Abbrev. for Institute de
Radio Astronomie Millimetrique. A
French, German, and Spanish collabora-
tive institute set up in 1979 for MILLIMETER

ASTRONOMY. The main instruments are a
30-meter DISH on Pico Veleta in the Sierra
Nevada (Southern Spain) operating be-
tween 70 and 345 GHz, and a five-element
INTERFEROMETER built on the Plateau de
Bure, south of Grenoble, France. The inter-
ferometer dishes are 15 meters in diameter
and placed on a T-shaped track with arm
lengths of 408 m and 232 m. It operates at
frequencies between 80 and 115 GHz.

IRAS /ÿ-rass/ Abbrev. for Infrared As-
tronomical Satellite. A satellite that has
made an all-sky survey in the infrared
wavelength range 10–100 µm using liquid
helium-cooled optics and detectors. The
project was developed and operated by the
Netherlands Agency for Aerospace Pro-
grams (NIVR), NASA, and the UK Science
and Engineering Research Council (SERC).
The satellite was launched into a 900 km
orbit on Jan. 26 1983 and operated until
Nov. 22 1983 when the helium supply was
exhausted. By the end of the mission 95%
of the sky had been surveyed with confirm-
ing scans, 3% surveyed only once, and the
remaining 2% not surveyed at all.

IRAS consists of a spacecraft that
pointed a liquid helium cryostat containing
a 0.57-meter RITCHEY–CHRÉTIEN telescope
cooled to less than 10 K. An array of
cooled detectors was located in the focal
plane at the Cassegrain focus of the tele-
scope. The 62 PHOTOCONDUCTIVE DETEC-
TORS responded to one of four wavebands

ionospheric scintillation

242



centered on 100, 60, 25, or 12 µm. They
were arranged so that every source cross-
ing the field of view could be seen by at
least two detectors in each of the wave-
bands. The low resolution SPECTROMETER

(LRS) covered the range 8–23 µm with a
spectral resolution, λ/∆λ, of about 20. The
chopped photometric channel (CPC)
mapped infrared sources on a 9 × 9 arcmin
raster at 50 and 100 µm with a spatial res-
olution of about 1 arcmin.

The operation center for the satellite
was at the SERC Rutherford-Appleton
Laboratory, near Oxford, England where a
preliminary analysis of the data was made.
The final reduction of data was done in the
USA and the Netherlands. The IRAS data
has been issued in various catalogs, includ-
ing the IRAS Point Source Catalog (IPSC)
and the IRAS Faint Source Survey (IFSS)
and corresponding catalog (IFSC). The
IRAS Sky Survey Atlas (ISSA) for ecliptic
latitude over 50° was released on
CD–ROM in 1992 the remainder sched-
uled in 1994.

The results obtained so far relate to al-
most every aspect of astronomy. Some of
the highlights are: the discovery of a dust
shell around VEGA, which may be an early
planetary system; the discovery of IN-
FRARED CIRRUS in our Galaxy; the first de-
tection from space using infrared of comets
(IRAS discovered 5 new comets); the de-
tailed mapping of the infrared emission
from the galactic plane; observations on
galaxies showing that most of the galaxies
detected in the 60- and 100-µm wavebands
are spirals; observations on low-luminosity
PROTOSTARS in several MOLECULAR CLOUD

complexes.

IRAS galaxies The class of galaxies re-
vealed by the IRAS satellite to be ultralumi-
nous at far-infrared wavelengths. Most
galaxies detected by IRAS are isolated disk
galaxies whose infrared emission can be
accounted for by normal STAR FORMATION.
IRAS galaxies have a bolometric LUMINOS-
ITY as large as many QUASARS, and optical
images show most of them to be strongly
INTERACTING pairs of spiral galaxies with
exceptionally luminous nuclei. Their spec-
tra indicate the presence of intense star for-

mation, sometimes with the addition of an
active nucleus, and show that the galaxies
are rich in molecular gas. Such galaxies
may well be the dust-shrouded predeces-
sors of quasars that have been triggered
with the intense STARBURST activity by the
MERGER of the two spiral galaxies. The
most extreme examples, with a far–infrared
luminosity in excess of 1012 solar luminosi-
ties, are known as ultraluminous and hy-
perluminous IRAS galaxies.

IRAS–Iraki–Alcock /i-rah-kee awl-kok/
(1983 VII) A comet detected in 1983 by
the infrared satellite IRAS and indepen-
dently by G. Iraki and E. Alcock. It passed
only 4.6 × 106 km (0.03 AU) from Earth
and just before closest approach it bright-
ened to 2nd magnitude and exceded 3°
across. The huge HEAD was highly asym-
metrical, with a fan of material spreading
out sunwards from the off-centered star-
like nucleus (which reached magnitude
12). No normal tail could be seen. Infrared
and radar observations provided informa-
tion on the composition and rotation of the
nucleus.

iron /ÿ-ern/ 1. See nucleosynthesis.
2. Short for iron meteorite.

iron meteorite (iron) One of the main
classifications of METEORITES, containing
nickel-iron alloys with small amounts of
accessory minerals. The composition aver-
ages 90% iron, 10% nickel. The three
main subdivisions are octahedrites, which
have more than 6% nickel, the less com-
mon hexahedrites, with less than 6%
nickel, and the nickel-rich ataxites. See also
Widmanstätten figures.

iron-peak elements See nucleosynthe-
sis.

irregular cluster See regular cluster.

irregular galaxy See galaxies; Hubble
classification.

irregular variables Stars, such as the
majority of red giants, that are PULSATING

VARIABLES showing slow luminosity
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changes either with no periodicity or with
a very slight periodicity. The latter can 
be grouped into slow irregular variables 
of SPECTRAL TYPES F, G, K, M, C, and S 
that are usually giants, and slow irregular
supergiants of spectral types M, C, and 
S.

IRTF Abbrev. for Infrared Telescope
Facility.

Isaac Newton Group See Roque de los
Muchachos Observatory.

Isaac Newton Telescope /ÿ-zăk new-tŏn/
(INT) A 2.5-meter reflecting telescope
operated by the ROYAL GREENWICH OBSER-
VATORY at the ROQUE DE LOS MUCHACHOS

OBSERVATORY on La Palma in the Canaries.
It began operations in 1967 at the former
RGO base in Herstmonceux, East Sussex,
was dismantled in 1979, and, completely
refurbished, resumed observations on La
Palma in 1984. It is now part of the Isaac
Newton Group. Its equatorial mounting
was modified. Its new primary mirror has
an extremely accurately figured parabo-
loidal surface made of ZERODUR. The focal
ratio is 2.9. There is an f/15 Cassegrain
focus and an f/50 coudé focus. The latest
developments in telescope instrumenta-
tion have been incorporated, including CCD

and IPCS detectors. Observing time is
shared between the UK, Spain, and the
Netherlands.

ISAS /ÿ-sass/ Abbrev. for Institute of
Space and Astronautical Science. The
smaller of Japan’s space agencies, responsi-
ble for implementing Japan’s scientific
space program. Its missions included two
probes to HALLEY’S COMET in 1986 and the
X-ray astronomy satellite GINGA. Origi-
nally part of the University of Tokyo, it be-
came a separate institute in 1981 under the
Ministry of Education. Its headquarters are
near Tokyo. See also NASDA.

ISEE /ÿ-see/ Abbrev. for International
Sun-Earth Explorer.

Ishtar Terra /ish-tar/ A large highland
area in the northern hemisphere of VENUS.

Centered on the Venusian coordinates
70.4° N latitude, 332.5° W longitude, it 
is a flattish plateau bounded on three 
sides by mountains, including MAXWELL

MONTES, the highest range on Venus. The
plains around Ishtar Terra feature many
CORONAE. See also Aphrodite Terra; Beta
Regio.

ISM Abbrev. for interstellar medium.

ISO Abbrev. for Infrared Space Obser-
vatory, an orbiting infrared astronomy ob-
servatory launched by the European Space
Agency (ESA) on top of an Ariane-4 rocket
from Kourou, French Guiana, Nov. 1995.
The 2.5-tonne, 5.3-meter-long ISO was the
most sensitive infrared satellite of its time,
using four detectors cryogenically cooled
by liquid helium to capture and study weak
infrared radiation from such sources as
cold gas and dust clouds and regions of star
birth and star death, as well as quasars and
remote galaxies. Lying in the focal plane of
a telescope with a 60-centimeter mirror,
the four detectors were (1) an infrared
camera (ISOCAM) covering the range
2.5–17 µm; (2) a photopolarimeter
(ISOPHOT) functioning between 2.5 and
240 µm; (3) a shortwave spectrometer cov-
ering the 2.4–45 µm band; and (4) a long-
wave spectrometer operating between 45
and 196.8 µm. These instruments revealed
numerous hitherto unknown objects that
were ‘visible’ only in infrared light. The
satellite operated for about 30 months. Its
mission ended in Apr. 1998 when its
coolant finally ran out.

isophote /ÿ-sŏ-foht/ A line on a diagram
joining points of equal FLUX DENSITY or in-
tensity.

isoplanatic angle /ÿ-sŏ-plă-nat-ik/ The
largest FIELD OF VIEW over which a distor-
tion-free image can be formed looking
through the Earth’s atmosphere. At optical
wavelengths it is a few arc seconds.

isotopes /ÿ-sŏ-tohps/ Forms of an ele-
ment in which the nuclei contain the same
number of protons but different numbers
of neutrons. For example, there are three

IRTF
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isotopes of hydrogen: ‘normal’ hydrogen
has a single proton, deuterium has one pro-
ton and one neutron, and tritium, which is
a radioactive isotope, has one proton and
two neutrons.

isotropy /ÿ-sot-rŏ-pee/ The property by
which all directions appear indistinguish-
able to an observer expanding with the
Universe. Isotropy about every point in
space implies HOMOGENEITY but the reverse

is not necessarily true. See cosmological
principle.

ISS 1. Abbrev. for interstellar scintilla-
tion. See scattering.
2. Abbrev. for International Space Station.

Ithaca Chasma /ith-ă-kă/ See Tethys.

IUE Abbrev. for International Ultravio-
let Explorer. 
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Jacobus Kapteyn Telescope /ya-koh-bûs
kahp-tÿn/ (JKT) See Roque de los
Muchachos Observatory.

James Clerk Maxwell Telescope /jaymz
klark maks-wĕl/ (JCMT) A 15-meter di-
ameter radio telescope on MAUNA KEA,
Hawaii, at an altitude of 4100 meters. It
operates in the millimeter and submillime-
ter wavebands, between 2 mm and 350
µm. The primary reflector consists of 276
adjustable panels, which give a surface ac-
curacy of better than 30 µm. It is equipped
with LINE RECEIVERS and continuum RE-
CEIVERS at the CASSEGRAIN and two NAS-
MYTH foci; for maximum sensitivity the
receivers are cryogenically cooled to 4 K
(line) and as low as 0.1 K (continuum). The
telescope has an ALTAZIMUTH MOUNTING

and is housed in a carousel that rotates
with the antenna. The JCMT became oper-
ational in Dec. 1986. It is operated by the
Joint Astronomy Center in Hilo, Hawaii
on behalf of its parent research councils in
the United Kingdom, Canada and the
Netherlands.

James Webb Space Telescope (JWST)
A next-generation space observatory opti-
mized for infrared astronomy that NASA
plans to launch in August 2011 as the suc-
cessor to the HUBBLE SPACE TELESCOPE. It
was named to commemorate a former
NASA administrator, James E. Webb, who
served from 1961 to 1968 during the time
of the APOLLO missions. The observatory
actually began its development as the Next
Generation Space Telescope (NGST) fol-
lowing an initial proposal for such an in-
strument in 1996. The new name was
adopted in 2002.

The chief goal of the JWST is to look
across time and space 90% of the way back

to the BIG BANG in order to explore the era
when stars and galaxies started to form out
of primeval gas and dust clouds. Radiation
from this very remote region is redshifted
so much that many spectral lines are
moved into the infrared. Viewing the heav-
ens in the infrared waveband also allows
astronomers to penetrate dust and gas. For
this reason, the JWST will have detectors
that are highly sensitive to the infrared part
of the spectrum, with some capability in
the visible part. Its observing position will
also be as stable and as isolated from un-
wanted background interference as possi-
ble, orbiting the Lagrangian point L2, well
beyond the Moon’s orbit at a location
about 1.5 million kilometers from the
Earth in the cold darkness of interplane-
tary space. The JWST’s mission is sched-
uled to last between five and ten years.

The total mass of the JWST spacecraft
is expected to be 6.2 tonnes, housing the
telescope with its 6.5-meter 18-segment
beryllium primary mirror (nearly three
times the diameter of that of the Hubble
Space Telescope but only about one-third
as heavy, and foldable so that it can be car-
ried conveniently within the spacecraft be-
fore being deployed). In the focal plane of
the telescope, also known as the Optical
Telescope Element (OTE), there will be an
Integrated Science Instrument Module
(ISIM), consisting of a cryogenic instru-
ment module containing the infrared detec-
tors linked into the telescope and to
computers and software in the relatively
warm part of the spacecraft. The science
instruments within this module will be a
Near-Infrared Camera (NIRCam), a Near-
Infrared Spectrometer (NIRSpec), a Mid-
Infrared Instrument (MIRI), and the
telescope’s Fine Guidance System (FGS).
To help maintain the operating tempera-
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ture of the detectors at less than 50 K, they
will be permanently in the shadow of a sun
shield about the size of a tennis court (22 m
× 10 m), which will be deployed between
them and the Sun to screen out light, heat,
and other solar radiation. The sun shield
will turn as the spacecraft orbits. Like the
primary mirror, the sun shield will be
folded until the JWST is on station. The re-
maining part of the JWST spacecraft
houses attitude and other control mecha-
nisms and supplies electrical power and
communications facilities to the science in-
struments and onboard computers.

247

Jet Propulsion Laboratory

JANSKY
Filter λeff (µm) Sν (jansky)
U 0.365 1910
B 0.44 4260
V 0.55 3830
R 0.70 2770
I 0.90 2240
J 1.25 1720
K 2.20 645
L 3.40 310
M 5.0 183
N 10.2 41.5
Q 21 9.5 

jansky /jan-skee/ Symbol: Jy. The unit of
FLUX DENSITY adopted by the IAU in 1973
and used throughout the spectral range, es-
pecially for radio and far-infrared mea-
surements; it is named after Karl Jansky,
who discovered radio emission from the
Milky Way in 1932. One jansky is equal to
10–26 watts per square meter per hertz. It is
possible to calculate the equivalent flux
density, Sν, in janskys from a value of MAG-
NITUDE at the effective wavelength, λeff, ap-
propriate to a particular optical or infrared
filter (see table). For example, an R magni-
tude of 3.2 corresponds to a flux density at
0.7 µm of 

2770 × 10–0.4 × 3.2 Jy
i.e. 145 Jy. (The table gives the flux level
for 0.0 magnitude.)

Jansky noise Another name for cosmic
noise. See antenna temperature.

Janus /jay-nŭs/ A small satellite of Sat-
urn. The name Janus was originally given
to a satellite of Saturn discovered in 1966
by the French astronomer Audouin Doll-
fus, but its existence was not confirmed.
The name Janus has since been given to one
of the two COORBITAL SATELLITES discov-
ered in 1980 at approximately the orbital
distance given by Dollfus. The other satel-
lite is EPIMETHEUS. Four craters have been
named on Janus: Castor, Idas, Lynceus,
and Phoibe. See Table 2, backmatter.

JCMT Abbrev. for James Clerk Maxwell
Telescope.

JD Abbrev. for Julian date.

Jeans instability An instability in a
cloud of gas in space when fluctuations in
the density of the gas cause clumping of the
matter as a result of its mutual gravita-
tional attraction. In 1902, Sir James JEANS

worked out a criterion, now known as the
Jeans criterion, which determines the con-
ditions for this instability to occur in terms
of the density and temperature of the gas.
This calculation used Newtonian gravity in
a static Universe. Extension of this calcula-
tion to the case of general relativity theory
in an expanding Universe provides the
starting point for understanding STRUC-
TURE FORMATION in the Universe.

Jeans length, Jeans mass /jeenz/ See
gravitational instability.

jet A long thin linear feature of bright
emission extending from a compact object,
such as a galaxy. Jets are very common at
radio wavelengths, but have also been seen
in optical and X-ray emission. They are
sometimes broken up into a number of
bright KNOTS. In extragalactic sources a jet
is usually associated with the presence of
an ACTIVE GALACTIC NUCLEUS. An example
is that found in the giant elliptical galaxy
M87 (see Virgo A). See also radio-source
structure.

Jet Propulsion Laboratory (JPL) An
institution for space research and engineer-
ing at Pasadena, California, run by the Cal-



ifornia Institute of Technology under a
contract from NASA. It is concerned pri-
marily with the development and opera-
tion of crewless interplanetary spacecraft
and control of planetary missions. These
activities are facilitated by the use of the
DEEP SPACE NETWORK, which is also run by
JPL. The laboratory also manages more
local science missions, such as NASA’s
Spitzer Space Telescope and the GALEX
(Galaxy Evolution Explorer) satellite. JPL
was founded in 1944 by a group of scien-
tists that included Theodore von Kálmán, a
Hungarian-born US engineer who worked
on rockets and missiles at Caltech during
World War II. JPL was responsible for Ex-
plorer 1, the first US artificial satellite
launched in 1958, and has since controlled
NASA’s many interplanetary missions, in-
cluding the Mariner and Pioneer series of
probes, Voyagers 1 and 2, and Galileo.

Jewel Box (NGC 4755)   A brilliant OPEN

CLUSTER in the southern constellation Crux
that contains over 100 stars of various col-
ors, the brightest being the 6th-magnitude
blue supergiant Kappa (κ) Crucis. It ap-
pears to be a young cluster of an estimated
age of 10 million years, and is about 2400
parsecs away.

Jicamarca Radio Observatory /hee-
kah-mar-kah/ (JRO) A large 49.92-MHz
incoherent scatter radar antenna, located
east of Lima, Peru. The antenna is a
square-phased array of 18 432 dipoles cov-
ering an area of nearly 85 000 square me-
ters.

JKT Abbrev. for Jacobus Kapteyn Tele-
scope. See Roque de los Muchachos Ob-
servatory.

Jodrell Bank /jod-rĕl/ The site near
Holmes Chapel in Cheshire, about 30 kilo-
meters south of the center of Manchester,
UK, of the Jodrell Bank Observatory, part
of the School of Physics and Astronomy of
the University of Manchester. Originally
founded in 1947 and later known for a
time as Manchester University’s Nuffield
Radio Astronomy Laboratories, the obser-
vatory has played an active role in all

branches of radio astronomy during the
later 20th and early 21st centuries and has
been at the forefront of pioneering research
on such subjects as quasars and pulsars. Jo-
drell Bank’s principal instrument is the
Lovell Telescope (originally called the
Mark I), a 76.2-meter (250-foot) fully
steerable radio dish on an ALTAZIMUTH

MOUNTING. This telescope has been in op-
eration since 1957 and was formally
named in 1987 for Sir Bernard Lovell, the
observatory’s first director (1951–81). It
gained popular fame soon after it was com-
pleted by successfully tracking the world’s
first artificial satellite Sputnik I, It later
went on to track many satellites and space
probes in addition to carrying out its main
radio astronomy programs. Modifications
made to the telescope in 1970–71 included
changes to the supporting structure and the
fitting of a new reflecting membrane hav-
ing an improved shape and longer focal
length (22.9 m). In 2002 further refurbish-
ments were completed, including the fitting
of another new reflecting surface, this one
of galvanized steel panels employing a re-
cently developed holographic technique to
ensure that the panels fit more accurately
to the required parabolic shape. As a result
of these upgrades, the Lovell will perform
well at wavelengths of 6 cm and below.
There is also a smaller elliptical-shaped re-
flector, the Mark II, 38 × 25.4 meters. This
was completed in 1964 and can be used ef-
fectively at wavelengths down to 3 cm.
Both instruments are part of the radio net-
work MERLIN, whose component telescopes
are controlled from Jodrell Bank.

Johnson Space Center (JSC) A NASA
establishment in Houston, Texas, serving
as the command and control center for
every one of NASA’s crewed space mis-
sions and other spaceflight activities in-
volving humans, such as the space shuttle
and the International Space Station. It or-
ganizes the training of astronauts and un-
dertakes projects related to such fields as
space medicine and aviation. Established in
1961 as the Manned Spacecraft Center, it
was renamed in 1973 for President Lyndon
B. Johnson, who had died that year.

Jewel Box
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joule /jool/ Symbol: J. The SI unit of en-
ergy, equal to the work done when the
point of application of a force of one new-
ton is moved one meter in the direction of
the force.

Jovian planets /joh-vee-ăn/ A term de-
rived from the Latin name for Jupiter and
applied collectively to the giant planets
Jupiter, Saturn, Uranus, and Neptune.

Jovian satellites See Jupiter’s satellites.

JPL Abbrev. for Jet Propulsion Labora-
tory.

JSC Abbrev. for Johnson Space Center.

Julian calendar /joo-lee-ăn/ The calen-
dar that was established in 46 BC in the
Roman Empire by Julius Caesar, with Sosi-
genes of Alexandria as his chief advisor. It
reached its final form in about 8 AD under
Augustus and was in general use in the
West up to 1582, when the GREGORIAN

CALENDAR was instituted. Each year con-
tained 12 months and there was an average
of 365.25 days per year: three years of 365
days were followed by a leap year of 366
days. (Leap years were not correctly in-
serted until 8 AD). Since the average length
of the year was about 11 minutes 15 sec-
onds longer than the 365.2422 days of the
TROPICAL YEAR, a discrepancy arose be-
tween the calendar year and the seasons,
with an extra day ‘appearing’ about every
128 years.

Julian century See Julian year.

Julian date (JD) The number of days
that have elapsed since noon GMT on Jan.
1 4713 BC – the Julian day number – plus
the decimal fraction of the day that has
elapsed since the preceding noon. The con-
secutive numbering of days makes the sys-
tem independent of the length of month or
year and the JD is thus used to calculate the
frequency of occurrence or the periodicity
of phenomena over long periods. The sys-
tem was devised in 1582 by the French
scholar Joseph Scaliger. A specific Julian
date can be determined from astronomical

tables of Julian day numbers: thus since
March 1 1980, noon GMT, is tabulated as
day number 244 4300 then March 17
1980, 6 p.m. GMT, is JD 244 4316.25 (see
table). The modified Julian date (MJD) is
found by subtracting 240 0000.5 from the
Julian date.

Julian year A period of 365.25 days
(each containing 864 000 seconds, i.e. 24
hours). A Julian century is 100 Julian
years. The Julian year has been used since
1984 for defining standard EPOCHS, replac-
ing the BESSELIAN YEAR.

Juliet /joo-lee-ĕt/ A small satellite of
Uranus, discovered in 1986. See Uranus’
satellites; Table 2, backmatter.

June Lyrids /lÿ-ridz/ A minor METEOR

SHOWER, radiant: RA 278°, dec +35°, max-
imizing on June 16.

Juno /joo-noh/ ((3) Juno) The third AS-
TEROID to be discovered, found in 1804 by
Karl Ludwig Harding. With a diameter of
about 267 km it is the smallest of the first
four asteroids to be found and numbered.
It is a main belt asteroid, ranking as the
seventh-largest of all the asteroids we
know. It has a spectrum similar to that of
the STONY-IRON METEORITES and is an S-
type asteroid. Juno is unusually reflective,
attaining a magnitude at opposition of 7.5.
See Table 3, backmatter.

Juno mission An 8-day space mission in
May 1991 that took the first UK astronaut,
Helen Sharman, to the Soviet space station
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JULIAN DATE
Julian day at noon, UT, on March 1st

Year Julian day Year Julian day

1800 2378556 1940 2429690
1820 2385861 1950 2433342
1840 2393166 1960 2436995
1860 2400471 1970 2440647
1880 2407776 1980 2444300
1900 2415080 1990 2447952
1920 2422385 2000 2451605 



MIR. Conceived as a British commercially-
funded science project, it was eventually
paid for by the USSR, so that Sharman
worked on Soviet experiments with just
three experiments for British schools.

Jupiter /joo-pă-ter/ The largest planet in
the Solar System, orbiting the Sun at a
mean distance of 5.2 AU once every 11.86
years. It has an equatorial diameter of
142 994 km (11 times that of the Earth)
and a polar diameter of 133 708 km. This
OBLATENESS results from a rotation period
of less than 10 hours, shorter than that of
any other planet. Jupiter has a mass more
than twice that of all the other planets
combined but its average density, only 1.3
times that of water, suggests that it con-
tains a high proportion of the lightest ele-
ments, hydrogen and helium. Orbital and
physical characteristics are given in Table
1, backmatter.

OPPOSITIONS recur at 13 month inter-
vals; the planet then has, on average, an ap-
parent diameter of 47 arc seconds and
shines at about magnitude –2.5, brighter
than every other night-time object apart
from the Moon, Venus, and (rarely) Mars.
Jupiter has 63 known satellites, including
the four GALILEAN SATELLITES visible with a
minimum of optical aid, and also a ring
system (see Jupiter’s rings). Telescopes
show the disk to be crossed by bands of
light and dark clouds, called zones and
belts respectively, running parallel to the
equator. Irregular spots and streaks are
seen, their motion across the disk indicat-
ing planetary rotation periods varying be-
tween about 9 hours 51 minutes in
equatorial regions and 9 hours 56 minutes
at high latitudes. Except for the GREAT RED

SPOT and the white ovals, most of the
markings are temporary, lasting for days
or months.

Models for Jupiter’s atmospheric and
internal structure have been refined follow-
ing the flybys of the spaceprobes PIO-
NEER 10 and 11 in 1973 and 1974, the
VOYAGER PROBES in 1979, and ULYSSES in
1992, and the detailed investigation of the
Jovian system made by the Galileo space-
craft between 1996 and 2003; earlier spec-
troscopic work had, however, detected the

presence of hydrogen, ammonia, and
methane, and also water vapor, ethane,
acetylene, phosphine, germanium tetrahy-
dride, and carbon monoxide. It appears
that the white or yellowish zones are areas
of higher clouds supported by upward con-
vection of warm gases; the reddish-brown
belts have descending gas flows and lower
clouds. With a rapidly rotating planet the
weather systems are primarily zonal, and it
is this that produces the banded colorful
cloud systems superimposed with spots of
a variety of different shades of colors; the
spots are anticyclonically rotating systems.
Huge convective storms are found in the
equatorial region of Jupiter, and cyclonic
storms, called barges, are seen in the north-
ern latitudes. Eddies may give rise to the
spots. At latitudes greater than about 45°,
the belt/zone system gives way to a mottled
surface appearance corresponding to as-
cending and descending convection cells
(gas columns). The higher cloud zones ap-
pear to comprise ammonia crystals while
the lower cloud belts may contain sulfur
compounds, hydrogen and ammonium hy-
drosulfide, or complex organic com-
pounds, possibly formed in photochemical
reactions energized by ultraviolet radiation
and by lightning discharges in the atmos-
phere. The highest cloud features, such as
the Great Red Spot, may be colored red by
traces of phosphorus brought up by con-
vection from the lower atmosphere.

Jupiter radiates, as heat, about twice as
much energy as it receives from the Sun, in-
dicating that there is an internal reservoir
of thermal energy left over from its cre-
ation 4.6 thousand million years ago. This
internal energy source aids in driving
Jupiter’s weather system. In addition to the
rapid rotation of Jupiter, the outflow of en-
ergy from the planet and a GREENHOUSE EF-
FECT ensure that there is little variation in
temperature between the equator and
poles, or between the day and night hemi-
spheres. Atmospheric temperatures in-
crease from 400 K at the cloud tops to
about 300 K at the base of a lower cloud
layer of water droplets and ice-crystals be-
lieved to lie about 70 km below the ammo-
nia clouds. Over this same range the
pressure rises from 0.5 to 4.5 (Earth) at-

Jupiter
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mospheres. All Jupiter’s weather occurs in
this upper skin of its 1000-km deep
gaseous atmosphere. At first sight the Jov-
ian weather system appears quite different
from that of the Earth. The analyses of the
Voyager data have shown, however, that
Jupiter (and also Saturn) and the Earth
drive their meteorological systems in the
same way, with energy being transported
from the small-scale features into the main
flow. The depth of the motions are un-
known. However, they appear more stable
than the specific cloud elements whose life-
times vary from months to years to
decades.

The atmosphere of Jupiter consists pri-
marily of hydrogen and helium in the ratio
89.8 to 10.2 (by mass). The hydrogen be-
comes liquid at a depth of 1000 km; this
marks the interface between atmosphere
and planetary interior. At a depth of about
25 000 to 30 000 km, under an estimated
two to three megabars of pressure, the hy-
drogen becomes metallic: the molecules
dissociate into protons and a sea of unat-
tached electrons. Temperatures may in-
crease from 2000 K at 1000 km to some
20 000 K at the planet’s center where there
may be a rocky core 10 to 20 times more
massive than the Earth. The bulk of
Jupiter’s interior is thus composed of liquid
hydrogen, most of which is in metallic
form.

A magnetic field, probably arising from
a dynamo action within Jupiter’s conduc-
tive metallic hydrogen, has a total strength
about 19 000 times that of the Earth’s
magnetic field. Jupiter’s field is tilted by
11° relative to its rotation axis and is re-
versed in polarity relative to that of the
Earth. It supports a MAGNETOSPHERE, about
15 million km across, in which the eight
inner satellites orbit. The magnetosphere
contains radiation belts possibly 10 000
times more intense than the Earth’s VAN

ALLEN RADIATION BELTS.
Jupiter emits radio waves by three

mechanisms: high-frequency thermal radio
noise comes from the atmosphere along
with infrared radiation; high-frequency
nonthermal SYNCHROTRON EMISSION is gen-
erated by electrons in Jupiter’s magnetic
field; intense bursts of decametric radio

waves are believed to arise from electrical
discharges along Jovian magnetic field
lines when IO, with its conductive iono-
sphere, moves across them. A small frac-
tion of the sulfur and sulfur dioxide
erupting from volcanoes on Io manages to
escape Io’s gravity and becomes part of
Jupiter’s magnetosphere. High tempera-
tures ionize the material giving rise to the
Io torus, a huge doughnut-shaped ring of
plasma. The Io torus lies in the plane of
Jupiter’s magnetic equator, inclined by 11°
to the plane of Io’s orbit.

Jupiter-crosser A very rare class of AS-
TEROID whose orbit crosses that of Jupiter.
The gravitational influence of Jupiter
makes this type of orbit very short-lived.
They include (944) HIDALGO and about 500
of the TROJANS.

Jupiter Icy Moons Orbiter A pro-
posed NASA probe set to orbit Jupiter’s
large moons GANYMEDE, CALLISTO, and EU-
ROPA. The earlier probe GALILEO found evi-
dence suggesting that these satellites may
harbor vast oceans beneath their icy sur-
faces. The Jupiter Icy Moons Orbiter is not
planned for launch until 2015 or later. It
may be the first nuclear-powered space-
craft.

Jupiter’s comet family A COMET FAM-
ILY whose distribution of aphelion dis-
tances (the comets’ farthest points from the
Sun) correlates with the mean distance of
the planet Jupiter. Its members have aphe-
lion distances of 4–8 AU. Jupiter is capable
of substantially changing the orbits of
comets that happen to pass close by.
Brooks 2 passed within two Jovian radii of
Jupiter’s surface in July 1886. Its period
and aphelion distance were changed from
31 years and 14 AU to 7 years and 5.4 AU.
The formation of the family is caused by
such gravitational perturbations. Jupiter is
also capable of throwing comets out of its
family into long-period orbits (using a
process similar to the one used to deflect
spacecraft out of the Solar System). Over
90% of the Jovian family move in direct
orbits. Comets with periods less than 10
years have a mean inclination to the eclip-
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tic of 12°. After a comet has been captured
by Jupiter it will take another 200 to 400
orbits (depending on perihelion distance)
before it decays completely. No comet can
remain in the Jupiter family for more than
about 4000 years so the family is being re-
plenished continually.

Jupiter’s rings A system of planetary
rings composed of small rocky particles
discovered around Jupiter in 1979 as the
spacecraft Voyager 1 moved inside the
orbit of the satellite Amalthea. There are
three named rings: the vertically extended
Halo Ring, the brighter Main Ring, and the
tenuous Gossamer Ring (see table). Data
from the GALILEO probe showed that the
Gossamer ring is actually two rings, one
embedded within the other, composed of
debris from Almathea and Thebe. The
satellite Metis is embedded in the Main
Ring, while Adrastea orbits close to its
gradual outer boundary.

Jupiter’s satellites (Jovian satellites) A
system of diverse satellites orbiting Jupiter
at distances between 128 000 km and 24
million km and ranging in size from the
planet-like GALILEAN SATELLITES to tiny
worlds of rock and ice measuring barely 1
kilometer across. At the end of 2004, 63
Jovian satellites were known, most of
which were discovered after 2000 through
analysis of photographs taken either by
spacecraft such as the VOYAGER PROBES or
GALILEO mission or by high-quality
groundbased instruments using large-for-
mat CCDs. Their physical and orbital
properties are given in Table 2, backmat-
ter.

The satellites can be divided into three
main groups. The largest is an outer group
of at least 48 small bodies moving in

loosely bound retrograde orbits (see direct
motion) that are highly eccentric and are
inclined to Jupiter’s equatorial plane by an
angle of about 150°–160°; most of them
orbit the planet in periods of about 700
days and at mean distances of roughly 21
to 24 million km. Chief among them are
Ananke, Carme, Pasiphae, and Sinope. The
most remote one of this group so far
known, designated S/2003 J2, in fact orbits
Jupiter in more than 900 days at a mean
distance of more than 28 million km.. An
intermediate group of five small satellites
(Leda, Himalia, Lysithea, Elara, and
S/2000 J11) move in approximately 250-
day direct orbits at mean orbital distances
between 11 and 12 million km; the orbits
are generally less eccentric than those of
the outer group and are inclined at an angle
of about 28° to Jupiter’s equatorial plane.
Two other satellites follow direct orbits
that do not fit neatly into either the outer
or intermediate groups. These are
Themisto, which orbits Jupiter in 130 days
at a mean distance of about 7 million km
and with an inclination of 43°, and
S/2003 J20, which completes an orbit
every 456 days at a mean distance of 
17 million km and an inclination of 51°.
The inner group is comprised of the four
large GALILEAN SATELLITES – IO, EUROPA,
GANYMEDE, and CALLISTO – together with
AMALTHEA and the three satellites Thebe,
Adrastea, and Metis; these all move in
near-circular direct orbits that lie close to
the plane of Jupiter’s equator.

The members of the outer and interme-
diate groups are probably captured ASTER-
OIDS, although the capturing process that
would place objects into one group rather
than the other has not been defined. Possi-
bly some of them were former members of
the TROJAN GROUP of asteroids. All eight

Jupiter’s rings
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Name Mean distance from planet center  Radial width Thickness Optical
(103 km) (planetary radii) (km) depth

Halo 100–123 1.40–1.72 22800 20000 6×10–6

Main 123–129 1.72–1.81 6400 < 30 10–6

Gossamer 129–214 1.81–3 85000 ? 10–7



inner satellites are believed to have formed
out of the dust particles that surrounded
the disk of gas and dust from which Jupiter
formed. These inner satellites all lie within
Jupiter’s MAGNETOSPHERE and are effective
in sweeping up the charged particles found
there, becoming intensely radioactive in
the process.

Metis, Jupiter’s innermost satellite, was
unknown before Voyager 2 photographed

it in 1979. So too were Thebe and
Adrastea. The irregularly shaped Amalthea
had been discovered in 1892, but few de-
tails of it were known before the visit of the
Voyager probes. The Galilean satellites,
however, have been studied throughout the
telescopic era but came under much more
intensive scrutiny from Pioneer 10 and 11,
as well as the Voyager and Galileo mis-
sions. 
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Kamiokande /kah-mee-oh-kahn-day/   See
neutrino astronomy.

KAO Abbrev. for Kuiper Airborne Ob-
servatory.

kappa (κκ) The tenth letter of the Greek
alphabet, used in STELLAR NOMENCLATURE

usually to designate the tenth-brightest star
in a constellation or sometimes to indicate
a star’s position in a group.

Kapteyn’s star /kap-tÿnz/ A dim red
SUBDWARF in the constellation Pictor that is
a HIGH-VELOCITY STAR with a radial velocity
of 242 km/s. It is one of the nearest stars to
the Sun and is the nearest subdwarf. It has
the second highest known proper motion,
moving southeastward at a rate of 8.7 sec-
onds of arc per year. Only BARNARD’S STAR

exceeds this. Kapteyn’s star was discovered
in 1897 by the Dutch astronomer Jacobus
Cornelius Kapteyn (1851–1922) through
the analysis of photographic plates. mv:
8.8; Mv: 10.8; spectral type: sdM0; dis-
tance: 3.91 pc.

Karl Schwarzschild Observatory An
observatory founded 1960 at Tautenburg
in Thuringia, Germany, at an altitude of
330 meters. The chief instrument is a re-
flector with a 2.0-meter spherical mirror
that can be used with a 1.34-m correcting
plate as a SCHMIDT TELESCOPE. A second
correcting plate is ground so as to pro-
duce spectra of celestial bodies, i.e. it acts
as an OBJECTIVE PRISM. The mirror can 
also be used at the Cassegrain and coudé
foci.

Kaus Australis /kowss aws-tray-liss/ See
Sagittarius.

K-corona The inner part of the solar
CORONA, responsible for the greater part of
its intensity out to a distance of about two
solar radii. It consists of rapidly moving
free electrons, and exhibits a linearly po-
larized CONTINUOUS SPECTRUM owing to
Thomson scattering, by the electrons, of
light from the PHOTOSPHERE. The FRAUN-
HOFER LINES are not present in the spec-
trum: they have been sufficiently
broadened by the large DOPPLER SHIFTS re-
sulting from the rapid random motion of
the electrons as to overlap and be indis-
cernible. The K-corona attains a tempera-
ture of around 2 000 000 kelvin at a height
of about 75 000 km. It may exhibit consid-
erable structure, with streamers (regions of
higher than average density) overlying AC-
TIVE REGIONS and quiescent PROMINENCES,
and CORONAL HOLES (regions of exception-
ally low density) overlying areas character-
ized by relatively weak divergent (and
therefore primarily unipolar) magnetic
fields.

k-correction See rest frame.

Keck Telescopes /kek/ Two 10-meter
diameter Ritchey–Chrétien telescopes
housed at the W.M. Keck Observatory on
MAUNA KEA in Hawaii. Built and operated
by the California Association for Research
in Astronomy (CARA), an organization
whose Board of Directors includes repre-
sentatives from the California Institute of
Technology and the University of Califor-
nia, they are the world’s largest reflecting
telescopes, operating at optical and in-
frared wavelengths. The establishment of
both the telescopes and the observatory
was made possible by grants from the
W.M. Keck Foundation. The first tele-
scope, Keck I, was completed in 1992 and
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became operational in May 1993. Keck II
was constructed 85 meters away, making it
possible for the pair to be used as an opti-
cal INTERFEROMETER; it began working as a
science instrument in October 1996.

Both telescopes have a segmented PRI-
MARY MIRROR (f/1.75) composed of 36
hexagonal segments, each 1.8 meters
across and made of ZERODUR. In each case,
the assembly is controlled with ACTIVE OP-
TICS. Interchangeable secondary mirrors
allow optical or infrared observations at ei-
ther a Cassegrain or two Nasmyth foci.
The telescopes are also equipped with sev-
eral spectrographs and spectrometers for
operation in the visible (0.3–1 µm), near-
infrared (1–5 µm), and mid-infrared (5–27
µm) wavebands.

In 1996, NASA joined CARA in run-
ning the W.M. Keck Observatory and
made the observatory a cornerstone of its
Origins program.

Keeler Gap /kee-ler/ (Keeler Division)
See Saturn’s rings.

Kellner eyepiece /kel-ner/ See eyepiece.

kelvin /kel-vin/ Symbol: K. The SI unit
of temperature, equal to 1/273.16 of the
THERMODYNAMIC TEMPERATURE of the
triple point of water. A temperature in
kelvin may be converted to one in degrees
Celsius (°C) by the subtraction of 273.15.

Kelvin–Helmholtz contraction /helm-
holts/ See Kelvin–Helmholtz timescale.

Kelvin–Helmholtz instability A hy-
drodynamic instability where waves are set
up at a surface boundary between two
flows.

Kelvin–Helmholtz timescale The time
taken for a mass of gas to collapse under its
own gravitation. It is given by 

τKH = GM2/RL
where G is the gravitational constant and
M, R, and L are the mass, radius, and lu-
minosity of the object. It is thought to de-
scribe the evolutionary timescale of a
pre-main-sequence star. Such a collapse –
known as the Kelvin–Helmholtz contrac-

tion – was proposed in the late 19th cen-
tury as the source of the Sun’s energy out-
put. This theory was abandoned when the
contraction timescale of only 107 years was
shown to be too short. The energy source
was subsequently shown to originate in nu-
clear-fusion reactions.

Kennedy Space Center /ken-ĕ-dee/ (KSC)
A NASA establishment at Cape Canaveral,
Florida, from which many of the agency’s
satellites are launched. It is also the chief
launch site for crewed spaceflights and is
used for space shuttle payload integration
and launching. Alan B. Shepard Jr., the
United States’ first astronaut, made his his-
toric suborbital flight from this site in
1961, and it was also the starting point for
Apollo 11’s journey to the Moon in 1969.
The site, on Merritt Island, comprises
launchpads, runways, and space vehicle as-
sembly areas.

Cape Canaveral began to be used as a
missile-testing base by the US Air Force
during the 1950s. In 1958, the newly cre-
ated NASA came to Cape Canaveral and
soon began building its Launch Operations
Center, a spaceport and space-vehicle as-
sembly facility, there. In 1963, following
the assassination of President John F.
Kennedy, the missile base and spaceport
were integrated into the Kennedy Space
Center. The surrounding area of Cape
Canaveral was renamed Cape Kennedy in
his memory. Changing the name of the
whole cape proved unpopular with the
local community, however, and it reverted
to its previous name in 1973.

Kepler /kep-ler/ 1. See table at craters.
2. A space telescope planned for launch by
NASA in 2007 for the purpose of searching
for Earth-sized extrasolar planets. The Ke-
pler mission, to be managed by NASA’s Jet
Propulsion Laboratory, will seek to locate
planets indirectly by watching for transits.
The transit of a planet across the face of its
parent star is only detectable if the planet is
in direct line with the star and its orbit ap-
pears edge-on to the observer’s line of
sight. A transit should cause a minute de-
crease in the star’s brightness, and Kepler
will be designed to detect such dimming
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using a 1-meter telescope-photometer
equipped with highly sensitive CCD tech-
nology. Using a relatively wide field of
view, Kepler will measure the brightness of
several thousand stars and check for
brightness variations. Three transits, all
with a consistent period, duration and
change in brightness, provide strong con-
firmation of a planet’s existence. From this
information and the nature of the star con-
cerned, Kepler’s science team hopes to be
able to measure the planet’s orbit and work
out whether it is in the habitable zone, the
region of space around the star at the right
distance for water to exist on the planet’s
surface. This will help determine whether
or not the planet is like the Earth and can
perhaps support life. Statistically it is esti-
mated that the transit method is likely to
detect only 0.5% of the number of planets
there could possibly be in the Milky Way
Galaxy.

Keplerian telescope /kep-leer-ee-ăn/   The
first major improvement of the GALILEAN

TELESCOPE, developed by the German as-
tronomer and mathematician Johannes Ke-
pler, in which a positive (convex) lens was
used as the eyepiece in place of the negative
(concave) lens that Galileo used (see illus-
tration). This gave a larger though inverted
field of view and much higher magnifica-
tions.

Kepler’s laws /kep-lerz/ The three fun-
damental laws of planetary motion that
were formulated by Johannes Kepler and
were based on the detailed observations of
the planets made by Tycho Brahe, with
whom Kepler had worked. The laws state
that

1. The orbit of each planet is an ellipse with
the Sun at one focus of the ellipse.
2. Each planet revolves around the Sun so
that the line connecting planet and Sun (the
radius vector) sweeps out equal areas in
equal times (see illustration). Thus a plan-
et’s velocity decreases as it moves farther
from the Sun.
3. The squares of the sidereal periods of
any two planets are proportional to the
cubes of their mean distances from the Sun.
If the period, P, is measured in years and
the mean distance, a, in ASTRONOMICAL

UNITS, then P2 ≅ a3 for any planet.
The first two laws were published in

1609 in Astronomia Nova and the third
law in 1619 in Harmonices Mundi. The
third law, sometimes called the harmonic
law, allowed the relative distances of the
planets from the Sun to be calculated from
measurements of the planetary orbital peri-
ods. Kepler’s laws gave a correct descrip-
tion of planetary motion. The physical
nature of the motion was not explained
until Newton proposed his laws of motion
and gravitation. From these laws can be
obtained Newton’s form of Kepler’s third
law:

P2 = 4π2a3/G(m1 + m2)
where G is the gravitational constant, m1
and m2 are the masses of the Sun and a
planet, a is the semimajor axis of the
planet, and P is its sidereal period; all
quantities are in SI units. If P, a, and m are
expressed in years, astronomical units, and
solar masses, then

P2 = a3/(m1 + m2)

Kepler’s star A SUPERNOVA that was ob-
served in Oct. 1604 in the constellation
Ophiuchus and could be seen with the

Keplerian telescope
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naked eye for over a year. It was studied by
astronomers in Europe, China, and Korea
and its position was so accurately deter-
mined by Kepler and Fabricius that a small
patch of nebulosity above the galactic
plane could be identified as the remnant of
the original 1604 supernova (Walter
Baade, 1943). The light curve plotted from
the original observations shows that the
magnitude increased to a maximum of
over –2.5, dropping to +4 in about 300
days, and that it was a type Ia supernova.

Kerr black hole, Kerr-Newman black
hole /ker new-măn/ See black hole.

Keyhole nebula See Eta Carinae neb-
ula.

Kharkov radio telescope /kar-koff/   See
UTR-2.

kilo- Symbol: k. A prefix to a unit, indi-
cating a multiple of 1000 or 103 of that
unit. For example, one kiloparsec (symbol:
kpc) equals 1000 parsecs.

kilogram /kil-ŏ-gram/ Symbol: kg. The
SI unit of mass. It is defined as the mass of
a prototype platinum-iridium cylinder kept
at the International Bureau of Weights and
Measures at Sèvres, France. See also solar
mass.

kinetic energy /ki-net-ik/ Energy pos-
sessed by a body by virtue of its motion,

equal to the work that the body could do in
coming to rest. In classical mechanics a
body with mass m and velocity v has ki-
netic energy ½mv2. A body with moment
of inertia I rotating with angular velocity ω
has kinetic energy ½Iω2.

King law A model due to I. King de-
scribing the radial brightness profile of a
spheroidal system, such as an elliptical
galaxy or a cluster of galaxies. While not
such a good fit to many galaxies as the em-
pirical DE VAUCOULEURS’ LAW, it is closely
derived from dynamical models of self-
gravitating systems.

Kirkwood gaps /kerk-wûd/ Gaps in the
distribution of orbits within the main AS-
TEROID BELT, corresponding to the absence
of orbits with periods that are simple frac-
tions (1/4, 1/3, 2/5, 1/2, etc.) of the orbital
period of Jupiter (see illustration overleaf).
Asteroids with such orbital periods would
be perturbed into orbits of high eccentric-
ity by the regularly recurring gravitational
pull of Jupiter. These asteroids would then
cross the orbits of Mars and Earth, with a
high chance of colliding with these planets.
The US astronomer Daniel Kirkwood first
explained these gaps in 1857.

Kitt Peak National Observatory /kit
peek/ (KPNO) An observatory near Tuc-
son, Arizona, USA, at an altitude of 2100
meters. Founded in 1958, it is now one of
the NATIONAL OPTICAL ASTRONOMY OBSER-

257

Kitt Peak National Observatory

Sun at
focus

equal areas

elliptical planetary orbit

•

Kepler’s second law



VATORY (NOAO). The site has a very large
assembly of telescopes. The 4-meter May-
all Telescope began operating in 1973. It
has a fused-quartz mirror, focal ratio
(f/2.7), RITCHEY–CHRÉTIEN OPTICS, and
Cassegrain (f/8) and infrared (f/16) foci.
There are also a 2.1-meter reflector, opera-
tional since 1964, the 3.5-meter WIYN TELE-
SCOPE (operated on behalf of the
universities of Wisconsin, Indiana and
Yale, and the NOAO), and a SCHMIDT

TELESCOPE. Facilities of the NATIONAL SOLAR

OBSERVATORY at Kitt Peak include the Mc-
Math–Pierce Solar Telescope Facility, with
its 1.6-meter main telescope and its two
0.9-meter auxiliaries, and the Vacuum
Solar Telescope (0.7 m, f/60) and the Raz-
dow Small Solar Patrol Telescope (see
solar telescope). There is also the pioneer-
ing instrument for MILLIMETER ASTRON-
OMY, first used in 1967 and operated by
the NATIONAL RADIO ASTRONOMY OBSERVA-
TORY; since 1983 it has had a 12-m aper-
ture and a more accurate reflecting surface.

Kleinmann-Low nebula /klÿn-măn/ (KL
nebula) A diffuse source of infrared radi-
ation within the ORION MOLECULAR CLOUD

(OMC-1). At far-infrared wavelengths
(100 µm) it is the brightest member of the
infrared cluster in the OMC-1 complex,
with a luminosity about 105 times that of
the Sun. The temperature of the dust
within the nebula is found to be about
70 K.

K line See H and K lines.

knot A bright compact feature particu-
larly in radio and X-ray JETS and in SUPER-
NOVA REMNANTS.

Kochab /koh-kahb/ See Ursa Minor.

Kohoutek /kŏ-hoo-tek/ (1973 XII) A
comet discovered in March 1973 by Lubos
Kohoutek when he was looking for Biela’s
comet. At discovery comet Kohoutek was
4.6 AU away from the Sun and early pre-
dictions indicated that near perihelion, at
its brightest, Kohoutek would reach a mag-
nitude of about –12, comparable with the
full Moon. This would make it visible in
daylight. Comets however are among the
most unpredictable astronomical objects
and Kohoutek only just attained naked-eye
visibility. It was extensively investigated
from Skylab, astronaut Gibson being im-
pressed by its overall orange color and its
sunward spike.

Koronis family /kŏ-roh-nis/ A HI-
RAYAMA FAMILY of asteroids located at 2.9
AU from the Sun. The members are S-TYPE

ASTEROIDS with very similar color, spectra,
and albedos. The precursor body was at
least 90 km across. Many of the Koronis
family ‘remember’ the original spin of the
precursor, indicating that they have not
collided enough since their formation to
have had their spins randomized.

Kourou /koo-roo/ A coastal town in
north central French Guiana, near which
lies the launch site for ESA’s ARIANE

launcher. Originally owned by the Euro-
pean Launcher Development Organization
(ELDO) and known as its Equatorial Space
Range, the site passed to ESA upon its for-
mation in the mid-1970s .

kpc Symbol for kiloparsec, i.e. 103 par-
secs.

Kleinmann-Low nebula
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KPNO Abbrev. for Kitt Peak National
Observatory.

Kraus-type radio telescope /krowss/ A
RADIO TELESCOPE consisting of a long thin
flat reflector that can be tilted about its
long horizontal axis and that reflects radi-
ation from the sky onto a large fixed
curved reflector that forms part of a parab-
oloid. The radiation is collected at the
focus of the paraboloid by the feed (see
dish). The telescope thus achieves a large
collecting area that can be steered in one
direction.

KREEP See Moon rocks.

Kreutz group /kroits/ A collection of
SUNGRAZING COMETS that all have very sim-
ilar orbital elements and were most proba-
bly formed by the breakup of a single large
comet. The group was first recognized in
1888 by Heinrich Kreutz. Many members
were detected by coronagraphs on space-
craft in the period 1979–89.

KSC Abbrev. for Kennedy Space Center.

K stars Stars of SPECTRAL TYPE K, orange
in color and with a surface temperature
(Teff) of about 3500 to 4900 kelvin. The
spectral lines of calcium (Ca II and Ca I)
are strong and neutral metal lines are very

prominent; molecular bands strengthen.
Arcturus and Aldebaran are K stars.

Kuiper Airborne Observatory /kÿ-per/
(KAO) An infrared and submillimeter
observatory operated by NASA between
1975 and 1996, operationally based at the
AMES Airforce base, California, and
flown on a Lockheed C141 ‘Starlifter’. The
plane normally flew at over 36 000 ft
(nearly 11 000 meters), above most of the
atmosphere’s IR-absorbing water vapor. A
0.9-meter diameter NASMYTH Cassegrain
telescope, mounted on an air bearing to re-
duce vibration, looked out of the aircraft
through an uncovered aperture; a pressure
bulkhead separating it from the operators.
Observations, usually at wavelengths
longer than 30 µm, were made with cryo-
genically cooled photometers, spectrome-
ters, and interferometers. The observatory
was named after the Dutch-born US as-
tronomer Gerard P. Kuiper. See also
SOFIA.

Kuiper belt A disk of some 107 to 109

COMETS that hugs the plane of the plane-
tary system and lies between about 35 and
1000 AU from the Sun. CHIRON may have
come from this disk.

Kvant /kvahnt/ See Mir. 
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labyrinthus /lab-ă-rin-thŭs/   (plural: laby-
rinthi) A system of intersecting narrow de-
pressions. The word is used in the
approved name of such a surface feature on
a planet or satellite.

Lacerta /lă-ser-tă/ (Lizard) A small in-
conspicuous constellation in the northern
hemisphere near Cygnus, lying partly in
the Milky Way, the brightest stars being of
4th magnitude. It contains the prototype of
the quasarlike BL LAC OBJECTS. Abbrev.:
Lac; genitive form: Lacertae; approx. posi-
tion: RA 22.5h, dec +45°; area: 201 sq deg.

lacus /lah-kŭs/ A small relatively smooth
dark isolated area. The word is used in the
approved name of such a surface feature on
the Moon and, now unofficially, on Mars.
(Latin: lake)

Lagoon nebula (M8; NGC 6523) An
EMISSION NEBULA in the form of an H II re-
gion that lies about 1 kiloparsec away in
the direction of Sagittarius. It contains the
open cluster NGC 6530. Its total apparent
magnitude (5.8) makes it easily visible with
binoculars.

Lagrangian points /lă-grayn-jee-ăn/   Five
locations in space where a small body can
maintain a stable orbit despite the gravita-
tional influence of two much more massive
bodies, orbiting about a common center of
mass. They are named after the French
mathematician J.L. Lagrange who first
suggested their existence in 1772. A La-
grangian point 60° ahead of Jupiter in its
orbit around the Sun, and another 60° be-
hind Jupiter, are the average locations of
members of the TROJAN GROUP of asteroids;
these points are denoted L4 and L5. The

three other Lagrangian points in the Sun–
Jupiter gravitational field do not permit
stable asteroid orbits owing to the perturb-
ing influence of the other planets. In any
system these three points lie on the line
joining the centers of mass of the two mas-
sive bodies and are denoted L1 (the inner
Lagrangian point) and L2 and L3 (the outer
Lagrangian points); small bodies here
would be in unstable equilibrium (see
equipotential surfaces).

lambda (λλ) 1. The 11th letter of the
Greek alphabet, used in STELLAR NOMEN-
CLATURE usually to designate the 11th-
brightest star in a constellation or
sometimes to indicate a star’s position in a
group.
2. Symbol for wavelength or longitude.

Langrenus /lang-gree-nŭs/ See table at
craters.

La Palma Observatory /lah-pahl-mah,
lă-pah-mă/ See Roque de los Muchachos
Observatory.

Laplace’s nebular hypothesis /lah-plahs/
See nebular hypothesis.

Large Binocular Telescope (LDT) See
Steward Observatory.

Large Magellanic Cloud /maj-ĕ-lan-ik/
(LMC; Nubecula Major) See Magellanic
Clouds.

large-scale structure The structure of
matter on the largest scales (greater than
100 megaparsecs), revealed by the results
from large-scale REDSHIFT SURVEYS of galax-
ies. This structure consists of very long fil-
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aments of matter surrounding huge voids
or bubbles that are empty of matter. The
largest SUPERCLUSTERS are elongated, and
scattered CLUSTERS OF GALAXIES often link
the ends of these superclusters into fila-
ments. The filaments surround empty
voids, the first of which was discovered in
Boötes in 1981 and is about 100 Mpc
across. Most of the matter in the Universe
lies in the filaments, which occupy only 1%
or 2% of the volume of space. The largest
coherent structure so far detected in red-
shift surveys is the Great Wall at a distance
of about 95 Mpc. This structure forms a
thin sheet less than 10 Mpc thick but spans
an area 80 by 225 Mpc.

Larissa /lă-riss-ă/ A small satellite of
Neptune, discovered in 1989. See Table 2,
backmatter.

Las Campanas Observatory /lahs
kahm-pah-nahs/ An observatory near La
Serena, Chile, sited on Cerro Las Cam-
panas, at an altitude of 2300 meters; the
SEEING at this site is exceptional. The Ob-
servatory is owned by the Carnegie Institu-
tion of Washington. The principal
instruments are the 2.5-meter Irenee du
Pont Telescope, which went into operation
in 1977, and the 1-meter Swope Telescope,
which was named for Henrietta Swope and
became operational in 1971. Two light-
weight 6.5-meter telescopes – the Magellan
Telescopes – came into operation at the
start of the 21st century. Magellan I, also
called the Walter Baade Telescope, saw
first light in 2000; Magellan II, otherwise
known as the Landon Clay Telescope,
began working as a science instrument in
2002.

Las Campanas redshift survey See
redshift survey.

La Silla Observatory /lah-see-yah/ See
European Southern Observatory.

last quarter (third quarter) See phases,
lunar.

late-type galaxies A general term now
used for spiral galaxies.

late-type stars Relatively cool stars of
SPECTRAL TYPES K, M, C (carbon), and S.
They were originally thought, wrongly, to
be at a much later stage of stellar evolution
than EARLY-TYPE STARS.

latitude 1. Short for celestial latitude.
See ecliptic coordinate system.
2. Short for galactic latitude.

See galactic coordinate system.

launch vehicle Any system by which
the necessary energy is given to a satellite,
spaceprobe, etc., in order to insert it into
the desired orbit or trajectory. Expendable
multistage launchers were used originally,
and are still being used and developed:
ESA’s ARIANE and NASA’s Titan and Delta
families are examples. The reusable SPACE

SHUTTLE was developed by NASA so that
recovery of the vehicle is possible.

Rocket propulsion is a form of jet
propulsion: all the propellant is carried in
the vehicle at take-off and the hot combus-
tion gases, resulting from the mixture of
fuel with reactant, are ejected at high speed
through a nozzle to produce the necessary
force – termed thrust – to lift the vehicle off
the ground. Modern launchers generally
consist of two, three, or four stages; the
final stage carries the spacecraft into the
desired orbit, the satellite separating from
the stage when orbital velocity is reached.
There are design variations in the type of
propellant used, which may be either solid
or liquid, the means of carrying the propel-
lant, and the process by which the tanks,
etc., are discarded.

launch window An interval of time
during which a planetary probe, etc., must
be launched in order to attain a desired po-
sition at a desired time.

LBI Abbrev. for long baseline interfer-
ometry. A technique of radio interferome-
try in which the antennas of an
interferometer are connected by links such
as microwave transponders rather than ca-
bles (see radio telescope). In this way the
correlations can be done in real-time and
the local oscillators at the antennas can
maintain a constant PHASE relation. MERLIN
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is a long baseline interferometer. Compare
VLBI.

LBT Abbrev. for Large Binocular Tele-
scope.

LBV Abbrev. for luminous blue vari-
able.

LDEF Abbrev. for Long Duration Expo-
sure Facility.

leading edge See preceding.

leading spot Another name for preced-
ing (p-) spot. See sunspots.

leap month See lunar year.

leap second See universal time.

leap year A year that contains one more
day than the usual CALENDAR YEAR so that
the average length of the year is brought
closer to the TROPICAL YEAR of 365.2422
days or to the LUNAR YEAR. In the Julian
calendar a leap year of 366 days occurred
once every four years when the year was
divisible by four. In the GREGORIAN CAL-
ENDAR this rule was modified so that cen-
tury years are leap years only when they
are divisible by 400. The additional day is

now added at the end of February (Feb.
29).

Leda /lee-dă/ A small satellite of Jupiter,
discovered in 1974 by Charles T. Cowall.
See Jupiter’s satellites; Table 2, backmat-
ter.

Lemaître model /lĕ-me-trĕ/ See cosmo-
logical models.

lens A specially shaped piece of trans-
parent material, such as glass, quartz, or
plastic, bounded by two surfaces of a regu-
lar (usually spherical) but not necessarily
identical curvature. A ray of light passing
through a lens is bent as a result of RE-
FRACTION. Spherical lenses may be either
converging or diverging in their action on a
light beam, depending on their shape (see
illustration). See also aberration; coating of
lenses; eyepiece; focal length; objective.

lensing See gravitational lens.

lenticular galaxy /len-tik-yŭ-ler/ See
galaxies.

Leo /lee-oh/ (Lion) A large conspicuous
zodiac constellation in the northern hemi-
sphere near Ursa Major. The brightest
stars are the 1st-magnitude REGULUS (α)

LBT
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and Algieba (γ), three of 2nd magnitude in-
cluding DENEBOLA (β), and several of 3rd
magnitude. Regulus lies at the base of the
Sickle of Leo, the other stars in the Sickle
being (in order) Eta (η), Gamma (γ), Zeta
(ζ), Mu (µ), and Epsilon (…psilon;) Leonis.
The area also contains the Mira star
R Leonis, the dwarf nova X Leonis, and
the spiral galaxies M65 (NGC 3623), M66
(NGC 3627), M95 (NGC 3351), and M96
(NGC 3368). Abbrev.: Leo; genitive form:
Leonis; approx. position: RA 10.5h, dec
+15°; area: 947 sq deg.

LEO Abbrev. for low Earth orbit.

Leo Minor (Little Lion) A small incon-
spicuous constellation in the northern
hemisphere near Leo, the brightest stars
being of 4th magnitude. Abbrev.: LMi;
genitive form: Leonis Minoris; approx. po-
sition: RA 10h, dec +35°; area: 232 sq deg.

Leonids /lee-ŏ-nidz/ (November swarm)
A periodic METEOR SHOWER that tends to be
insignificant most years (ZHR about 10)
but at 33-year intervals produces a spec-
tacular meteor storm. The shower, radiant:
RA 152°, dec +22°, maximizes on the two
days around Nov. 17 each year. The asso-
ciated METEOROID STREAM is the dust debris
from comet Tempel-Tuttle (1866 I) and
storms occur when the Earth intersects the
stream near the parent comet. This comet
has an orbital period of 33 years. The last
storm occurred in 1999. Spectacular
storms occurred in 1799, 1833, 1866 and
also in 1996; 1899 and 1933 were years of
only mediocre displays.

Leo systems Two dwarf elliptical galax-
ies that are members of the LOCAL GROUP.

leptons /lep-tonz/ A class of pointlike
ELEMENTARY PARTICLES that do not partici-
pate in strong interactions (see fundamen-
tal forces); it includes the ELECTRON, MUON,
the massive tau lepton, the NEUTRINOS, and
their associated ANTIPARTICLES. Leptons
show no evidence of any internal structure.
See also Big Bang theory.

Lepus /lee-pŭs/ (Hare) A constellation in

the southern hemisphere just south of
Orion. The brightest star is the very lumi-
nous remote Arneb (α), which is of 2nd
magnitude. R Leporis, an intensely red
variable star with a period of 430 days dur-
ing which it ranges in magnitude between
11.7 and about 5.5, is known as Hind’s
crimson star. The constellation also con-
tains the globular cluster M79
(NGC 1904), a beautiful sight in a 200-
millimeter telescope. Abbrev.: Lep; genitive
form: Leporis; approx. position: RA 5.5h,
dec –20°; area: 290 sq deg.

LEST Abbrev. for large Earth-based
solar telescope. See Roque de los Mucha-
chos Observatory.

Lexell’s comet /leks-ĕlz/ A comet that
was discovered by Messier in June 1770
but was named after the St. Petersburg
mathematician who calculated its orbit.
Prior to 1767 Lexell’s comet had a period
of 11.4 years; a close approach to Jupiter in
1770 changed this to 5.6 years and the next
close approach to Jupiter in 1779 changed
this period to a calculated 174 years. This
last approach perturbed the comet so that
it has a perihelion distance of 5.4 AU and
it has never been seen again, always being
too far away from Earth.

L* galaxy See luminosity function.

LHA Abbrev. for local hour angle.

Libra, first point of See first point of
Aries.

Libra /lee-bră/ (Balance) A fairly incon-
spicuous zodiac constellation in the south-
ern hemisphere near Scorpius, the brightest
star, Beta (β) Librae, being of 2nd magni-
tude and apparently green in color. Delta
(δ) Librae is an ALGOL VARIABLE (magnitude
4.9 to 5.9) with a period of about 55 hours.
Abbrev.: Lib; genitive form: Librae; ap-
prox. position: RA 15h, dec –15°; area:
538 sq deg.

libration /lÿ-bray-shŏn/ The means by
which 59% of the Moon’s surface is made
visible, over a 30-year period, to the terres-
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trial observer despite the lunar day being of
the same length as the SIDEREAL MONTH (see
synchronous rotation). PHYSICAL LIBRATION

is a real irregularity in the Moon’s rotation,
arising from minor distortions in shape.
Geometrical librations, including DIURNAL

LIBRATIONS, are apparent oscillations due
to the Moon being observed from slightly
different directions at different times. A
geometrical libration in longitude of 6°9′
(mean value) results from the inconstancy
of the Moon’s orbital velocity, which fol-
lows from the ECCENTRICITY of the Moon’s
orbit and KEPLER’S SECOND LAW. This libra-
tion reveals part of the eastern or western
farside limbs at different times during one
month. In addition the 5°9′ inclination of
the Moon’s orbital plane to the ecliptic,
plus the 1°32′ tilt of the Moon’s equator to
its orbital plane, produces a monthly geo-
metrical libration in latitude of 6°41′. This
makes the Moon’s north and south polar
regions more readily observable during one
month.

Lick Observatory An observatory on
Mount Hamilton, California, at an altitude
of 1280 meters. Endowed by James Lick, a
19th-century US financier and philan-
thropist, it was given to the University of
California on the completion in 1888 of its
(then) powerful 91-cm refracting telescope.
The chief instrument today is the 3-meter
Shane Telescope, with a Pyrex mirror hav-
ing a comparatively large focal ratio of f/5.
It was named for the US astronomer C.
Donald Shane and became fully opera-
tional in 1959. There are also several
smaller telescopes.

life in the Universe See exobiology;
SETI.

light ELECTROMAGNETIC RADIATION to
which the human eye is sensitive; light is
thus also called visible or optical radiation.
The wavelength range varies from person
to person but usually lies within the limits
of 380 to 750 nanometers (daytime). Light
therefore forms a very narrow band of the
electromagnetic spectrum between the in-
frared and ultraviolet bands. As the wave-
length decreases, the color of the light

changes through the spectral hues of red,
orange, yellow, green, blue, indigo, and vi-
olet. These colors, which may be seen in a
rainbow or produced by a prism, form the
visible spectrum. In daylight, the eye is
most sensitive to greenish-yellow light of
wavelength about 550 nm; the dark-
adapted eye has peak sensitivity around
510 nm, the range extending to about 620
nm. Optical astronomy covers wavelengths
from about 300 to 900 nm, i.e. slightly
wider than the human range. The Earth’s
atmosphere is transparent to light so that
astronomy at optical wavelengths has not
experienced the problems with detection
and observation that have bedeviled stud-
ies at other wavelengths. Atmospheric tur-
bulence does, however, adversely affect
ground-based optical astronomy, as do
clouds and precipitation. See atmospheric
windows. See also light pollution.

light cone The representation of a light
flash in SPACETIME. In three-dimensional
space the wavefront of a light flash would
be a sphere centered on the emitting point
and growing in radius at the speed of light.
In spacetime (with one spatial coordinate
suppressed) the vertex of a cone represents
the time and place at which a flash is emit-
ted and the cone itself describes the history
of the propagating flash. More generally a
light cone defines the regions of the Uni-
verse accessible from a given point in space
and moment in time, i.e. from a given posi-
tion in spacetime. This position is called an
event and is the vertex of the light cone.

light curve A graph of the brightness of
a VARIABLE STAR or other variable object
plotted against time, the brightness usually
being expressed in terms of apparent or ab-
solute MAGNITUDE. Different types of vari-
able star can be distinguished by the shape
of the curve; the period of the variable is
one complete oscillation in brightness. The
light curve of an eclipsing binary has two
minima: a shallower one (the secondary
minimum) and a deeper one (the primary
minimum), which occurs when the brighter
star is eclipsed. The minimum has a flat
base if the eclipse is total or annular.

Lick Observatory

264



lightest superpartner (LSP) The light-
est particle predicted to exist by SUPERSYM-
METRY. The LSP must be a stable particle
since there is no lighter supersymmetric
particle it can decay to. The PHOTINO is a
promising candidate to be the LSP. It is not
possible to predict the mass of the LSP
since the way in which supersymmetry is
broken is not known. The LSP may con-
tribute to the DARK MATTER in the Universe.

light-gathering power (light grasp) A
measure of the ability of an optical tele-
scope to collect light and thus discern
fainter objects. It is proportional to the
area of the telescope APERTURE, i.e. to the
square of the diameter of the primary mir-
ror or objective.

light mantle An avalanche of lunar
HIGHLAND material, possibly triggered by
the formation of SECONDARY CRATERS from
TYCHO, that covers part of the TAURUS-LIT-
TROW region and was sampled by the crew
of Apollo 17.

light pollution One of the factors set-
ting a limit on the faintness of stars that
may be seen, photographed, or observed or
recorded by telescope. Light pollution is an
excessive amount of background light
mostly arising from human activities and
includes street and domestic lighting, light-
ing of public buildings, factories, and of-
fices, and lighting of entertainment and
sports facilities used at night. Not all light
pollution is of human origin, however. On
a moonless night there are still three nat-
ural sources, of roughly equal contribu-
tion; these are AIRGLOW and other
atmospheric effects, the ZODIACAL LIGHT

arising from the scattering of sunlight by
Solar-System dust, and the background
light of our Galaxy. See also seeing.

light-time The time taken for light,
radio waves, or other electromagnetic radi-
ation to travel at the SPEED OF LIGHT

(3 × 105 km s–1) between two points. The
light-time along the mean distance between
Sun and Earth is 499 seconds. More pre-
cisely, the light-time for UNIT DISTANCE is a
constant, τA, equal to 499.00478 seconds.

Since the light-time between celestial bod-
ies and Earth varies as the Earth revolves in
its orbit, a correction – the equation of
light – must be made to calculations in-
volving measurements of time. Light-time
produces a delay between transmission and
reception of command signals and data be-
tween Earth and a spacecraft.

light-year (l.y.) A unit of distance equal
to the distance traveled through space in
one year by light, radio waves, or any other
form of electromagnetic radiation. Since all
electromagnetic radiation travels in a vac-
uum at the SPEED OF LIGHT, one light-year
equals about 9.4605 × 1012 km. Distances
expressed in light-years give the time that
radiation would take to cross that distance.
One light-year equals 0.3066 parsecs,
63 240 astronomical units, or a parallax of
3.259 arc seconds.

Analogous but smaller units of dis-
tance, such as the light-month, light-week,
light-day, and light-second are also used,
often to indicate the size of an object (such
as the core of an ACTIVE GALAXY) whose
output is varying: the timescale of the vari-
ations imposes an upper limit on the size,
the conditions being unlikely to change
more quickly than the time it takes for light
to travel across the region.

limb /lim/ The apparent edge of the Sun,
Moon, or a planet, or any other celestial
body with a detectable disk.

limb brightening The increase in inten-
sity at X-ray and radio wavelengths from
the center to the limb of the Sun’s disk. It
arises at radio wavelengths for the same
reason as the LIMB DARKENING at visible
wavelengths but has the opposite effect,
because the radiation is emitted from the
high-temperature upper CHROMOSPHERE/
inner CORONA rather than from the PHOTO-
SPHERE. At X-ray wavelengths, where the
material is less opaque, intensity is deter-
mined by path length rather than radiation
temperature.

limb darkening The decrease in inten-
sity at visible wavelengths from the center
to the limb of the Sun’s disk. Light from the
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central portion of the disk is radiated radi-
ally toward us, whereas light from closer to
the limb has to pass obliquely through a
greater thickness of the solar atmosphere.
For a given limit of penetration we can
therefore see deeper into the PHOTOSPHERE

at the center of the disk than at the limb,
where our line of sight passes through
cooler gases. The limb consequently ap-
pears less bright.

Limb darkening has been detected in
other stars, principally by the use of three-
color PHOTOMETRY of the LIGHT CURVES of
ECLIPSING BINARIES (the effect being more
pronounced in blue light than in red) and
by SPECKLE INTERFEROMETRY.

A similar effect is observed in planets
with deep atmospheres, notably Jupiter
and Saturn, and arises from the scattering
of sunlight by atmospheric particles.

limiting magnitude The faintest appar-
ent MAGNITUDE that may be observed
through a telescope and/or recorded on a
photographic plate or other device. It de-
pends on the telescope aperture, on the
sensitivity of the recording device, on at-
mospheric conditions, etc. Star catalogs
usually list stars down to a specific limiting
magnitude.

linea /lin-ee-ă/ (plural: lineae) A dark or
bright elongated marking, straight or
curved, on the surface of a planet or satel-
lite. The word is used in the approved
name of such a feature.

linear momentum See momentum.

linear polarization See polarization.

line broadening The production of
broadened spectral lines by various effects.
The natural width of a spectral line is de-
termined by quantum mechanical uncer-
tainty. Other factors can, however,
produce extra line width, including rapid
ROTATION of a celestial body, DOPPLER

broadening, PRESSURE BROADENING, and the
ZEEMAN EFFECT. Considerations of the LINE

PROFILE can give information about the
physical conditions of celestial objects.

line of apsides See apsides.

line of cusps The plane passing through
the CUSPS of a crescent Moon or planet. See
also equator of illumination.

line of inversion See sunspots.

line of nodes See nodes.

line-of-sight velocity See radial veloc-
ity.

line profile The plot of radiation inten-
sity against wavelength or frequency for a
spectral line. See also line broadening.

line receiver A radio-astronomy RE-
CEIVER that is either tuned to receive signals
in only one narrow band of frequencies,
the center frequency being adjustable, or
that has a broad BANDWIDTH divided into
many narrow channels of fixed frequency,
the outputs of the channels being kept sep-
arate from one another. Line receivers are
used in MOLECULAR-LINE RADIO ASTRONOMY

where the radio emissions are of narrow
bandwidth. They are also used to study the
distribution and relative velocity of neutral
hydrogen (H I) in our own and in nearby
SPIRAL GALAXIES (see H I region).

LINER galaxies Abbrev. for low-ion-
ization nuclear emission-line region galax-
ies. A common class of otherwise normal
galaxies which show low-ionization line
emission around the nucleus, but not at the
strength or scale observed in most ACTIVE

GALAXIES.

line spectrum A SPECTRUM consisting of
discrete lines (spectral lines) resulting from
radiation emitted or absorbed at definite
wavelengths. Line spectra are produced by
atoms or ionized atoms when transitions
occur between their ENERGY LEVELS as a re-
sult of emission or absorption of photons.
The FRAUNHOFER LINES of the Sun are an
example of an absorption line spectrum.

LISA Abbrev. for Laser Interferometer
Space Antenna. A ‘cornerstone’ mission of
ESA’s HORIZON 2000 program aimed at de-

limiting magnitude
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tecting and observing gravitational waves
from massive black holes and binary stars
in our Galaxy. The mission will seek to op-
erate at frequencies between 0.1 and
0.0001 Hz, a range in which no useful
groundbased measurements can be made.
The LISA mission will consist of six identi-
cal spacecraft deployed in space in the con-
figuration of an equilateral triangle having
each side 5 million km long. Each space-
craft will carry a miniature laser emitting a
continuous infrared beam at a wavelength
of 1.064 µm. Each of the LISA craft will
transmit the beam to its corresponding re-
mote counterpart in the configuration via a
38-cm-aperture Cassegrain telescope and
will in turn receive the much weaker return
beam via the same telescope. Each tele-
scope will focus the return beam it receives
onto a sensitive photodetector where it will
be superimposed with a small part of the
original local light. The resulting interfer-
ence signal from each arm of the triangle
will be combined under computer control
to screen out local phase noise. A polished
platinum-gold cube (known as a test mass)
inside a vacuum enclosure carried by each
vehicle will serve as an optical reference
(mirror) for the light beams. Any gravita-
tional wave passing through the system
should cause a fluctuation in the separa-
tion of the test masses and a concomitant
fluctuation in the optical pathway between
the test masses, and this should be de-
tectable by the interferometry. Such a fluc-
tuation will be extremely small but should
be measurable. The mission is currently
planned for launch in 2017.

lithium star /lith-ee-ŭm/ A type of CAR-
BON STAR with very strong lithium lines,
suggesting that the lithium was freshly pro-
duced in the hydrogen-burning shell of the
carbon star.

lithosphere /lÿ-th’o-sfeer/ See Earth.

LMC Abbrev. for Large Magellanic
Cloud. See Magellanic Clouds.

LMC X-3 A highly variable X-ray
source in the Large Magellanic Cloud
(LMC). Optical spectroscopy confirmed

this to be an X-RAY BINARY system with an
orbital period of 1.7 days and a high MASS

FUNCTION. Along with A0620-00 and
CYGNUS X-1, LMC X-3 is one of the best
candidate sources for a galactic BLACK

HOLE.

LMXB Abbrev. for low-mass X-ray bi-
nary. See X-ray binary.

lobate ridge /loh-bayt/ A ramp-shaped
feature occurring in the lunar MARIA. Lo-
bate ridges are the surviving remnants of
the margins of thick lava flows. Compare
wrinkle ridges.

lobate scarp See Mercury.

lobe 1. See antenna.
2. See radio-source structure.

Local Group The CLUSTER OF GALAXIES

of which our GALAXY is a member. It is a
comparatively small cluster with around
40 known members and some other possi-
ble members, most of which are dwarf el-
lipticals or irregular galaxies (see table
overleaf). The most massive members are
the Galaxy and the ANDROMEDA GALAXY

(M31). The other major members are the
TRIANGULUM SPIRAL (M33) and the Large
MAGELLANIC CLOUD. The group is irregular
in shape with two notable subclusters: one
around our Galaxy and the Magellanic
Clouds, the other around M31 and M33. 

local hour angle (LHA) The HOUR

ANGLE of a celestial body as measured at a
particular locality. It is the local apparent
sidereal time minus the apparent right as-
cension (see local sidereal time).

local oscillator See receiver.

local sidereal time (LST) The SIDEREAL

TIME at a particular location. A celestial ob-
ject crosses the local meridian when the
LST is equal to the object’s RIGHT ASCEN-
SION. The local mean sideral time (LMST)
is equal to the GREENWICH MEAN SIDERAL

TIME plus four minutes for each degree of
longitude that the location is east of Green-
wich, four minutes being subtracted for
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each degree west. The local apparent
sideral time (LAST) is obtained by adding
the equation of the equinoxes (see sidereal
time) to the LMST.

local standard of rest (LSR) The frame
of reference, centered on the Sun, in which
the space velocities (see radial velocity) of
all the stars average to zero. This LSR is
called the kinematic LSR. The PECULIAR

MOTIONS of these stars with respect to the
LSR would also average to zero if the Sun
were at rest. The Sun however is moving,
relative to the LSR, at about 20 km s–1 to-
ward the solar APEX. The stars reflect this
solar motion in addition to their peculiar
motions in their PROPER MOTIONS. A differ-
ent LSR is sometimes useful. It is the refer-
ence frame, centered on the Sun, that
moves in a circular orbit around the galac-
tic center so that all neighboring stars (i.e.
those in circular orbits) are essentially at
rest. This is called the dynamic LSR. The
rotation velocity of the dynamic LSR is
about 250 km s–1 (but see galactic rota-

tion). These two definitions of the LSR do
not exactly agree; the kinematic LSR lags
behind the dynamic LSR.

Local Supercluster A huge flattened
cloud of GALAXIES and CLUSTERS OF GALAX-
IES that is centered on or near the VIRGO

CLUSTER and contains the LOCAL GROUP (in-
cluding our Galaxy) as an outlying mem-
ber. Its radius is believed to be about 30
megaparsecs. Although its reality was for
long in doubt, the discovery of other SU-
PERCLUSTERS has convinced most as-
tronomers that the Local Supercluster is a
true physical system. The Local Group is
moving toward Virgo at a velocity of
250–300 km s–1 in what is known as the
virgocentric flow.

Local System See Gould Belt.

local thermodynamic equilibrium
(LTE) See thermodynamic equilibrium.

log N–log S diagram See source count.

local standard of rest
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LOCAL GROUP
(some nearer members)

Galaxy Position (2000) Type Approx. Integrated
RA (h, m) dec (°) distance magnitude

(kpc)
Galaxy Sb/Sc 
LMC 05 23.6 –69.7 Irr 50 0.1
SMC 00 52.7 –72.8 Irr 60 2.3
M31 (Andromeda) 00 42.7 +41.3 Sb 690 3.4
M33 (Triangulum) 01 33.9 +30.6 Sc 900 5.7
NGC 205 00 40.4 +41.7 E6 690 8.0
M32 (NGC 221) 00 42.7 +40.9 E2 690 8.2
NGC 185 00 39.0 +48.3 dE0 690 9.2
NGC 147 00 33.2 +48.5 dE4 690 9.3
IC 1613 01 04.8 +2.1 Irr 740 9.3
NGC 6822 19 44.9 –14.8 Irr 520 9
Fornax system 02 39.9 –34.5 dE3 140 8
Sculptor system 00 59.9 –33.7 dE3 80 10
Leo I system 10 08.4 +12.3 dE3 230 10
Leo II system 11 13.5 +22.2 dE0 230 11.5
Draco system 17 20.2 +57.9 dE3 80 11
UMi system 15 08.8 +67.2 dE6 70 12
Carina system 06 41.6 –59.0 dE 90 



Loki /loh-kee/ See Io.

Long Baseline Array See Australia
Telescope.

long baseline interferometry See LBI.

Long Duration Exposure Facility
(LDEF) A NASA satellite that was de-
ployed from an orbiting space shuttle in
Apr. 1984 and remained in orbit until re-
trieved by the shuttle in Jan. 1990, long
after its scheduled retrieval after nine
months. Its 57 experiments measured the
effects of prolonged exposure of biological
and electronic systems to the environment
of space, or were studies requiring long ex-
posures. For example, they recorded the
quantity of artificial debris striking the
satellite, the frequency of meteoroid im-
pacts, levels of ultraviolet radiation, and
concentrations of highly corrosive atomic
oxygen; the whole spacecraft structure was
examined in great detail, providing infor-
mation that was to influence the design of
future spacecraft. There were also major
studies on cosmic rays.

long-focus photographic astrometry
A branch of photographic ASTROMETRY in
which (usually) refracting telescopes of
long focal lengths of eight meters or more
and focal ratios of f/15 to f/20 are used to
produce sharp photographs of both the
star under consideration plus three or more
distant reference stars. Accuracies of about
0.01 arc seconds can be reached, distances
being determined from ANNUAL PARALLAX.
The technique is now also employed in the
determination of orbital motion and
masses of binary stars and of SECULAR PAR-
ALLAX.

longitude 1. Short for celestial longi-
tude. See ecliptic coordinate system.
2. Short for galactic longitude. See galactic
coordinate system.

longitude of perihelion See orbital el-
ements.

longitude of the ascending node See
orbital elements.

Long March (Changzheng; Cz) A fam-
ily of liquid-fuelled rockets used as the
main launch vehicles in China’s space pro-
gram. One of its members, the Long March
2F, carried the first Chinese astronaut into
space in October 2003. The series of Long
March rockets was the outcome of a grad-
ual process that began with China’s early
attempts to build missiles in the mid-
1950s, initially with help from the Soviet
Union. Although hampered by political up-
heavals during the 1960s, Chinese rocket
scientists had by 1970 completed the coun-
try’s first intermediate-range and intercon-
tinental ballistic missiles. One of these, the
medium-range DF-3, became the basis of
the Long March 1, which carried China’s
first artificial satellite, Mao 1, into orbit
Apr 24 1970. The long-range ICBM DF-5
provided the template for the later Long
March 2 (introduced 1975), 3 (1983), and
4 (1988).

Between 1970 and 2003, the Long
March series carried out more than 70
launches. But a number of failures, some
involving fatalities, attracted unfavorable
criticism outside China. A human space-
flight project was abandoned, and in the
1980s China turned to developing less am-
bitious crewless spacecraft. Eventually, the
Long March proved itself reliable enough
for China to enter the international satel-
lite-launching market. Using newly devel-
oped cryogenic engines and taking a
modular approach to the design, the Chi-
nese produced a family of Long March
rockets. Between 1985 and 2000, Long
March vehicles lifted 27 foreign satellites
into space. The workhorse of the family,
the Long March 4, is a three-stage rocket
that can develop more than 272 000 kg of
thrust and carry a payload of up to 5000
kg into low-Earth orbit, 3600 kg to
medium orbit, and 2270 kg to geosynchro-
nous orbit.

In April 1992, the Chinese government
reinitiated its human spaceflight program
using the Long March 2F, a two-stage
rocket equipped with four liquid-fueled
strap-on boosters. Between that year and
2003, this vehicle launched four crewless
prototypes of a piloted spacecraft, the
Shenzhou (‘divine vessel’). The fifth,
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launched Oct. 15, 2003 from Jiuquan in the
northern Gobi Desert of western China,
one of the country’s four isolated launch
sites, carried Yang Liwei, China’s first as-
tronaut, on a 21-hour, 14-orbit space-
flight. The exploit made China only the
third nation in the world to be capable of
independently sending its citizens into
space.

long-period variables A group of vari-
able stars that are principally MIRA STARS

but sometimes the red SEMIREGULAR STARS,
type SRa, are included in the group. The
longest periods (up to 5 years) are found in
the OH/IR STARS, normally observable only
at infrared wavelengths.

look-back time The time elapsed since
a certain redshift.

loop prominence See prominences.

Lorentz–FitzGerald contraction /lŏ-
rents fits-je-răld/ The tiny contraction of
a moving body in the direction of motion,
put forward by H.A. Lorentz (1895) and
independently by G.F. FitzGerald (1893)
as an explanation for the result of the
Michelson–Morley experiment (see ether).
The contraction was later shown to be an
effect of the special theory of RELATIVITY

(1905).

Lorentz transformation A set of equa-
tions used in the special theory of RELATIV-
ITY to transform the coordinates of an
event (x, y, z, t) measured in one inertial
frame of reference to the coordinates of the
same event (x′, y′, z′, t′) measured in an-
other frame moving relative to the first at
constant velocity v: 

x = (x′ + vt′)/β
y = y′
z = z′

t = (t′ + x′v/c2)/β
β is the factor √(1 – v2/c2) and c is the speed
of light. When v is very much less than c,
these equations reduce to those used in
classical mechanics.

Lovell Telescope /luv-ĕl/ See Jodrell
Bank.

low Earth orbit (LEO) An orbit around
the Earth of a satellite, etc., at an altitude
of less than 5500 km.

Lowell Observatory /loh-wĕl/ A pri-
vately owned observatory at Flagstaff, Ari-
zona, at an altitude of 2210 meters, set up
by the US astronomer Percival Lowell in
1895. For many years it was the site of the
huge Clark Telescope, a 24-inch (60.96-
cm) refractor that was the largest of its gen-
eration. The US astronomer Clyde W.
Tombaugh discovered the planet Pluto in
1930 while working at the Lowell Obser-
vatory. Currently the observatory’s re-
searchers work at Anderson Mesa, south
of Flagstaff. But the Lowell Observatory is
planned to be home to a 4-meter-class re-
flector, the Discovery Channel Telescope,
which astronomers hope will be opera-
tional by about 2008.

lower culmination See culmination.

low-mass stars See stellar mass.

low-mass X-ray binary (LMXB) See
X-ray binary.

LSB galaxies Short for low surface
brightness galaxies. Galaxies with a very
low central SURFACE BRIGHTNESS that may
be very common and contain much of the
mass in the Universe. They are difficult to
detect against the brightness of the night
sky and are thus missing from most galaxy
catalogs. They are thought to be unevolved
systems, with central regions resembling a
DWARF GALAXY. Most of the mass is con-
tained in a large gaseous disk that is ob-
servable only at radio wavelengths or with
image-enhanced exposures. The galaxies
are thus commonly referred to as icebergs.
See Malin 1.

LSR Abbrev. for local standard of rest.

LST Abbrev. for local sidereal time.

LTE Abbrev. for local thermodynamic
equilibrium. See thermodynamic equilib-
rium.

long-period variables
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Lucy An informal name for the white
dwarf star BPM 37093.

luminosity /loo-mă-noss-ă-tee/ Symbol:
L. The intrinsic or absolute brightness of a
star or other celestial body, equal to the
total energy radiated per second from the
body, i.e. the total outflow of radiant flux.
The luminosity of a body may be calcu-
lated over all wavelengths – the bolometric
luminosity – or at particular wavebands.
Bolometric luminosity is related to the
body’s surface area and EFFECTIVE TEMPER-
ATURE, Teff, by a form of Stefan’s law:

L = 4πR2σTeff
4

where σ is Stefan’s constant and R is the ra-
dius. Thus two stars with similar Teff (i.e.
of the same SPECTRAL TYPE) but greatly dif-
ferent luminosities must differ in size: they
belong to different luminosity classes
within that spectral type, as determined
from their spectra. In the luminosity class
of main-sequence stars, luminosity de-
creases as temperature decreases; the lumi-
nosity of GIANT STARS however increases
with decreasing temperature: RED GIANTS

are much brighter than yellow giants; the
luminosity of SUPERGIANTS drops and then
rises with decreasing temperature. The lu-
minosity of stars is in theory dependent on
mass if their chemical composition is simi-
lar. It has been found that with the notable
exception of highly evolved stars the MASS-
LUMINOSITY RELATION is obeyed approxi-
mately.

The luminosity of a star or other body
can be expressed as a multiple or fraction
of the Sun’s luminosity, L�, which is equal
to 3.83 × 1026 watts. The ratio L/L� is
given by 

2.5 log10(L/L�) = M� – M
where M� and M are the absolute bolo-
metric MAGNITUDES of Sun and star; M� is
equal to 4.76. There is a very great range in
stellar luminosity from about a million
times to less than one ten thousandth that
of the Sun’s luminosity.

luminosity classes See spectral types.

luminosity distance The distance to an
object enabling an intrinsic luminosity to
be derived from an observed flux by the in-

verse square law. At large redshifts a rela-
tivistic correction must be included.

luminosity function The relative num-
bers of objects of different luminosities in a
standard volume of space (usually a cubic
parsec or cubic megaparsec). The luminos-
ity may be in the optical band, the radio
band, or at any other defined waveband.
Observationally the luminosity function is
determined as a histogram; theoreticians fit
this with an algebraic expression.

In optical astronomy the luminosity
function is given the symbol Φ(M) and is
the number of stars per cubic parsec or the
number of galaxies per cubic megaparsec
with absolute magnitudes M ± ½. The lu-
minosity function for stars within 10 par-
secs of the Sun shows a peak at an absolute
magnitude of about +15: there is thus a
predominance of intrinsically faint stars in
the solar neighborhood. The luminosity
function for any given magnitude interval
is not the same everywhere in the Galaxy:
for instance, the luminosity function of a
GLOBULAR CLUSTER is different from that of
an OPEN CLUSTER. Stars of all SPECTRAL

TYPES contribute to the value Φ(M). The
specific luminosity function Φ(M,S) con-
siders one spectral type at a time, each
showing a peak distribution at a different
mean magnitude.

The luminosity function of galaxies (or
quasars) is usually expressed as the number
of galaxies in a given luminosity interval
per cubic megaparsec and has a character-
istic shape that is almost flat at faint mag-
nitudes and falls off sharply at the bright
end. The behavior of the bright and faint
end of the luminosity function is divided by
the ‘typical’ galaxy with an absolute mag-
nitude of around –21.5, known as the L*
galaxy, at the ‘knee’ of the luminosity func-
tion.

The evolution of the quasar luminosity
function is usually expressed as one of two
forms of behavior: either the luminosity of
all quasars is assumed to increase uni-
formly with REDSHIFT, or the number of
quasars increases with redshift. In practice,
present quasar luminosity functions fit a
combination of the two models. See also
luminosity–volume test.
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luminosity–volume test (V/Vm test) A
method of testing for evolutionary effects
in a sample of extragalactic sources of
known REDSHIFT. All sources should be
known over a particular region of the sky
down to a certain FLUX DENSITY level. The
volume, V, within the redshift of each ob-
ject, together with the volume Vm within
the maximum redshift out to which that
object could have been and yet still remain
in the sample, are computed from a cos-
mological model. If no evolution is present
and the correct cosmological model is em-
ployed, then V ought to be uniformly dis-
tributed between 0 and Vm. The mean of
V/Vm is then ½. If the mean differs signifi-
cantly from ½ for all reasonable cosmolog-
ical models, then evolution must be
occurring; this is the case for QUASARS. See
also luminosity function.

luminous blue variables (LBVs) A
class of very massive luminous blue stars
known for sporadic mass ejections (erup-
tions); subclasses include P CYGNI stars and
HUBBLE–SANDAGE variables. They are gener-
ally found near the upper luminosity limit
in the observed HERTZSPRUNG–RUSSELL DIA-
GRAM, and most are thought to have
evolved from stars with initial masses ex-
ceeding 40 solar masses. The mass ejec-
tions are most likely due to instabilities in
their stellar envelopes caused by RADIATION

PRESSURE. LBVs show different types of
variations occurring on a wide range of
timescales. The largest variations are asso-
ciated with sudden brightenings by more
than 3 magnitudes lasting for several hun-
dred to several thousand years. The small-
est variations (< 0.5 mag) last from several
months to several years. Examples of LBVs
are ETA CARINAE, AG Carinae, P CYGNI, and
S DORADUS.

Luna probes /loo-nă/ (Lunik probes) A
series of Soviet lunar probes (see table) that
included the first craft to reach the vicinity
of the Moon (1), the first to photograph
the farside (3), the first crash lander (2),
soft lander (9), orbiter (10), robotic sam-
ple-return mission (16), and robotic roving
vehicle (17). See also Lunar Orbiter

probes; Lunokhod; Ranger; Surveyor;
Zond probes.

lunar calendar /loo-ner/ See lunar year;
calendar.

lunar cycle See Metonic cycle.

lunar day The rotation period (27.322
Earth days) of the Moon, equal in length to
the SIDEREAL MONTH. The Moon is thus in
SYNCHRONOUS ROTATION with the Earth.
See also libration.

lunar eclipse See eclipse.

lunar module /moj-ool/ (LM) See
Apollo.

lunar month See synodic month.

Lunar Orbiter probes A series of five
US space probes used for photographic re-
connaissance of the Apollo landing sites
(Lunar Orbiters 1, 2, and 3) and global
mapping (4 and 5) of the Moon from equa-
torial and polar orbits respectively. The
probes were launched between Aug. 1966
and Aug. 1967. Each spacecraft was
equipped with medium- and high-resolu-
tion cameras, the films from which were
scanned in strips for transmission back to
Earth. Satellite tracking resulted in the dis-
covery of MASCONS. The spacecraft were
crashed onto the Moon on mission com-
pletion. See also Luna probes; Ranger; Sur-
veyor; Zond probes.

lunar parallax See diurnal parallax.

Lunar Prospector A lunar orbiter
launched Jan. 6 1998 by NASA as part of
its Discovery program. Its primary mission
was to conduct a thorough investigation of
the Moon from a low polar orbit. The in-
vestigation included mapping the composi-
tion of the Moon’s surface and pinpointing
lunar resources, making measurements of
magnetic and gravity fields, and detecting
radon outgassing events in the hope of
partly accounting for the Moon’s tenuous
atmosphere. Following a 105-hour cruise
to the Moon, the probe went into a nearly

luminosity–volume test
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circular orbit taking it once around the
satellite every 118 minutes at an altitude of
100 km. The Lunar Prospector carried five
instruments, but it had no onboard cam-
eras, unlike CLEMENTINE, an earlier Moon-
mapping mission which had concentrated
on equatorial and middle latitudes. In-
stead, it sought to collect its data using a
gamma-ray spectrometer and a neutron
spectrometer, a magnetometer and elec-
tron reflectometer, and an alpha particle
spectrometer. In a part of the mission
known as the Doppler Gravity Experi-
ment, investigators used Doppler tracking
of S-band radio signals to characterize the
spacecraft’s orbit and map the Moon’s
gravity field and topographical crustal
structure. The Lunar Prospector’s neutron
spectrometer returned data that seemed to
support the existence of water ice locked
up in permanently shadowed polar craters,
a situation suggested by analysis of
Clementine’s results. In December 1998,

project scientists lowered the Lunar
Prospector’s orbit to 40 km and later to 30
km. On July 31, 1999, the probe was
guided into a polar crater and deliberately
crashed in the hope of throwing up water
in the impact plume, but none was ob-
served.

lunar rocks See Moon rocks.

Lunar Roving Vehicle (Lunar Rover)
The battery-driven car used to extend the
sampling capabilities of APOLLOS 15, 16,
and 17. Transported to the Moon in a
compact form, the 213-kg Rover was
equipped with a remote-controlled televi-
sion camera and high-gain antenna for di-
rect radio communication with Earth. It
was left behind on the Moon after use. See
also Lunokhod.

lunar year A year of 12 SYNODIC

MONTHS, each of 29.5306 days, i.e. a year
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LUNA PROBES

Spacecraft Launch date Comments

Lunik 1 1959, Jan. 2 Missed moon by 6000 km
Lunik 2 1959, Sept. 12 Struck moon in Palus Putredinis
Lunik 3 1959, Oct. 4 First farside photographs
Luna 4 1963, Apr. 2 Missed moon by 8500 km
Luna 5 1965, May 9 Struck moon
Luna 6 1965, June 8 Missed moon by 160 000 km
Luna 7 1965, Oct. 4 Struck moon
Luna 8 1965, Dec. 3 Struck moon
Luna 9 1966, Jan. 31 Soft landed in Oc. Procellarum
Luna 10 1966, Mar. 31 Performed experiments in lunar orbit
Luna 11 1966, Aug. 24 Performed experiments in lunar orbit
Luna 12 1966, Oct. 22 Returned photographs from lunar orbit
Luna 13 1966, Dec. 21 Soft landed in Oc. Procellarum
Luna 14 1968, Apr. 7 Performed experiments in lunar orbit
Luna 15 1969, July 13 Struck moon in Mare Crisium
Luna 16 1970, Sept. 12 Returned 101 g soil from Mare Fecunditatis
Luna 17 1970, Nov. 17 Landed Lunokhod 1 in Mare Imbrium
Luna 18 1971, Sept. 2 Struck moon
Luna 19 1971, Sept. 28 Performed experiments in lunar orbit
Luna 20 1972, Feb. 14 Returned 30 g soil, Crisium highlands
Luna 21 1973, Jan. 8 Landed Lunokhod 2 in Mare Serenitatis
Luna 22 1974, May 29 Performed experiments in lunar orbit
Luna 23 1974, Oct. 28 Soft-landed but drill failure
Luna 24 1976, Aug. 15 Returned 170 g soil from Mare Crisium



of 354.3672 days. A lunar calendar is
based solely on the Moon’s motion; it has
a year of 354 days with a LEAP YEAR of 355
days and is composed of 12 months of 29
or 30 days. A lunisolar calendar is a lunar
calendar that is brought into step with the
solar or seasonal calendar by the intercala-
tion (addition) of a 13th leap month.

lunation /loo-nay-shŏn/ See synodic
month.

Lunik probes /loo-nik/ See Luna
probes.

lunisolar calendar /loo-nă-soh-ler/ See
lunar year.

lunisolar precession See precession.

Lunokhod /loo-nŏ-kod, -hod/ An eight-
wheeled Soviet robotic lunar roving vehi-
cle, soft-landed on the Moon by LUNAS 17
and 21. Lunokhod 1 was equipped with a
laser reflector for lunar-ranging experi-
ments; it was active in Mare Imbrium for
10 months during which time it completed
a 10-km traverse, performing photo-
graphic tasks, magnetic field measure-
ments, and chemical (X-ray) and
cosmic-ray analyses. Lunokhod 2 traveled
37 km in four months in the vicinity of Le
Monnier crater on the borders of Mare
Serenitatis. See also Lunar Roving Vehicle.

Lupus /loo-pŭs/ (Wolf) A constellation
in the southern hemisphere near Centau-
rus, lying partly in the Milky Way, with
several stars of 2nd magnitude. There are
many naked-eye double stars and several
globular and open star clusters. Abbrev.:
Lup; genitive form: Lupi; approx. position:
RA 15.3h, dec –45°; area: 334 sq deg.

l.y. Abbrev. for light-year.

Lyman-alpha clouds /lÿ-măn/ See
quasar.

Lyman-alpha forest See quasar.

Lyman-alpha line See Lyman series.

Lyman break galaxies See Lyman
limit.

Lyman limit The observed cutoff in the
light from a cosmologically distant object,
observed shortward of rest-wavelength
912A, and caused by photoelectric absorp-
tion in intervening hydrogen. The system
responsible for the absorption is known as
a Lyman limit system. The observed sharp
drop in the rest-wavelength spectrum at
912A permits the discovery of high-red-
shift Lyman break galaxies, where this re-
gion of the spectrum is redshifted into the
optical waveband.

Lyman series A series of spectral lines
of atomic hydrogen with wavelengths in
the far ultraviolet and extreme ultraviolet
regions of the spectrum (see hydrogen
spectrum). The Lyman alpha (Ly α) line
occurs at 121.6 nm and the Lyman limit at
91.2 nm. Ly α emission and absorption
lines occur, for example, in the spectra of
QUASARS.

Lynds catalog /lindz/ A catalog of DARK

NEBULAE compiled by Lynds in 1962 using
the PALOMAR SKY SURVEY plates. Many of
these clouds are now known to be the sites
of low-mass STAR FORMATION. Clouds are
designated by their Lynds number, an ex-
ample being the L1641 complex (which in-
cludes the Orion molecular clouds).

Lynx /links/ A constellation in the
northern hemisphere between Ursa Major
and Gemini, the brightest stars being one
(Alpha [α] Lyncis) of 3rd magnitude and
several of 4th magnitude. The area con-
tains many faint double stars. The faint
globular cluster NGC 2419 is estimated to
be more than 64 000 parsecs distant, fur-
ther from us than the Magellanic Clouds
and therefore beyond the confines of the
Milky Way. As a result it has been nick-
named ‘the Intergalactic Tramp’. Abbrev.:
Lyn; genitive form: Lyncis; approx. posi-
tion: RA 8h, dec +47°; area: 545 sq deg.

Lyot filter /lee-oh/ (Lyot-Öhman filter)
See birefringent filter.

lunation
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Lyra /lÿ-ră/ (Lyre) A constellation in the
northern hemisphere east of Cygnus, lying
partly in the Milky Way, the brightest star
being the blue zero-magnitude VEGA. It
contains the prototype of the RR LYRAE

STARS, the ECLIPSING BINARY Beta (β) Lyrae
(see W Serpentis star), and the naked-eye
pair Epsilon (ε) Lyrae, both of 4th magni-
tude and both double. It also contains the
planetary RING NEBULA and a small globu-
lar cluster M56 (NGC 6779). Abbrev.:
Lyr; genitive form: Lyrae; approx. posi-
tion: RA 18.5h, dec +40°; area: 286 sq deg.

Lyrids /lÿ-ridz/ (April Lyrids) A minor

METEOR SHOWER, radiant: RA 272°, dec
+32°, that maximizes on April 21. In the
past it was much more active, the last great
Lyrid shower occurring in 1803. Observa-
tions of Lyrids have been traced back 2500
years, Chinese observers describing a re-
markable display in 15 BC. The associated
METEOROID STREAM has the same orbit as
comet Thatcher (1861 I). See also June
Lyrids.

Lysithea /lÿ-sith-ee-ă/ A small satellite
of Jupiter, discovered in 1938 by Seth
Nicholson. See Jupiter’s satellites; Table 2,
backmatter. 
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M�� Symbol for solar mass.

M Prefix used to designate a galaxy, star
cluster, or nebula, as listed in the MESSIER

CATALOG.

M87 See Virgo A; Virgo cluster.

Maat Mons /maht/ See Aphrodite
Terra.

McDonald Observatory /măk-don-
ăld/ An observatory of the University of
Texas on Mount Locke, Texas, at an alti-
tude of 2081 meters. It has a 2.7-meter and
a 2.1-meter reflecting telescope, acquired
in 1969 and 1939 respectively. When com-
missioned, the 2.1-meter Otto Struve Tele-
scope was the second largest in the world;
it has been modernized and equipped for
infrared work. In 1996, the Hobby–Eberly
Telescope was installed.

MACHO /ma-choh/ Abbrev. for mas-
sive astrophysical compact halo object. See
Galaxy.

MACHO project A collaboration be-
tween universities in Australia and the USA
to test the hypothesis that a major fraction
of the dark matter in the halo of our
Galaxy is made up of MACHOs, by
searching for gravitational microlensing
events toward the LMC and the Galactic
bulge. See gravitational lens.

McMath–Pierce Solar Telescope /măk-
math-peerss/ See Kitt Peak National Ob-
servatory; solar telescope.

macrolensing /mak-roh-lenz-ing/ See
gravitational lens.

macula /mak-yŭ-lă/ (plural: maculae) A
dark patch on the surface of a planet or
satellite. The word is used in the approved
name of such a feature.

Magellan /mă-jell-ăn, -gel-/ NASA’s
planetary probe to VENUS that was
launched from the space shuttle Atlantis
May 4 1989 and reached the planet Aug.
10 1989. From three 8-month cycles of
radar mapping (Sept. 1990–Sept. 1992), it
produced a detailed radar map of almost
99% of the surface of Venus, revealing de-
tails as small as 100 meters across. It also
provided a gravity map showing density
variations in the surface features, and ob-
tained an immense amount of data.

Magellan’s mapping orbit carried it
over the N pole and down the length of the
planet almost to the S pole; it was close
enough, during about 37 minutes of each
orbit, for a 20–25-km swathe to be high-
lighted by the radar beam. In the remainder
of the elliptical orbit Magellan transmitted
data to Earth and fixed its position, before
it resumed mapping over a new swathe of
the slowly rotating planet. A topographical
map was built up by radar altimetry, using
signals from a small antenna pointing
straight down. The larger antenna, point-
ing off to one side of the spacecraft, devel-
oped a detailed two-dimensional picture
from the signals reflected off each object
encountered; it also detected thermal emis-
sions.

Impact craters, canyons, and other fea-
tures were revealed on the planet’s surface.
Lava flows, fault zones, and volcanoes in-
dicate volcanic activity and occur over
about 85% of the surface of Venus, but no
evidence was found for the type of plate
tectonics found on Earth. There are rela-
tively few impact craters, suggesting that
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Venus’ surface is ‘geologically’ young.
Craters are distributed randomly over the
Venusian landscape, with roughly two-
thirds showing no modification by vol-
canic activity. However, surface features
include very long lava channels, vast lava
plains, fields of small lava domes, shield
volcanoes, and large ‘pancake’ domes that
may have been formed from a type of lava
produced by large-scale evolution of
crustal rocks. Interpretation of these re-
sults in terms of past ‘geological’ activity is
still under debate.

Gravity mapping of the surface com-
menced in Magellan’s elliptical orbit. A
successful aerobraking maneuver brought
the craft into a low-altitude near-circular
orbit in Aug. 1993, from which a detailed
pole-to-pole gravity survey could be made.
The Magellan mission ended Oct 11 1994
when the craft was sent plunging into
Venus’ dense atmosphere, sending back
valuable data on its composition as it hur-
tled to its destruction.

Magellanic Clouds /maj-ĕ-lan-ik/  Two
comparatively small irregular galaxies that
are close neighbors of our own Galaxy.
Both are naked-eye objects but, being close
to the south celestial pole, they are visible
only from the southern hemisphere. They
were first recorded in 1519 by Ferdinand
Magellan. The Large Magellanic Cloud
(LMC) has a diameter of about 10 000
parsecs; it lies in the constellation Dorado
at a distance of about 50 000 parsecs. The
Small Magellanic Cloud (SMC) has a di-
ameter of about 6000 parsecs; it lies in the
constellation Toucan and is about 60 000
parsecs away.

Both the LMC and SMC are rich in
population I objects and contain a much
greater proportion of gas than our own
Galaxy. They are enveloped in a common
cloud of cool neutral hydrogen, which ex-
tends into a narrow streamer. This Magel-
lanic Stream stretches over 110° of the sky,
extending toward the Galaxy. The Stream
contains almost 109 solar masses of gas,
probably ripped out of one or both Magel-
lanic Clouds when they passed near the
Galaxy about 200 million years ago and
now strewn along the orbit of the Clouds.

If the Galaxy has a massive dark halo, the
Magellanic Clouds are gravitationally
bound as satellites of the Galaxy and they
have probably made several close ap-
proaches; otherwise, they have been in-
volved in just one encounter, and the
Magellanic Stream marks a hyperbolic
orbit.

Magellanic Stream See Magellanic
Clouds.

Magellan Telescope See Las Cam-
panas Observatory.

magnetars /mag-nĕ-tarz/ Highly magne-
tized neutron stars, thought to be responsi-
ble for soft gamma repeaters (SGRs) and
anomalous X-ray pulsars (AXPs). A sur-
face magnetic field of up to 1011 tesla (sev-
eral hundred times that of a radio pulsar)
rapidly slows the star’s rotation, causing
starquakes that deposit enough energy into
the surrounding gases to generate bursts of
soft gamma radiation. The field also heats
the rotating surface sufficiently for it to
emit X-rays, but the rotation is usually too
slow for the neutron star to act as a radio
pulsar. A large fraction of all neutron stars
may be magnetars.

magnetic cataclysmic variables /mag-
net-ik kat-ă-kliz-mik/ A class of cata-
clysmic variables in which the large
magnetic field of the white dwarf (of order
103 tesla) affects the rotation of, and the
accretion of material onto, the white
dwarf. Two types can be distinguished: in
polar systems (also known as AM Herculis
stars) the white dwarf is in synchronism
with the orbital period (i.e. the white
dwarf’s spin period is the same as the or-
bital period); in intermediate polar systems
(also known as DQ Herculis stars) the spin
period of the white dwarf is typically 10
times shorter than the orbital period. In
both types, the accretion flow is channeled
along the magnetic field lines directly onto
the polar cap of the white dwarf. Accretion
disks are generally absent in the case of po-
lars, but may be present in the case of in-
termediate polars. See also mass transfer.
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magnetic field The region surrounding
a magnet, a conductor carrying an electric
current, a stream of charged particles, etc.,
in which such a body or system exerts a de-
tectable force. This force will be experi-
enced by another magnetic substance or by
a moving charged particle, such as an elec-
tron. The magnetic flux density is a meas-
ure of the strength of the field, usually
quoted in teslas or sometimes in gauss. See
also galactic magnetic field; geomagnetism;
interplanetary medium; magnetic stars;
sunspot cycle.

magnetic flux density (magnetic induc-
tion) Symbol: B. A vector quantity that is
a measure of the strength of a magnetic
field in a particular direction at a particu-
lar point. It may be given in terms of the
force, F, on a charge, q, moving in the mag-
netic field: 

B = F/(qv sinθ)
where v is the velocity of the charge, which
is moving at an angle θ to the direction of
the field. Magnetic flux density is usually
measured in teslas. The magnetic flux,
symbol: Φ, is the surface integral of B, i.e.

Φ = ∫ B.dA = ∫ B cosα dA
where α is the angle between B and a line
perpendicular to the surface. The magnetic
flux density is thus the magnetic flux pass-
ing perpendicularly through unit area.
Magnetic flux is measured in webers.

magnetic induction See magnetic flux
density.

magnetic reconnection See magneto-
sphere.

magnetic stars Stars that have de-
tectable and often very large magnetic
fields, up to a few tesla. Magnetic stars are
found in spectral classes B to F, but most
are peculiar A stars (Ap stars). Many of
these stars show either periodic or irregular
variations of the field together with a re-
versal of the polarity; others show irregular
field variations but constant polarity. Mag-
netic variability is usually accompanied by
very small changes in brightness. Magnetic
stars are studied by measurements of the
Zeeman splitting (see Zeeman effect) of

spectral lines caused by a magnetic field;
these give the average magnetic field over
the entire disk. Periodic variations in the
magnetic field could result from the mag-
netic axis of the star being tilted with re-
spect to the rotational axis so that areas of
different magnetic field strength are pre-
sented to the observer as the star rotates:
this is the oblique rotator theory. Evidence
for chromospheric activity and starspots
on red dwarf stars and RS Canum Venati-
corum binaries indicates that they have
weaker magnetic fields, similar to the
Sun’s. A few white dwarfs have fields up to
105 tesla while some neutron stars detected
as pulsars have fields of up to 109 tesla. See
also magnetic cataclysmic variables; spec-
trum variables.

magnetic storms See geomagnetic
storms.

magnetobremsstrahlung /mag-nee-toh-
brem-shtrah-lûng/ See synchrotron emis-
sion.

magnetograph /mag-nee-tŏ-graf, -grahf/
An instrument used to map the distribu-
tion, strength, and polarity (direction) of
magnetic fields over the Sun’s disk. It is
usually an automatic scanning system em-
ploying instruments to detect and measure
the Zeeman splitting of a selected spectral
line (see Zeeman effect). The resulting dia-
gram is called a magnetogram.

magnetohydrodynamics /mag-nee-toh-
hÿ-droh-dÿ-nam-iks/ (MHD) The study
of the behavior of electrically conducting
fluids, i.e. a plasma or some other collec-
tion of charged particles, in a magnetic
field. The collective motion of the particles
gives rise to an electric field that interacts
with the magnetic field and causes the
plasma motion to alter. This coupling be-
tween hydrodynamic forces and magnetic
forces means that the magnetic field is ef-
fectively ‘frozen into’ the plasma; the field
lines flow with the plasma, and can be
stretched, squeezed, or looped. One conse-
quence is that the frozen-in field lines of
two plasmas prevent them from mixing.
MHD has contributed to the understand-
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ing of the solar wind and its interaction
with planetary magnetospheres, of solar
flares and prominences, the sunspot cycle,
the formation and heating of the solar
corona, star formation, and many other
processes. See also Alfvén waves.

magnetometer /mag-nĕ-tom-ĕ-ter/ Any
of a variety of instruments used to measure
the strength and direction of a magnetic
field.

magnetopause /mag-nee-toh-pawz/ See
magnetosphere.

magnetosheath /mag-nee-tŏ-sheeth/ See
magnetosphere.

magnetosphere /mag-nee-tŏ-sfeer/ A re-
gion of space surrounding a planet within
which charged particles are controlled by
the magnetic field of the planet rather than
by the Sun’s magnetic field, which is car-
ried by the solar wind (see interplanetary
medium). The solar wind is the source of
most of the charged particles, which form
a tenuous gas known as a PLASMA. The
region of a planet’s magnetosphere is de-

limited by a boundary called the magne-
topause and includes any radiation belts of
the planet, such as the VAN ALLEN BELTS of
the Earth. The Earth’s magnetosphere ex-
tends to 60 000 km on the sunward side of
the planet but is drawn out by the solar
wind into an elongated extension called a
magnetotail stretching many times this dis-
tance on the side away from the Sun (see il-
lustration). Magnetic reconnection of the
magnetic field lines of the Sun and Earth
occurs across the sunward surface of the
magnetopause (at points where two lines
are in opposing directions); reconnection
allows energy and particles to be trans-
ferred to the magnetosphere from the solar
wind. Above the magnetopause is a layer of
turbulent magnetic field, the magne-
tosheath, enclosed by a shock wave where
the smooth flow of solar-wind particles
past the planet is first interrupted. Mer-
cury, Jupiter, Saturn, Uranus, and Neptune
are also known to possess magnetospheres.
See also geospace.

magnetotail /mag-nee-toh-tayl/ See
magnetosphere.
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magnifying power (magnification) The
angle subtended by the image of an object
seen through a telescope, divided by the
angle subtended by the same object seen
without telescopic aid. Where the object is
too small or too distant to be resolved, the
magnifying power may be calculated from
the ratio of the focal lengths of the objec-
tive (or primary mirror) and eyepiece, or
from the aperture divided by the diameter
of the exit pupil.

magnitude /mag-nă-tewd/ A measure of
the brightness of stars and other celestial
objects. The brighter the object the lower
its assigned magnitude. Expressions of
magnitude are used primarily in the visible,
near-infrared, and near-ultraviolet regions
of the spectrum.

The apparent magnitude, symbol: m, is
a measure of the brightness of a star, etc.,
as observed from Earth. Its value depends
on the star’s luminosity (i.e. its intrinsic
brightness), its distance, and the amount of
light absorption by interstellar matter be-
tween the star and Earth. In ancient times
the visible stars were ranked in six classes
of apparent magnitude: the brightest stars
were of first magnitude and those just vis-
ible to the naked eye were of sixth magni-
tude. This system became inadequate as
fainter stars were discovered with the tele-
scope and instruments became available
for measuring apparent brightness. In the
1850s it was proposed that the physiologi-
cal response of the eye to a physical stimu-
lus was proportional to the logarithm of
that stimulus (Weber-Fechner law). A dif-
ference in apparent magnitude of two stars
is thus proportional to the difference in the
logarithms of their brightness, i.e. to the
logarithm of the ratio of their brightness.

In order to make the magnitude scale
precise the English astronomer N.R. Pog-
son proposed, in 1856, that a difference of
five magnitudes should correspond exactly
to a brightness ratio of 100 to 1. (W. Her-
schel had shown this to be approximately
true.) Hence two stars that differ by one
magnitude have a brightness ratio of
1001/5:1, i.e. a ratio – known as the Pogson
ratio – of 2.512. A star two magnitudes less
than another is (2.512)2, i.e. 6.3 times

brighter, and so on. In general the apparent
magnitudes m1 and m2 of two stars with
apparent brightness I1 and I2 are related
by: 

m1 – m2 = 2.5 log10(I2/I1)
The Pogson scale, based on the Pogson
ratio, is now the universally adopted scale
of magnitude (see table). The zero of the
scale was established by assigning magni-
tudes to a group of standard stars near the
north celestial pole, known as the North
Polar Sequence, or more recently by pho-
toelectric measurements. The class of mag-
nitude-one stars was found to contain too
great a range of brightness and zero and
negative magnitudes were consequently in-
troduced: the higher the negative number,
the greater the brightness. The scale also
had to be extended in the positive direction
as fainter objects were discovered. Values
can be recorded in tenths, hundredths,
even thousandths of a magnitude.

Originally apparent magnitude was
measured by eye – visual magnitude, mvis –
usually in conjunction with an instrument
by which brightnesses could be compared.
It is now measured much more accurately
by photometric techniques but previous to
that photographic methods were used.
Photographic magnitudes, mpg, are deter-
mined from the optical density of images
on ordinary film, i.e. film that has a maxi-
mum response to blue light. Photovisual
magnitudes, mpv, are measured using film
that has been sensitized to light – yellowish
green in color – to which the human eye is
most sensitive. In the early International

magnifying power
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POGSON SCALE OF MAGNITUDES

m1–m2 I2/I1 m1–m2 I2/I1

0.2 1.202 3.5 25.12
0.4 1.445 4.0 39.81
0.6 1.738 4.5 63.1
0.8 2.089 5.0 100
1.0 2.512 6.0 251
1.5 3.981 7.0 631
2.0 6.310 8.0 1585
2.5 10.0 9.0 3981
3.0 15.85 10.0 10000



Color System these two magnitudes were
measured with films having a maximum
response to a wavelength of 425 nanome-
ters (mpg) and 570 nm (mpv), the magni-
tudes being equal for A0 stars.

A suitable combination of photometer
and filter can select light or other radiation
of a desired wavelength band and measure
its intensity. These photoelectric magni-
tudes can be measured over either narrow
or broad bands. The UBV system of stellar
magnitudes is based on photoelectric pho-
tometry and has been widely adopted as
the successor of the International System.
The photoelectric magnitudes, denoted U,
B, and V are measured at three broad
bands: U (ultraviolet radiation) centered
on a wavelength of 365 nm, B (blue) cen-
tered on 440 nm, and V (visual, i.e. yel-
lowish green) centered on 550 nm. These
magnitudes can also be written mU, mB,
and mV. The zero point of the UBV system
is defined in terms of standard stars having
a carefully studied and agreed magnitude.
Another important photometric system,
the uvby system, uses filters passing nar-
rower wavelength bands than in the UVB
system.

The UBV system has been extended by
the use of magnitudes at red and infrared
wavelengths. The photometric designa-
tions are R (700 nm, i.e. 0.7 µm), I (0.9
µm), J (1.25 µm), H (1.6 µm), K (2.20 µm),
L (3.40 µm), M (5.0 µm), N (10.2 µm), Q
(21 µm). The designations J–Q relate to the
infrared atmospheric windows; two alter-
native values for R (640 nm) and I (800
nm) have recently gained acceptance.

Apparent magnitude is a measure of the
radiation in a particular wavelength band,
say of blue light, received from the celestial
body. Apparent bolometric magnitude,
mbol, is a measure of the total radiation re-
ceived from the body. The bolometric cor-
rection (BC) is the difference mV – mbol
between the apparent visual (V) and bolo-
metric magnitudes; it is generally defined
to be zero for stars with surface tempera-
tures similar to the Sun. Other wavebands
apart from V are sometimes used in calcu-
lating BC.

Apparent magnitude gives no indica-
tion of a body’s luminosity: a very distant

very luminous star may have a similar ap-
parent magnitude as a closer but fainter
star. Luminosity is defined in terms of ab-
solute magnitude, M, which is the apparent
magnitude of a body if it were at a stan-
dard distance of 10 parsecs. It can be
shown that the two magnitudes of a body
are related to distance d (in parsecs) or its
annual parallax, π (in arc seconds):

M = m + 5 – 5 logd – A 
M = m + 5 + 5 logπ – A

A is the interstellar extinction. As with ap-
parent magnitude there are values of ab-
solute photoelectric magnitudes: MU, MB,
MV, etc.; of bolometric magnitude: Mbol;
and of photographic magnitudes: Mpg and
Mpv. Knowledge of a body’s absolute bolo-
metric magnitude enables its luminosity to
be found. The flux density in jansky of a
body can be determined from a value of ab-
solute magnitude at one of the photometric
designations J–Q.

magnitude at opposition A measure of
the brightness of a planet or asteroid when
at OPPOSITION; it corresponds, normally, to
the maximum brightness attained by the
object during the APPARITION, since it is
then viewed at its fullest phase and is near
its closest point to the Earth.

Maia /mÿ-ă/ See Pleiades.

main-belt asteroid See asteroid belt.

main lobe (main beam) See antenna.

Main Ring See Jupiter’s rings.

main sequence The principal sequence
of stars on the Hertzsprung–Russell dia-
gram, running diagonally from upper left
(high temperature, high luminosity) to
lower right (low temperature, low lumi-
nosity) and containing about 90% of all
known stars. A star spends most of its life
on the main sequence. A newly formed star
appears on the main sequence when it first
achieves a stable state whereby its core
temperature is sufficient for nuclear reac-
tions to begin. It is then at age zero. The
positions of the age-zero stars on the H–R
diagram are specified by reference to the
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zero-age main sequence (ZAMS). As hy-
drogen is converted to helium, changes in
chemical composition and stellar structure
cause the star’s position to shift slightly to
the right from its zero-age position.

A star’s position on the main sequence
depends primarily on its mass, the more
massive and thus more luminous stars oc-
curring higher up the sequence. This gives
a well-defined mass-luminosity relation-
ship for main-sequence stars. The star’s
lifetime there also depends on its mass, the
more massive stars having much shorter
lifetimes: the lifetime is approximately

1010(M/M�)–3 years
where M and M� are the stellar and solar
mass. After the star has consumed most of
the helium in its core (see stellar evolution)
it evolves away from the main sequence: its
radius and luminosity increase and it even-
tually becomes a giant.

main-sequence fitting A technique for
measuring the distance modulus and hence
distance for a star cluster, especially an
open cluster: the main-sequence portion of
a graph of color index versus apparent
magnitude for the cluster is superimposed
on the main sequence of a Hertzsprung–
Russell diagram, the color indices of the
two curves being made to overlap. The dif-
ference between cluster magnitudes and
the superimposed absolute magnitudes of
the H-R diagram is approximately con-
stant and equal to the distance modulus.

main-sequence star A star lying on the
main sequence.

major axis See semimajor axis.

major planets The planets Mercury,
Venus, Earth, Mars, Jupiter, Saturn,
Uranus, Neptune, and Pluto, which have
diameters significantly larger than the 933
km diameter of Ceres, the largest ASTEROID

(or minor planet). See Table 1, backmatter.

Maksutov telescope /mak-soo-toff/
(meniscus telescope) A CATADIOPTRIC

TELESCOPE named after its Soviet inventor,
Dmitri Dmitriyevich Maksutov, who pub-
lished its design in 1941. A Dutch telescope
maker, Albert A. Bouwers of Amsterdam,
arrived independently at the same design in
the same year. It differs from the SCHMIDT

TELESCOPE in that the CORRECTING PLATE is
a deeply curved meniscus lens. Since the
primary mirror is also spherical, all three
optical surfaces are simple to make. Its
commonest form (see illustration) is a
Cassegrain adaptation in which the image
is reflected by an aluminized spot on the
meniscus lens back through a hole in the
primary mirror. It performs well as a
prime-focus camera. It can also be made in
Newtonian and Gregorian configurations.
Although the Maksutov telescope has ex-
ceptional performance and compactness,
its thick correcting plate limits it to rela-
tively small sizes both because of its weight
and because of the very thick glass blanks
needed to make larger diameters.

Malin 1 /mal-in/ An extreme example of
a LSB galaxy at a distance of 330 Mpc. It
has a very extended, extremely low surface
brightness disk comprised of an enormous

main-sequence fitting

282

correcting plate aluminized spot spherical primary image

eyepiece

prime focus

Maksutov telescope: ray path in Maksutov–Cassegrain telescope



mass of neutral hydrogen, with a low-lu-
minosity Seyfert nucleus at its core. It is in-
terpreted as an unevolving disk galaxy
with such a low mass density that the
chemical composition and gas fraction
change very slowly over the lifetime of the
galaxy. It may be a prototype for damped
Lyman-alpha absorption systems seen in
the spectra of quasars at high redshift.

Malmquist bias /mahm-kwist, mahlm-
kvist/ The bias inherent in any flux-lim-
ited sample due to the fact that only the
very brightest systems will be detected at
greater cosmological distances, and thus
such sources will be over-represented in the
sample. This can cause errors in distance
determination, such as the distance to the
further standard candles being underesti-
mated.

manganese stars /mang-gă-neez, -nees/
See Ap stars.

mantle The zone within a planet or
satellite, lying below the crust. See also
Earth.

mare /mah-ree, -ray, mair-ee/ (plural:
maria) A large relatively smooth dark area
on the surface of a planet or satellite. The
word is used in the approved name of such
a surface feature. (Latin: sea)

maria, lunar /mah-ree-ă, mair-ee-ă/ (ring
plains) Expanses of volcanic lavas of low
albedo (i.e. comparatively dark) that were
erupted onto the lunar surface mainly be-
tween 3900 and 3000 million years ago.
The maria are largely confined to the near-
side of the Moon where the crust is
thinnest. The youngest basins were flooded
to produce the circular maria with their as-
sociated mascons. The irregular maria are
shallower and fill the older less well-de-
fined basins. The mare rocks are basalts.
Chemical variations between the maria are
revealed in reflectance spectra and by
color-difference photography. Age differ-
ences are apparent from their crater densi-
ties, which are invariably lower than in the
older highlands. Maria are mainly named
after mental or meteorological states (see

table overleaf); the terms lacus, sinus, and
palus describe smaller lunar maria while
oceanus describes a large feature. See also
Moon rocks.

maria, Martian See Mars.

Mariner 2 /ma-ră-ner/ A 202-kg US
probe that made the first successful plan-
etary flyby, 34 830 km from Venus, on
Dec. 14 1962. Its flight confirmed the exis-
tence of the solar wind and measured
Venus’ temperature, but did not detect a
Venusian magnetic field.

Mariner 4 A 261-kg US spacecraft that
was the first successful probe to Mars. It
passed the planet at a distance of 9844 km
on July 14 1965, returning 22 photographs
revealing an arid cratered surface.

Mariner 5 A 245-kg US spacecraft that
passed Venus at a distance of 3990 km on
Oct. 19 1967. It measured Venus’ temper-
ature and atmospheric profile, accurately
determined its mass and diameter, but
failed to detect any magnetic field.

Mariner 6, 7 Two identical 413-kg US
probes that passed Mars at distances of
3412 km and 3424 km on July 31 and Aug.
5, 1969, respectively. Mariner 6 photo-
graphed part of Mars’ equatorial region
while Mariner 7 examined the southern
hemisphere and southern polar cap. A total
of 201 photographs were returned, while
other experiments measured surface tem-
peratures, atmospheric pressure and com-
position, and Mars’ diameter.

Mariner 9 A 1031-kg US probe that be-
came the first artificial satellite of another
planet when it entered a 12-hour orbit of
Mars on Nov. 13 1971. This orbit, ranging
in altitude from 1650 km to 17 100 km ap-
proximately, allowed Mariner’s two televi-
sion cameras to return 7329 photographs
before contact was terminated on Oct. 27
1972. The entire Martian surface was
mapped and close-up views were obtained
of Mars’ two small natural satellites,
Phobos and Deimos. Other equipment in-
cluded infrared and ultraviolet spectrom-
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eters, used for atmospheric studies, and an
infrared radiometer to measure surface
temperatures.

The photographic reconnaissance was
jeopardized by a violent planet-wide dust
storm that developed in late September
1971. With the exception of four hazy
spots, later found to be the summits of the
principal Martian volcanoes of the Tharsis
Ridge, all surface features were obscured
by dust when Mariner 9 arrived. As the
dust settled during the following weeks,
photographs revealed for the first time the
extent of Martian volcanism and the exis-

tence of canyons, such as the Valles
Marineris, and channels, which suggest
that water once flowed on Mars. The
changing appearance of the polar caps
with the Martian seasons was also fol-
lowed. See Mars; Mars, surface features.

Mariner 10 A US spacecraft that exe-
cuted the first dual-planet mission by mak-
ing close approaches to Venus and, three
times, to Mercury. Weighing 503 kg, it car-
ried two television cameras that returned
the first close-up views of Venus and Mer-
cury. Other instruments included an in-

Mariner 10
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LUNAR MARIA IN APPROXIMATE ORDER OF SIZE

Oceanus Procellarum Ocean of Storms
Mare Imbrium Sea of Rains
Mare Serenitatis Sea of Serenity
Mare Fecunditatis Sea of Fertility
Mare Tranquillitatis Sea of Tranquillity
Mare Crisium Sea of Crises
Mare Humorum Sea of Moisture
Mare Nectaris Sea of Nectar
Mare Frigoris Sea of Cold
Mare Orientale Eastern Sea
Mare Australe Southern Sea
Mare Cognitum Sea of Knowledge
Mare Nubium Sea of Clouds
Mare Marginis Border Sea
Mare Smythii Smyth’s Sea
Mare Spumans Foaming Sea
Mare Undarum Sea of Waves
Mare Humboldtianum Humboldt’s Sea
Mare Moscoviense Sea of Moscow
Mare Ingenii Sea of Ingenuity
Mare Anguis Serpent’s Sea
Mare Vaporum Sea of Vapors
Sinus Medii Central Bay
Sinus Aestuum Bay of Heats
Sinus Roris Bay of Dews
Sinus Amoris Bay of Love
Sinus Iridum Bay of Rainbows
Palus Putredinis Marsh of Decay
Palus Somnii Marsh of Sleep
Palus Epidemiarum Marsh of Epidemics
Palus Nebularum Marsh of Mists
Lacus Mortis Lake of Death
Lacus Somniorum Lake of Dreams
Lacus Veris Lake of Spring
Lacus Autumni Lake of Autumn



frared radiometer to measure Mercury’s
surface temperature; an ultraviolet spec-
trometer to detect atmospheric airglow
and another to measure atmospheric ab-
sorption of solar ultraviolet radiation; and
two magnetometers to monitor magnetic
field variations throughout the flight.

During the Venus flyby at a distance of
5760 km on Feb. 5 1974, Mariner 10 re-
turned 3500 photographs – those taken in
ultraviolet radiation showing the planet’s
cloud cover and atmospheric circulation in
unprecedented detail. Using the gravita-
tional pull of Venus, the probe was placed
on course for a Mercury flyby on Mar. 29
1974. After course corrections two more
visits to Mercury took place on Sept. 21
1974 and Mar. 19 1975, each after two
solar orbits by Mercury and one by
Mariner 10. The three Mercury encoun-
ters, at minimum distances of 740 km,
48 000 km, and 330 km respectively, pro-
vided more than 10 000 photographs of
Mercury and led to the discovery of the
planet’s magnetic field. See also Mercury;
Venus.

Mariner probes A series of US plan-
etary probes. Mariners 2 and 5 made
close-up observations of Venus while Mari-
ner 10 became the first two-planet probe,
visiting Venus and Mercury. Mariners 4,
6, 7, and 9 were successful Mars probes,
the latter becoming the first man-made or-
biter of another planet. Mariners 11 and
12 were renamed Voyagers 1 and 2.
Mariners 1 (to Venus) and 8 (to Mars)
suffered launch failure while Mariner 3
failed to achieve its intended trajectory to
Mars.

Markab /mar-kab/ (αα Peg) A white giant
that is the second brightest star in the con-
stellation Pegasus and, with Algenib, lies
on the S side of the Great Square of Pega-
sus. mv: 2.49; Mv: –0.1; spectral type:
B9.5 III; distance: 33 pc.

Markarian galaxies /mar-kair-ee-ăn/ A
number of galaxies that were discovered by
the Soviet astronomer B.E. Markarian in
the 1970s to have a strong ultraviolet con-
tinuum. The ultraviolet sources are either

concentrated in a bright nucleus or are dis-
tributed throughout a more diffuse object.
The former group consists of Seyfert galax-
ies and quasars; the latter group are galax-
ies where star formation has recently taken
place.

Mars /marz/ The fourth PLANET in the
Solar System in outward succession from
the Sun. It orbits the Sun every 686.98 days
at a distance that varies between 1.38 and
1.67 AU. Its reddish 6795-km-diameter
disk is most favorably placed for observa-
tion during oppositions that coincide with
the time when it is near its PERIHELION (see
Mars, oppositions). Mars rotates in 24h
37m 22.67s. A single rotation is called a
sol. The planet’s axis is tilted by 25.19° to
its orbital plane. The rotation rate and
axial tilt help to make the Red Planet the
most earthlike of all the other planets, even
though it has only 28% of the Earth’s sur-
face area and less than 38% of its gravity.
Mars has two small natural satellites: PHO-
BOS and DEIMOS. Orbital and physical char-
acteristics are given in Table 1,
backmatter.

Telescopes reveal an orange-red surface
with indistinct darker markings, once
thought to be seas and named maria. White
polar caps expand and contract with the
Martian seasons. When it became apparent
that the maria also varied in intensity and
shape with the seasons, it was suggested
that they were areas of lichenlike vegeta-
tion that flourished when water became
available from the poles during each Mart-
ian spring. CANALS, charted by some ob-
servers, were postulated as an artificial
planet-wide water distribution network.
Observations by MARINER spacecraft
showed that the canals were a myth and re-
vealed the maria as areas of darker bedrock
on which the Martian winds deposit vary-
ing amounts of lighter-colored dust, so
changing their appearance. North of the
Martian equator, lowlands of volcanic ori-
gin predominate and impact craters are rel-
atively few. In the southern hemisphere,
heavily cratered highlands overlying a
thick but weak crust form the chief terrain.
HELLAS PLANITIA, a deep impact basin in the
southern hemisphere, is the largest such
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feature so far known in the Solar System,
while OLYMPUS MONS, in the northern hemi-
sphere, is the Solar System’s largest vol-
cano. For details of Martian topography
see Mars, polar caps; Mars, surface fea-
tures; Mars, volcanoes.

The Martian atmosphere has a surface
pressure of about 7 millibars, or 0.007
times the average pressure at the Earth’s
surface, and extends to include an iono-
sphere at altitudes between 100 and 300
km. Daytime surface temperatures rarely
climb above 0 °C (273 K) except during
summer in the southern hemisphere, when
they can rise to 20 °C (293 K). Most areas
experience minimum temperatures as low
as –140 °C (133 K) before sunrise each
morning. NASA’s MARS GLOBAL SURVEYOR,
launched in 1996, confirmed that Mars’
weather is driven by convection currents in
the atmosphere that cause warm gases to
rise from the summer hemisphere and de-
scend upon the winter hemisphere.

Tests by the VIKING spacecraft, which
landed in 1976, show an atmosphere com-
prising mainly carbon dioxide (95%), with
nitrogen (2.7%), argon (1.6%), oxygen
(0.15%), a variable trace of water vapor,
and traces of carbon monoxide, krypton,
and xenon. The water vapor sometimes
freezes to form clouds of ice crystals, espe-
cially above high topographic features such
as the volcanoes, or condenses as fog in
low-lying areas, such as HELLAS PLANITIA

and the VALLES MARINERIS. The rich variety
of clouds systems – leewaves, cirrus, oro-
graphically produced clouds – are a major
part of the planet’s meteorology. More ex-
tensive surface obscurations occur during
dust storms, which can engulf the entire
planet. Such events happened in 1971 at
the beginning of the Mariner 9 mission and
in 1977 during the Viking mission. These
global phenomena, which can occur both
just before and just after perihelion when
summer occurs in the southern hemi-
sphere, will distribute material to altitudes
of more than 40 km and last for several
months. However, global storms do not
seem to appear every Martian year.

Mars has no radiation belts and only a
weak magnetic field, at most 0.2% as
strong as the Earth’s; this suggests that it

lacks a molten nickel-iron core and may
have no iron core at all. The surface rocks,
however, appear to be rich in iron, resem-
bling the minerals hematite and magnetite
and lending the planet its red coloration.
NASA’s Mars Pathfinder mission of 1997
also discovered that Martian dust contains
magnetic composite particles. See also
Viking probes.

Mars, oppositions OPPOSITIONS recur at
an average interval of 2 years 50 days, al-
though this varies by 30 days either way
because of the ECCENTRICITY of Mars’
orbit. Favorable oppositions for observa-
tion of surface features recur every 15–17
years when Mars is near PERIHELION and
may approach within 56 million km of the
Earth, attaining an apparent diameter of
25.7 arc seconds. Perihelion oppositions
are, however, much less frequent than
aphelion ones. The most favorable perihe-
lion opposition of the 21st century oc-
curred in August 2003, when Mars and
Earth came within 55.8 million km of each
other. This was estimated to be the closest
proximity the two planets had achieved in
60 000 years. But even closer oppositions
are due in 2287, 2650, 2729, 2808, and
2934, when the planetary distances will in
each case be less than 55.7 million km. At
APHELION oppositions Mars may be as
much as 101 million km distant with an
apparent diameter of 14 arc seconds.

Mars, polar caps Two variable white
areas at the Martian poles, visible to Earth-
based observers but studied in detail by the
MARINER and VIKING Orbiter spacecraft and
more recently by the MARS GLOBAL SUR-
VEYOR and MARS ODYSSEY orbiters. Each
cap grows under a haze of cloud during the
winter in its hemisphere, reaching a lati-
tude of 50° N or S at its greatest extent.
During summer it retreats to leave a small
irregular patch about 500 km across. This
residual (permanent) cap probably consists
almost entirely of water ice, while the vari-
able cap appears to be a frost of frozen car-
bon dioxide, which is appears to be
deposited out of the thin Martian atmos-
phere by dust storms in winter. At latitudes
greater than 80°, the polar terrain exhibits

Mars, oppositions

286



a crater-free layered structure up to 6 km
thick that possibly represents successive
deposition of wind-borne dust. The cover-
ing of carbon dioxide is about 1 meter
thick over the north pole but appears to be
thicker over the south pole, where it is esti-
mated to be up to 8 meters in depth. In
summer the evaporation of carbon dioxide
back into the atmosphere accompanies the
retreat of the caps.

Mars, surface features Impact CRATERS

dominate Mars’ mountainous southern
hemisphere – and may be as old as 3500
million years – but are thinly scattered over
the younger and mainly volcanic surface of
most of the low-lying northern hemi-
sphere. In addition there are white polar
caps, volcanic features (see Mars, polar
caps; Mars, volcanoes), and areas, particu-
larly in equatorial regions, that show evi-
dence of running water in the past. The
existence of surface plates and ruts over an
extensive area of the equatorial ELYSIUM

PLANITIA has led some scientists to conclude
that a frozen subterranean sea lies in this
region.

Many of the Martian craters show the
effects of erosion by dust, which is gener-
ally of a higher ALBEDO than uneroded sur-
face rocks and forms bright deposits in
low-lying terrain such as crater floors and
the southern hemisphere impact basins of
ARGYRE PLANITIA and HELLAS PLANITIA. In
places the dust is swept into ridges or dunes
by the wind. Bright or dark streaks occur in
the lee of some craters where the prevailing
wind has piled up the dust or has scoured
the surface to reveal the underlying darker
bedrock. Variations in dust deposition are
responsible for albedo and outline changes
of the darker markings, or maria, once at-
tributed to life processes.

Southeast of the volcanoes of the THAR-
SIS RIDGE lies the complex equatorial
canyon system of VALLES MARINERIS, which
measures 4500 km from east to west and
150 to 700 km from north to south. Indi-
vidual canyons are up to 200 km wide and
7 km deep, dwarfing the maximum 28 km
width and 2 km depth of Earth’s Grand
Canyon. They appear to result from fault-
ing and collapse of the Martian surface – a

process that may be continuing today.
Other fault systems are found elsewhere,
all of them apparently associated with
areas of volcanic activity.

Smaller valleys, or channels, meander
for up to 1000 km or more across equato-
rial areas of Mars. They appear to have
been formed by running water derived, at
least in part, from rain falling on the plan-
et’s surface. Some channels begin in areas
of collapsed terrain as though the water
they carried was originally frozen as a sub-
surface layer of permafrost that was subse-
quently thawed and released by volcanic
heating. The enigma is that neither rain nor
surface water can survive on Mars given
present atmospheric constraints. Possibly
the channels indicate that Mars has experi-
enced spells of milder climatic conditions
when the atmosphere was thicker than it is
now, and the carbon dioxide could have
trapped solar energy to warm the planet.
Unfortunately, there is not enough carbon
dioxide locked up in the polar caps today
to support this view. In Mars’ past, how-
ever, there may have been fluctuation in
the Sun’s output, variations in the planet’s
axial tilt, or periods of enhanced volcanic
activity, during all of which polar and sub-
surface ice may have been released as liquid
water. Further evidence for the existence of
a permafrost layer comes from the shapes
of the ejecta blankets surrounding some
large craters.

Mars, volcanoes Much of the northern
hemisphere of Mars shows signs of volcan-
ism with extensive lava plains sparsely
pock-marked with impact craters: an indi-
cation of an age considerably less than the
3500 million years assigned to the heavily
cratered southern hemisphere. This dispar-
ity may arise from the fact that the mean
Martian surface lies at a lower level in the
northern hemisphere than in the southern.

The two main areas of volcanic activity,
both situated on bulges in the Martian
crust, are the Tharsis region – with three
huge volcanoes on the THARSIS RIDGE and
the immense OLYMPUS MONS to the NW of
the Ridge – and the ELYSIUM PLANITIA. The
volcanoes are of the shield type, having
long gently sloping flanks. Counts of the
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numbers of impact craters on the slopes
suggest ages between 200 million and 800
million years for the Tharsis volcanoes,
and about 1500 million years for those of
Elysium Planitia. The extraordinary size of
the volcanoes may be related to the absence
of plate tectonics on Mars, so that the crust
remains locked in relation to volcano-in-
ducing ‘hot spots’ in the mantle below. See
also Mars, surface features.

Mars Climate Orbiter A NASA mis-
sion launched Dec. 1998 to produce infor-
mation about the surface and climate of
Mars. The mission was lost in Sept. 1999.

Mars Exploration Rovers Two NASA
robotic roving landers named Spirit and
Opportunity, launched to Mars in summer
2003 from Cape Canaveral, Florida, by
Delta 2 rockets. Spirit was launched on
June 10, followed by Opportunity on July
7. The two landers made planetfall on
Mars in Jan. 2004, using parachutes and
giant airbags to cushion their landings.
Spirit touched down in Gusev crater, just
south of the Martian equator, on Jan. 3.
Three weeks later, on Jan. 24, Opportunity
landed in Meridiani Planum, an extensive
plain just north of the equator but on the
other side of the planet. Both rovers were
equipped with a battery of cameras, spec-
trometers, microscopes and digging and
sampling tools. Spirit’s chief task was to
explore Gusev, a large impact crater about
145 km wide, and investigate the possibil-
ity that it might have been a lake in Mars’
remote past. Opportunity’s landing site in
Meridianum Planum was an area covered
by an ancient layer of hematite, an oxide of
iron that on Earth is usually found in wa-
tery environments with small amounts of
the mineral goethite. Opportunity was to
investigate this hematite layer in the hope
of finding goethite and once again uncov-
ering evidence that water once flowed on
Mars. A software problem threatened to
cut short Spirit’s science-gathering pro-
gram early on, but engineers found a way
of working around the difficulty. Project
scientists estimated that the rovers would
function for no more than three months,
but by the beginning of 2005 both were

still transmitting back valuable scientific
data, much of which seemed to confirm
Mars’ watery past.

Mars Express A mission organized by
ESA and the Italian Space Agency to inves-
tigate the geology and subsurface structure
of Mars and the composition and circula-
tion of its atmosphere. Launched June 2
2003 from Baikonur Cosmodrome, Kaza-
khstan, on top of a Soyuz-Fregat rocket,
the 12000-kg probe was the first all-Euro-
pean spacecraft to explore Mars. Built in
record time and for a fraction of the cost of
other comparable planetary missions, it
consisted of an orbiter, the Mars Express
craft itself, carrying seven instruments, in-
cluding radar, for remote-sensing observa-
tions of the planet, and a lander, Beagle 2,
which would be deployed by the orbiter
and touch down on Mars to make on-site
measurements of Martian rock and soil.
After a six-month journey, Mars Express
reached the vicinity of Mars and released
Beagle 2 for descent to the planet’s surface
in Dec. 2003. Beagle 2 was scheduled to
land on Mars on Dec. 25 and send a signal
back to Earth to show that it was safely
down, but the signal was never received
and the lander was assumed lost. Mean-
while, Mars Express successfully entered
orbit around Mars on the same day and
began its scientific investigations. Still
functioning in Feb. 2005, it had already
sent back a wealth of scientific data. That
month ESA scientists announced that Mars
Express had detected a vast frozen sea be-
neath the surface of the planet in the region
of the Martian equator.

Mars Global Surveyor (MGS) A
NASA mission launched Nov 1996 to orbit
Mars and send back scientific data on its
surface features, atmosphere, and magnetic
properties, all for the purposes of advanc-
ing scientific understanding of the Earth by
comparing it with Mars and providing
comprehensive information to aid future
planetary missions. In the event, MGS
proved one of NASA’s most fruitful mis-
sions, and was a notable success at a time
when other Martian missions failed. Fol-
lowing a polar orbit around the planet at
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an altitude of 450 km, MGS was able to
cover the whole planet in a week. Its im-
mediate mission, like that of the ill-fated
MARS OBSERVER, was to map the planet and
return data on its weather, geology and
topography during the space of a Martian
year (1.88 Earth years). It was still func-
tioning and transmitting streams of images
and other data at the start of 2005.

Mars Observer NASA’s high-profile
mission to Mars, the first visit since the
Viking probes in 1976, that was launched
in Sept. 1992 and reached the planet in
Aug. 1993. Control was lost just before it
was to be slowed by a rocket-firing maneu-
ver to take it into Mars orbit, and commu-
nications could not be re-established. The
Mars Observer was to have conducted a
detailed survey of Mars – mapping the
planet at high resolution and studying its
climate, topography, and geology – over
one Martian year or 687 Earth days. Fail-
ure of the mission affected future missions
to Mars, especially Russia’s Mars 94,
which was to have used the Observer as a
relay station. Other missions would have
used the Observer data to select landing
sites, etc. See Mars Global Surveyor.

Mars Odyssey A US probe, launched
Apr. 7 2001, that was part of NASA’s
Mars Exploration Program, a long-term
series of crewless investigations of Mars. It
reached Mars in Oct. 2001 and com-
menced its primary mission to map the
chemical makeup of the planet and scout
out likely places where water or ice might
be found by future probes searching for ev-
idence of past life. Odyssey’s primary mis-
sion ended on August 24 2004 after well
over 10 000 orbits, and it embarked upon
an extended mission. During its first 34
months in orbit, Odyssey discovered ice
just below the surface at the Martian poles
and investigated the radiation environment
in low Mars orbit, thereby aiding the as-
sessment of radiation risk to future human
spaceflight missions to the planet. In addi-
tion to its science activities, Odyssey served
as a communications relay for the MARS EX-
PLORATION ROVERS Spirit and Opportunity.

It would continue this role during its ex-
tended mission.

Mars 2001 Orbiter A NASA mission
to Mars scheduled for launch in Mar. 2001
to map the mineralogy and morphology of
the surface.

Mars Pathfinder A NASA mission
launched Dec. 4 1996 to put a lander and
a free-ranging instrument-packed roving
vehicle directly onto the planet’s surface.
The probe landed on Mars on July 4 1997
in the region of the Ares Vallis, an exten-
sive valley-like feature in the northern
hemisphere. After landing, Mars Path-
finder released the rover, named Sojourner,
which began investigations of the sur-
rounding area. The Pathfinder mission
lasted for nearly three months, sending
back a wealth of science data about the
planet’s rocks and soil, its dust and dust
storms, its winds and the effects of wind
erosion, and possible evidence that water
may have flowed on Mars during a warmer
past. Pathfinder made its last complete
data transmission on Sept 27. After a
month of unsuccessful attempts to commu-
nicate with it, mission controllers at the JET

PROPULSION LABORATORY terminated fur-
ther efforts to contact the probe on Nov. 4
1997.

The mission successfully demonstrated
a low-cost method of delivering scientific
instruments to Mars. It was possible to
photograph local surface features, and the
mission obtained 16 000 images from the
lander and 550 from Sojourner.

Mars Polar Lander A NASA mission
to Mars launched Jan. 1999 to land in the
planet’s southern polar region. The probe
was lost as it entered the Martian atmos-
phere in Dec. 1999.

Mars probes 1. A series of ill-fated So-
viet probes to Mars. Contact was lost with
Mars 1, launched in Nov. 1962, after it
had traveled 106 million km. Mars 2 and 3
entered orbit around Mars in Nov. and
Dec. 1971 after detaching lander capsules:
that from Mars 2 crashed and the other
stopped transmitting within two minutes
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of touchdown. The orbiters made surface
and atmospheric studies. Mars 4, an in-
tended orbiter, passed the planet in Feb.
1974 after retrorocket failure. Mars 5 en-
tered orbit two days later but ceased func-
tioning after a few days of photographic
reconnaissance. Mars 6 flew past Mars in
Mar. 1974, ejecting a lander capsule that
crashed on the surface. Mars 7 passed
Mars three days before Mars 6 but its in-
tended lander missed the planet com-
pletely.
2. Space probes to Mars, such as the
MARINER, VIKING, MARS GLOBAL SURVEYOR,
MARS EXPRESS, and MARS ODYSSEY missions.

Mars Reconnaissance Orbiter A
NASA Mars orbiter, part of the agency’s
Mars Exploration Program of crewless in-
vestigative probes, which was due for
launch in Aug. 2005. It is set to provide the
most thorough examination of Mars so
far. Fitted with a high-resolution camera, it
aims to send back close-up images of the
Martian surface with unprecedented clar-
ity. Chief among its tasks is the search for
landing-sites close to sustainable sources of
water, where future human missions will
be able to establish themselves.

mascons /mas-konz/ Short for mass con-
centrations. Positive gravitational anom-
alies associated with the young circular
lunar maria, where relatively dense disk-
shaped masses are now known to be lo-
cated close to the surface: because the
gravitational attraction is somewhat higher
over these regions, mascons perturb the or-
bits of lunar satellites. They were produced
either by the mare basalt itself as it flooded
the basins or by the uplifting of higher-den-
sity mantle material during basin excava-
tion. Mascons imply the existence of a rigid
lunar crust for at least 3000 million years.
The removal of crust during crater forma-
tion may also produce negative gravita-
tional anomalies; these are observed in the
younger large craters and around the Ori-
entale Basin, which is only partly lava-
filled. Because the circular maria are
topographic lows, mascons may be par-
tially isostatically compensated, i.e. they
may have sunk under their excess density

until some sort of equilibrium depth was
reached with relation to adjacent material.

maser amplifier /may-zer/ A type of
negative-resistance amplifier in which am-
plification is achieved by stimulating ex-
cited molecules to release photons in phase
with the passing radiation. Amplifiers of
this type have extremely low noise figures,
limited in practice by losses in the input
and output circuits, and they therefore find
application in radio telescopes at mi-
crowave frequencies.

maser source A small celestial source of
electromagnetic radiation, displaying nar-
row spectral lines and having an anom-
alously high brightness temperature, in
which the emission is thought to be by
maser action: radiation at the maser fre-
quency is amplified when excited mol-
ecules in the source emit photons in phase
with the passing radiation (maser stands
for microwave amplification by stimulated
emission of radiation). Several different
types have been identified including OH
(hydroxyl) masers radiating at 1.665 giga-
hertz, H2O (water) masers at 22.235, 321,
325, and 380 GHz, SiO (silicon oxide)
masers at 43.424 and 86.243 GHz, and
CH3OH (methanol) masers at frequencies
up to 338 GHz.

Maser sources have been detected, for
example, in the atmospheres of old vari-
able stars and in molecular clouds associ-
ated with newly formed or forming stars.
The first maser source – an OH maser –
was discovered in the Orion nebula in
1965. Hundreds of sources containing hy-
droxyl masers have since been found, some
of which also have water masers. Masers
are usually very variable radio sources and
produce highly polarized radio emission
from regions that are typically about one
parsec in diameter. Because of their small
size, very precise position measurements
are possible using VLBI. Proper motion
measurements over a period of several
years have allowed a much more precise
measurement of the distance to several
giant molecular clouds and to the galactic
center, using the techniques of statistical
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parallax and moving-cluster parallax. See
also Mira stars; OH/IR star.

mass A measure of the quantity of mat-
ter in a body. The SI unit of mass is the
kilogram. The astronomical unit of mass is
the solar mass, i.e. 2 × 1030 kg. Mass is a
property of matter that determines both
the inertia of an object, i.e. its resistance to
any change in its motion or state of rest,
and the gravitational field that it can pro-
duce. The former is called inertial mass, de-
fined by Newton’s laws of motion, and the
latter is gravitational mass. Inertial and
gravitational mass have been found to be
equivalent. This led to Einstein’s principle
of equivalence between inertial and gravi-
tational forces. See also relativity, special
theory; stellar mass; weight.

mass function 1. The only information
that can be determined about the masses
m1 and m2 of the two components of a
spectroscopic binary when the spectral
lines of only one component (of mass m1)
can be observed. It is equal to
(m2

3 sin3 i)/(m1 + m2)2

where m1 and m2 are measured in solar
masses and i is the inclination of the orbit.
2. (Salpeter mass function) See stellar mass.

mass loss The loss of mass by a star dur-
ing its evolution by one or more processes.
Mass is lost at a high rate in bipolar out-
flows during the formation of a star, and as
a T Tauri wind from some protostars.
Mass is known to flow slowly into space
from many stars, especially giants, in the
form of a stellar wind. Mass can also be
ejected as the shell of a planetary nebula or
in a violent supernova explosion. Mass
transfer can occur in close binary stars, and
mass can be lost from the binary in a nova
explosion.

mass-luminosity relation (M-L relation)
An approximate relation between the mass
and luminosity of main-sequence stars,
predicted by Eddington in 1924. Although
having some basis in theory it is obtained
empirically from a graph of absolute bolo-
metric magnitude against the logarithm of
mass (in solar units), i.e. M/M�, for a large

number of binary stars. Most points lie on
an approximately straight line. Since a
star’s absolute bolometric magnitude is a
function of the logarithm of its luminosity
(in solar units), i.e. L/L�, this line is repre-
sented by the M-L relation:

log(L/L�) = n log(M/M�) 
L/L� = (M/M�)n

n averages about 3 for bright massive stars,
about 4 for Sun-type stars, and about 2.5
for dim red dwarfs of low mass. The rela-
tion holds for main-sequence stars, which
all have a similar chemical composition
and have similar internal structures and
nuclear power sources. It is not obeyed by
white dwarfs (degenerate matter) or red gi-
ants (extended atmospheres).

mass number Symbol: A. The number
of protons and neutrons (i.e. nucleons) in
the nucleus of a particular atom. It is the
number closest to the mass of a nuclide in
atomic mass units, i.e. in units equal to
1/12 of the mass of a carbon-12 atom. See
also atomic number.

mass-to-luminosity ratio The mass of
a system divided by its luminosity, usually
expressed in solar units such that the mass-
to-luminosity ratio of the Sun is one. Dark
matter is required to bind systems that
have a high mass-to-luminosity ratio, such
as groups and clusters of galaxies.

mass transfer A process occurring in
close binary stars when one of the stars has
expanded to such an extent that mass can
be transferred to its companion. This mass
may strike the more compact companion
directly or, more usually, may orbit the star
and eventually form a ring of matter – an
accretion disk. The mass transfer takes
place through the inner Langrangian point,
lying between the stars, and occurs when
the larger star fills its Roche lobe (see
equipotential surfaces).

matching (impedance matching) Ar-
ranging electrical impedances so that max-
imum power is transferred from one device
to another. This occurs when the input im-
pedance of one device equals the output
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impedance of the other to which it is con-
nected. See also feeder.

Mathilde /mă-tild/ ((253) Mathilde) A
C-TYPE MAIN-BELT ASTEROID, discovered in
1885 by the Austrian astronomer Johann
Palisa. It was studied at close quarters in
1997 by the Near-Earth Asteroid Ren-
dezvous (NEAR-Shoemaker) mission,
which observed it to be 52 km across, with
at least five craters more than 20 km
across. It has an unusually long rotational
period of 17.4 days.

matter–antimatter asymmetry The
asymmetry between matter and antimatter
in the Universe; i.e. the fact that all the
matter in the Universe appears to be in the
form of matter rather than an equal mix-
ture of matter and antimatter, as might be
expected from relativistic quantum me-
chanics. The problem of explaining this
asymmetry is a major challenge for cos-
mology. SAKHAROV’S CONDITIONS provide a
general explanation for how this asymme-
try can arise. These conditions were imple-
mented in the context of GRAND UNIFIED

THEORIES in the late 1970s to provide an
explanation of matter–antimatter asymme-
try but it is not known whether this expla-
nation is correct.

matter era See Big Bang theory.

Mauna Kea /mow-nah kay-ah/ A dor-
mant volcano on the Big Island of Hawaii
whose high-altitude summit (4200 meters,
13 800 ft) lies above almost half of the
Earth’s atmosphere. Conditions at the
summit for astronomical observations, es-
pecially at infrared and submillimeter
wavelengths, are extremely good. It is
therefore the site of several major tele-
scopes, administered overall as the Mauna
Kea Observatory (MKO) by the University
of Hawaii. The first telescope to be in-
stalled, 1968, was a 0.6-meter reflector of
the University of Hawaii, followed two
years later by a 2.2-meter instrument for
the same institution. In 1979 three major
telescopes for optical and infrared observa-
tions were inaugurated: the 3.8-meter UK

INFRARED TELESCOPE (UKIRT), the 3.6-

meter CANADA–FRANCE–HAWAII TELESCOPE

(CFHT), used for optical and infrared
studies, and the 3.0-meter INFRARED TELE-
SCOPE FACILITY (IRTF), operated by NASA.
There are also two major telescopes for
submillimeter work: the 15-meter JAMES

CLERK MAXWELL TELESCOPE (JCMT) and the
10.4-meter CALTECH SUBMILLIMETER OBSER-
VATORY (CSO), which began operations in
1986 and 1990 respectively. The US-Tai-
wanese 8×6-meter SUBMILLIMETER ARRAY

began operations in 2002. Mauna Kea also
has a 25-meter radio telescope, which is
one of the ten antenna sites for the Very
Long Baseline Array (VLBA).

Mauna Kea is the site of several new-
generation telescopes. The two huge 10-
meter KECK TELESCOPES, Keck I and Keck II,
are part of the W.M. Keck Observatory.
Additional projects include one of the two
8-meter GEMINI TELESCOPES and the 8.3-
meter SUBARU TELESCOPE.

Maunder minimum /mawn-der/ See
sunspot cycle.

Max Planck Institute for Radio As-
tronomy /maks plank/ (MPIR, MPIfR)
See Effelsberg Telescope.

Maxwell Gap /maks-wĕl) See Saturn’s
rings.

Maxwell Montes /mon-teez/ The high-
est mountain range on VENUS, located on
ISHTAR TERRA. It is centered on Venusian
coordinates 65.2° N latitude, 356.7° W
longitude. It rises to more than 11 km
above the mean elevation of the surface,
with complex folds and faults formed by
extensive compression of the planet’s crust.
At high elevations, where the temperature
and atmospheric pressure fall to a certain
level, the rocks are coated with a metallic
material similar to pyrite. Its western
slopes are very steep, whereas its eastern
slopes descend gradually into Fortuna
Tessera.

Maxwell Observatory See James Clerk
Maxwell telescope.

Mathilde
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Mayall Telescope /may-ăl/   See Kitt Peak
National Observatory.

MCP detector See microchannel plate
detector.

mean anomaly See anomaly.

mean daily motion The angle through
which a celestial body would move in one
day if its orbital motion were uniform.

mean density of matter Symbol: ρ0.
The factor that determines the dynamical
behavior of the Universe, i.e. whether it is
open or closed. The density parameter, Ω,
is a dimensionless quantity given by

Ω = 8πGρ0/(3H0
2)

It is related to the deceleration parameter,
q0, by 

Ω = 2q0
If the Universe is a continuously expanding
open system, Ω must be ≤1; if it exceeds
unity the Universe is closed and must even-
tually collapse. The critical density for
which Ω is unity is 5 × 10–27 kg m–3 for a
Hubble constant H0 equal to 55 km s–1

megaparsec–1. Various estimates involving
the mass to luminosity ratios of galaxies
lead to values for Ω of about 0.01 due to
galaxies. This is considerably less than the
baryon density parameter, the difference
being due to the intergalactic medium. The
missing-mass problem for clusters of
galaxies indicates the presence of dark
matter and suggests that the true value is
about 0.3. A value of unity is not precluded
by these observations; many theoretical
cosmologists believe that Ω = 1 precisely,
because any deviation from unity in the
early Universe would have been immensely
amplified in the proposed inflationary
phase (see inflationary Universe).

mean equator and equinox The refer-
ence system determined by ignoring small
variations of short period in the motions of
the celestial equator; it is affected only by
precession. Positions in star catalogs are
now usually referred to the mean catalog
equator and equinox (see catalog equinox)
of a standard epoch. The coordinates of a
celestial body on the (Sun-centered) celes-

tial sphere, referred to the mean equator
and equinox of a standard epoch, are its
mean place. See also true equator and
equinox.

mean life See half-life.

mean motion The constant angular
speed that is required for a celestial body to
complete one revolution of an (undis-
turbed) elliptical orbit of a specified semi-
major axis.

mean parallax The parallax obtained
by statistical methods for a group of stars
with different apparent magnitudes and
proper motions.

mean place See mean equator and
equinox.

mean sidereal time See sidereal time.

mean solar time Time measured with
reference to the uniform motion of the
mean Sun. The mean solar day is the inter-
val of 24 hours between two successive
passages of the mean Sun across the merid-
ian. The mean solar second is 1/86 400 of
the mean solar day. The difference between
mean solar time and apparent solar time on
any particular day is the equation of time.
Since the mean Sun is an abstract and
hence unobservable point, mean solar time
is defined in terms of sidereal time. One
mean solar day is equal to 24h 3m 56.555s
of mean sidereal time.

Mean solar time was originally devised
in order to provide a uniform measure of
time based on the Earth’s rate of rotation,
which was assumed, incorrectly, to be con-
stant. The Sun’s mean daily motion does
however conform closely to universal time.

mean Sun An abstract reference point
that was introduced to define mean solar
time. It has a constant rate of motion and
is used in timekeeping in preference to the
real Sun whose observed motion is nonuni-
form. This nonuniformity results primarily
from the Earth’s elliptical orbit around the
Sun, which causes the Earth’s orbital
speed, and hence the Sun’s apparent speed,
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to vary (see Kepler’s laws). Secondly the di-
rection of the Sun’s apparent motion is
along the ecliptic and is thus inclined to the
direction parallel to the celestial equator
along which solar time is measured. An ad-
ditional seasonal variation is therefore in-
troduced when the Sun’s motion is
measured relative to the equator.

The mean Sun follows a circular orbit
around the celestial equator so that it
moves eastward at a constant speed and
completes one circuit in the same time –
one tropical year – as the apparent Sun
takes to orbit the ecliptic, if the slight secu-
lar acceleration of the Sun is ignored. The
mean Sun is defined by an expression for
its right ascension, which fixes its position
among the stars at every instant.

mega- Symbol: M. A prefix to a unit, in-
dicating a multiple of 106 (i.e. one million)
of that unit. For example, one megaparsec
(symbol: Mpc) is one million parsecs.

Megrez /meg-rez/ See Big Dipper.

meniscus lens /mĕ-niss-kŭs/ A lens in
which the two surfaces have different or
sometimes equal curvatures but, unlike a
concave or convex lens, curve in the same
general direction. A positive meniscus is
thicker at the center than at the edges; a
negative meniscus is thinner at the center.
See illustration at lens.

meniscus mirror See primary mirror.

meniscus telescope See Maksutov tele-
scope.

Menkalinan See Auriga.

mensa /men-să/ (plural: mensae) A flat-
topped elevation with steep sides. The
word is used in the approved name of such
a surface feature on a planet or satellite.

Mensa /men-să/ (Table Mountain) A
small inconspicuous constellation in the
southern hemisphere, close to the south
pole, the brightest stars being of 5th mag-
nitude. It contains part of the Large Mag-
ellanic Cloud. Abbrev.: Men; genitive

form: Mensae; approx. position: RA 5.5h,
dec –78°; area: 153 sq deg.

Merak /me-rak/ (ββ UMa) One of the
seven brightest stars in the BIG DIPPER and
one of the two POINTERS. mv: 2.37; Mv: 0.7;
spectral type: A0mA1 IV-V; distance: 19
pc.

Mercury /mer-kyŭ-ree/ The innermost
and, with a diameter of 4878 km, the sec-
ond smallest planet in the Solar System, or-
biting the Sun in 87.97 days at an average
distance of 0.39 AU. It has no natural satel-
lite. The distance from the Sun varies be-
tween 0.31 and 0.47 AU because of
Mercury’s high orbital ECCENTRICITY of
0.21. Maximum ELONGATION from the Sun
varies between 28° and 18°, so that Mer-
cury can be observed only when low in the
twilight sky. Telescopes reveal a disk, be-
tween 4.5 and 12.9 arc seconds across,
showing vague markings and PHASES vary-
ing from full at superior conjunction to
new at inferior conjunction. TRANSITS

across the Sun’s disk recur at intervals of 7
or 13 years or in combinations of these fig-
ures. Orbital and physical characteristics
are given in Table 1, backmatter.

Mercury’s axial rotation period of
58.64 days, determined by radar in 1965,
corresponds almost exactly to ⅔ of its or-
bital period, a fact discovered in 1965 by
the Italian astronomer Giuseppi Colombo.
The phenomenon is probably due to tidal
coupling between the extra gravitational
force of the Sun at PERIHELION and irregu-
larities in Mercury’s almost perfectly
spherical form. This rotation period is
close to half the planet’s SYNODIC PERIOD;
this explains why early observers, who saw
the same face of the planet at favorable op-
positions, concluded erroneously that it
had a SYNCHRONOUS ROTATION period of
88 days.

MARINER 10, which made three close
approaches to Mercury in 1974 and 1975,
measured a maximum daytime tempera-
ture of 190 °C; this may reach 450 °C near
perihelion. At night temperatures plunge to
–180 °C beneath the most tenuous of at-
mospheres, consisting mainly of minute
traces of helium, oxygen, and argon, plus
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some sodium and potassium. Mariner
found that Mercury has a MAGNETOSPHERE

supported by a magnetic field about 1% as
strong as the Earth’s; it is not clear whether
this is generated within the planet’s core or
arises from permanent magnetization
within the crust. Mercury’s density, 5.4
times that of water, implies that it has a
large nickel–iron core, perhaps 3600 km
across.

Photography of half of Mercury’s sur-
face by Mariner 10 shows it to resemble
the Moon in being heavily cratered with in-
tervening areas of lava-flooded plains,
called maria. The largest impact feature de-
tected is the 1300 km diameter Caloris
Basin, similar to the Moon’s Mare IM-
BRIUM. Antipodal to Caloris is an area of
chaotic terrain created, it is believed, by
shock-waves from the same impact. Some
recent craters possess radiating systems of
light-colored surface streaks, similar to the
lunar RAYS. The EJECTA BLANKETS surround-
ing many craters are half the size of those
around lunar craters of similar diameter,
probably because Mercury has twice the
Moon’s surface gravity. Of particular in-
terest, and not seen on the Moon or Mars,
are lines of cliffs, called lobate scarps, up to
3 km high and 500 km long. These may
have resulted from wrinkling of the sili-
cate-rich crust as Mercury’s core cooled
and contracted billions of years ago.

Mercury, perihelion See advance of
the perihelion.

Mercury, transits See transit.

Mercury project The pioneering US
space project to orbit a manned craft, to in-
vestigate human reactions to and ability to
adapt to the weightlessness of space, and to
recover both astronauts and spacecraft.
Mercury MR3, launched May 5 1961 by a
Redstone rocket, carried the first Ameri-
can, Alan Shepard, into the upper atmos-
phere in a suborbital hop. The first true
orbital flight was made by John Glenn in
Mercury MA6, launched Feb. 20 1962 by
an Atlas rocket. The longest flight, 34.3
hours, was made by Gordon Cooper in the
last capsule in the series, Mercury MA9,

launched May 15 1963. See also Apollo;
Gemini project.

merger The final gravitationally bound
product of closely interacting galaxies or
other interacting systems. Some IRAS
galaxies are believed to be recent merger
products.

meridian /mĕ-rid-ee-ăn/ 1. An imagi-
nary great circle passing through a point on
the surface of a body such as a planet or
satellite, at right angles to the equator and
passing through the north and south poles.
2. Short for celestial meridian. The projec-
tion of the observer’s terrestrial meridian
on the celestial sphere. It is thus the great
circle passing through the north and south
celestial poles and the observer’s zenith
and intersecting the observer’s horizon at
the north and south points (see cardinal
points).

meridian angle See hour angle.

meridian circle See transit circle.

meridian passage The passage of a star
across the meridian (see culmination) or of
an inferior planet across the Sun (see tran-
sit).

MERLIN /mer-lin/ Abbrev. for Multi-
Element Radio-Linked Interferometer Net-
work (formerly known as MTRLI). A
network of radio telescopes in England
connected by microwave communication
links to a control system at Jodrell Bank. In
operation since 1980, it is used at wave-
lengths ranging from 1 meter to 1 centi-
meter approximately to build up high-
resolution maps of radio sources.

These telescopes in the network are as
follows: Jodrell Bank’s Lovell Telescope,
Mark II telescope, or its 13-meter dish –
the choice depends on wavelength, the
13 m being used at shorter wavelengths
than the Mark II; the 25-meter dish at Def-
ford, Worcestershire; three identical 25-
meter dishes at Pickmere and Darnhall in
Cheshire and Knockin in Shropshire; the
32-meter dish at MRAO, Cambridge,
which can be used at frequencies of up to
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90 GHz. The telescopes give baselines
ranging from 11 to 217 km in length.
MERLIN frequently observes simultane-
ously with the VLBA and the EVN to carry
out global VLBI.

Merope /me-roh-pee/ See Pleiades.

Mesarthim /me-sar-th’im/ See Aries.

mesons /mee-zon, -son, mess-on, mez-
on/ See elementary particles.

mesosiderite /mess-ŏ-sid-ĕ-rÿt, mee-sŏ-/
See stony-iron meteorite.

mesosphere, mesopause /mess-ŏ-sfeer,
mee-sŏ-; mess-ŏ-pawz, mee-sŏ/ See at-
mospheric layers.

MESSENGER abbrev. for Mercury
Surface, Space Environment, Geochem-
istry, and Ranging, a NASA mission to the
planet Mercury, launched Aug. 3 2004
from Cape Canaveral by a Delta 2 Heavy
rocket and forming part of the agency’s
Discovery Program. Although an acronym,
the name recalls the planet’s mythical asso-
ciation with Mercury the winged messen-
ger of the gods. The MESSENGER
spacecraft is NASA’s first Mercury orbiter.
Its chief goal is to investigate important
scientific questions about Mercury’s sur-
face and interior composition and its envi-
ronment. Among other things, the probe
will seek to find out why Mercury’s density
is so high, what the composition and struc-
ture of its crust is, and whether there has
been any volcanism. It will also look into
the nature, dynamics and origin of Mer-
cury’s magnetic field (possibly driven by a
liquid outer core) and its tenuous atmos-
phere. One focus of interest will be the
mysterious polar deposits on Mercury,
which some scientists believe could be
water ice. The data for these questions will
be gathered by an array of seven miniature
instruments working in one of the most
hostile environments in the Solar System, a
mere 58 million km from the Sun.

To avoid overshooting its target and
possibly falling into the Sun, the MESSEN-
GER craft is following a 6½-year, 7.9-bil-

lion-km roundabout course to Mercury
that should slow it down sufficiently to ac-
complish its task. The journey will involve
15 solar orbits, 6 trajectory-altering plane-
tary flybys (including 1 of the Earth, 2 of
Venus and 3 of Mercury itself), and 6 cru-
cial rocket firings. It will enter orbit around
Mercury in March 2011 for a year of sci-
entific data collection.

Messier Catalog /mess-ee-ay, mess-
yay/ A catalog of the brightest ‘nebulae’
prepared by the French astronomer
Charles Messier and printed in final form
in 1784. Messier compiled the list in order
to avoid confusion of these cloudlike ob-
jects with comets, for which he was a keen
searcher. 103 celestial objects, which ap-
peared fuzzy and extended in telescopes of
the time, were listed and given a number
preceded by the letter M. This is the objec-
t’s Messier number, an example being
M42: the Orion nebula. It was later found
that most of the objects were not true neb-
ulae but galaxies and star clusters. Seven
more objects were later added to Messier’s
list, bringing the total number of cataloged
items to 110. See Table 8, backmatter;
NGC.

Messier number See Messier Catalog.

Me stars /em-ee/ Cool red stars whose
spectra show emission lines of hydrogen in
addition to the molecular bands of tita-
nium oxide characteristic of M stars. This
occurs in both giant and dwarf (main-se-
quence) M stars, apparently for different
reasons. The giant Me stars are mainly
long-period variables, such as Mira stars,
whose distended atmospheres are losing
matter to space. The emission lines from
dwarf Me stars seem to be related to the
presence of strong magnetic fields; they are
often flare stars.

metal In astronomy, any element heav-
ier than helium; the most abundant metals
are oxygen, carbon, and nitrogen.

metallicity /met-ă-liss-ă-tee/ (metal abun-
dance) Symbol: Z. The fraction by mass
of metals in a star, cluster of stars, or in

Merope
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some other astronomical entity. Since met-
als are produced by nucleosynthesis in
stars, the metallicity of an object or class of
objects depends on when it was formed:
objects of later origin in general have a
higher metallicity. Metallicity is deter-
mined by photometry or high-resolution
spectroscopy, and is usually expressed rel-
ative to solar metallicity (see cosmic abun-
dance), and as the ratio of iron to
hydrogen, Fe/H. See also population I,
population II.

metal ratio The ratio of the abundance
of a metal to the abundance of hydrogen in
a celestial body or system.

meteor /mee-tee-er, -or/ The streak of
light seen in the clear night sky when a
small particle of interplanetary dust (a me-
teoroid) burns itself out in the Earth’s
upper atmosphere. On a clear moonless
night at a time away from meteor showers
the dark-adapted eye can see about 10 per
hour, the eye detecting meteors down to
about fifth visual magnitude. The most
probable magnitude seen is +2.5, 75% of
the meteors observed having magnitudes in
the range 3.75 to 0.75. The visual rate
maximizes at about 04.00 local time when
the observer is on the leading side of the
Earth, ‘plowing’ into the cosmic dust
cloud. The meteoroid enters the atmos-
phere at velocities between 11 and 74
km s–1 depending on whether the Earth
just catches up the particle or they have a
head-on collision. The ablating meteoroid
not only leaves behind it a train of excited
atoms that de-excite to produce the brief
blaze of light – a visual meteor – but it also
produces a column of ionized atoms and
molecules (both atmospheric and meteoric)
that can act as reflectors of radar pulses
transmitted from ground-based telescopes
– a radio meteor. The meteoroid dissipates
its energy, distributes its disaggregated
atoms and molecules, and produces the vi-
sual and radio meteor in the region be-
tween 70 km and 115 km above the Earth’s
surface. The mean altitude of maximum lu-
minosity and electron density is 97 km.

A large percentage of the mass influx to
the Earth’s atmosphere (which totals some

220 000 tonnes per year) is made up of
particles in the size range that produce vi-
sual and radio meteors, i.e. one millionth
to one million grams. The meteoroid has a
kinetic energy considerably in excess of the
energy required to vaporize itself. Air mol-
ecules striking the meteoroid have a kinetic
energy of about 400 electronvolts. As the
binding energy of the atoms in the mete-
oroid is a few electronvolts, a hundred or
so meteoroid atoms boil off for each ad-
sorbed air molecule. The meteoroid starts
to ablate at about 115 km. These ablated
atoms then collide with the surrounding air
molecules and by losing energy in these col-
lisions produce excitation and ionization.
After ten or so collisions the energy of the
ablated atom has dropped below the exci-
tation potential of the air molecules and
ionization and excitation no longer occur.
The ablated atom has moved about 50 cm
from the meteoroid path during this
process. The small meteoroid is completely
evaporated after intercepting an air mass
about 1% of its own mass. Owing to these
processes the meteoroid train has a length
of between 7 and 20 km and a width of
about 100 cm. A 4th-magnitude meteor
contains around 1018 electrons and 1018

positive ions. The atoms quickly de-excite
and electrons and positive ions recombine
and become attached to other atmospheric
molecules. The time duration is related to
the magnitude but is usually less than a sec-
ond.

The meteor spectrum is a low-excita-
tion one, ionization potentials lying in the
range 1.9 to 13.9 volts (equivalent to tem-
peratures roughly 1600 to 4800 K). The
Ca II lines, H and K, are the main features
of fast meteors whereas Na I, Mg I, and
Fe I are dominant in slow ones.

meteorite /mee-tee-ŏ-rÿt/ Interplanetary
debris that falls to the Earth’s surface. The
first documented one was the stone that fell
near Ensisheim, Alsace in 1492 but it was
not until 1803 that meteorites were ac-
cepted by the scientific community as being
extraterrestrial. One that is seen to hit the
ground is known as a fall; one that is dis-
covered accidentally some time after hav-
ing fallen is termed a find. Roughly 6 falls
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and 10 finds are added to the list annually.
About 3300 hit the Earth each year; the
majority go unrecorded, falling in oceans,
deserts, and other uninhabited regions.

Meteorites can be crudely divided into
three types: stony meteorites, which subdi-
vide into chondrites and achondrites, iron
meteorites, and stony-iron meteorites. Iron
meteorites have densities of about 7.8
g cm–3 and contain on average 91% iron,
8% nickel, and 0.6% cobalt. Stony mete-
orites have densities about 3.4 g cm–3 and
on average contain 42% oxygen, 20.6%
silicon, 15.8% magnesium, and 15.6%
iron, no other element exceeding 2%.
Stony-irons are intermediate in composi-
tion. The relative percentages of each type
are shown in the table. The fall percentages
give a reasonable approximation to the ac-
tual meteorite population of the Solar Sys-
tem. However the fragile carbonaceous
chondrites mostly disintegrate on entry.

The largest iron meteorite that has been
found is the 60-tonne Hoba meteorite, the
largest stony meteorite being 1 tonne, part
of the Norton County, Kansas achondrite.
The found meteorite might represent only
a small percentage of the in-space mass of
the body. Meteorite entry is accompanied
by a brilliant bolide, the meteorite usually
being retarded to free-fall velocity at a
height of about 20 km. It hits the ground at
about 300 km per hour. The surface of the
meteorite can easily be heated up to several
thousand kelvin during entry. This usually
produces a black glassy fusion crust, which
covers the meteorite. Most meteorites frag-
ment on entry, scattering pieces over an el-
liptical area: the carbonaceous chondrite
meteorite Allende, which fell in 1969 in
Mexico, scattered 5 tonnes of material
over an area 48 km long by 7 km wide.

Meteorites are named after the nearest
topographical feature to the fall point.
Recognizing meteorite finds relies mainly
on analysing chemically for the presence of
nickel, which is present in all iron meteor-
ites. Etched and polished irons also show
Widmanstätten figures. Stony meteorites
contain nickel-iron particles that can be ex-
tracted magnetically from a crushed sam-
ple.

Meteorites bring to our notice a type of
rock existing in the Solar System but dif-
ferent from anything that occurs in the
outer shell of the planet Earth. Studies of
the chemical elements and compounds and
the minerals present in meteorites allow
their origin and history to be better under-
stood; isotope ratios of given elements can
give absolute ages. Most meteorites are be-
lieved to be fragments of asteroids. Two
problems arise: firstly, meteorites seem to
have had only a short exposure to cosmic
rays; secondly, the dynamics by which a
meteorite gets from the asteroid belt to the
Earth’s orbit is nontrivial, mainly relying
on the orbital eccentricity being pumped
up by gravitational perturbation when the
semimajor axis approaches one of the
Kirkwood gap resonances. The carbona-
ceous chondrites are thought to originate
as parts of cometary nuclei. The ages of
meteorites have been obtained by radio-
metric-dating methods and have been esti-
mated at up to 4.7 × 109 years. This
indicates that meteorites were formed at
about the same time as the Solar System.

meteorite craters Circular impact
structures produced by meteorite bom-
bardment, usually known as astroblemes if
they occur in the Earth’s crust. See also
craters.

meteoroid /mee-tee-ŏ-roid/ The collec-
tive term applied to meteoritic material in
the Solar System, usually replaced by the
terms micrometeorite for particles with
mass less than 10–6 gram and meteorite for
bodies with mass greater than about 105

grams. The majority of the mass of the me-
teoroid cloud around the Sun is made up of
particles with individual masses between
10–7 and 10–3 gram. Meteoroids are usu-

meteorite craters
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Meteorite types Finds (%) Falls(%)
chondrites 43.7 84.3
achondrites 1.0 8.7
stony-irons 5.2 1.3
irons 50.1 5.7



ally produced by the decay of short-period
comets and the collisional fragmentation
of asteroids. In the main they move around
the Sun in low-inclination direct orbits.
The space density of meteoroids maximizes
near the orbit of Mars and then falls off as
1/r1.5, where r is the distance from the Sun.
Individual meteoroids in the mass range
10–6 to 104 grams are fragile crumbly
rocky dust particles with a composition
similar to carbonaceous chondrite meteor-
ites. See also meteor.

meteoroid stream The annulus of me-
teoroids around the orbit of a decaying
comet. Dust particles are pushed away
from the cometary nucleus by gas pressure
at the time when the nucleus is near peri-
helion. The particles then have slightly dif-
ferent orbital parameters to the comet.
Stream-formation time depends on perihe-
lion distance and meteoroid size, being
anything from tens to hundreds of years.
New streams only have meteoroids close to
the parent comet and only produce meteor
showers periodically. Streams are about
100 times thicker at aphelion than at peri-
helion. They contain anywhere between
1014 grams and 1017 grams of dust and
have volumes in the range 1021 to 1025

km3.

meteor shower The increase in ob-
served rate of appearance of meteors –
shower meteors – when the Earth passes
through a meteoroid stream; a particular
shower occurs at the same time each year.
The increase in rate differs from stream to
stream: it is a function of mass of the orig-
inating comet, age of stream, position of
intersection point with respect to stream
axis, and orbital elements (which can vary
slowly with time). With many showers the
rate varies from year to year because the
meteoroids are not evenly distributed
around the stream. The ratio between
shower rate and sporadic-meteor rate is a
function of the mass of the meteoroids
being observed. This ratio can be as high as
10 for visual meteors, is about 1–2 for
radio meteors, and is negligible for satel-
lite-observed meteors. Shower meteors ap-
pear to emanate from a radiant, the shower

being named after the constellation that
contains the radiant. See Table 4, back-
matter.

meteor storm (meteor swarm) A me-
teor shower with an enormous meteor rate
that occurs when the Earth intersects a new
meteoroid stream close to a large originat-
ing comet. The most famous was the
Leonid storm of Nov. 12–13, 1833, when
the rate exceeded 10 000 visual meteors an
hour, single observers often seeing 20 a sec-
ond.

meter /mee-ter/ Symbol: m. The usual
scientific unit of length and distance. It is
defined (from Oct. 1983) as the length of
the path traveled by light in vacuum during
a time interval of 1/299 792 458 of a sec-
ond. It is thus now defined in terms of the
second and the fixed value of the speed of
light.

Metis /mee-tiss/ A small irregularly
shaped satellite of Jupiter, discovered in
1980 from photographs taken by Voyager
2 in 1979. It is Jupiter’s closest known
satellite, orbiting at a mean distance of
128 000 km. See Jupiter’s satellites; Table
2, backmatter.

Metonic cycle /me-ton-ik/ (lunar cycle)   A
period of 19 years (tropical) after which
the phases of the Moon recur on the same
days of the year: the period contains
6939.60 days, which is very nearly equal to
235 synodic months, i.e. 6939.69 days.
Since it is also almost equal to 20 eclipse
years, i.e. 6932.4 days, it is possible for a
series of four or five eclipses to occur on
the same dates at intervals of 19 years. The
cycle was discovered by the Greek as-
tronomer Meton in the fifth century BC and
was used in determining how intercalary
months could be inserted into a lunar cal-
endar so that the calendar year and the
tropical (seasonal) year were kept in step.

Meudon Observatory See Paris Obser-
vatory.

MHD Abbrev. for magnetohydrody-
namics.
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MHz Symbol for megahertz, i.e. 106

hertz.

Mice (NGC 4676) Two closely interact-
ing disk galaxies that have each thrown off
major tidal features resembling mouse
tails. They lie at a distance of 90 Mpc.

Michelson interferometer /mÿ-kĕl-
sŏn/ An early form of interferometer in
which a beam of light is split and subse-
quently recombined. Any difference in op-
tical path traveled by the two beams leads
to a phase difference between the recom-
bining beams, and hence interference
fringes are produced.

Michelson–Morley experiment /mÿ-
kĕl-sŏn mor-lee/ See ether.

Michelson stellar interferometer Any
of a series of interferometers constructed
by A.A. Michelson to measure the small
angular dimensions of stellar objects, such
as a star’s apparent diameter or the angu-
lar separation of a double star. In the orig-
inal version, a telescope objective was
covered by a screen that was pierced with
two parallel slits of adjustable separation.
The components of a double star (or the
two halves of a stellar disk) will each pro-
duce a set of interference fringes as a result
of the double slit. By varying the slit sepa-
ration, d, the bright fringes of one pattern
can be made to coincide with the dark
fringes of the other so that a continuous
line of light is seen; the angular dimension
is then proportional to d. Michelson was
able to measure the diameters of several
nearby stars down to about 0.01 arcsec, in-
cluding that of the supergiant Betelgeuse.
Much more sensitive measurements can
now be made with modern optical interfer-
ometers.

micro- Symbol: µ. A prefix to a unit, in-
dicating a fraction of 10–6 (i.e. one mil-
lionth) of that unit. For example, one
micrometer is 10–6 meter.

microchannel plate /mÿ-kroh-chan-ĕl/
(MCP) A high-resolution (15–25 µm
pixel) imaging device for recording X-ray,

ultraviolet, or electron images. The inci-
dent photon (or electron) strikes the front
surface of a thin glass plate consisting of 
a very large number of fine-bore tubes
(usually aligned perpendicular to the plate
surfaces). Secondary electrons are pro-
duced and are accelerated down the tubes
by an applied voltage, striking the walls
and creating further electrons. Charge
multiplication factors of about 103 (or 106

in a ‘cascaded pair’ of MCPs) yield a sig-
nal that is easily read on a collector at the
rear of the plate(s). Proximity focusing en-
sures retention of the initial photon (or
elec-tron) image and resolutions of 20–50
µm have been achieved. MCP detectors
have been used successfully in a number 
of X-ray astronomy satellites, including 
the Einstein Observatory, EXOSAT, and
ROSAT. MCPs are also the basis of 
the highest resolution X-ray camera in
AXAF–I.

microdensitometer /mÿ-kroh-den-să-
tom-ĕ-ter/ An optical instrument that
measures and records small changes in the
transmission density on a photographic
plate, such as the faint features in a spec-
trum. The plate, mounted on a carriage, is
moved through a light beam. A photomul-
tiplier measures the amount of light trans-
mitted by the plate and the output is fed to
a chart recorder or computer.

microgravity /mÿ-kroh-grav-ă-tee/ The
very low gravity encountered on spacecraft
in Earth orbit, leading to a condition of
near weightlessness. The behavior of liq-
uids and gases in microgravity differs
markedly from that observed on Earth.
Hydrostatic pressure is small, sedimenta-
tion is suppressed, and dynamic effects,
such as thermal convection, disappear.
Space missions dedicated to the study of
materials and living matter in microgravity
include Eureca, the International Micro-
gravity Laboratory, and the US Micrograv-
ity Laboratory.

microlensing /mÿ-kroh-lenz-ing/ See
Einstein cross; gravitational lens.

micrometeorite /mÿ-kroh-mee-tee-ŏ-rÿt/

MHz
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A cosmic dust particle of mass less than
about 10–6 gram and diameter less than 0.1
mm. On impact with the Earth’s atmos-
phere the heat absorbed by the particle
from atmospheric friction is insufficient to
raise it to boiling point. The ratio of heat
radiated to heat absorbed is proportional
to the inverse of the radius of a particle:
those larger than 10–6 gram ablate and
form meteors; smaller ones do not. The mi-
crometeorite will be decelerated to a nor-
mal free-fall velocity and then drift to the
surface of the Earth. On the Moon, how-
ever, no deceleration occurs and they im-
pact the surface with the normal geocentric
velocity.

Microscopium /mÿ-krŏ-skoh-pee-ŭm/
(Microscope) A small inconspicuous
constellation in the southern hemisphere
near Sagittarius, the brightest star being of
4th magnitude. Abbrev.: Mic; genitive
form: Microscopii; approx. position: RA
21h, dec –35°; area: 210 sq deg.

Microwave Anisotropy Probe See
Wilkinson Microwave Anisotropy Probe.

microwave background radiation /mÿ-
kroh-wayv/ The remnant of the radiation
content of the primordial fireball associ-

ated with the hot Big Bang. It is the domi-
nant radiation of deep intergalactic space.
A microwave background was first consid-
ered by George Gamow in the 1940s, and
its existence with a temperature close to 5
K was predicted in 1948 by Ralph Alpher
and Robert Herman. The concept was gen-
erally neglected and the prediction forgot-
ten until the radiation was discovered in
1965 by Arno Penzias and Robert Wilson.

The microwave radiation is highly
isotropic, showing that it must be at cos-
mological distances when compared to the
highly clumpy nearby Universe. The
Earth’s atmosphere complicates detailed
observation of the microwave radiation at
millimeter wavelengths where it is most in-
tense (see illustration), and it is best studied
by satellite-borne instruments such as were
carried by NASA’s Cosmic Background
Explorer, COBE.

COBE has measured the spectrum of
the microwave background to be a perfect
black-body curve characteristic of a tem-
perature of 2.735 ± 0.06 K. The mi-
crowave background is not completely
uniform, showing a slight dipole
anisotropy with an enhancement of one
part in a thousand in the direction of the
Galaxy’s motion and an equal and oppo-
site deficit in the opposite part of the sky.
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This is due to aberration from the real mo-
tion of the Galaxy relative to the fixed
background.

COBE has also revealed even weaker
temperature fluctuations of one part in one
hundred thousand on scales of ten degrees
and larger. These are the imprints of quan-
tum fluctuations in the early Universe. Fur-
ther study of such fluctuations, in
particular those due to acoustic oscillation
of matter before recombination, will con-
strain cosmological models that determine
how the early inhomogeneities collapse to
form the large-scale structure we see in to-
day’s Universe. These can be directly re-
lated to the cosmic power spectrum.

The cosmological distance of the mi-
crowave background radiation implies that
its photons were more energetic in the past.
When the Universe was scarcely a few hun-
dred thousand years old, they were ener-
getic enough to photoionize hydrogen (see
Big Bang theory) and their mean free path
was drastically reduced by scattering with
the free electrons.

Microwave Observing Program See
SETI.

microwaves Very high frequency radio
waves. Their frequencies are usually con-
sidered to lie in the range 1–300 gigahertz,
so that their wavelength range is about
1–300 mm. Microwave astronomy is the
branch of radio astronomy covering this
wavelength range.

Midcourse Space Experiment (MSX)
A spacecraft launched by the US Ballistic
Missile Defense Organization in April
1996, carrying a combination of astro-
nomical instruments (including an ultra-
violet spectroscope and an infrared tele-
scope) and military equipment. It had a
planned lifetime of 4 years.

mid-infrared See infrared radiation.

Milky Way A dense band of faint stars
that extends right round the celestial
sphere, dividing it into roughly equal parts.
Its central line marks the central plane of
our Galaxy, inclined at about 63° to the ce-

lestial equator. Although the vast majority
of the stars are too faint to be seen individ-
ually, they are collectively visible on a clear
moonless night as a diffuse band of light.
The Milky Way is seen because the Sun lies
close to the central plane of the galactic
disk. Because this region of the Galaxy is
highly flattened, a much greater depth of
stars is visible in directions along the plane
(i.e. toward the Milky Way) than in other
directions. The Milky Way has a distinctly
patchy appearance; it also varies consider-
ably in width and brightness and is notice-
ably brighter toward Sagittarius (the
direction of the galactic center). Many of
the apparent gaps are due to dark nebulae,
such as the Coalsack, along our line of
sight, which prevent stars behind them
from being seen.

Milky Way System See Galaxy.

milli- Symbol: m. A prefix to a unit, in-
dicating a fraction of 10–3 (i.e. 1/1000) of
that unit. For example, one millisecond is
10–3 second.

millimeter astronomy A branch of
radio astronomy covering the wavelength
range from 1 to 10 millimeters approxi-
mately. When studies began in the late
1960s it was the highest frequency range,
30–300 gigahertz, in which radio astron-
omy could be carried out. Submillimeter
astronomy has since become feasible. Both
millimeter and submillimeter wavelengths
are ideal for observations of giant molecu-
lar clouds. A large variety of molecules
form at the high densities in the clouds.
The spectral lines emitted by the molecules
are mainly in the millimeter and submil-
limeter range, and give information on
chemical composition, relative abundances
of isotopes, chemical reactions, and tem-
peratures, densities, and velocities in the
clouds (see also molecular-line radio as-
tronomy).

Millimeter wave instrumentation – usu-
ally parabolic radio dishes plus line re-
ceivers – is similar to that used for
submillimeter astronomy. One example is
the James Clerk Maxwell Telescope
(JCMT) on Mauna Kea, Hawaii.

Microwave Observing Program
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millisecond pulsars A class of pulsars
that produce pulses with a period of only a
few milliseconds, and are thus neutron
stars rotating hundreds of times per sec-
ond. Unlike the fast ‘normal’ pulsars (e.g.
the Crab and Vela pulsars), the millisecond
pulsars’ fast rotation is not a result of
youth; they have almost certainly been
‘spun up’ by mass transfer in a close binary
star at an earlier evolutionary stage. Rapid
rotation of a neutron star is normally
slowed precipitously because the star’s
strong magnetic field radiates away the ro-
tational energy, as with the Crab pulsar
(see Crab nebula); the millisecond pulsars
detected so far, however, have only a very
gradual rate of slowing down, probably
because their magnetic fields are compara-
tively weak (104–105 tesla).

PSR 1937+21 was the first millisecond
pulsar to be found, 1982, and is currently
the fastest known (period 1.56 ms, i.e. 642
rotations per second). The second to be
found, PSR 1953+29 (6.1 ms), is a member
of a binary pulsar system; it orbits its un-
seen companion in 120 days. The old but
rapidly spinning binary pulsar PSR
1913+16 also belongs in this class, al-
though its period is rather longer (59 ms).

Recent surveys have discovered large
numbers of millisecond pulsars in globular
clusters; more than half are close binary
pulsars. It is generally believed that most of
the single millisecond pulsars were initially
members of binary systems, but lost their
companion stars either because of a stellar
collision (which is possible in globular
clusters) or because the radiation emitted
by the pulsars completely destroyed, or
‘evaporated’, the companion stars (see
black-widow pulsars). One millisecond
pulsar (PSR 1257+12) appears to be or-
bited by two planet-mass objects (see
planet pulsar).

Mills cross antenna An interferometer
(see radio telescope) using two long nar-
row antennas mounted in the form of a
cross and producing a single pencil beam;
it is named after B.Y. Mills, who con-
structed the first one near Sydney. One arm
of the cross may be shortened to give a T-
antenna, which has an antenna pattern

very similar to that of the full cross but
whose sensitivity is less.

Mimas /mÿ-mas/ A satellite of Saturn,
discovered in 1789 by William Herschel. It
has a diameter of only 390 km and a den-
sity of 1.17 g cm–3. The most striking fea-
ture is the crater Herschel, 130 km in
diameter and nearly centered on the lead-
ing hemisphere. The walls rise on average
to a height of 5 km above the floor. In the
center of the crater is an enormous peak 
20 × 30 km at its base and rising to 6 km.
The diameter of the crater is a third of
Mimas itself, and is probably close to 
the maximum size of impact crater that a
body can sustain without being broken up.
All other craters on the surface are small,
being less than 50 km in diameter. There
are valleys too on the surface, which is
scored by grooves. The surface of the satel-
lite is icy and there is every reason to sup-
pose that the ice makes up much of the
entire body, which now bears the scars of
past bombardments. See also Table 2,
backmatter.

Mimosa /mi-moh-să, -ză/ See Beta Cru-
cis.

mini black hole See black hole.

minor axis The least distance across an
ellipse, crossing the major axis perpendicu-
larly at the center of the ellipse. The length
is usually given as 2b.

minor planet See asteroids; planetoids.

Mintaka /min-tah-kă/ See Orion.

minute of arc (arc minute; arc min) See
arc second.

Mir /meer/ (from the Russian for ‘Peace’
or ‘World’) The Soviet space station of
modular design that superseded Salyut 7
(see Salyut). The Soviet authorities an-
nounced the launch of Mir on Feb 20
1986, and the first crew, cosmonauts
Leonid Kizim and Vladimir Soloviev, ar-
rived there Mar 13 1986. The 20-tonne
core unit was about 17.4 meters long by 4
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meters wide and had large winglike solar
panels. Permanently attached to this was a
docking module with five ports, four in a
cruciform arrangement and one aft. Large
pressurized research modules, or transient
spacecraft, could be docked to these ports.
Each research module was dedicated to 
a different scientific or technical field; for
example, the Kvant and Kristall modules
were dedicated to astrophysical obser-
vations and experiments in Earth sci-
ences, life sciences, and space-based ma-
terials-processing technologies. Kvant 1
and Kvant 2 were the first two modules to
be added to the core unit in 1987 and 1989
respectively. Kristall followed in 1990.
Then came Spektr (1995) and Priroda
(1996).

Two cosmonauts routinely occupied
Mir, although it could take six cosmo-
nauts/scientists. Very extended tours of
duty by the cosmonauts and overlapping of
successive crews ensured a virtually contin-
uous presence on Mir. The cosmonaut Va-
leriy Polyakov set a space endurance
record of 438 days aboard Mir between
January 1994 and March 1995. Mir fre-
quently hosted foreign crew members, and
as time went on efforts were made to com-
mercialize the station. In 1987, a Syrian
spaceman briefly joined Mir’s occupants.
He was followed over the years by crew
members from Bulgaria, Afghanistan,
France, Austria, and Germany. In 1990, a
Japanese journalist, Toyohiro Akiyama,
joined the crew and broadcast live televi-
sion reports from Mir. In 1991, Helen
Sharman, the first UK citizen to travel in
space, visited the station on the privately
sponsored JUNO mission.

Mir continued to operate right through
the collapse of the Soviet Union at the end
of 1991. From 1995, when a module al-
lowing the Space Shuttle to dock with the
station was added, to 1998, seven US as-
tronauts served with Russian crews aboard
Mir. But by now Mir was aging. Accidents
had dogged it throughout its career, many
to do with the robotic Progress supply craft,
which crashed into the station more than
once. A few were due to human error. After
a series of mishaps, Mir was finally aban-
doned in 1999. A commercial venture to
reactivate it in 2000 came to nothing. Mir
was destroyed in a controlled reentry into
the Earth’s atmosphere on Mar 28 2001.

Mira or Mira Ceti /mÿ-ră, meer-ă see-tÿ,
set-ee/ (the Wonderful; ο Cet) A red giant
in the constellation Cetus that is a long-pe-
riod variable star with an average period of
331 days. It was known to early as-
tronomers for its regular appearances and
disappearances and was established in
1638 as a variable star. It is the prototype
of the Mira stars. Its radius varies by 20 per
cent during its cycle and at maximum size
and brightness is over 330 times the Sun’s
radius. The surface temperature varies
from about 2600 K at maximum luminos-
ity down to about 1900 K. The visible
light emitted varies considerably, usually
by about 6 magnitudes, over the cycle (see
illustration). The average maximum appar-
ent magnitude, mV, lies between 3 and 4 al-
though it may reach 2nd magnitude. At
minimum it is about 8th to 10th magni-
tude. Mira is also an infrared source, the
emission arising from dust grains in the ex-
panding envelope of gas.

Mira
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Mira is both a visual binary with a faint
peculiar companion that is also variable,
and an optical double. MV: –1.0 (var.);
spectral type: M6e–M9e III; distance:
40 pc.

Mirach /mÿ-rak/ See Andromeda.

Miranda /mi-ran-dă/ A satellite of
Uranus, discovered in 1948 by G.P.
Kuiper. A relatively small satellite with a
diameter of 470 km, it orbits its primary
once every 1.4 days at a mean distance of
129 000 km. Only half of Miranda’s sur-
face was available for study from VOYAGER

2 in 1986 (the northern hemisphere was in
darkness) but a complex surface structure
was revealed. Several distinct types of ter-
rain exist: old cratered plains, younger
brighter areas with cliffs and scarps, and
regions of enclosed grooved areas about
200–300 km across. These features occupy
distinct portions of the satellite, leading to
the theory that Miranda was shattered by a
collision and then subsequently reassem-
bled into a single body. See Uranus’ satel-
lites; Table 2, backmatter.

Mira stars (Mira Ceti variables) Long-
period pulsating variables, either red giants
or red supergiants, that have periods rang-
ing from about 80 to 1000 days and a
range in brightness beginning at about 2.5
magnitudes and sometimes exceeding 10
magnitudes. They are numerous, Mira Ceti
being the prototype. The shape of the light
curve is not constant, the maximum bright-
ness varying quite considerably between
periods (see Mira). Because of the large
amplitude they are easily recognizable,
their high luminosity permitting detection
at great distances.

Although their visual range is large, the
range in bolometric and infrared magni-
tudes is very much less, many of them
being infrared sources. In terms of their
spectra 90% can be classified as Me stars,
the rest being either carbon stars (Ce) or
zirconium (Se) stars, i.e. there are bright
emission lines present in the spectra in ad-
dition to molecular bands. The pulsations
of these huge stars are not very stable.
There is evidence of shock waves develop-

ing within the tenuous atmosphere and
traveling outward, thus heating the gas and
causing the production of emission lines.
The expanding envelopes often contain
condensed dust grains, which produce de-
tectable infrared emission, and simple mol-
ecules: Mira stars often show maser
emission from hydroxyl, water, and silicon
monoxide molecules in the outer atmos-
phere. See also OH/IR star.

Mirfak /meer-fak/ (αα Per) A remote
creamy-yellow supergiant that is the
brightest star in the constellation Perseus.
mv: 1.80; spectral type: F5 Ib; distance:
190 pc.

mirror An optical element designed to
reflect light or other radiation, normally
consisting of a glass or glasslike substrate
on which is deposited a thin but uniform
coating of highly reflective material. Alu-
minum is now usually used in telescope
mirrors (see aluminizing). A very high
quality reflecting surface can also be made
from a multilayered stack of very thin
films. The films have alternately high and
low REFRACTIVE INDICES and are of such a
thickness and spacing that almost all the
incident light is reflected.

Mirrors may be planar, i.e. flat. Alter-
natively the shapes may be concave (con-
verging) or convex (diverging) and are
generally spherical or paraboloid in form.
The mirror base must be accurately ground
and the surface polished to within one
quarter of the wavelength used, i.e. to
about 0.1 micrometer for optical wave-
lengths, if good quality images are to be
produced. Paraboloid mirrors do not suffer
from SPHERICAL ABERRATION but for wide
fields have severe COMA. Spherical mirrors
are free of coma and astigmatism if a suit-
able stop is used; they do, however, suffer
from spherical aberration. See also grazing
incidence; primary mirror.

mirror blank See primary mirror.

Mirzam /meer-zahm/ See Canis Major.

missing mass The dark matter in a clus-
ter of galaxies. See clusters of galaxies.
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mixing layer A turbulent boundary
layer formed where there is a velocity shear
between two media at different tempera-
tures. The turbulence draws long shreds
from each side that mix and form a thick
buffer layer at the mean temperature of the
two media.

Mizar /mÿ-zar/ (ζζ UMa) A white main-
sequence dwarf that is one of the brighter
stars of the BIG DIPPER. It forms an optical
double with the 4th-magnitude ALCOR with
a separation of 12′. But Mizar itself is also
a double, a fact discovered by Riccioli in
1650. The two components of Mizar, A
(the brighter) and B, are currently 14″
apart. It is thought that they complete one
orbit about each other in 5000 years. Both
components are spectroscopic binaries (see
spectroscopic binary

MKO Abbrev. for Mauna Kea Observa-
tory. See Mauna Kea.

MK system See spectral types.

M-L relation See mass-luminosity rela-
tion.

MMT 1. The 6.5-meter single-mirror
telescope that was converted from the MUL-
TIPLE MIRROR TELESCOPE on Mount Hop-
kins, Arizona. Its lightweight honeycomb
PRIMARY MIRROR of borosilicate glass was
cast in 1992. This replaced the six smaller
mirrors of the original telescope. In 2001,
the MMT was used in the first-ever discov-
ery of a massive black hole in the galactic
halo, thousands of parsecs above the plane
of the Milky Way.
2. Abbrev. for Multiple Mirror Telescope.

mock suns Another name for SUN DOGS.

modified Julian date (MJD) See Julian
date.

modulus of distance /moj-ŭ-lŭs/ See
distance modulus.

molecular clouds Cool dense regions
of interstellar matter within which atoms
tend to be combined into molecules. The

clouds are composed principally of mo-
lecular hydrogen (H2), with between 300
and 2000 molecules/cm3. There is also a
small admixture of cosmic dust comprising
about 1% of the mass, with gas tempera-
tures between 10 and 20 K. Hydrogen mol-
ecules do not usually emit at radio and
infrared wavelengths, and molecular
clouds were discovered only in the mid-
1970s in surveys of radio emission from
carbon monoxide, CO, which is 10 000
times less common than hydrogen mol-
ecules in the clouds. The 2.6- and 1.33-mm
CO lines are still the prime means of map-
ping and investigating the clouds. A wide
variety of molecules, in addition to H2 and
CO, have been found in the clouds (see mo-
lecular-line radio astronomy); more than
80 types have been detected in the largest
clouds, such as Sagittarius B2.

Several dense core regions, with about
105 hydrogen molecules/cm3 and mass
about 102 to 103 solar masses, may be
found within one molecular cloud. In giant
molecular clouds, these dense cores con-
tain infrared sources, H II regions, maser
sources, and the peak CO temperatures,
which suggest that these regions are sites of
massive star formation. There are also
smaller clouds, containing about 500 solar
masses of molecular hydrogen, throughout
which low-mass stars are forming and
which may be relatively isolated, as in the
Taurus–Auriga star-forming region.

molecular-line radio astronomy The
study of celestial regions containing mol-
ecules by means of the radio emissions
from the molecules themselves; unlike op-
tical emissions, radio emissions are not ob-
scured by material in the interstellar
medium. A radio telescope using a line re-
ceiver is best suited to the purpose. Many
different molecules have now been de-
tected in the Galaxy in molecular clouds.
The first interstellar molecules – CH, CH+,
and CN – were detected optically in the
late 1930s. This list has been greatly ex-
tended by radio astronomy measurements
(see table). Most of the molecules are or-
ganic, i.e. based on carbon, but some inor-
ganic species, such as silicon oxide (SiO),
have also been detected. Many molecules

mixing layer
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occur in different isotopic forms, e.g. with
deuterium rather than hydrogen.

The radio emissions usually come from
transitions between different rotational
states of the molecule and have wave-
lengths normally in the submillimeter and
millimeter range, i.e. they lie in the giga-
hertz region of the radio spectrum. Some
clouds of molecules appear to emit by
maser action (see maser source); for exam-
ple, the OH line at 1.665 gigahertz in some
radio sources is observed to be very narrow
and highly polarized: characteristic fea-
tures of a maser. Molecular-line radio as-
tronomy is especially useful in determining
cosmic isotope ratios.

Molonglo Radio Observatory /mŏ-
long-gloh/ An observatory at Hoskin-
stown, New South Wales, Australia, run
by the University of Sydney. The main in-
strument is a MILLS CROSS ANTENNA, opera-
tional since 1966 although now modified
for use as an APERTURE SYNTHESIS instru-
ment (the Molonglo Observatory Synthesis
Telescope, MOST) by abandoning the N–S
arm and phasing the E–W arm. The arms

are about 1.6 km long and consist of a se-
ries of 12-meter-wide cylindrical parabolic
reflectors. MOST operates at 843 mega-
hertz.

moment of inertia Symbol: I. A prop-
erty of any rotating body by which it resists
any attempt to make it stop or change
speed. If the body is rotating with angular
velocity ω, the kinetic energy of the body is
½Iω2 and its angular momentum is Iω.

momentum 1. (linear momentum) Sym-
bol: p. A property of a body moving in a
straight line. It is equal in magnitude to the
product of the mass and velocity of the
body. It is a vector quantity, mv, having the
same direction as the velocity. See also con-
servation of momentum; Newton’s laws of
motion.
2. See angular momentum.

Monoceros /mŏ-noss-ĕ-rŏs/ (Unicorn)
An inconspicuous equatorial constellation
near Orion, lying in the Milky Way, the
brightest stars being of 3rd and 4th magni-
tude. It contains the triple star Beta (β)
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MOLECULAR-LINE RADIO ASTRONOMY
(Some observed interstellar molecules)

H2 H3+ NH3 C7
OH H2O H2CO CH3NH2
CH H2S H2CS CH3CHO
CH+ HCO H2C2 CH3C2H
CN HCO+ HNCO CH2CHCN
CO HCN HNCS HC5N
CS HNO C3N
CS+ HN2

+ HCOOCH3
C2 HC2 C5 CH3C2CH
NO SO2 CH4
NS OCS CH2NH C9
SO CH2CO CH3OCH3
SiO NH2CN CH3CH2OH
SiS HCOOH CH3CH2CN

HC3N HC7N
HC4

HC9N
CH3OH
CH3CN HC11N
NH2CHO



Monocerotis and the double Epsilon (ε)
and several variables including R Mono-
cerotis, a young stellar object that lights up
HUBBLE’S VARIABLE NEBULA. There are many
open clusters, including NGC 2244, sur-
rounded by the ROSETTE NEBULA, and
NGC 2264, which includes the multiple
star S Mon and in whose surrounding neb-
ulosity lies the dark Cone nebula. The ob-
ject A0620-00 is a possible BLACK HOLE.
Abbrev.: Mon; genitive form: Monocero-
tis; approx. position: RA 7h, dec 0°; area:
482 sq deg.

monochromatic /mon-oh-krŏ-mat-ik/
Of or producing a single wavelength or
very narrow band of wavelengths.

monochromator /mon-ŏ-kroh-mă-ter/
An instrument in which one narrow band
of wavelengths is isolated from a beam of
light or other radiation. This is usually
achieved by means of a narrow-band inter-
ference filter, or by a diffraction grating or
prism, together with an exit slit through
which the desired waveband may pass.
Changes in the intensity of the monochro-
matic beam can then be investigated.

monolithic See primary mirror.

monopole /mon-ŏ-pohl/ A single unit of
magnetic charge that is extremely massive
and thought only to have been produced at
the Planck time. Because there are none ob-
served in the present Universe, few can
have survived the inflationary era. See in-
flationary Universe.

mons /monz/ (plural: montes) Moun-
tain. The word is used in the approved

name of such a surface feature on a planet
or satellite.

month The period of the Moon’s revo-
lution around the Earth with reference to
some specified point in the sky (see table).
The differences in the monthly periods re-
sult from the complicated motion of the
moon.

Moon The only natural satellite of the
Earth, visible by virtue of reflected sun-
light. It has a diameter of 3476 km, lies at
a mean distance from the Earth of 384 400
km, and completes one orbit around the
Earth in 27.322 days (see month; sidereal
month). Its mass in relation to that of the
Earth is 1 : 81.3, i.e. 0.0123. It is in syn-
chronous rotation, i.e. it keeps the same
face – the nearside – toward the Earth, al-
though more than 50% of the Moon’s sur-
face can be seen as a result of libration. The
same face is not however always turned to-
ward the Sun, the length of the solar day on
the Moon being equal to the Moon’s syn-
odic period, i.e. 29.530 59 days. During
this period – the synodic month – the
Moon exhibits a cycle of phases, reaching
an apparent magnitude of –12.7 at full
Moon. It can also undergo eclipses and
produce occultations.

The Moon’s mean orbital velocity is 10
km s–1. Its orbital motion is however sub-
ject to secular acceleration and periodic
inequalities due to the gravitational attrac-
tion of the Sun, Earth, and other planets
(see also annual equation; evection; paral-
lactic inequality; variation). In addition its
perigee and nodes move eastward and
westward with periods of 8.85 years and
18.61 years, respectively: this results in dif-
ferent lengths for the sidereal, anomalistic,

monochromatic
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Month Reference point Length (days)
tropical equinox to equinox 27.321 58
sidereal fixed star to fixed star 27.321 66
anomalistic apse to apse 27.554 55
draconic node to node 27.212 22
synodic new moon to new moon 29.530 59



and draconic months. Physical and orbital
characteristics are given in the table.

Although Earth-based observations
have revealed much lunar information, the
Moon has now been carefully photo-
graphed, measured, and sampled by the
Apollo spacecraft and by Ranger, Lunar
Orbiter, Surveyor, Luna, and Zond space-
craft. It has an extremely tenuous atmos-
phere: a collisionless gas in which helium,
neon, argon, and radon were detected by
Apollo instruments. This near lack of at-
mosphere, together with the absence of an
appreciable global magnetic field, exposes
the regolith to extremes of temperature
(–180 °C to +110 °C) and to the solar
wind, cosmic rays, meteorites, and mi-
crometeorites. Satellite magnetometer sur-
veys and detailed analysis of lunar rocks
have revealed that the Moon’s magnetic
field was originally considerably stronger
and might have been generated internally

by a fluid core rather than produced by
some external means.

The Moon’s interior structure is investi-
gated from seismograms of moonquakes
and meteoritic and artificial impacts. The
temperature of the central core may reach
1500 °C but a metallic iron composition is
precluded by the Moon’s moment of iner-
tia. The Moon’s center of mass is displaced
toward Earth by 2.5 km because of a thick
farside crust.

The Moon was formed out of refrac-
tory (high melting point) materials about
4600 million years ago. Its outer layers
were melted and differentiated to produce
mafic cumulates (iron magnesium silicates)
and a feldspathic crust (calcium aluminum
silicates), below which radioactive el-
ements were concentrated. The first 750
million years of lunar history constituted a
period of intense bombardment, culminat-
ing in a cataclysm during which the basins
and larger highland craters were formed.
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MOON
(physical and orbital characteristics)

mass 7.35×1022 kg
diameter 3476 km
mean density 3.34 g cm–3

surface gravity (earth = 1) 0.1653
mean albedo 0.07
mean visual opposition magnitude –12.7
interior structure: crust ~60 km

mantle ~1100 km
core radius ~600 km

approximate age 4600 million years
mean horizontal parallax 3422″.46
moment of inertia 0.395 ± 0.005
mean distance 384 400 km

maximum 405 500 km
minimum 363 300 km

mean orbital velocity 10.1 km s–1

escape velocity 2.38 km s–1

mean eccentricity 0.0549
inclination of orbital plane to ecliptic 5°8′43″
inclination of equator to ecliptic 1°32′1″
sidereal month 27.321 66 days
anomalistic month 27.554 55 days
draconic month 27.212 22 days
synodic month 29.530 59 days



The eruption of radioactive basalts
(KREEP), or their excavation during for-
mation of the Imbrium Basin, resulted in a
concentration of natural radioactivity in
the western hemisphere, as measured by
gamma-ray spectrometers. A zone of melt-
ing then moved inward toward the Moon’s
center to generate a sequence of basaltic
lavas that produced the maria. Since then
the Moon has been relatively quiescent.

The origin of the Moon is still debat-
able. Similarities in composition indicate
that the Earth and Moon are related and
argue against capture theories, which pro-
pose formation elsewhere and subsequent
capture by the Earth’s gravitational field.
Differences in composition, including the
Moon’s relative enrichment in refractory
material and its depletion in iron and
volatile material, including water, elimi-
nate any direct formation from the Earth
by fission. The giant impact hypothesis (or
big splash) now seems more likely. This
proposes that the glancing high-speed
collision of a huge, possibly Mars-sized
body with the primitive Earth smashed
what crust the Earth had, melting rock to 
a great depth. A spray of molten rock 
from impactor and Earth (mantle rather
than iron-rich core material) was ejected
and condensed to form a ring of orbit-
ing debris, and the Moon coalesced from
this.

See also Moon rocks; Moon, surface
features.

Moon, surface features The surface of
the Moon is characterized by light-colored
highlands interspersed with much lower
albedo (i.e. darker) and less rugged maria.
The oldest and largest features on the
Moon are the vast impact basins. These
grade into large craters, with which high-
land areas are saturated. There is no evi-
dence for plate tectonics on the Moon but
faults, rilles, wrinkle and lobate ridges,
domes, ghost craters, and volcanic plateaus
are the expressions of past tectonic and ig-
neous activity. Impact features include
rays, dark halo craters, secondary craters
(including crater clusters and crater
chains), and textured ejecta blankets. See
also mountains, lunar.

moonquakes Localized disturbances in-
side the Moon, detected by the Apollo seis-
mic network. Rare but strong moonquakes
occur 50–300 km below the surface, al-
though they are much less intense than
earthquakes by a factor of about 1000.
Weaker but more numerous moonquakes
occur at depths of 800–1000 km and are
triggered at perigee by lunar tides. Seismic
signals on the Moon are extended by scat-
tering in the dry and porous lunar crust.
Deep moonquakes provide information,
through their arrival times, of the structure
of the lunar interior: a 60 km crust on av-
erage, a mantle extending to a depth of
1100 km or more, and a central partly
molten core roughly 500–600 km in ra-
dius.

Moon rocks (lunar rocks) Samples of
the Moon returned by Apollo and Luna
spacecraft. Lunar soils, or fines, consist of
glasses, aggregates, and meteorite debris in
addition to recognizable fragments of
larger rock types. Hand specimens include
mare basalts (low titanium content from
the western maria, high titanium content
from the eastern maria, and aluminous
basalts from Mare Fecunditatis), non-mare
basalt (also known as KREEP because 
of its high content of potassium (symbol
K), rare earth elements, and phosphorus
(symbol P)), and anorthositic rocks from 
the highlands. Rare lunar-rock types in-
clude granite, ultramafic green glass, py-
roxenite, norite, troctolite, and dunite.
Most highland rocks have been impact
metamorphosed (to produce cataclastic,
recrystallized, and impact melt textures),
but cumulates are also observed and these
date back to the formation of the first lunar
crust.

Lunar rocks are depleted in volatile and
siderophile elements. Strong correlations
exist between elements that are geochemi-
cally similar to one another (e.g. iron and
manganese) or that are both excluded by
major minerals (e.g. potassium and lan-
thanum). The major lunar minerals are cal-
cic plagioclase, clino- and ortho-pyroxene,
olivine, and ilmenite. Minor phases include
spinels, K-feldspar, troilite, metallic iron,
quartz, tridymite, cristobalite, apatite, and

Moon, surface features

310



whitlockite. Uniquely lunar minerals in-
clude armalcolite, tranquillityite, and py-
roxferroite. No hydrated phases, highly
oxidized minerals, diamonds, or mineral-
ization have yet been found.

Moreton wave /mor-tŏn/ See flares.

Morgan–Keenan /mor-găn kee-năn/
(MK) system See spectral types.

Morgan’s classification A classifica-
tion scheme for galaxies, devised by W.W.
Morgan, in which galaxies are grouped ac-
cording to the composite spectra of their
component stars and also by their form, i.e.
spiral, barred spiral, elliptical, irregular,
etc., by their degree of concentration, and
by their orientation, which varies from
face-on to edge-on.

morning star An informal name for
VENUS when it lies west of the Sun and is a
brilliant object in the eastern sky just be-
fore sunrise. Such periods of visibility fol-
low inferior CONJUNCTION and precede

superior conjunction. The term is some-
times applied loosely to morning visibility
of Mercury or other planets.

mosaic mirror See primary mirror.

MOST /mohst/ Abbrev. for Molonglo
Observatory Synthesis Telescope. See Mo-
longlo Radio Observatory.

mountains, lunar Raised regions on
the Moon, most of which consist of crustal
blocks uplifted to define the multiple ring
structures of impact basins; these survive
either as ring mountains, such as the Apen-
nines, or as isolated peaks, such as La Hire
(see table). In comparison the lunar high-
lands are topographically higher than the
maria but are characterized more by the el-
evated rims of craters and the rolling hills
of basin ejecta blankets. Discrete moun-
tains not associated with impact basins in-
clude the central peaks of craters, such as
Tsiolkovsky, and volcanic domes and
plateaus. Despite their jagged appearance,
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LUNAR MOUNTAINS

Lunar mountains Location

Alps N Imbrium, part of second ring
Altai SW Nectaris, part of third ring
Apennines SE Imbrium, part of third ring
Apollonius S Crisium, part of third ring
Aristarchus Plateau Procellarum, volcanic province
Carpathians S Imbrium, part of third ring
Caucasus W Imbrium, part of third ring
Cordillera Orientale Basin, third ring
Haemus S Serenitatis, part of second ring
Harbinger SW Imbrium, part of third ring
La Hire Imbrium, isolated peak, part of first ring
Marius Hills Procellarum, volcanic province
Piton Imbrium, isolated peak
Pyrenees W Nectaris, part of first ring
Riphaeus W Cognitum
Rook Orientale Basin, second ring
Rümker Hills Sinus Roris, volcanic province
Spitzbergen N Imbrium, part of first ring
Straight N Imbrium, part of first ring
Taurus E Serenitatis, part of second ring
Tenerife N Imbrium, part of first ring



few mountains have slopes that exceed
12°.

Mount Hopkins Observatory See
Fred L. Whipple Observatory.

mounting The structure that supports
an astronomical telescope, designed so that
the telescope may be pointed at almost
every part of the heavens, preferably with-
out forcing an observer into awkward po-
sitions. All telescope mountings must
therefore be constructed so that the tube
can turn about two axes at right angles.
There are two main types: the equatorial
mounting, with one axis parallel to the
Earth’s axis, and the altazimuth mounting,
with one axis vertical. Since high magnifi-
cations exaggerate any movement, the sup-
port must be rigid. In addition, because the
Earth is turning through 0.25° per minute,
means must be provided to move the tele-
scope smoothly in the opposite direction;
this counterbalances the diurnal motion of
a star and keeps it in the field of view.

Mount Stromlo and Siding Spring Ob-
servatories /strom-loh sÿ-ding/ Optical
observatories that are owned and run by
the Australian National University, Can-
berra, and located on Mount Stromlo near
Canberra, altitude 770 meters, and on Sid-
ing Spring Mountain, altitude 1150 me-
ters, in the Warrumbungle range, New
South Wales. The main instrument on
Mount Stromlo is a 1.9-meter reflector ac-
quired in 1953. At Siding Spring, where the
SEEING is much better, there is a 2.3-meter
altazimuth reflector, operational since
1984, and some smaller reflectors. The
ANGLO–AUSTRALIAN TELESCOPE and the UK

SCHMIDT TELESCOPE are also located at Sid-
ing Spring.

Mount Wilson Observatory An ob-
servatory located on Mount Wilson near
Pasadena, California, at an altitude of
1740 meters; the SEEING is often better than
1 arcsecond. It was founded in 1904 by
George Ellery Hale. Until 1985 it was op-
erated by the Carnegie Institution, and is
now managed by the Mount Wilson Insti-
tute. The first major instrument was a 60-

inch (1.5-meter) reflector, completed in
1908, which was followed by a 100-inch
(2.5-meter) reflector. The 100-inch, named
the Hooker telescope after its benefactor,
began operation in 1917 as the world’s
largest telescope. Its great success led Hale
to consider an even larger telescope, even-
tually sited at PALOMAR OBSERVATORY. The
Hooker underwent renovation from 1985
to 1993. Mount Wilson is also the site of
two SOLAR TELESCOPES and the CENTER FOR

HIGH ANGULAR RESOLUTION ASTRONOMY,
which operates the six optical telescopes of
the CHARA interferometric array.

moving cluster An open cluster, such as
the Hyades or the Ursa Major cluster, for
which a distance can be derived from the
individual radial velocities and proper mo-
tions of the member stars. The method is
often termed moving-cluster (or expand-
ing-cluster) parallax. The stars in a cluster
share a common space motion and, if the
system is sufficiently close to Earth, their
paths will appear to diverge from or con-
verge towards a point in space (point P in
the illustration overleaf). The direction of P
is parallel to the space motion of the clus-
ter. Considering each star in turn (illustra-
tion B overleaf): 

vr = v cos α
vt = v sin α = 4.74µ/p

where v, vr, vt are respectively the space, ra-
dial, and tangential velocities of the star in
km/s, µ is the proper motion in arc seconds
per year, and p is the parallax in arc sec-
onds. Determination of α, µ, and vr for
each star gives a value for the parallax of
the system.

moving-cluster parallax See moving
cluster.

Mpc Symbol for megaparsec, i.e. 106

parsecs.

MPIR (MPIfR) Abbrev. for Max Planck
Institute for Radio Astronomy. See Effels-
berg Telescope.

MRAO Abbrev. for Mullard Radio As-
tronomy Observatory.

Mount Hopkins Observatory

312



MS stars See S stars.

M stars Stars of SPECTRAL TYPE M, cool
red stars with a surface temperature (Teff)
of about 2400 to 3480 kelvin. There is 
a greater abundance of oxygen to carbon 
in their surface layers (compare carbon
stars), and the excess oxygen is available
for the formation of molecular oxides. The
spectra are characterized by broad ab-
sorption bands of titanium and vanadium
oxides (TiO, VO). Lines of neutral metals
are also present. Some show emission 
lines too, and are classed as ME STARS.
Antares and Betelgeuse are M stars. See
also S stars.

MSX Abbrev. for Midcourse Space Ex-
periment.

M-type asteroids A class of ASTEROIDS

that is fairly common in the main belt, hav-
ing featureless spectra that are distin-
guished by high albedo. Their surfaces
have a metallic composition (nickel and

iron) plus a varying amount of silicates.
(16) Psyche, 250 km in diameter, is the
largest of the M-Type asteroids.

mu (µµ) 1. The 12th letter of the Greek al-
phabet, used in STELLAR NOMENCLATURE

usually to designate the 12th-brightest star
in a constellation or sometimes to indicate
a star’s position in a group.
2. Symbol for proper motion.

Mullard Radio Astronomy Observa-
tory /mul-ard/ (MRAO) The radio ob-
servatory of the Cavendish Laboratory,
University of Cambridge, situated at
Lord’s Bridge, near Cambridge, UK. The
main instruments at the site are antenna ar-
rays: the RYLE TELESCOPE consists of eight
13-meter dishes and is used primarily for
MICROWAVE BACKGROUND observations; the
Cambridge Low Frequency Synthesis Tele-
scope (CLFST), constructed in 1980 to sur-
vey the northern sky at 151 and 38 MHz,
is carrying out the seventh and eighth Cam-
bridge deep-sky radio surveys (7C, 8C);
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and the Cambridge Optical Aperture Syn-
thesis Telescope (COAST) is an optical IN-
TERFEROMETER working on radio APERTURE

SYNTHESIS principles. The 3.6 Hectare
Array, with which PULSARS were first dis-
covered in 1967, took part in the Second
Cambridge Pulsar Survey (completed
1998), a survey of the northern sky at the
low frequency of 81.5 MHz, which de-
tected 20 pulsars, all previously known.
The COSMIC ANISOTROPY TELESCOPE (CAT)
was built in 1993 to measure structure in
the microwave background and was turned
off and partially dismantled in 2000 after
publishing two sets of results. MRAO is
also the site of a major element of MERLIN.

multilayers /mul-ti-lay-erz/ See coating
of lenses; interference filter; mirror.

Multiple Mirror Telescope (MMT) A
reflecting telescope of novel design, sited at
the Fred L. Whipple Observatory, on
Mount Hopkins, near Tucson, Arizona at
an altitude of 2600 meters. It was fully op-
erational in 1980. The telescope, a joint
project of the Smithsonian Institution and
the University of Arizona, was in 1998
converted to a single-mirror instrument of
diameter 6.5 meters (see MMT).

The original telescope was equivalent in
light-gathering power to a single 4.5-meter
mirror. It comprised six identical mirrors,
1.8 meters in diameter, arranged symmetri-
cally about a central axis on an altazimuth
mounting. A complex alignment and elec-
tronic guidance system brought all six im-
ages to a common focus, with one focus for
optical work and another for infrared. The
system was housed in a building that co-ro-
tated on a rail with the telescope.

multiple star A group of two or more
stars, such as Epsilon Lyrae, that are held
together by their mutual gravitational at-
traction. Orbital motions within multiple
systems are complex. For instance, systems
containing two or more close binaries in
orbit about each other appear to be quite
common. See also binary star.

multiverse /mul-ti-verss/ A speculative
concept that the Universe we inhabit is not

unique but is merely one of a very large
number of Universes, which can have com-
pletely different physical laws and possibly
even a different number of space–time di-
mensions. The multiverse concept emerged
in the last few years of the 20th century due
to the combination of the observation that
‘fine tuning’ of the basic physical laws is
necessary for life to exist in the Universe
and the realization that the collapse of stars
to black holes and the emergence of ‘baby
Universes’ sprouting into existence in infla-
tion theory may allow other Universes to
come into existence. There is no experi-
mental or observational support for the
multiverse concept.

muon /myoo-on / Symbol: µ. An elemen-
tary particle (a lepton) with the same
charge and spin as an electron but with a
mass that is 207 times greater. It decays
into electrons and neutrinos with a lifetime
of two microseconds. Cosmic-ray showers
detected on Earth are comprised mainly of
muons produced by pion decay. Muons do
not interact strongly with matter and hence
a large proportion of them reach the
Earth’s surface. The antiparticle of the
muon is the antimuon.

mural quadrant /myoo-răl/ See quad-
rant.

Musca /mus-kă/ (Fly) A small constella-
tion in the southern hemisphere near Crux,
lying in the Milky Way, the brightest stars
being of 2nd and 3rd magnitude. It con-
tains the 7th-magnitude globular clusters
NGC 4833 and NGC 4372. Abbrev.: Mus;
genitive form: Muscae; approx. position:
RA 13h, dec –70°; area: 138 sq deg.

MUSES–A /moo-sess/ (Hiten) A Japan-
ese lunar probe launched in Jan. 1990 into
an elongated 15-day Earth orbit. In Mar.
1990 it passed close to the Moon, and the
small (30-cm) lunar probe swung into a
lunar orbit using the Moon’s gravity. The
small lunar probe crashed onto the Moon
in Apr. 1993.

MUSES–C (Hayabusa) A joint space
mission by Japan and the USA to take sam-

multilayers
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ples from a small near-Earth asteroid
(NEA) and return them to the Earth. It was
launched on May 8 2003, more than a year
behind schedule and with a change of tar-
get from the original (4660) Nereus to as-
teroid 1998SF36 (which was given the
Japanese name Itokawa). After launch,
MUSES-C was renamed Hayabusa (mean-
ing ‘Falcon’). The craft was scheduled to

enter orbit around the asteroid in 2005 and
was to investigate it using visible and in-
frared imaging. It was also set to fire three
‘bullets’ into the asteroid’s surface and at-
tempt to capture the particles of material
ejected by the impacts. MUSES-C will re-
turn to Earth by 2007 and drop off the
samples in a capsule attached to a para-
chute. 
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nadir /nay-deer/ The point on the CELES-
TIAL SPHERE that lies directly beneath an ob-
server and is therefore unobservable. It is
diametrically opposite the observer’s
ZENITH and with the zenith lies on the ob-
server’s MERIDIAN.

Nagler eyepiece /nay-pee-er/ See eye-
piece.

Naiad /nÿ-ad/ A small satellite of Nep-
tune, discovered in 1989. See Table 2,
backmatter.

naked-eye object A star, etc., that can
be seen without the aid of a telescope
(under ideal viewing conditions).

naked singularity See singularity.

Nançay Radio Observatory /nahn-
say/ A field station of the Paris Observa-
tory located 200 km south of Paris and
operated since 1953. It contains the Deci-
metric Radio Telescope, a transit instru-
ment with a collecting area of 200 × 35
meters that can observe at 1.42, 1.66, and
3.2 GHz and has been used for VLBI since
1984, a 3.2 × 1.2 km T-shaped RADIO HELI-
OGRAPH used for fast solar imaging, and the
Decametric Array, 100 × 10 meters in area,
used at 15 to 100 MHz for planetary and
solar observations.

nano- Symbol: n. A prefix to a unit, in-
dicating a fraction of 10–9 of that unit. For
example, one nanometer (symbol: nm) is
10–9 meters.

Naos /nay-oss/ See Puppis.

narrow-band photometry See pho-
tometry.

NASA /nass-ă/ Abbrev. for National
Aeronautics and Space Administration.
The US civilian government agency that is
responsible for all nonmilitary aspects of
the US space program. It was formed in
Oct. 1958, largely in response to the Soviet
Union’s launch of Sputnik 1 in the previous
year, and was given the task of researching
and developing the equipment and activi-
ties involved in space exploration. NASA’s
headquarters are in Washington, DC, and
it operates several field centers and other
facilities. Chief among these are the JET

PROPULSION LABORATORY, AMES RESEARCH

CENTER, GODDARD SPACE FLIGHT CENTER,
KENNEDY SPACE CENTER, JOHNSON SPACE

CENTER, and the DEEP SPACE NETWORK.
Other facilities include the Langley Re-
search Center (Hampton, Virginia), the
Marshall Space Flight Center (Huntsville,
Alabama), and the John C. Stennis Space
Center (near Starkville, Mississippi).
NASA’s current organizational structure is
headed by an Administrator and Deputy
Administrator, to whom the agency’s other
departments are responsible. These depart-
ments consist of four Mission Directorates:
Aeronautics Research (concerned with the
research and development of technologies
for safe, reliable, and efficient aviation sys-
tems); Exploration Systems (concerned
with developing the research and technol-
ogy needed to enable sustainable and af-
fordable human and robotic exploration of
space); Space Operations (which directs all
the agency’s space launches, spaceflight
operations and space communications);
and Science (which is responsible for orga-
nizing and carrying out the scientific ex-
ploration of the Earth, the Solar System
and beyond and reaping the rewards of
Earth and space exploration for society).
NASA’s space activities currently fall into a
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series of long-term programs; for example,
its Discovery program seeks to unlock the
mysteries of the Solar System by means of
low-cost exploration missions, while the
Origins program focuses on observations
of the earliest stars and galaxies, the search
for planets around other stars, and the
search for life elsewhere in the universe.
NASA collaborates on projects with the
EUROPEAN SPACE AGENCY (ESA) and with in-
dividual countries. One major focus of its
international efforts is the INTERNATIONAL

SPACE STATION. NASA funds and maintains
the ASTROPHYSICS DATA SYSTEM and offers a
satellite launcher service to other countries.
See also space shuttle.

NASDA /naz-dă/ Abbrev. for National
Space Development Agency. The larger of
Japan’s two space agencies, established in
1969 and modeled on NASA. It is respon-
sible for all space developments, especially
for developing the technology to exploit
space. Its launch site is on Tanegashima, a
subtropical island (30°N), its launch vehi-
cles including the H–I and its more power-
ful successor the H–II. See also ISAS.

Nasmyth focus /nay-smith/ Either of
two fixed focal points on the altitude axis
of a telescope with an ALTAZIMUTH MOUNT-
ING. Light reflected from the secondary
mirror of the telescope is diverted sideways
by a third mirror mounted at 45° to the al-
titude axis. The light is brought to a focus
at one of the two Nasmyth points on each
side of the telescope, chosen by turning the
third mirror. Bulky equipment can be
mounted on observation platforms to use
these foci. The arrangement was devised by
James Nasmyth in the 1840s but came to
prominence only in the late 20th century.

National Geographic Society-Palomar
Observatory Sky Survey See Palomar
Observatory Sky Survey.

National Optical Astronomy Obser-
vatories (NOAO) A US organization
bringing under one administration the na-
tional facilities for optical astronomy at
KITT PEAK NATIONAL OBSERVATORY, Ari-
zona, CERRO Tololo Inter–American Ob-

servatory, Chile, and SACRAMENTO PEAK

OBSERVATORY, New Mexico. NOAO is a
consortium of US universities under con-
tract to the National Science Foundation.
The headquarters are in Tucson, Arizona.

National Optical Astronomy Obser-
vatory (NOAO) A US organization
bringing under one administration the na-
tional facilities for optical astronomy at
KITT PEAK NATIONAL OBSERVATORY, Ari-
zona; CERRO TOLOLO INTER–AMERICAN OB-
SERVATORY, Chile; and SACRAMENTO PEAK

OBSERVATORY, New Mexico. The NATIONAL

SOLAR OBSERVATORY, formerly run by the
NOAO, now has its own director.
Founded in 1982, the NOAO was set up to
consolidate all the groundbased optical as-
tronomy observatories under the control of
the US Association of Universities for Re-
search in Astronomy (AURA), a consor-
tium of US universities under contract to
the National Science Foundation. The
headquarters of the NOAO are in Tucson,
Arizona. The NOAO also represents the
US astronomical community in the Inter-
national Gemini Project through its
NOAO Gemini Science Center at Tucson
(see Gemini Telescopes).

National Radio Astronomy Observa-
tory (NRAO) The US radio observatory
administered from Charlottesville, Vir-
ginia, with various field stations. It is
managed by a private consortium of uni-
versities in a cooperative agreement with
the US government’s National Science
Foundation. Their principal instruments
are the GREEN BANK Telescope, the VLA, the
VLBA, and a millimeter-wavelength radio
telescope at KITT PEAK, Arizona.

National Solar Observatory (NSO)
The US solar observation facilities consist-
ing of the solar telescopes of KITT PEAK

NATIONAL OBSERVATORY, Arizona and
SACRAMENTO PEAK OBSERVATORY, New
Mexico. Formerly part of the US NATIONAL

OPTICAL ASTRONOMY OBSERVATORY, it is
currently headed by its own director and
managed by the Association of Universities
for Research in Astronomy (AURA).
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National Space Development Agency
See NASDA.

nautical twilight See twilight.

n-body problem Any problem in celes-
tial mechanics that involves the determina-
tion of the trajectories of n point masses
whose only interaction is gravitational at-
traction. The bodies in the Solar System are
an example if it is assumed that the masses
of the planets, etc., are concentrated at
their CENTERS OF MASS. A general solution
exists for the TWO-BODY PROBLEM and in
special cases a solution can be found for
the THREE-BODY PROBLEM. The complete so-
lution for a larger number is normally con-
sidered impossible.

NEAP abbrev, for Near-Earth Asteroid
Prospector. A NASA mission to (4660)
Nereus planned for launch between 2007
and 2010.

neap tide /neep/ See tides.

NEAR Abbrev. for Near-Earth Asteroid
Rendezvous. A NASA mission launched in
Feb. 1996. It was the first mission in
NASA’s Discovery program, the series of
projects dedicated to exploring the Solar
System. In June 1997 NEAR encountered
the asteroid (253) Mathilde before heading
for its chief target, (433) Eros. The probe
went into orbit around Eros in Feb. 2000,
beginning a year-long intensive investiga-
tion of the tiny world, the first such exam-
ination ever undertaken. In March 2000,
NASA decided to rename the probe
NEAR-Shoemaker, to commemorate the
comet expert Eugene Shoemaker, who had
died in 1997. In a series of maneuvers, pro-
ject scientists brought NEAR Shoemaker
ever closer to Eros and eventually made a
surprise last-minute decision to land it.
Thus NEAR Shoemaker became the first
human-built object to land on an asteroid.
The landing took place Feb 12 2001. The
probe continued to function after landing
and transmitted data back to the Earth, in-
cluding stunning close-up images of the as-
teroid’s surface, for another 16 days.

near-Earth asteroid (NEA) Any aster-
oid that has a chance of hitting our planet,
specifically any member of the Apollo,
Amor, and Aten groups. Although the an-
nual probability of the Earth being struck
by a large asteroid or comet is extremely
small, the consequences of such a collision
are so catastrophic that it was thought pru-
dent in the USA to assess the nature of the
threat and to be prepared to deal with it.

nearest stars The stars nearest to the
Sun are either comparable in luminosity to
or fainter than the Sun. Most are less mas-
sive than the Sun and a large proportion
belong to binary or triple star systems. See
Table 7, backmatter.

near-infrared See infrared radiation.

NEAR-Shoemaker See NEAR.

nearside /neer-sÿd/ The hemisphere of
the Moon that is permanently turned to-
ward the Earth because of the tidal syn-
chronization of the LUNAR DAY and the
SIDEREAL MONTH. The lunar LIBRATIONS

allow the terrestrial observer also to see
9% of the farside, the hemisphere that is
permanently turned away from the Earth.
The farside was first photographed by the
Soviet LUNA 3 in 1959; it has no major
MARIA.

near-ultraviolet See ultraviolet radia-
tion.

nebula /neb-yŭ-lă/ A cloud of interstellar
gas and dust that can be observed either as
a luminous patch of light – a bright nebula
– or as a dark hole or band against a
brighter background – a dark nebula. In-
terstellar clouds cannot usually be detected
optically but various processes can cause
them to become visible.

With EMISSION NEBULAE, ultraviolet ra-
diation, generally coming from nearby or
embedded hot stars, ionizes the interstellar
gas atoms and light is emitted by the atoms
as they interact with the free electrons in
the nebula. Emission nebulae can be in the
form of H II (ionized hydrogen) regions,
PLANETARY NEBULAE, or SUPERNOVA REM-

National Space Development Agency
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NANTS. With REFLECTION NEBULAE light
from a nearby star or stellar group is scat-
tered (irregularly reflected) by the dust
grains in the cloud. Reflection and emis-
sion nebulae are bright nebulae. In contrast
DARK NEBULAE are detected by what they
obscure: the light from stars and other ob-
jects lying behind the cloud along our line
of sight is significantly decreased or totally
obscured by INTERSTELLAR EXTINCTION.
Dark nebulae contain approximately the
same mixture of gas and dust as bright neb-
ulae but there are no nearby stars to illu-
minate them. If the COLUMN DENSITY is
sufficiently high, the majority of the hydro-
gen is likely to be present in molecular
form (see molecular clouds).

The term ‘nebula’ was originally ap-
plied to any object that appeared fuzzy and
extended in a telescope: over 100 were
listed in the 18th-century MESSIER CATALOG.
The majority of these objects were later
identified as GALAXIES and star CLUSTERS.

nebular hypothesis /neb-yŭ-ler/ A
theory for the origin of the Solar System
put forward by the French mathematician
Pierre-Simon de Laplace in 1796 and simi-
lar to a suggestion of the philosopher Im-
manuel Kant in 1755. It was proposed that
the Solar System formed from a great ro-
tating cloud, or nebula, of material (gas
and dust) collapsing under its own gravita-
tional attraction. An interaction of forces
caused the cloud to form a rotating flat-
tened disk, called the solar nebula. To con-
serve ANGULAR MOMENTUM, the disk
rotated more rapidly as the contraction
progressed. Laplace suggested that rings of
material became detached from the spin-
ning disk when the velocity at its edge ex-
ceeded a critical value, and that the
material in these rings later coalesced to
form the planets. The central product of
the contraction is the Sun, while the plan-
etary satellites may have formed from fur-
ther rings shed by the condensing planets.

The hypothesis, popular throughout
the 19th century, went out of favor. The
main problem was that it indicated that the
Sun should still be spinning on the verge of
rotational instability; it could not explain
why the Sun has almost 99.9% of the mass

of the Solar System but only about 2% of
the total angular momentum. In addition,
calculations showed that the rings would
not condense to form planets. However, in
a modified form, it is the basis of most
modern ideas for the formation of the Sun
and planets. See Solar System, origin.
Compare encounter theories.

Nectarian System /nek-tair-ee-ăn/ One
of the stratigraphic systems of the Moon,
defined by the deposits of the NECTARIS

BASIN and covering the period from 3.92 to
3.85 billion (109) years ago. It includes
nearly four times as many large craters as
the Imbrium Basin, and possibly some vol-
canic deposits. The Pre-Nectarian System
is the oldest lunar stratigraphic system,
covering the period from the Moon’s ori-
gin and formation of the lunar crust to the
Nectaris impact, i.e. 4.6 to 3.32 billion
years ago. It includes crater and basin de-
posits from this period. See also Coperni-
can System; Imbrian System.

Nectaris Basin /nek-ta-riss/ A large
multiringed BASIN on the southeastern
nearside of the Moon. It was formed about
3.9 billion years ago, and was later flooded
with lava to produce Mare Nectaris (Sea of
Nectar). See also Nectarian System.

Neptune /nep-tewn/ The eighth planet
of the Solar System, orbiting the Sun every
164.79 years at an almost constant dis-
tance of 30.06 AU. It is the most distant
GIANT PLANET. It has a diameter of 50 538
km, a mass of 17.2 Earth-masses, and a
density of 1.76 times that of water. Nep-
tune has 13 known satellites; TRITON and
NEREID were detected from Earth and the
rest were discovered as a result of the VOY-
AGER 2 flyby in Aug. 1989, during which
NEPTUNE’S RINGS were also confirmed and
photographed. Orbital and physical char-
acteristics are given in Tables 1 and 2,
backmatter.

Neptune was discovered in 1846 by Jo-
hann Gottfried Galle at the Berlin Obser-
vatory on the basis of predictions supplied
by the Frenchman Urbain Leverrier, who
had analyzed observed perturbations in the
motion of Uranus. Similar predictions had
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been made by the English mathematician
John Couch Adams.

The planet returns to OPPOSITION two
days later each year, appearing as a magni-
tude 7.7 object visible in binoculars. When
viewed by Earthbound telescopes, Neptune
appears as a featureless greenish disk only
2.2 arc seconds across. As with URANUS,
Neptune’s color arises from the methane
within its atmosphere, which is predomi-
nantly hydrogen and helium with a mix-
ture of methane, water, and ammonia.

Voyager 2 was able to return excellent
information and pictures from Neptune in
1989. The most conspicuous feature seen
in Neptune’s atmosphere is the GREAT DARK

SPOT. There are also whitish cirruslike
clouds of methane ice crystals. These
clouds are at about 50–70 km above the
main cloud deck. Neptune has belts and
zones similar to JUPITER, but they are much
fainter. The most prominent is a broad
darkish band high in southern latitude.
Embedded in this band is a smaller dark
spot, about half the size of the Great Dark
Spot.

Neptune’s core is thought to be rocky,
primarily iron and silicon; it rotates in
about 16 hours. Neptune’s atmosphere re-
volves more slowly. Some cloud features
take as long as 18 hours to complete one
revolution of the planet. This is contrary to
the clouds of the other JOVIAN PLANETS, im-
plying Neptune’s atmospheric circulation
is retrograde.

Neptune radiates more energy than it
receives from the Sun, which implies it has
an internal heat source. Temperatures in
the upper atmosphere vary from around
60 K at the equator and poles to 50 K at
mid-latitudes. The planet has a magnetic
field, slightly weaker than the other GIANT

PLANETS. It is inclined at 47° to its axis of
rotation and orientated opposite to that of
the Earth’s.

Neptune’s rings Four dark planetary
rings around Neptune, discovered in 1976
during close observation of an occultation
of a star by Neptune and confirmed during
the VOYAGER 2 flyby in 1989 (see table).
The Adams and Le Verrier rings are quite
thin. The Adams ring has several brighter
arcs of material, first observed from Earth.
Two broad rings, Galle and Plateau, are
diffuse sheets of fine particles. The Plateau
has a brighter edge at a distance of about
57 500 km from the planet.

Neptune’s satellites See Neptune;
Table 2, backmatter.

Nereid /neer-ee-id/ A small satellite of
Neptune with a highly eccentric 360-day
orbit that takes it between 1.3 and 9.6 mil-
lion km from the planet. It was discovered
in 1949 by G.P. Kuiper. Nereid is about
340 km in diameter, Voyager 2’s best
photographs of it were taken from a dis-
tance of nearly 5 million km and show that
it has an albedo of about 0.14. See Table 2,
backmatter.

network A group of computer systems
situated at different locations and intercon-
nected in such a way that they can ex-
change information by following agreed
procedures. The information is transmitted
as an encoded signal at high speed over
communication lines. See also computing.

neutralinos /new-tră-lee-nohz/   The light-
est supersymmetric particle. See dark mat-
ter.

Neptune’s rings

320

NEPTUNE’S RINGS

Name Mean distance from planet center Radial width Optical depth
(103 km) (planetary radii) (km)

Galle 42–44 1.69 1700 10–4

Le Verrier 53 2.15 15? 0.01–0.02
Plateau 53–59 2.15–2.4 5800 10–4

Adams 63 2.53 <50 0.01–0.1



neutrino /new-tree-noh/ Symbol: ν. An
ELEMENTARY PARTICLE with zero CHARGE

and SPIN ½. There are three types of neu-
trino, νe, νµ, and ντ, which are associated
with the ELECTRON, MUON, and massive tau
lepton respectively; the latter three parti-
cles together with the three neutrinos make
up the family of LEPTONS. Neutrinos are
thought to have either zero mass or a very
small mass. The ANTIPARTICLE of the neu-
trino is the antineutrino (ν

_
). Neutrinos

have only a weak interaction with matter.
See also neutrino astronomy.

neutrino astronomy The study of NEU-
TRINOS produced in various processes,
including energy-producing nuclear re-
actions in the centers of stars, reactions
occurring during supernova explosions,
and cosmic-ray collisions with matter. The
detection of neutrinos from SUPERNOVA

1987A confirmed the basic ideas of stellar
collapse. Neutrino interaction with other
particles of matter is highly improbable, so
the great majority escape from their source
and travel unhindered through space and
any intervening matter. They can thus pro-
vide direct information on the processes in
which they were created, but their weak in-
teraction with matter makes them difficult
to detect.

Solar neutrinos are released by the PRO-
TON-PROTON CHAIN, an energy-producing
reaction in the Sun’s core. The first experi-
ment to detect solar neutrinos was set up
by Raymond Davis in 1967 and is still in
progress. It is conducted deep underground
in the Homestake Gold Mine near Lead,
South Dakota. A large quantity of dry-
cleaning fluid is exposed for several
months to the flux of solar neutrinos. A
very small (but calculable) number of neu-
trinos react with the chlorine-37 atoms in
the fluid to produce radioactive argon-37;
the amount produced is a measure of the
neutrino flux. The average flux detected is
30±14% of that predicted by the standard
solar model.

The flux is measured in solar neutrino
units (SNU). One SNU equals one neu-
trino-induced event per 1036 target atoms
in a detector. It is calculated from the ex-
pected conditions in the solar core and is

very temperature dependent. The most
widely accepted model predicts a neutrino
flux of about 135 SNU. The expected neu-
trinos in the Homestake detector arise
from one of the rarer pathways in the pro-
ton–proton chain reaction; they are emit-
ted with high energy, mainly during the
decay of boron-8. Another experiment de-
signed to detect these high-energy neutri-
nos has been conducted since 1987 in the
Kamioka mine in Japan. The Kamiokande
detector measures the scattering of neutri-
nos by electrons in ultrapure water. It has
measured 46±18% of the predicted flux.

Most solar neutrinos are produced in
the initial step of the proton-proton chain,
at energies too low to be detected by the
Homestake and Kamiokande experiments;
the production rate can, however, be more
accurately predicted. Since the early 1990s,
two international teams have been using
large gallium detectors that are sensitive to
the low-energy particles: neutrinos reacting
with gallium-71 produce germanium-71
plus electrons. SAGE (Soviet–American
gallium experiment) is located under-
ground in the Caucasus in Russia. The
European–Israeli–American Gallex experi-
ment is in the underground Gran Sasso
Laboratory near Rome. The Gallex aver-
age flux over two series of observations is
87±16 SNU. The first measurements at
SAGE found only 20 SNU but a later run
measured 85 SNU, and this has produced
an overall figure of 58±14 SNU. The
Gallex and SAGE measurements thus agree
with each other, within the error limits,
giving a combined average of about 60%
of the predicted flux.

The discrepancy between the observed
and predicted flux of solar neutrinos has
not yet been explained. It could imply that
the conditions in the Sun’s interior and/or
the nuclear reactions taking place there are
not fully appreciated. Alternatively it could
be that the characteristics of the neutrino
itself are not fully appreciated and that its
possible possession of rest mass could pro-
vide an explanation.

neutron /new-tron/ Symbol: n. An ELE-
MENTARY PARTICLE (a baryon) that is pre-
sent in the NUCLEUS of all atoms except
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ordinary hydrogen, 1H. It has zero CHARGE,
SPIN ½, and a REST MASS of 1.6749 × 10–24

grams – slightly greater than that of the
PROTON. The absence of charge enables the
neutron to penetrate atoms easily since it
has a negligible electromagnetic interaction
with the constituents of the atom. Unlike
free protons, free neutrons are unstable:
they BETA DECAY into protons, electrons,
plus antineutrinos with a mean life of 914
seconds. The small difference between the
neutron and proton mass provides the en-
ergy for this decay. The neutron is stable,
however, when bound in the nucleus of a
nonradioactive atom. The ANTIPARTICLE of
the neutron is the antineutron. See also iso-
topes; neutron star; nucleosynthesis;
quark; r-process; s-process.

neutron star An extremely dense com-
pact star that has undergone GRAVITA-
TIONAL COLLAPSE to such a degree that most
of its material has been compressed into
NEUTRONS. Neutron stars were postulated
in the 1930s by a number of astronomers
including Landau and Zwicky. They are
thought to form when the mass of the stel-
lar core remaining after a SUPERNOVA ex-
plosion exceeds the CHANDRASEKHAR LIMIT,
i.e. about 1.4 solar masses. Such a core is
not stable as a WHITE DWARF star since even
the pressure of DEGENERATE electrons can-
not withstand the strong gravity. Collapse
continues until the mean density reaches
1017 kg m–3 and the protons and electrons
coalesce into neutrons, supporting the star
against further contraction. Accretion of
gas on to an existing white dwarf, raising
its mass above the Chandrasekhar limit,
may also lead to its collapse to become a
neutron star.

With diameters of only 10–15 km, in-
tense magnetic fields (108 tesla), and ex-
tremely rapid spin, young neutron stars are
believed to be responsible for the PULSAR

phenomenon. Their strong gravity is also
thought to give rise to rapid heating of ma-
terial observed in some X-RAY BINARY sys-
tems. Older pulsars, ‘spun up’ by accretion
are detected as MILLISECOND PULSARS, the
fastest rotating neutron stars. GAMMA-RAY

BURSTS probably have neutron star origins.

Models of the structure of neutron stars
have been derived from sudden changes in
pulsar spin rates – so-called glitches. A typ-
ical neutron star may have an atmosphere
only a few centimeters thick, under which
is a crystalline crust about one kilometer in
depth. Beneath the crust the material is
thought to act like a superfluid of neutrons
(having zero viscosity) all the way through
to a solid crystalline core.

New General Catalog See NGC.

New Horizons A Proposed NASA mis-
sion to explore the Pluto–Charon system
and the objects of the Edgworth-Kuiper
Belt. A launch date of Jan. 11 2006 would
allow such a mission to benefit from a
gravity assist from Jupiter in 2010 and ar-
rive at the Pluto–Charon system by 2015.
But much depends on whether the tight
construction schedule can be kept.

new Moon See phases, lunar.

New Style (NS) The current method of
measuring dates using the GREGORIAN CAL-
ENDAR as distinct from the former method
– Old Style (OS) – that was based on the
JULIAN CALENDAR. Britain and the Ameri-
can colonies switched calendars on Sept.
14 1752, the 11 days from Sept. 3 to Sept.
13 having been eliminated from that year.

New Technology Telescope (NTT)
The 3.5-meter reflecting telescope of the
EUROPEAN SOUTHERN OBSERVATORY in
Chile, which began regular operations in
1990. Its major feature is an ACTIVE OPTICS

system whereby small corrections can be
made continuously to the shape of the PRI-
MARY MIRROR, which is a fast (f/2.2) light-
weight meniscus mirror made of ZERODUR.
In addition, it has an ALTAZIMUTH MOUNT-
ING and is housed in an air-conditioned
compact rotating building. As a result, it
can produce very high resolution images of
only 0.33 arcseconds.

newton /new-tŏn/ Symbol: N. The SI
unit of force, equal to the force that gives a
mass of one kilogram an acceleration of
one meter per second per second.

neutron star
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Newtonian telescope /new-toh-nee-
ăn/ The first REFLECTING TELESCOPE to be
built, developed in about 1670 by Isaac
Newton from the ideas of Zucchi and Gre-
gory: Newton turned his attention to re-
flecting telescopes because he thought
(wrongly) that there was no way in which
the CHROMATIC ABERRATION of refracting
telescopes could be corrected. The New-
tonian has a paraboloid PRIMARY MIRROR

and a flat diagonal mirror that reflects the
light into an EYEPIECE mounted on the side
of the tube (see illustration). A 45° prism
can be used as an alternative to the diago-
nal mirror. The Newtonian is still the form
used by many amateurs, although it is
somewhat inconvenient to use in larger
form. Newton’s original telescope had a
mirror only 2.5 cm in diameter and made
of SPECULUM METAL; it had a focal length of
about 15 cm and magnified some 30 times.

Newton’s law of gravitation See grav-
itation.

Newton’s laws of motion The three
fundamental laws concerning the motion
of bodies that were formulated by Isaac
Newton and published together with the
law of GRAVITATION in Principia, 1687.
The laws are
1. Every body continues in a state of rest or
of uniform motion in a straight line until

that state is changed by the action of a
force on the body.
2. The rate of change of linear MOMENTUM

is proportional to the applied force, F, and
occurs in the same direction as that of the
force, i.e. F = d(mv)/dt = m(dv/dt) = ma
where m is the mass, v the velocity, and a
the resulting acceleration of the body.
3. Every action is opposed by a reaction of
equal magnitude that acts in the opposite
direction to the action.

The first law was conceived by Galileo
who first realized the falsity of the Greek
notion that a force is required to maintain
a body in motion. Newton’s laws of mo-
tion and of gravitation are fundamental to
CELESTIAL MECHANICS.

Next Generation Space Telescope
(NGST) See James Webb Space Tele-
scope.

next-generation telescope Any tele-
scope, under development, under construc-
tion, or in operation, with design features
that make use of the most recent technol-
ogy. The next-generation optical telescopes
are giant reflectors with apertures exceed-
ing 6 meters. Their features include light-
weight monolithic or segmented PRIMARY

MIRRORS, ACTIVE OPTICS, ADAPTIVE OPTICS,
computer control of the telescope, optics,
and the attached instrumentation, and RE-
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MOTE OPERATION. Certain new technolo-
gies are being installed on older existing
telescopes.

NGC Short for New General Catalogue
of Nebulae and Clusters of Stars, prepared
by the Danish astronomer J.L.E. Dreyer at
Armagh Observatory, Ireland, and pub-
lished in 1888. It was based on an earlier
General Catalogue of Nebulae and Clus-
ters of Stars (GC),compiled in 1864 by Sir
John Herschel from his own observations
and previous catalogs by his father and
aunt, Sir William and Caroline Herschel.
Dreyer’s work listed 7840 currently known
nonstellar objects – nebulae, clusters, and
galaxies (although the galaxies were not
yet identified as such). Each object is num-
bered by RIGHT ASCENSION and its position
and description given. The number is pre-
ceded by the letters NGC; this is the objec-
t’s NGC number, an example being NGC
1976: the Orion nebula. Some of the
brightest NGC objects also appear in the
MESSIER CATALOG.

Dreyer listed 5386 further discoveries
in two supplements to the original NGC.
These were the first and second Index Cat-
alogs (IC), published in 1895 and 1908.
The three catalogs, now published as one
volume, cover the whole sky.

The NGC underwent several revisions
during its first hundred years. In 1988, on
the centenary of Dreyer’s original publica-
tion, Roger Sinnott published NGC
2000.0, a version of the NGC and IC con-
taining the positions of 13 226 objects for
the epoch 2000.0. In 2001 Wolfgang
Steinicke produced a more thorough revi-
sion, adding a further 767 objects. The
NGC/IC Project, accessible over the World
Wide Web, seeks to eliminate observing er-
rors and misidentifications inherent in
Dreyer’s original work to arrive at a clean
version of the NGC and IC, with each ob-
ject unambiguously numbered and identi-
fied and correctly attributed to its
discoverer..

nightglow /nÿt-gloh/ See airglow.

Nix Olympica /niks ŏ-lim-pi-kă/ Earlier
name for OLYMPUS MONS, assigned by tele-

scopic observers to the bright-albedo fea-
ture they saw in its position.

NLR Abbrev. for narrow-line region.
See quasar.

nm Symbol for nanometer, i.e. 10–9

meter.

NOAO Abbrev. for National Optical
Astronomy Observatories.

Nobeyama Radio Observatory /no-
bay-yah-mah/ A Japanese observatory
run by the University of Tokyo and situ-
ated in the Nobeyama highland. It is
concerned mainly with MILLIMETER AS-
TRONOMY. Its 45-meter parabolic dish be-
came operational in 1982 and was the first
antenna of this size to be used efficiently at
millimeter wavelengths. Other instruments
include the Nobeyama Millimeter Array
(NMA), an array of six movable antennas
separated over a maximum baseline of 600
meters forming an APERTURE SYNTHESIS tele-
scope of 600 meters or more; the
Nobeyama Radioheliograph, an 84-an-
tenna array aligned in a T-shaped configu-
ration devoted to highly detailed solar
observations; and a Very Long Baseline in-
terferometer called VSOP, consisting of
both satellites and groundbased instru-
ments, that achieves angular resolutions
equivalent to a single telescope with an
aperture of 30 000 km. The Nobeyama
Radio Observatory is one of the scientific
institutions involved in the international
ATACAMA LARGE MILLIMETER ARRAY.

Noctis Labyrinthus /nok-tis/ See Thar-
sis Ridge.

nodes The two points at which the or-
bital plane of a celestial body intersects a
reference plane, usually the plane of the
ECLIPTIC or CELESTIAL EQUATOR. When the
body, such as the Moon or a planet, crosses
the reference plane from south to north it
passes through the ascending node; cross-
ing from north to south the body passes
through its descending node. The line join-
ing these two nodes is the line of nodes.

NGC
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A celestial body might not cross the ref-
erence plane at the same points every time:
the line of nodes then moves slowly for-
ward or backward around the orbital
plane, i.e. in the same or in the opposite di-
rection to the body. This is termed pro-
gression or regression of the nodes. The
Moon’s nodes regress along its orbital
plane, making one complete revolution in
18.61 years. This period is equal to the pe-
riod of nutation.

nodical month /nod-ă-kăl/ See draconic
month.

noise 1. Fluctuations that occur in the
output of any electronic or electrical device
and, in a measuring instrument, ultimately
limit its sensitivity. Noise can be caused by
many different factors, for example by in-
sufficient regulation of the voltage of a
power supply, but the most important
source is usually that produced by random
agitation of electrons in a resistance, i.e.
thermal noise. White noise is completely
random and uncorrelated noise that is uni-
form in energy over equal intervals of fre-
quency; up to a limiting frequency, thermal
noise is white.

In electrical circuits a resistance at tem-
perature T produces an exchangeable noise
power in BANDWIDTH B of 

P = kTB
where k is the Boltzmann constant. If this
noise power is generated in the first stages
of the measuring instrument, it is amplified
along with the signal; the signal/noise ratio
is therefore reduced by amplification, al-
though the signal is made stronger. The
contribution to the noise power of any part
of an electric circuit can be specified by its
noise figure or noise factor, F, which is de-
fined by 

F = (P1 + P0)/P0
where P1 is the extra noise power gener-
ated by the circuit and P0 is the noise
power present at the input terminals of the
circuit due to the source resistance, i.e. the
thermal noise. Thus if the circuit adds no
extra noise, it has a noise figure of unity. F
is usually expressed in decibels. Other
forms of noise include shot noise, gener-
ated by the random arrival times of pho-

tons or electrons at a detector, and pink
noise. See also sensitivity.
2. Fluctuations of a random nature in
which the amplitude of the deflection from
a given reference level cannot be predicted
fom one moment to the next but whose sta-
tistical properties may be well-defined. Sig-
nals from RADIO SOURCES are of this kind,
and in a RADIO TELESCOPE the problem is to
detect these random signals in the presence
of noise generated in the measuring instru-
ments. These intrinsic fluctuations of the
signal are called self-noise, and those from
the equipment or any other source are sys-
tem noise. See also radio-source spectrum.

noise figure (noise factor) See noise.

noise power See noise.

noise temperature (system temperature)
See sensitivity.

nonrelativistic /non-rel-ă-tă-viss-tik/   De-
scribing any phenomenon, object, etc., for
which the effects of general or special REL-
ATIVITY can be disregarded or do not apply.

nonthermal emission /non-th’er-măl/
(nonthermal radiation) Electromagnetic
radiation, such as SYNCHROTRON EMISSION,
that is produced, like THERMAL EMISSION,
by the acceleration of electrons or other
charged particles but is nonthermal in ori-
gin, i.e. its spectrum is not that of a perfect
BLACK-BODY radiator.

noon The time of day at which the Sun
crosses the local meridian and is at its high-
est point above the horizon. This time dif-
fers from 12.00 LOCAL time by up to about
15 minutes before or after midday, the
amount – the EQUATION OF TIME – depend-
ing on the time of year.

Nordic Optical Telescope (NOT) See
Roque de los Muchachos Observatory.

Norma /nor-mă/ (Rule; Level) A small
inconspicuous constellation in the south-
ern hemisphere near Centaurus, lying in
the Milky Way, the brightest stars being of
4th magnitude. It contains the Mira stars
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R Nor and T Nor and several open clusters
including the 5.6 magnitude NGC 6067.
Abbrev.: Nor; genitive form: Normae; ap-
prox. position: RA 16h, dec –50°; area:
165 sq deg.

North America nebula (NGC 7000)   An
EMISSION NEBULA nearly 2° across lying in
the constellation Cygnus. It is an H II region
associated with the exceptionally luminous
and remote A2 supergiant DENEB.

north celestial pole See celestial poles.

Northern Cross See Cygnus.

north galactic pole See galactic poles.

north galactic spur See interstellar
medium.

north point See cardinal points.

north polar distance (NPD) The angu-
lar distance of a celestial object from the
north CELESTIAL POLE, measured along the
object’s hour circle. It is the complement of
the object’s DECLINATION (90°–δ) and is
sometimes used instead of this coordinate
in the EQUATORIAL COORDINATE SYSTEM.

North Polar Sequence See magnitude.

North Star See Polaris.

nova /noh-vă/ (classical nova) A close BI-

NARY STAR system in which there is a sud-
den and unpredictable increase in bright-
ness by maybe 10 magnitudes or more (see
table). Novae are a class of CATACLYSMIC

VARIABLE. In a typical spiral galaxy like our
own, there are maybe 25 nova eruptions
per year. The brightness increases to a
maximum within days or sometimes weeks
and then declines to a value probably close
to its faint pre-nova magnitude, indicating
that the eruption did not disrupt the bulk
of the star. Fast novae usually increase in
brightness by a factor of 105 in a few days,
remaining at peak brightness for less than
a week; they then decline steadily, initially
quite rapidly, over several months. Slow
novae reach maximum brightness more
slowly and erratically, the increase being
less than in fast novae, and then decline
much more slowly. The total energy re-
leased, however, is about the same in both
cases. Hydrogen-rich gas is ejected from
the star resulting in the tremendous out-
flow of heat and light. The ejected matter
forms a rapidly expanding shell of gas that
can become visible as the nova fades. At
later stages of the eruption the spectra of
most novae show the bright forbidden lines
characteristic of very low density EMISSION

NEBULAE.
Like other cataclysmic variables, a clas-

sical nova is a close binary system in which
one component is a WHITE DWARF. The
other is a main-sequence star that is ex-
panding to fill its Roche lobe (see equipo-
tential surfaces) and is hence losing mass to

North America nebula
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Nova Type Magnitude (mv)
before max

Nova Persei 1901 fast 13.5 +0.2
(GK Per 2) 

Nova Aquilae 1918 fast 10.6 –1.1
(V603 Aql 3) 

Nova Pictoris 1925 slow 12.7 +1.2
(RR Pic) 

Nova Herculis 1934 slow 14.3 +1.4
(DQ Her) 

Nova Cygni 1975 fast >20 +1.8
(V1500 Cyg) 



the white dwarf: some of its gases ‘over-
flow’ to form a disk surrounding the white
dwarf. The rate of overflow is about 10–9

solar masses per year, about ten times
higher than in a DWARF NOVA system, and
as a result the disk is always as bright as a
dwarf nova at maximum. Before a nova ex-
plosion the hot turbulent disk is the bright-
est part of the system, and its light makes a
pre-nova appear as a bluish irregularly
fluctuating ‘star’. The hydrogen in the disk
spirals down on to the surface of the white
dwarf, and after a period of some 10 000
to 100 000 years enough has accumulated
to react in a thermonuclear explosion – the
nova outburst. The explosion leaves the
system fundamentally unchanged, how-
ever, and the flow of gas resumes to
reestablish the accretion disk around the
white dwarf.

Novae are now named initially by con-
stellation and year of observation; before
1925 they were numbered in order of ob-
servation. They are later given a variable
star designation, as for example with DQ
Herculis, i.e. Herculis 1934. See also recur-
rent nova; X-ray transients.

November swarm See Leonids.

Nozomi A Japanese Mars probe
launched July 4 1998. Designated Planet-B
throughout its planning and design stages,
the probe received the name Nozomi (the
Japanese word for ‘hope’) immediately
after launch. The craft was set to study the
Martian atmosphere and ionosphere and
examine the interaction between the iono-
sphere and the solar wind. But a trajectory
alteration used up to much fuel, and the
probe was unable to reach Mars orbit. At-
tempts to salvage the probe were finally
abandoned in 2003.

NPD Abbrev. for north polar distance.

NRAO Abbrev. for National Radio As-
tronomy Observatory.

NSO Abbrev. for National Solar Obser-
vatory.

N stars See carbon stars.

NTT Abbrev. for New Technology
Telescope.

Nubecula Major, Minor /new-bek-yŭ-
lă/ Alternative names for Large and
Small Magellanic Clouds, respectively. See
Magellanic Clouds.

nuclear fission /new-klee-er/ A process
in which an atomic nucleus splits into two
smaller nuclei, usually with the emission of
neutrons or gamma rays. Fission may be
spontaneous or induced by neutron or
photon bombardment. It occurs in heavy
elements such as uranium, thorium, and
plutonium. The process is accompanied by
the release of large amounts of energy.

nuclear fusion A process in which two
light nuclei join to yield a heavier nucleus.
An example is the fusion of two hydrogen
nuclei to give a deuterium nucleus plus a
positron plus a neutrino; this reaction oc-
curs in the Sun. Such processes take place
at very high temperatures (millions of
kelvin) and are consequently called ther-
monuclear reactions. With light elements,
fusion releases immense amounts of en-
ergy: fusion is the energy-producing
process in stars.

The lighter chemical elements evolve
energy in fusion reactions whereas heavier
elements (those with a MASS NUMBER above
56) require an input of energy to maintain
the reaction. Thus although most elements
up to iron can be formed by fusion reac-
tions in stars (see nucleosynthesis), heavier
elements must be synthesized by other nu-
clear reactions. See also carbon cycle; pro-
ton-proton chain reaction.

nuclear reactions Reactions involving
changes in atomic nuclei. Nuclear reac-
tions include NUCLEAR FUSION and fission
and transformations of nuclei by bombard-
ment with particles or photons. The energy
released by nuclear reactions is equivalent
to a decrease in mass according to Ein-
stein’s equation (E = mc2) and appears in
the form of kinetic energy of the particles
or photons of electromagnetic radiation.

nuclear timescale The total nuclear-en-
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ergy resources of a star divided by the rate
of energy loss. For typical stars, the nuclear
timescale is of the order of 1010 years, al-
though the rate of energy loss may change
during the star’s lifetime if the reaction
processes alter.

nucleon /new-klee-on/ One of the con-
stituents of the atomic nucleus, i.e. a pro-
ton or a neutron.

nucleosynthesis /new-klee-oh-sin-th’ĕ-
siss/ The creation of the ELEMENTS by nu-
clear reactions. To unravel the complex
situation, the measured COSMIC ABUN-
DANCES of the elements are interpreted in
terms of their nuclear properties and the set
of environments (temperature, density,
etc.) in which they can be synthesized. Nu-
cleosynthesis began when the temperature
of the primitive Universe had dropped to
about 109 kelvin. This occurred approxi-
mately 100 seconds after the Big Bang (see
Big Bang theory). Protons (hydrogen nu-
clei) fused with neutrons to form deu-
terium nuclei and deuterium nuclei could
then fuse to form the two isotopes of he-
lium. Most of the helium in the Universe
was formed at this time, along with deu-
terium and lithium, but very little of the
heavier elements. The nucleosynthesis
ceased about 1000 seconds after the Big
Bang when the Universe became too cool
for nuclear reactions.

Helium and the heavier elements are
synthesized in stars; this idea was first de-
veloped in 1956/57 by Fowler, Hoyle, and
the Burbidges. Nucleosynthesis has oc-
curred continuously in the Galaxy for
many thousands of millions of years as a
by-product of STELLAR EVOLUTION. While a
star remains on the MAIN SEQUENCE, hydro-
gen in its central core will be converted to
helium by the PROTON-PROTON CHAIN RE-
ACTION or the CARBON CYCLE; the core tem-
perature is then about 107 K.

When the central hydrogen supplies are
exhausted, the star will begin to evolve off
the main sequence. Its core, now composed
of helium, will contract until a temperature
of 108 K is reached; carbon-12 can then be
formed by the TRIPLE ALPHA PROCESS, i.e. by
helium burning. In stars more than twice

the Sun’s mass a sequence of reactions, in-
volving further nuclear fusion, produces
oxygen, neon, and magnesium in the forms
16O, 20Ne, 24Mg, and then, at temperatures
increasing up to about 3.5 × 109 K, 28Si to
56Fe. Even higher temperatures will trigger
reactions by which almost all elements up
to a mass number (A) of 56 can be synthe-
sized. The iron-peak elements, i.e. 56Fe,
56Ni, 56Co, etc., represent the end of the
nucleosynthesis sequence by nuclear fu-
sion: further fusion would require rather
than liberate energy because nuclei with
this mass number have the maximum bind-
ing energy per nucleon.

The formation of nuclei with A ≥ 56 re-
quires nuclear reactions involving neutron
capture: neutrons can be captured at com-
paratively low energies because of their
lack of charge. If there is a supply of free
neutrons in a star, produced as by-prod-
ucts of nuclear-fusion reactions, the S-
PROCESS can slowly synthesize nuclei up to
209Bi. An intense source of neutrons allows
the R-PROCESS to generate nuclei up to
254Cf, or higher, in a very short period.
Such intense neutron fluxes arise in SUPER-
NOVAE.

The synthesized elements are precipi-
tated into the INTERSTELLAR MEDIUM by var-
ious MASS-LOSS processes; these include
stellar winds from giant stars, planetary
nebulae, and nova explosions for elements
up to silicon, and supernovae for the iron-
peak elements and heavier nuclei.

nucleus /new-klee-ŭs/ 1. The dark kilo-
meter-sized body that is the permanent
portion of a COMET and is thought by most
researchers to be the fount of all cometary
activity. The density is about 0.2 g cm–3. It
contains about 75% by mass ice (mainly
water ice, 85%, but with liberal amounts
of CO2, CO, H2CO, CH3OH, and NH3)
and 25% by mass dust thought to have a
composition similar to carbonaceous chon-
dritic meteorites (see carbonaceous chon-
drite). It is often described as a dirty
snowball. A comet of mass 1018 grams
would have a nucleus of diameter about 12
km. A positive identification of the nucleus
of comets has recently been achieved using
radar. The nucleus of comet HALLEY was

nucleon
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imaged by the GIOTTO spacecraft in Mar.
1986, and was found to be a huge potato-
shaped object, 16 km long and 8 km wide.
It was active only over 10% of its surface
and was spinning every 54 hours, precess-
ing every 7.4 days. A comet’s nucleus of
dirty ice is surrounded by a thin layer (a
few cm) of insulating dust from which the
ice has sublimated. This enables it to sur-
vive over 2000 perihelion passages. At
each passage the nucleus loses on average a
layer of material one meter thick. In Hal-
ley’s comet this amounted to 3 × 1014 g.
This material forms the COMA and COMET

TAILS and also any associated METEOROID

STREAM.
2. The small core of an ATOM, consisting of
PROTONS and NEUTRONS bound together by
strong nuclear forces. The nucleus has a
positive charge equal to Ze, where e is the
magnitude of the electron charge and Z the
number of protons present – the atomic
number. The total number of protons plus
neutrons is the mass number, A. A given el-
ement is characterized by its atomic num-
ber but may, within limits, have different
numbers of neutrons in its nuclei, giving
rise to different ISOTOPES of the element.
The total mass of the protons and neutrons
bound together in a nucleus is less than
when the particles are unbound. This mass
difference is equivalent to the energy re-
quired to bind the particles together. Nu-
clei are represented by their chemical
symbols to which numbers are attached;
usually the mass number is added as a left
superscript to indicate a particular isotope,
as in 4He. The radii of nuclei are commonly
measured in femtometers (1 fm = 10–15m).
The femtometer is sometimes referred to as
a ‘fermi’.
3. The central region of a galaxy.

nuclide /new-klÿd/ A type of atom char-

acterized by its atomic number and neu-
tron number. The term ‘isotope’ is used for
members of a series of atoms that have the
same atomic number. ‘Nuclide’ is used for
a particular species, e.g. the uranium-235
nuclide.

Nuffield Radio Astronomy Laborato-
ries /nuff-eeld/ See Jodrell Bank.

number count The number of galaxies
as a function of MAGNITUDE. See source
count.

Nunki /nunk-ee/ See Sagittarius.

nutation /new-tay-shŏn/ A slight peri-
odic but irregular movement superimposed
on the precessional circle (see precession)
traced out by the celestial poles. It results
from the varying distances and relative di-
rections of the Moon and Sun, which con-
tinuously alter the strength and direction
of their gravitational attraction on the
Earth. The primary component is lunar nu-
tation, which causes the celestial pole to
wander by ±9 arc seconds from its mean
position in a period of 18.6 years.

Changes in RIGHT ASCENSION and DECLI-
NATION arising from precession are percep-
tibly modified by nutation.

Nysa family /nÿ-să/ A HIRAYAMA FAMILY

of asteroids containing a single large body
((44) Nysa) about 70 km in diameter and
many small objects of 20 km or less. It is
associated with the Hertha family; it is
thought that (135) Hertha is the core of the
parent body and that Nysa is a fragment of
the outer mantle. The orbital elements are
reasonably dispersed but family members
can be easily recognized by their unique
colors. 
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OAO Abbrev. for Orbiting Astronomi-
cal Observatory.

OB association See association.

OB cluster An OPEN CLUSTER that con-
tains main-sequence O and B stars of high
luminosity. These bright and very massive
stars evolve more rapidly than less massive
stars; their presence in a cluster suggests
that it is comparatively young (10 million
years or less) and that it may contain stars
still in the process of formation. Examples
are NGC 2264 and H AND CHI PERSEI. The
young low-mass T TAURI STARS are often
observed in these clusters. See also associa-
tion.

Oberon /oh-bĕ-ron/ The outermost
satellite of Uranus, discovered in 1787 by
William Herschel. Photographed by VOY-
AGER 2, its surface shows some large
craters with bright rays emanating from
them and with dark patches on their floors,
possibly due to eruptions of dirty water.
Oberon also has large mountains up to
6 km high and steep curved slopes. See also
Uranus’ satellites; Table 2, backmatter.

objective /ŏb-jek-tiv/ (object lens, object
glass) The lens or lens system in a RE-
FRACTING TELESCOPE that faces the observed
object. The focal plane in which the image
forms, in the absence of other components,
is termed the prime focus. See also aper-
ture.

objective grating See objective prism.

objective prism A narrow-angle prism
placed in front of the primary mirror or ob-
jective lens of a telescope. The prism dis-
perses the incident light very slightly so

that each star image is spread out into a
small SPECTRUM (see dispersion). A trans-
mission DIFFRACTION GRATING (called an
objective grating) is now often used for the
same purpose. The spectra of a field of
stars can thus be recorded in a single pho-
tographic or electronic image and the chief
spectral features of the stars can be quickly
assessed (see spectral types).

oblateness /ob-layt-niss, ob-layt-/ (elliptic-
ity; flattening) A parameter specifying
the degree to which the form of a celestial
object, such as a planet, differs from a true
sphere, largely as a result of rotation. It is
numerically equal to the difference be-
tween the equatorial and polar radii of the
object divided by the equatorial radius.
Saturn, with an oblateness of 0.108, is the
most oblate planet in the Solar System.

oblique rotator theory /ŏ-bleek/ See
magnetic stars.

obliquity /ŏ-blik-wă-tee/ The angle be-
tween the equatorial and orbital planes of
a celestial body.

obliquity of the ecliptic Symbol: ε. The
angle at which the ECLIPTIC is inclined to
the CELESTIAL EQUATOR. This angle, equal
to the tilt of the Earth’s axis, is about
23°26′. PRECESSION and NUTATION cause
this angle to change between the extremes
of about 22.1° and 24.5°, altering (at pre-
sent diminishing) by about 0″.47 per year.
Its value on 2000 Jan. 1 will be 23°26′21″.

observatory /ŏb-zer-vă-tor-ee, -toh-ree/
A structure built primarily for astronomi-
cal observation, equipped nowadays with
optical, radio, and/or infrared telescopes
and, in the larger observatories, the associ-
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ated equipment with which spectro-
graphic, photometric, and other such
measurements are made. The sites of mod-
ern optical and infrared observatories are
selected very carefully so that there is max-
imum transmission of signals by the at-
mosphere (i.e. the sky is free from clouds
and dust), minimal atmospheric turbulence
(i.e. the SEEING is optimal), and minimum
LIGHT POLLUTION (i.e. the night sky is dark).
Most are sited in mountainous areas or on
volcanic islands where the atmosphere is
very thin and the absorption effects of
water vapor are reduced. Radio observato-
ries, less hampered by seeing conditions,
clouds, and light pollution, must still be
isolated from terrestrial radio and electri-
cal interference.

Instruments can now be carried into
space, away from the disturbing and ab-
sorbing effects of the Earth’s atmosphere.
The greatest hopes for future astronomical
studies lie in space observatories and possi-
ble lunar observatories, permitting obser-
vations over the entire electromagnetic
spectrum with a resolution that is limited
only by the size of the telescope.

OB stars Stars of spectral type O or B,
i.e. O STARS or B STARS, all of which are UL-
TRAVIOLET STARS.

occultation /ok-ul-tay-shŏn/ Complete
or partial obscuration of an astronomical
object by another of larger apparent diam-
eter, especially the Moon or a planet. A
solar eclipse is strictly an occultation. The
precise timings of occultations provide in-
formation about planetary atmospheres,
the dimensions of extended visible, radio,
and X-ray objects, and the positions of ob-
jects, such as distant radio sources. See also
eclipse; grazing occultation.

oceanus /oh-shee-ahn-ŭs, -see-/ A very
large relatively smooth dark area on the
surface of the Moon. The word is used in
the approved name of such a feature. See
also mare. (Latin: ocean)

octahedrite /ok-tă-hee-drÿt/ See iron
meteorite.

Octans /ok-tanz/ (Octant) An inconspic-
uous constellation containing and sur-
rounding the south celestial pole, the
brightest stars being of 3rd magnitude. The
faint (5th-magnitude) Sigma (σ) Octantis is
the nearest naked-eye star to the south
pole. Abbrev.: Oct; genitive form: Octan-
tis; approx. position: RA 0 – 24h, dec
–80°; area: 291 sq deg.

Odysseus /oh-diss-ee-ŭs. -diss-yooss/ See
Tethys.

Of stars /oh-eff/ Young massive O stars
that show selectively enhanced emission
lines of ionized helium (He II) and nitrogen
(N III) in addition to a well-developed ab-
sorption spectrum. The emission lines arise
in an unstable atmosphere that is being lost
from the star. Of stars are the hottest, most
luminous, and probably the most massive
stars in the Galaxy: the record holder is
HD 93129A, near ETA CARINAE, with a
temperature of 50 000 K, a luminosity of 3
million Suns, and a mass of probably 120
solar masses (see also supermassive stars).
Of stars are thought to be the evolutionary
precursors of WOLF-RAYET STARS.

OG Abbrev. for object glass (i.e. the ob-
jective of a refracting telescope), often used
to indicate a refractor or its use.

OGO Abbrev. for Orbiting Geophysical
Observatory.

OH See hydroxyl radical.

OH/IR star A very large extremely cool
giant or supergiant star that is losing mass
very rapidly and is detected only by its in-
frared radiation and by its hydroxyl (OH)
maser emission (see maser source). The
first OH/IR stars were found in a survey of
OH maser sources in 1973; many more
were detected by IRAS’S infrared survey in
1983. These stars are usually very long pe-
riod VARIABLES. MIRA STARS often show sim-
ilar but weaker maser and infrared
emission. The OH/IR stars, however, are
losing mass a hundred times faster than the
Mira stars. They are surrounded by a very
dense shell of COSMIC DUST that shows ab-
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sorption typical of silicates. The shells have
temperatures ranging from 1000 K to only
100 K. Because the stars lose a solar mass
of gas and dust in only 10 000 to 100 000
years, they must be changing very rapidly
to their next evolutionary state, probably a
PLANETARY NEBULA.

Olbers’ paradox /ol-berz/ Why is the
sky dark at night? Heinrich Olbers in
1826, and earlier J.P.L. Chesaux in 1744,
pointed out that an infinite and uniform
Universe, both unchanging and static,
would produce a night sky of the same sur-
face brightness as the Sun: every line of
sight would eventually strike a star, a typi-
cal example of which is the Sun. This theo-
retical argument is obviously in
disagreement with observation. The ob-
servable Universe is, however, neither uni-
form, unchanging, nor static and does not
extend infinitely back into the past. The
paradox is then resolved because the RED-
SHIFT of extragalactic radiation (i.e. the
diminution in its energy) and in particular
the youth of our Universe make the back-
ground radiation field at optical wave-
lengths very low indeed – less than about
10–21 times the surface brightness of the
Sun.

Old Style (OS) See New Style.

Oljato /ol-jah-toh/ ((2201) Oljato) An
APOLLO asteroid that has a diameter of
about 1.4 km and a high albedo of 0.42.
Discovered in 1947 by the US astronomer
Henry L. Giclas, Oljato has a chaotic orbit,
its semimajor axis varying violently due to
its many close approaches to Earth and
Venus. It might possibly be a dormant or
extinct cometary nucleus. It is also associ-
ated with several meteoroid streams.

Olympus Mons /ŏ-lim-pŭs/ A lofty vol-
canic peak on Mars, located in the planet’s
northern hemisphere at 18.6° N latitude
and 134.0° W longitude. It is the largest
volcano on Mars and possibly the largest in
the Solar System. With an estimated age of
200 million years, it may be younger than
the volcanoes on the THARSIS RIDGE. It has a
base more than 600 km across and rises to

a 90 km diameter caldera at an elevation of
26 km above the surrounding plains.
Around much of the base is an escarpment
up to 6 km high. This giant feature is an
important influence on Martian weather.
For comparison, the largest volcano on
Earth, Hawaii’s Mauna Loa, rises only 9.3
km from its 120-km diameter base on the
floor of the Pacific Ocean. See also Mars,
volcanoes.

omega /oh-meg-ă, -mee-gă, -may-gă/ (ωω)
1. The 24th and last letter of the Greek al-
phabet used in STELLAR NOMENCLATURE

usually to designate the 24th-brightest star
in a constellation or sometimes to indicate
a star’s position in a group. See also Omega
Centauri..
2. Symbol for angular velocity.
3. Symbol for argument of perihelion (see
orbital elements).
4. Another name for density parameter.
See mean density of matter.

Omega Centauri /sen-tor-ÿ, -ee/ (ωω Cen;
NGC 5139) A huge impressive GLOBU-
LAR CLUSTER, magnitude 3.7, diameter 0°.6,
in the constellation Centaurus. At about
5212 parsecs distant, it is one of the closest
globulars to the Solar System. The million
or so stars of which it is composed show a
surprising range of metal content and pos-
sibly age. It is an X-ray source.

Omega nebula (Swan nebula; Horseshoe
nebula; M17; NGC 6618) An EMISSION

NEBULA with a conspicuous bar that lies at
a distance of 2200 parsecs in the constella-
tion of Sagittarius, very close to its north-
ern boundary with Scutum. The nebula’s
apparent magnitude is 7. It is an H II region
and a double radio source. The M17SW
molecular cloud is a site of massive STAR

FORMATION; the interface between the neb-
ula and M17SW is an example of an edge-
on PHOTODISSOCIATION REGION.

omicron (οο) The 15th letter of the
Greek alphabet used in STELLAR NOMEN-
CLATURE usually to designate the 15th-
brightest star in a constellation or
sometimes to indicate a star’s position in a
group.

Olbers’ paradox
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Onsala Space Observatory /on-să-lă,
on-sah-lă/ A radio observatory of
Chalmers University of Technology, On-
sala, Sweden, located on the Onsala Penin-
sula south of Gothenburg. It has a
20-meter dish, enclosed in a golfball-like
radome, for observations at millimeter
wavelengths and a 26-meter radio tele-
scope, in operation since 1965 at frequen-
cies below 10 gigahertz.

Oort cloud /oort, ort/ (Öpik–Oort cloud)
A cloud of COMETS that move in orbits
round the Sun with perihelia in the range
5–50 AU and aphelia in a zone with helio-
centric distances between 30 000 and
100 000 AU, i.e. in a zone far beyond Plu-
to’s orbit. Since the nearest star to the Sun
– Proxima Centauri – is 270 000 AU away
these comets can be perturbed by passing
stars; this changes their orbits and send
them in closer toward our Sun (or out to-
ward the perturbing star). These perturbed
comets have periods of hundreds of thou-
sands of years. The Oort cloud is so distant
that it acts as a refrigerated cometary reser-
voir.

The existence of a distant long-lived
cloud of comets was first suggested in 1932
by Ernst Öpik. The same idea was pro-
posed in 1950 by J.H. Oort who thought
that comets originated from the disintegra-
tion of a planet some time in the early his-
tory of the Solar System. After this the
major planets, Jupiter in particular, drove
the majority of the comets either into the
inner Solar System, where they decayed, or
into the outer regions. Of this latter group
98% would have been lost from the Solar
System, only 2% remaining in the Oort
cloud. The number of comets in the cloud
is uncertain but it could be somewhere in
the range 1011 to 1012 with a total mass in
the region of 1028 grams. The orbits are
oriented at random. A cometary cloud of
radius 100 000 AU has a half life of at least
1.1 × 109 years. The existence of the cloud
shows up very clearly when the number
distribution of comets is considered as a
function of the reciprocal of the semimajor
axes of the orbits. See also Kuiper belt.

Oort’s constants /oorts, orts/ See
Oort’s formulae.

Oort’s formulae Two mathematical
expressions derived by Jan Oort that de-
scribe the effects of differential GALACTIC

ROTATION on the radial velocities (vr) and
tangential velocities (vt) of stars at an aver-
age distance r from the Sun. If each star is
moving in a circular orbit about the galac-
tic center, and if r is small in comparison
with the Sun’s distance from the center,
then 

vr = Ar sin2l 
vt = Br + Ar cos2l

where l is the galactic longitude (see galac-
tic coordinate system) and A and B are
Oort’s constants. Since vt is not directly
measurable the second equation is usually
replaced by the expression for PROPER MO-
TION, µ: 

µ = 0.211(B + A cos2l)
The equations are valid for µ measured in
arc seconds per year, velocities in km s–1,
and distances in parsecs. The most widely
accepted values for Oort’s constants are 

A: 15 (km s–1)/kiloparsec
B: –10 (km s–1)/kpc

Most stars, including the Sun, do not
move in precisely circular orbits but once a
correction has been made for the Sun’s ve-
locity with respect to the average velocity
of stars in the solar neighborhood (as-
sumed to be circular), the measured varia-
tion of vr and µ with l is sufficiently close to
that predicted by the equations to support
the theory that the general rotation pattern
is circular and galactocentric.

Ooty Radio Telescope /oo-tee/ (ORT)
A parabolic cylinder antenna, 350 meters
long and 30 meters wide, built in Ooty,
India by the National Center for Radio As-
trophysics, Pune. The telescope is oriented
N–S and built on the slope of a hill. It can
rotate about its long axis and so track
radio sources for about 9.5 hours every
day. The pointing in the N–S direction is
achieved by electrically phasing the 1056
DIPOLES along the focal line. The telescope
operates at 326.5 MHz. The Ooty Synthe-
sis Radio Telescope (OSRT) is an APERTURE

SYNTHESIS telescope using the ORT and
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seven smaller parabolic cylinders up to 4
km away.

opacity /oh-pass-ă-tee/ A measure of the
ability of a gaseous, solid, or liquid body to
absorb radiation. It is the ratio of the total
radiant energy received by the body to the
total energy transmitted through it. For
gaseous material of a particular chemical
composition, opacity depends on both
temperature and density. Various pro-
cesses contribute to the opacity: energy ab-
sorption by electrons bound to an atom or
ion, allowing them to jump to a higher
level or to escape from the atom as free
electrons (bound-bound or BOUND-FREE AB-
SORPTION); absorption by free electrons
(FREE-FREE ABSORPTION); scattering of pho-
tone of radiation by free electrons or atoms
(COMPTON SCATTERING); absorption of γ-
ray photons by ambient ‘gas’ photons
(PHOTON-PHOTON ABSORPTION). The nega-
tive HYDROGEN ion, H–, is a particularly im-
portant source of opacity in a star like the
Sun, and the solar opacity is seen to drop
rapidly to zero at the Sun’s limb.

open cluster (galactic cluster) A loose
CLUSTER of stars that contains at most a few
thousand stars and sometimes fewer than
twenty. Examples visible to the naked eye
are the HYADES and the PLEIADES. About
1200 open clusters are known. They are
POPULATION I systems and occur in or close
to the plane of the Galaxy. The brightest
stars in an open cluster can be either red or
blue giants, depending upon its age. Stars
in the older clusters, such as M67 in Can-
cer, are similar in appearance to those in
GLOBULAR CLUSTERS, although with some
subtle differences due to the higher metal
content of the material from which they
were formed. Open clusters are more
loosely bound systems than globular clus-
ters and they tend to be gradually dispersed
by the combined effects of the differential
rotation of the Galaxy and perturbations
due to close encounters with interstellar
clouds. Calculations suggest that many will
not survive more than one or two circuits
of the Galaxy. Hence most open clusters
are comparatively young systems. Some,
such as NGC 2264, are less than 10 million

years old and in these clusters star-forma-
tion is probably still taking place (see OB
cluster). See also Hertzsprung–Russell dia-
gram; moving cluster; turnoff point.

open Universe See deceleration para-
meter; Universe.

Ophelia /oh-fee-lee-ă/ A small satellite
of Uranus, discovered by Voyager 2 in
1986. Together with CORDELIA, it acts as a
SHEPHERD SATELLITE to the outermost (Ep-
silon) ring. See Uranus’ rings; Uranus’
satellites; Table 2, backmatter.

Ophiuchids /of-ee-yoo-kidz, oh-fee-/ A
minor METEOR SHOWER, radiant: RA 260°,
dec –20°, maximizing on June 20.

Ophiuchus /of-ee-yoo-kŭs, oh-fee-/ (Ser-
pent Bearer) A large equatorial constella-
tion near Scorpius, lying partly in the
Milky Way. The brightest star is the 2nd-
magnitude white giant Rasalhague (α),
which lies close to RASALGETHI (Alpha [α]
Herculis). The area contains the supernova
remnant of KEPLER’S STAR, the Rho (ρ)
Ophiuchi cloud, in which there is active
star formation (see Rho Ophiuchi cloud),
the loose open cluster IC 4665, and many
globular clusters. Abbrev.: Oph; genitive
form: Ophiuchi; approx. position: RA 17h,
dec –7°; area: 948 sq deg.

Öpik–Oort cloud /oh-pik/ See Oort
cloud.

Opportunity See Mars Exploration
Rovers.

opposition /op-ŏ-zish-ŏn/ The moment
at which a body in the Solar System has a
celestial longitude differing from that of
the Sun by 180°, so that it lies opposite the
Sun in the sky and crosses the meridian at
about midnight (see elongation). The term
also applies to the alignment of the two
bodies at this moment. Although the INFE-
RIOR PLANETS cannot come to opposition, it
is the most favorable time for observation
of the other planets because they are then
observable throughout the night and are

opacity
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near their closest point for that APPARITION.
See also synodic period.

optical astronomy /op-tă-kăl/ The
study of astronomical objects using radia-
tion with wavelengths from about 300 to
900 nanometers. These wavelengths can
pass through the Earth’s atmosphere so
that observations are possible from the
ground. The human eye is sensitive to most
of this waveband. See also light; reflecting
telescope; refracting telescope.

optical axis The imaginary line passing
through the midpoint of a lens, mirror, or
system of such elements and on which lies
the focal point of parallel paraxial rays.

optical depth Symbol: τ. A measure of
the absorption of radiation of a particular
wavelength as it passes through a gaseous
medium. If the initial radiation flux Φ0 is
reduced to Φx after a distance x through
the medium then 

Φx/Φ0 = exp(–τ)
where τ is the optical depth for the radia-
tion wavelength. If τ equals zero the
medium is transparent; if τ is much greater
or much less than one the medium is opti-
cally thick or optically thin respectively.
See also opacity.

optical double 1. See double star.
2. See double galaxy.

optical interferometer See interferom-
eter.

optical libration Another name for
geometrical libration. See libration.

optical pathlength The distance, d,
traveled by a light beam multiplied by the
REFRACTIVE INDEX, n, of the medium
through which the light has passed. If the
light traverses more than one medium,
then the optical pathlength is the sum

(n1d1 + n2d2 +…)
for each medium.

optical pulsars PULSARS that flash at vis-
ible wavelengths. The two best known are
the CRAB and the VELA PULSARS. The Crab

pulsar appears as a 16th magnitude star
but is pulsing with a period of 0.033 sec-
onds; the optical flashes of the Vela pulsar,
about 26th magnitude, were discovered by
looking for faint pulses with exactly the pe-
riod (0.089 seconds) of its radio emission.
Optical pulses have also been detected
from X-RAY BINARY systems.

optical temperature See effective tem-
perature.

optical window See atmospheric win-
dows.

orbit /or-bit/ The path followed by a ce-
lestial object or an artificial satellite or
spaceprobe that is moving in a gravita-
tional field. For a single object moving
freely in the gravitational field of a massive
body the orbit is a CONIC SECTION, in ac-
tuality either elliptical or hyperbolic.
Closed (repeated) orbits are elliptical, most
planetary orbits being almost circular. 
A hyperbolic orbit results in the object
escaping from the vicinity of a massive
body. See also Kepler’s laws; orbital el-
ements.

orbital elements /or-bă-tăl/ The para-
meters that specify the position and motion
of a celestial body in its orbit and that can
be established by observation (see illustra-
tion). Osculating elements specify the in-
stantaneous position and velocity of a
body in a perturbed orbit (see osculating
orbit). Mean elements are those of some
reference orbit that approximates the ac-
tual perturbed orbit. The shape and size of
the orbit are specified by the ECCENTRICITY,
e, and for an elliptical orbit by the SEMIMA-
JOR AXIS, a. The orientation of the orbit in
space is specified firstly by the INCLINA-
TION, i, of the orbital plane to the reference
plane, usually that of the ecliptic, and sec-
ondly by the longitude of the ascending
node, Ω; the latter is the angular distance
from the dynamical or vernal EQUINOX, γ,
to the ascending NODE, N. The orientation
of the orbit in the orbital plane is usually
specified by the angular distance, ω, be-
tween the periapsis, P (see apsides), and the
ascending node. For an orbit round the Sun

335

orbital elements



the periapsis is the PERIHELION and the an-
gular distance ω is the argument of perihe-
lion. It is measured along the direction of
motion. The angular distance equal to the
argument of perihelion plus the longitude
of the ascending node is called the longi-
tude of perhelion, which is also used as an
orbital element.

The eccentric ANOMALY is used to deter-
mine the position of the body in its orbit.
To calculate the position as a function of
time an additional orbital element is used.
This is the time of periapsis (or for a solar
orbit perihelion) passage, t0, by means of
which Kepler’s equation (see anomaly) can
be solved. Analogous elements are used to
describe the orbits of binary stars. To de-
termine the orbit of a binary star system of
unknown mass, the PERIOD must be estab-
lished.

The Earth’s orbital elements vary with
time due to gravitational effects of the
Moon and planets. The changes, approxi-
mately periodic, during the past several
hundred thousand years have been calcu-
lated very accurately.

orbital resonance An effect in celestial
mechanics that arises when two orbiting
bodies have periods of revolution that are
in a simple integer ratio allowing each
body to have a regularly recurring gravita-
tional influence on the other. Orbital reso-
nance may stabilize the orbits and protect
them from perturbation, as in the case of
the TROJAN GROUP of asteroids, which are

held in place by a 1:1 resonance with
Jupiter. On the other hand, orbital reso-
nance may destabilize one of the orbits,
ejecting the body concerned, changing the
eccentricity of its path, or sending it into a
different orbit. This second effect of orbital
resonance accounts for why there are vir-
tually no asteroids in certain regions of the
main asteroid belt (see Kirkwood gaps).
Laplace resonance is a form of orbital res-
onance that occurs when three or more or-
biting objects have a simple integer ratio
between their orbital periods. For example,
the Jovian satellites IO, EUROPA, and
GANYMEDE have periods of revolution in
the ratio 4:2:1.

orbital velocity The velocity of a satel-
lite or other orbiting body at any given
point in its orbit. It is also the velocity re-
quired by a satellite to enter an orbit
around a body. The orbital velocity, v, is
given by the expression 

v = √[gR2(2/r – 1/a)]
where R is the radius of the orbited body, r
is the distance from the CENTER OF MASS of
the system (i.e. from the approximate cen-
ter of the primary), a is the SEMIMAJOR AXIS

of the orbit, and g is the standard accelera-
tion of gravity. For a circular orbit, r = a
and the circular velocity is given by 

v = √(gR2/r)
To escape from an orbit a must tend to in-
finity and the escape velocity is then given
by 

ve = √(2gR2/r)

orbital resonance
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The orbital period for an elliptical orbit is
given by 

P = 2πa3/2/√gR2

orbit determination The derivation of
the orbit of a celestial object, such as a
comet, from several observations of its po-
sition by using the laws of celestial me-
chanics. At least three observations are
needed to determine the ORBITAL ELEMENTS

and many methods have been used.

Orbiting Astronomical Observatory
(OAO) Any of a series of four US satel-
lites, two of which were successfully
launched, that were primarily concerned
with investigations in the ultraviolet (UV)
region of the spectrum. OAO–2 was
launched on Dec. 7 1968 and continued
operating for over four years. In one group
of experiments a UV survey of about one
sixth of the sky was achieved by means of
four telescopes plus UV-sensitive television
camera tubes, which produced pictures in
the wavelength range 115–320 nm. A cat-
alogue of bright UV sources was compiled
from the data. In the other experimental
package measurements were made of the
UV luminosity and spectra of a large num-
ber of preselected targets. OAO–3 was
launched on Aug. 21 1972 and was named
COPERNICUS after launch.

Orbiting Geophysical Observatory
(OGO) Any of a series of US geophysical
satellites, first launched in Sept. 1964, for
studying the Earth’s atmosphere, iono-
sphere, magnetic field, radiation belts, etc.,
and how these are influenced by the SOLAR

WIND and other phenomena. Moving
mainly in highly elliptical orbits, the satel-
lites could carry out many studies simulta-
neously for prolonged periods.

Orbiting Solar Observatory (OSO)
Any of a series of US satellites launched be-
tween 1962 (OSO–1) and 1975 (OSO–8)
and designed to study the Sun and solar
phenomena, especially solar flares, from
Earth orbit. The quality and range of the
observations improved as the series pro-
gressed, with high spectral and spatial res-
olution in ultraviolet and X-ray spectral

regions in later craft. Instruments have in-
cluded a CORONAGRAPH, SPECTROHELIO-
GRAPH, ultraviolet and X-ray SPECTRO-
GRAPHS, PHOTOMETERS, gamma-ray detec-
tors, and particle-flux sensors.

order sorter See Fabry–Perot interfer-
ometer.

Orientale Basin /or-ee-en-tah-lee, oh-
ree-/ The youngest lunar BASIN, only
partly filled by mare lava. The concentric
ring structure of MOUNTAINS and the EJECTA

BLANKET – the Hevelius formation – are ex-
ceptionally well preserved. Orientale is sit-
uated on the western limb of the Moon and
is visible from Earth only at times of favor-
able LIBRATION.

Orion /or-ÿ-ŏn, oh-rÿ/ A very conspicu-
ous constellation on the celestial equator,
close to the Milky Way, that is visible as a
whole from most parts of the world and
can be used to indicate the positions of
many bright neighboring stars (see illustra-
tion overleaf). Five stars are of 1st magni-
tude or brighter; 15 are brighter than 4th
magnitude. RIGEL (β), BETELGEUSE (α), BEL-
LATRIX (γ), and 2nd-magnitude Saiph (κ)
form the distinctive quadrilateral outline
inside which are the three remote 1st- and
2nd-magnitude stars of Orion’s Belt, Al-
nilam (ε), Alnitak (ζ), and Mintaka (δ).
South of the Belt is Orion’s Sword, in
which lies the naked-eye gaseous ORION

NEBULA. The area contains many double
stars including Rigel, several variable stars,
and the dark HORSEHEAD NEBULA. An im-
mense oval ring of ionized hydrogen,
Barnard’s loop, surrounds most of Orion.
Abbrev.: Ori; genitive form: Orionis; ap-
prox. position: RA 5.5h, dec 0°; area: 594
sq deg.

Orion arm See Galaxy.

Orion association (I Orionis) A large
OB-association (see association) that con-
tains over 1000 stars and lies in the region
of the Orion nebula. There are at least
three clusters in the association: the
Lambda (λ) Orionis cluster, the Belt group
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around Epsilon (ε) Orionis, and the
TRAPEZIUM cluster.

Orionids /or-ÿ-ŏ-nidz, oh-rÿ/ An active
METEOR SHOWER, radiant: RA 97°, dec
+15°, that maximizes on Oct. 22 with a
ZENITHAL HOURLY RATE of about 25. The
activity has been observed to change by as
much as a factor of four between one year
and the next. The shower has been the cen-
ter of controversy firstly because it was
thought that the RADIANT was stationary
during the three weeks of activity. This
view has now been abandoned: all showers
have radiants that move with respect to the
stars as the Earth moves along its orbit.
Secondly the shower is associated both
with Halley’s comet and the Eta AQUARIDS

because of similarities in orbital elements.

Orion molecular cloud (OMC-1) A
dense cloud of neutral molecular hydrogen
lying slightly behind, but in contact with,
the ORION NEBULA. It is part of a system of
MOLECULAR CLOUDS in the Orion constella-
tion, and is an example of a PHOTODISSOCI-
ATION REGION seen face-on. It has a total
mass of about 500 solar masses and has a
temperature ranging up to 100 K. It is a
very bright infrared source at a wavelength
of 50 µm with a LUMINOSITY 105 times
greater than the Sun’s. It is likely that the

TRAPEZIUM stars condensed from the same
molecular cloud. Also associated with
OMC-1 are the strong infrared sources, the
BN OBJECT and KLEINMANN-LOW NEBULA,
which together form the BNKL complex.
Higher resolution measurements indicate
that the center of the KL nebula consists of
a cluster of small infrared sources that may
be evolving toward the stage the Trapez-
ium stars have already reached.

Orion nebula (M42; NGC 1976) One
of the brightest EMISSION NEBULAE in the
sky, about 400 parsecs distant. It is just vis-
ible to the naked eye as a diffuse luminous
patch, 1° across, in the center of Orion’s
Sword; M43 (NGC 1982) is a small north-
ern part of M42, a dust lane separating
them. The Orion nebula is a complex re-
gion of ionized hydrogen (an H II region)
that is associated with the ORION MOLECU-
LAR CLOUD (OMC-1), part of a system of
GIANT MOLECULAR CLOUDS in the Orion
constellation. The Orion nebula is centered
on a very dense stellar cluster – the TRAPEZ-
IUM cluster – containing four hot young
stars that excite and ionize the nebula, so
producing both radio and optical radia-
tion. Their total LUMINOSITY is about 3 ×
105 times that of the Sun. The nebula is
also a source of X-rays. The region is one
of active STAR FORMATION, containing T

Orionids
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TAURI STARS, MASER SOURCES, HERBIG–HARO

OBJECTS, the BN OBJECT, and the KLEIN-
MANN-LOW NEBULA. The interface between
the nebula and the adjacent molecular
cloud is an example of a PHOTODISSOCIA-
TION REGION.

Orion’s Belt See Orion.

Orion’s Sword See Orion.

orrery /o-rĕ-ree, or-ĕ-/ An instrument or
model that demonstrates the movements of
some or all of the planets around the Sun,
in their correct relative periods, by means
of a set of small spheres mounted on wire
rods and driven by an elaborate, usually
clock-driven system of gears. The move-
ments of satellites, such as the Moon, may
be incorporated in the mechanism. The in-
strument takes its name from Charles
Boyle, the 4th Earl of Orrery, who paid for
such a device built in 1712; orreries were
previously called planetaria.

ORT Abbrev. for Ooty Radio Telescope.

orthoscopic eyepiece /or-thŏ-skop-ik/
See eyepiece.

Oschin Telescope /oh-shin, osh-in/ See
Palomar Observatory.

oscillating Universe /os-ă-layt-ing/ (pul-
sating Universe) A closed UNIVERSE in
which collapse is followed by a reexpan-
sion.

osculating orbit /os-kyŭ-layt-ing/ The
truly elliptical orbit that a celestial object
would follow if the perturbing forces of
other bodies were to disappear so that it
was subject only to the central gravita-
tional field of a single massive body. In
general elliptical motion is an approxima-
tion to the real motion of members of the
Solar System. If all forces except the central
gravitational force disappeared at time t,
then the osculating elements would be the
ORBITAL ELEMENTS of the ellipse followed
by a body at a given instant after time t.
For a real body in perturbed motion the in-
stantaneous osculating elements are not

constant but are functions of time. The os-
culating elements are often used to describe
the perturbed motion of a body.

OSO Abbrev. for Orbiting Solar Obser-
vatory.

OSSE Abbrev.for oriented scintillation
spectrometer experiment. See Compton
Gamma Ray Observatory.

O stars Stars of SPECTRAL TYPE O that
are very hot massive blue stars, emitting
copious quantities of ultraviolet radiation,
and with surface temperatures (Teff) from
about 28 000 to over 40 000 kelvin. Strong
lines of singly ionized helium (He II) dom-
inate the spectra. Lines of doubly and triply
ionized elements are also present with lines
of neutral helium (He I) and hydrogen
strengthening in later subdivisions. No O0,
O1, or O2 stars have been discovered and
only a few O3 and O4 stars are known.
Most O stars are found in the spiral arms
of galaxies, often in OB ASSOCIATIONS, and
are very fast rotators. They have short life-
times of about three to six million years.
See also Of stars; ultraviolet stars.

Otto Struve Telescope /ot-toh stroo-vay/
See McDonald Observatory.

outburst, cometary See Schwassmann-
Wachmann 1.

outer planets The planets Jupiter, Sat-
urn, Uranus, Neptune, and Pluto, which lie
farther from the Sun than the main ASTER-
OID BELT. With the exception of Pluto, all
are GIANT PLANETS.

OVV quasars Abbrev. for optically vio-
lently variable quasars, a group of objects
now classified as BLAZARS.

Owens Valley Radio Observatory /oh-
wĕnz/ (OVRO) The radio observatory of
the California Institute of Technology, lo-
cated in a semidesert region of California
at an altitude of 1200 meters. It contains
two 27-meter DISHES that were an early
radio interferometer but are now used for
solar observations, a 40-m dish used
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mostly for VLBI, and the OVRO Millimeter
Array, an interferometer consisting of six
10.4-m dishes, laid out on a T-shaped track
200 m × 220 m.

Owl nebula (M97; NGC 3587) A rela-
tively large, distinctively shaped PLANETARY

NEBULA in the constellation Ursa Major,
about 500 parsecs away.

Ozma project /oz-mă/ A pioneering
project in the search for extraterrestrial in-

telligence. The 26-meter radio telescope at
Green Bank, West Virginia, was used by
Frank Drake in 1960 for about 150 hours
in an unsuccessful attempt to detect signals
– the 21-cm hydrogen line emission – from
other civilizations. The targets were the
two nearest and most sunlike stars Tau
Ceti and Epsilon Eridani. See also exobiol-
ogy; SETI.

ozone layer /oh-zohn/ See atmospheric
layers. 

Owl nebula
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PA (or p.a.) Abbrev. for position angle.

pair production The conversion of a
high-energy (>1.022 MeV) gamma-ray
PHOTON, usually in the field of an atomic
nucleus, into an ELECTRON and positron,
which are formed simultaneously. See also
annihilation; photon-photon absorption.

Pallas /pal-ăs/ ((2) Pallas) The second AS-
TEROID to be discovered, found in late
March 1802 by the German astronomer
H.W.M, Olbers. Measuring 570 × 525 ×
500 km, it is the third largest asteroid and
has a spectrum similar to that of the CAR-
BONACEOUS CHONDRITE meteorites. Despite
being a main-belt asteroid, Pallas follows
an orbit that is inclined at 34.8? to the
ECLIPTIC. Its mass has been measured at
2.2 × 1020 kg. It orbits the Sun once every
4.62 years at a mean distance of 2.77 AU.
NASA’s DAWN mission, set for launch in
2006, will, if successful, visit Pallas after
(1) Ceres and (4) Vesta. See Table 3, back-
matter.

pallasite /pal-ă-sÿt/ See stony-iron me-
teorite.

Palomar Observatory /pal-ŏ-mar/ A
world-famous observatory sited on Mount
Palomar, about 65 kilometers northeast of
San Diego, California, USA, at an altitude
of 1713 meters. It is owned and operated
by the Pasadena-based California Institute
of Technology (Caltech). The site of the
observatory was chosen by George Ellery
Hale as suitable for a giant 200-inch (5.08-
meter) telescope, following the success of
the 100-inch Hooker telescope at MOUNT

WILSON OBSERVATORY. The 200-inch reflec-
tor, now known as the Hale telescope, saw
first light in Dec. 1947. Regular observing

began in 1949. It was the world’s largest
telescope until the Soviet 6-meter instru-
ment was built during the 1970s at
ZELENCHUKSKAYA OBSERVATORY in the Cau-
casus. Now equipped with sophisticated
electronic and computer systems, the Hale
remains one of the world’s most powerful
telescopes.

The 200-inch mirror, ready for use in
late 1947, almost 10 years after Hale’s
death, had been cast in 1934 after consid-
erable design problems. It is of low-expan-
sion Pyrex glass, with a reflecting surface
of aluminum; it weighs 13.15 tonnes. The
chosen FOCAL RATIO of f/3.3 meant that a
much shorter tube could be used than with
previous telescopes, which traditionally
had an f/5 ratio. There is a Cassegrain
focus, focal ratio f/16, and coudé foci of
f/30.

In addition to the 200-inch, the Palo-
mar Observatory has a 48-inch (1.24-
meter) SCHMIDT TELESCOPE – the Oschin
Telescope. This has a 1.83-meter primary
mirror, focal ratio f/2.5, and a field of
semiangle of 3°. It was used in the produc-
tion of the PALOMAR SKY SURVEY. A new
achromatic correcting plate was made in
1984. In addition there are an 18-inch
(45.72-centimeter) Schmidt and a 60-inch
(1.52-meter) reflector. Both the Oschin
Telescope and the 60-inch have been mod-
ernized with the installation of CCD cam-
eras.

Palomar Observatory Sky Survey
(POSS) A photographic star atlas of the
northern sky and part of the southern sky
to a DECLINATION of –33°. It was prepared
at the Mount Palomar Observatory, Cali-
fornia, with the collaboration of the Na-
tional Geographic Society, using the
48-inch Oschin Schmidt telescope. It was
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released 1954–58. It consisted of 935 pairs
of photographic prints: one of each pair
was made from an exposure on a blue-sen-
sitive plate, the other was made from an
exposure taken through a red filter. This
survey, known as POSS-I, included stars to
a limiting magnitude of 21 (20 in the
southernmost plate). A second survey of
the northern sky, known as POSS-II, was
carried out in the 1980s with an upgraded
version of the Palomar Oschin Schmidt,
using much improved film. Objects four
times as faint as those photographed by
POSS-I were recorded. Identifications on
POSS prints can be made using a set of la-
beled transparent overlays, prepared at
Ohio State University by R. Dixon and
published in 1981. The prints from both
POSS-I and POSS-II are being converted to
computerized digital format and are be-
coming accessible over the World Wide
Web and as part of the DIGITIZED SKY SUR-
VEY. See also Southern Sky Survey.

palus /pal-ŭs/ (plural: paludes) A mixed
smooth and rough dark area on the surface
of the Moon. The word is used in the ap-
proved name of such a feature. See also
mare. (Latin: marsh)

Pan A small satellite of Saturn, discov-
ered in 1990 from photographs taken by
Voyager 2 in 1981. It is the closest satellite
to Saturn so far known, orbiting within the
Encke Division of SATURN’S RINGS at a dis-
tance of 133 600 km from the center of the
planet. It is a shepherd satellite, keeping the
Encke Division open. See Table 2, back-
matter.

Pandora /pan-dor-ă, -doh-ră/ A small ir-
regularly shaped satellite of Saturn, discov-
ered in 1980 from photographs taken by
Voyager 1. It appears to be heavily
cratered, the two largest craters being some
30 km in diameter. Together with
PROMETHEUS, Pandora is a SHEPHERD SATEL-
LITE for Saturn’s F ring. See Saturn’s rings;
Table 2, backmatter.

parabola /pă-rab-ŏ-lă/ A type of CONIC

SECTION with an eccentricity equal to one.
See also paraboloid.

parabolic velocity /pa-ră-bol-ik/ The
velocity of an object following a parabolic
trajectory around a massive body. Its ve-
locity at a given distance from the massive
body is equal to the ESCAPE VELOCITY at that
distance.

paraboloid /pă-rab-ŏ-loid/ A curved
surface formed by the rotation of a
parabola about its axis. Cross sections
along the central axis are circular. A beam
of radiation striking such a surface parallel
to its axis is reflected to a single point on
the axis (the focus), no matter how wide
the aperture (see illustration). A parabo-
loid mirror is thus free of SPHERICAL ABER-
RATION; it does however suffer from COMA.
Paraboloid surfaces are used in reflecting
telescopes and radio telescopes. Over a
small area a paraboloid differs only slightly
from a sphere. A paraboloid mirror can
therefore be made by deepening the center
of a spherical mirror.

parallactic angle /pa-ră-lak-tik/ See as-
tronomical triangle.

parallactic ellipse See annual parallax.

parallactic inequality A minor peri-
odic term in the Moon’s motion that re-
sults from the gravitational attraction of
the Sun and causes the Moon to be ahead
at first quarter and to lag behind at last
quarter (see phases, lunar). The inequality
can be used to calculate SOLAR PARALLAX.
See also evection; variation.

parallactic motion See parallax.

parallax /pa-ră-laks/ The angular dis-
placement in the apparent position of a ce-
lestial body when observed from two
widely separated points. It is thus the angle
that the baseline connecting two view-
points would subtend at the object (see il-
lustration). It is very small in value and is
usually expressed in arc seconds. If the
baseline is of a fixed length then as the dis-
tance to the celestial object decreases, its
parallax will increase accordingly. If the
parallax can be measured then so can the
distance.

palus
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The observer’s position on Earth
changes with the daily rotation of the
Earth, the annual revolution of the Earth
around the Sun, and the long-term motion
of the Sun and Solar System relative to the
background stars. Each motion produces 
a different measure of parallax: DIURNAL

PARALLAX, ANNUAL PARALLAX, and SECULAR

PARALLAX, respectively. The continual
change in the apparent position of a celes-
tial object, produced by the observer’s
changing position, is termed parallactic
motion and must be distinguished from the
star’s own PECULIAR MOTION in space.

Methods used to determine the parallax
and hence the distance of celestial bodies
require an accurate knowledge of the base-
line length. The baseline for diurnal paral-
lax – the Earth’s radius – can be used for
distance measurements only within the
Solar System. The baselines used in annual
parallax – the semimajor axis of the Earth’s
orbit – and secular parallax are sufficiently

great for stellar distances to be measured.
Other methods based on the concept of
parallax and used in distance determina-
tion include DYNAMICAL PARALLAX, MOV-
ING-CLUSTER PARALLAX, and STATISTICAL

PARALLAX.
Distances determined indirectly from

stellar brightness are also sometimes called
parallaxes: in spectroscopic parallax the
absolute magnitude of a main-sequence
star is deduced from the spectral type of the
star using the HERTZSPRUNG–RUSSELL DIA-
GRAM and this together with the apparent
magnitude gives the DISTANCE MODULUS

and hence the distance. See also distance
determination.

parametric amplifier /pa-ră-met-rik/ A
type of negative-resistance amplifier that
employs a nonlinear circuit element, such
as a varactor diode, to act as a time-vary-
ing capacitance. These amplifiers have low
NOISE FIGURES at high frequencies and are
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useful in RADIO TELESCOPES in the range
1–30 gigahertz.

paraxial /pă-raks-ee-ăl/ Lying close to
the optical axis of a lens, mirror, or system
of such elements.

parhelia Another name for SUN DOGS.

Paris Observatory The French national
astronomical research institute, located in
Paris and founded in 1667. There are ob-
serving facilities at the Meudon Observa-
tory, near Sèvres, which has two reflecting
telescopes (1 meter and 0.6 meter) and
forms the astrophysics section of the Paris
Observatory, and at the NANÇAY RADIO OB-
SERVATORY.

Parkes Observatory /parks/ (formerly
Australian National Radio Astronomy Ob-
servatory) A radio astronomy observa-
tory located near Parkes, New South
Wales, Australia. It is operated by CSIRO’s
Division of Radio Astrophysics. The main
instrument there is the Parkes dish – a fully
steerable 64-meter telescope built in 1961
and now part of the AUSTRALIA TELESCOPE.
It can observe at frequencies between 100
MHz and 45 GHz.

parking orbit An orbit in which a satel-
lite or spacecraft can be placed before
being injected into a final orbit or desired
trajectory.

parsec /par-sek/ Short for parallax sec-
ond. Symbol: pc. A unit of length normally
used for distances beyond the Solar Sys-
tem. It is the distance at which the semima-
jor axis of the Earth’s orbit subtends an
angle of one arc second. It is thus the dis-
tance at which a star would have an AN-
NUAL PARALLAX of one arc second. A star
with a parallax of p arc seconds is at a dis-
tance of d parsecs, given by d = 1/p (accu-
rate up to distances of about 30 pc). One
parsec equals 30.857 × 1012 km, 206 265
astronomical units, and 3.2616 light-years.

partial eclipse See eclipse.

particle See elementary particles.

particle horizon See horizon distance.

Particle Physics and Astronomy Re-
search Council (PPARC) An indepen-
dent UK national organization funded by
the government for the direction, co-ordi-
nation and financial support of British re-
search into astronomy, particle physics,
particle astrophysics and Solar System sci-
ence. It was established by Royal Charter
in 1994 and is one of seven UK research
councils supporting advanced studies in
various fields of learning. Its work is cur-
rently financed through an annual budget
received from the Office of Science and
Technology, a section of the Department
of Trade and Industry. PPARC provides re-
search grants and studentships to scientists
in British universities, gives researchers ac-
cess to world-class facilities and funds the
UK membership of international organiza-
tions such as the European Particle Physics
Laboratory, CERN, the EUROPEAN SPACE

AGENCY (ESA) and the EUROPEAN SOUTHERN

OBSERVATORY (ESO). It also makes finan-
cial contributions to the UK telescopes in
La Palma, Hawaii, Australia and Chile, the
UK Astronomy Technology Centre at the
ROYAL OBSERVATORY, EDINBURGH (ROE),
and the MERLIN/VLBI National Facility
based at JODRELL BANK (see also MERLIN).
PPARC is based in Swindon, UK, and has
three scientific sites: the UK Astronomy
Technology Centre at the ROE in Edin-
burgh, the ISAAC NEWTON GROUP of tele-
scopes in La Palma, and the Joint
Astronomy Centre in Hawaii. Among
many other official tasks, PPARC advises
the government on the appointment of the
ASTRONOMER ROYAL and the Astronomer
Royal for Scotland.

pascal /pas-kăl/ Symbol: Pa. The SI unit
of pressure, equal to a pressure of one new-
ton per square meter.

Paschen series /pash-ĕn/ See hydrogen
spectrum.

Pasiphae /pa-sif-ah-ee/ A small satellite
of Jupiter, discovered in 1908 by the
British astronomer Philibert Melotte. See
Jupiter’s satellites; Table 2, backmatter.

paraxial
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patera /pat-ĕ-ră/ (plural: paterae) An ir-
regular saucerlike volcanic structure with
scalloped edges. The word is used in the
approved name of such a surface feature on
a planet or satellite.

pathlength /path-length, pahth-/ See op-
tical pathlength.

path of totality (zone of totality) See
eclipse.

Paul–Baker telescope /pawl bay-ker/ A
compact three-mirror telescope with a very
wide field of view, designed by Maurice
Paul in 1935 and modified by James Baker
in about 1945 (see illustration). A parabo-
loidal primary mirror is used with a convex
ellipsoidal secondary and concave spheri-
cal tertiary to produce a high-quality image
on a flat focal plane; there is very low
image spread.

Pauli exclusion principle /pow-lee/   The
principle that no two particles can exist in
exactly the same quantum state. It is
obeyed by FERMIONS but not by BOSONS.
The existence of WHITE DWARFS and NEU-
TRON STARS is a consequence of this.

Paul Wild Observatory /pawl wÿld/   See
Culgoora.

Pavo /pay-voh/ (Peacock) A constella-
tion in the southern hemisphere near Grus,
the brightest stars being the 1st-magnitude

spectroscopic binary Alpha (α) Pavonis
and several 3rd-magnitude stars. It con-
tains several variables, including the bright
Cepheid variable Kappa (κ) Pavonis, and
the large bright globular cluster
NGC 6752. Abbrev.: Pav; genitive form:
Pavonis; approx. position: RA 19.5h, dec
–65°; area: 378 sq deg.

Pavonis Mons /pă-voh-nis/ A 19-km
high volcano on the THARSIS RIDGE of Mars,
located at 0.8° N latitude, 113.4 W longi-
tude. It has a base diameter of 400 km, the
diameter of the summit caldera being 45
km. See Mars, volcanoes.

payload /pay-lohd/ 1. The total mass of
a satellite, spacecraft, etc., that is carried
into orbit by a launch vehicle. It is that part
of the total launcher mass that is not nec-
essary for the operation of the launcher. It
is usually a small or very small fraction of
the total launcher mass.
2. The mass of the experimental and oper-
ational equipment of a satellite, planetary
probe, etc.

pc Symbol for parsec.

P Cygni /sig-nÿ, -nee/ A massive LUMI-
NOUS BLUE VARIABLE about 2000 parsecs
away in the constellation Cygnus. It has
undergone random outbursts: in both
1600 and 1653 it brightened considerably
then faded, but since 1700 its brightness
has very gradually increased. It is also an
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ultraviolet source that is gradually cooling,
the UV brightness decreasing as the visual
brightness increases. See also P Cygni stars.

P Cygni stars A small group of hot vari-
able stars whose prototype is the BIe star P
CYGNI. Their spectra show numerous
strong emission lines, like those of BE STARS

and WOLF-RAYET STARS, and sharp absorp-
tion lines that have a BLUESHIFT. The
blueshifted absorption components origi-
nate in an expanding shell of low-density
matter continuously ejected from the hot
star. Many, like P Cygni, suffer random
outbursts. The characteristic shape of the
spectral lines – blueshifted absorption on
an emission feature – has led to the term P
Cygni profile being used for similarly
shaped spectral lines in other types of as-
tronomical bodies. In all cases it is due to
an outflow of absorbing gases. See also lu-
minous blue variables.

PDR Abbrev. for photodissociation re-
gion.

peculiar galaxies Galaxies that do not
conveniently fit into the regular classifica-
tion schemes of normal galaxies. These
comparatively rare objects include ACTIVE

GALAXIES, STARBURST galaxies, MARKARIAN

GALAXIES, INTERACTING GALAXIES, single ir-
regular or disturbed galaxies, DWARF

GALAXIES, RING galaxies, and spiral galaxies
with peculiar spiral arms or even with one
or three arms.

peculiar motion 1. The motion of an
individual star relative to a group of neigh-
boring stars.
2. That part of the PROPER MOTION of a star
that results from its actual movement in
space; it is the star’s proper motion after
elimination of the effects of the Sun’s mo-
tion.
3. (peculiar velocity; streaming motion) A
deviation of a galaxy or cluster of galaxies
from the HUBBLE FLOW due to its real mo-
tion under local gravitational effects, such
as the motion of the LOCAL GROUP due to
the GREAT ATTRACTOR.

peculiar stars Stars with spectral fea-

tures that do not correspond exactly with
the usual classification of SPECTRAL TYPES.
In general they are designated by a ‘p’ after
their spectral type, as with AP STARS, but
specific features are given other suffixes,
e.g. ‘e’ for emission or ‘m’ for metallic
lines.

peculiar velocity See peculiar motion.

Pegasus /peg-ă-sŭs/ An extensive con-
spicuous constellation in the northern
hemisphere near Cygnus, with five 2nd-
magnitude stars (ε, α, β, γ, and η Peg) and
four of 3rd magnitude. The stars MARKAB

(α), SCHEAT (β), and ALGENIB (γ) together
with Alpha (α) Andromedae (ALPHERATZ)
form the distinctive Great Square of Pega-
sus. The star 51 PEGASI, which is thought to
have a planet orbiting it, is located within
the Great Square. The constellation also
contains the globular cluster M15
(NGC 7078), the dim spiral galaxy
NGC 7331 and the group of faint galaxies
known as STEPHAN’S QUINTET. Abbrev.:
Peg; genitive form: Pegasi; approx. posi-
tion: RA 23h, dec +20°; area: 1121 sq deg.

Pele /pee-lee, pay-lay/ See Io.

pencil beam See antenna.

pencil-beam survey A form of RED-
SHIFT SURVEY where deep exposures of
comparatively small fields are taken only
at sparse intervals across the sky. This al-
lows a compromise between sampling deep
in the redshift direction with a wide sky
coverage and an economical use of tele-
scope time.

penumbra /pi-num-bră/ 1. See umbra.
2. See sunspots.

penumbral eclipse /pi-num-brăl/ See
eclipse.

periapsis /pe-ree-ap-sis/ See apsides.

periastron /pe-ree-ass-tron/ The closest
approach of the two components of a bi-
nary star. At greatest separation the com-
ponents are at apastron.

P Cygni stars

346



pericenter /pe-ră-sen-ter/ The point in
an orbit, e.g. of a planet or of a component
of a binary star, that is nearest to the CEN-
TER OF MASS of the system. The farthest
point is the apocenter.

perigee /pe-ră-jee/ The point in the orbit
of the Moon or an artificial Earth satellite
that is nearest the Earth and at which the
body’s velocity is maximal. Strictly, the
distance to the perigee is taken from the
Earth’s center. The distance to the Moon’s
perigee varies; on average it is about
363 300 km. Compare apogee.

perihelion /pe-ră-hee-kee-ŏn/ The point
in the orbit of a planet, comet, or artificial
satellite in solar orbit that is nearest the
Sun. The Earth is at perihelion on or about
Jan. 3. The time of year at which Earth
reaches perihelion varies over a period of
about 20 000 years, getting progressively
later in the year. The perihelion distance q,
and APHELION distance Q, of major planets
and asteroids are given in Tables 1 and 3,
backmatter. See also advance of the perihe-
lion.

perihelion distance The distance from
the Sun to the PERIHELION of a body in an
elliptical orbit, or from the focus of a par-
abolic trajectory around the Sun to the ver-
tex.

perihelion passage, time of See orbital
elements.

period The time interval between two
successive and similar phases of a regularly
occurring event. The period of ROTATION

or of REVOLUTION of a planet, etc., is the
time to complete one rotation on its axis or
one revolution around its primary. The pe-
riod of a BINARY STAR is the time observed
for the companion to orbit the primary.
The period of a regular intrinsic VARIABLE

STAR or an ECLIPSING BINARY is the time be-
tween two successive maxima or minima
on the LIGHT CURVE.

period-density relation See pulsating
variables.

period gap See cataclysmic variable.

periodic comet A comet that has been
seen to orbit the Sun more than once. The
names of such comets are prefixed by P/ as
in P/Halley.

period-luminosity (P-L) relation A
relation showing graphically how the pe-
riod of the light variation of a CEPHEID

VARIABLE depends on its mean luminosity:
the longer the period the greater the lumi-
nosity and hence mean absolute magnitude
of the star. The relation was discovered by
Henrietta Leavitt in 1912 and much subse-
quent work was done in calibrating the
graph. It was found, in the 1950s, that
there are two types of Cepheid – classical
Cepheids and the less luminous type II
Cepheids – whose P-L relations are ap-
proximately parallel, as shown on the
graph. The relation results from the de-
pendence of both luminosity and period of
light variation, i.e. of pulsation, on stellar
radius (see pulsating variables).

The relation is an invaluable means of
determining the distances of Cepheids and
hence of their surroundings. To calibrate
the two curves, the mean absolute magni-
tude of a small number of Cepheids is de-
termined from the measured value of their
periods, and the distances must then be
found from an independent measure. The
distance to other Cepheids can then be cal-
culated from their periods and mean ap-
parent magnitudes (see distance modulus).
Cepheids fluctuate more markedly at blue
and near-UV wavelengths than at longer
red and near-IR wavelengths. The mean
brightness is thus more easily and accu-
rately measured at longer wavelengths.
Cepheids occur in many star clusters
within our own Galaxy and because of
their great luminosity can be observed in
nearby galaxies. They can therefore be
used for measuring an immense range of
distances. See distance determination.

Perseids /per-see-idz/ A major METEOR

SHOWER, radiant: RA 47°, dec +58°, maxi-
mizing on Aug. 12 with a ZENITHAL

HOURLY RATE (ZHR) of about 80. Perseid
meteors can be seen throughout the two

347

Perseids



weeks each side of maximum and are
bright and flaring, with fine TRAINS. The
geocentric velocity of the meteoroids is
about 60 km s–1. The METEOROID STREAM

is closely associated with comet SWIFT–
TUTTLE (1862 III), which returned to the
inner Solar System in late 1992. Although
the display is regarded as being constant in
hourly rate there are exceptions, a ZHR of
250 being observed in 1921 and 1992 and
a ZHR of less than 10 in 1911 and 1912.
The shower has been regularly observed
for over 100 years. The first record was in
AD 36.

Perseus /per-see-ŭs, per-syooss/ A fairly
conspicuous constellation in the northern
hemisphere near Cassiopeia, lying in the
Milky Way. It has two bright stars – MIR-
FAK (α) and the prototype eclipsing binary
ALGOL (β) – and several of about 3rd mag-
nitude. It also contains the naked-eye dou-
ble cluster H AND CHI PERSEI, several open
clusters including the just-visible M34
(NGC 1039), the CALIFORNIA NEBULA, and
the galaxy NGC 1275, which is a powerful
radio source and lies in the PERSEUS CLUS-
TER. Abbrev.: Per; genitive form: Persei; ap-
prox. position: RA 3.5h, dec +45°; area:
615 sq deg.

Perseus A See Perseus cluster.

Perseus arm See Galaxy.

Perseus cluster (Abell 426) A rich CLUS-
TER OF GALAXIES lying about 70 mega-
parsecs away in the direction of the
constellation Perseus. It is the brightest
cluster observed in the X-ray waveband. It
also contains several strong radio sources,
three of which have been identified with
the galaxies IC 310, NGC 1265, and
NGC 1275. The most intense radio source
(3C84A or Perseus A) is associated with
the dominant cD galaxy, NGC 1275. This
lies at the center of the cluster’s cooling
flow, which has a mass deposition rate of
around 200 solar masses a year (see clus-
ters of galaxies). NGC 1275 shows nuclear
continuum activity (it was originally classi-
fied as a SEYFERT GALAXY) and is sur-
rounded by a particularly extensive (up to
40 kiloparsecs in radius) nebula of line-
emitting filaments. HST images show it is
also surrounded by many GLOBULAR CLUS-
TERS. Study of the galaxy is complicated by
the presence of an intervening disk galaxy,
with its own emission-line spectrum, that is
falling toward NGC 1275 along the line of
sight at 3000 km s–1.

perturbation /per-ter-bay-shŏn/ A small
disturbance that causes a system to de-
viate from a reference or equilibrium state.
Periodic perturbations cancel out over the
period involved and do not affect the
system’s stability. Secular perturbations
have a progressive effect on the system 
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that can cause it eventually to become un-
stable.

A single planet orbiting the Sun would
follow an elliptical orbit according to Ke-
pler’s laws; in reality a planet is perturbed
from its elliptical orbit by the gravitational
effects of the other planets. Likewise the
revolution of the Moon around the Earth is
perturbed mainly by the Sun and to a much
lesser extent by other bodies. The assump-
tions that the Sun is the only perturbing
body and that the Earth orbits the Sun in a
fixed elliptical orbit lead to a simplified
theory of lunar motion. The orbits of
comets and asteroids are strongly per-
turbed when the body passes close to a
major planet, such as Jupiter. The influ-
ence of a perturbing body can be calculated
from the orbital elements of an OSCULATING

ORBIT, to which corrections are made.

Phaethon /fay-ĕ-thon/ ((3200) Phaeton) A
6.9-km-diameter APOLLO asteroid discov-
ered in 1983 on photographs taken by the
infrared satellite IRAS. Its unusual orbit (ec-
centricity 0.89, inclination 22.17′ ) crosses
the orbits of Mars, Earth, Venus and Mer-
cury and takes it to a perihelion of 0.14 AU
from the Sun. This is the closest approach
to the Sun of any known asteroid.
Phaethon’s 1.43-year orbit is almost iden-
tical to the Geminid METEOROID STREAM,
and Phaethon is now generally assumed to
be the parent of the GEMINIDS. Before
Phaethon’s discovery meteor showers were
thought to be associated only with comets,
and there has been considerable debate as
to whether it is an extinct comet.

phase /fayz/ 1. The appearance of the il-
luminated surface of the Moon or a planet
at a particular time during its orbit or of
the Sun during an eclipse. Specifically it is
the fraction of the object’s apparent disk
(taken to be circular) that is illuminated.
Unlike the superior planets, Mercury and
Venus can exhibit those phases in which
half or less of the illuminated hemisphere is
visible from Earth. See also phases, lunar.
2. The fraction of one complete cycle of a
regularly recurring quantity that has
elapsed with respect to a fixed datum
point. The phase difference, φ, is the differ-

ence in phase between two electrical oscil-
lations, wavetrains, etc., of the same fre-
quency (i.e. coherent signals) and is usually
expressed in terms of part of one complete
cycle or wavelength. ‘Phase difference’ is
often referred to simply as ‘phase’, as it is
when considering the coherent signals in
the two arms of a radio interferometer.

phase angle The angle between the lines
connecting the Moon and Sun and the
Moon and Earth or connecting a planet
and the Sun and the planet and Earth (see
illustration overleaf). At full or new Moon
the phase angle is 0° or 180°, respectively.
At first and last quarters it is 90°. For the
superior planets phase angle is greatest at
quadrature. For the inferior planets it is
greatest (180°) at inferior conjunction and
equals 90° at greatest ELONGATION.

phased array An array of separate
radio elements, such as DIPOLES or DISH an-
tennas, connected together so as to behave
as one large antenna. The BEAM of the array
can be steered across the sky by adjusting
the relative phases of signals from the el-
ements. The adjustment does not involve
mechanical movement and can be done
very quickly, making the technique partic-
ularly useful for terrestrial radar. Radio in-
terferometers such as the VLA are
sometimes configured as sensitive phased
arrays to detect weak transmissions from
distant space probes.

phase defect The angular amount by
which the illuminated area of the Moon
differs from a circular disk at full Moon
due to the inclination of the Moon’s orbital
plane to the ECLIPTIC.

phase difference See phase.

phase integral See albedo.

phase rotator A device that adds extra
delay to one arm of an interferometer (see
radio telescope), especially one used for
APERTURE SYNTHESIS, in order to keep the
PHASE DIFFERENCE close to zero as a RADIO

SOURCE moves across the sky. When the
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phase difference is made equal to zero, the
process is called fringe-stopping.

phases, lunar The PHASES exhibited by
the Moon (see illustration). A new Moon
occurs when the Moon is at CONJUNCTION

and the NEARSIDE is totally unilluminated
by the Sun. As the moon moves eastward in
its orbit around the Earth, the sunrise TER-
MINATOR crosses the nearside from east to
west to produce a crescent Moon. The cres-
cent waxes to first quarter when the Moon,
at QUADRATURE, is half illuminated,
through a gibbous Moon, and finally to full
Moon, when the Moon is at OPPOSITION

and the nearside is fully illuminated. The
sunset TERMINATOR then follows to pro-
duce a waning gibbous Moon, last quarter,
a waning crescent, and the next new
Moon. New Moon, first quarter, full
Moon, last quarter, and next new Moon
occur on average about 7.4 days apart. See
also eclipse; synodic month.

phase-sensitive detector An electronic

device capable of measuring the difference
in phase between a periodic signal and a
reference signal in the presence of NOISE.
The signal plus noise is multiplied by a ref-
erence waveform whose shape and fre-
quency are similar to those of the signal.
Components near zero frequency are pro-
duced. When the output is smoothed by a
low-pass FILTER a steady signal results,
whose amplitude is related to the ampli-
tude of the required signal and to the PHASE

DIFFERENCE between the required signal
and the reference waveform. The device is
used, for example, in a PHASE-SWITCHING

INTERFEROMETER to detect the component
at the switching frequency in the output of
the first DETECTOR.

phase-switching interferometer In its
simplest form, a correlating interferometer
(see correlation receiver) in which the sig-
nals from two antennas, V1 and V2, are al-
ternately added and subtracted before
being applied to the input of a square-law
detector to give outputs (V1 + V2)2 and

phases, lunar

350

conjunction

superiorsuperiorsuperior
conjunctionconjunctionconjunction

greatestgreatestgreatest
elongationelongationelongation

inferiorinferiorinferior
conjunctionconjunctionconjunction

Earth’s orbitquadrature

superior planet

Earth

inferior planet

Phase angles for superior and inferior planet



(V1 – V2)2. The sign changing is carried out
at a rate of between 10 and 1000 Hz by
means of a phase switch, which adds an
extra half wavelength to the path of the sig-
nal from the second antenna every alter-
nate half cycle of the switching frequency.
A PHASE-SENSITIVE DETECTOR, fed also by
the switching signal, takes the difference
between the two terms, equaling 4V1V2.
The time average of this is therefore pro-
portional to the product of the two an-
tenna signals, and is a measure of the
correlated signal between the two anten-
nas. Uncorrelated NOISE is reduced by the
averaging process.

The strength of the correlated output
depends on both the FLUX DENSITY of the
radio source and the relative PHASE of the
two signals at the antennas. As a RADIO

SOURCE moves across the sky, interference

fringes appear in the output of the phase-
sensitive detector. The fringes are similar
to those from an ordinary adding radio in-
terferometer, except that their average is
zero rather than being superimposed on a
steady background deflection. Phase-
switching makes the interferometer far less
sensitive to INTERFERENCE and reduces the
effects of changes in the gain and other pa-
rameters of the system.

Phase switches are sometimes used to
modulate a weak, but relatively constant,
signal before it is amplified and then to
demodulate it afterwards. In this way any
offsets introduced by the amplification
process appear modulated at the output
and can be removed with a FILTER.

Phecda /fek-dă/ (Phekda; γγ UMa) One
of the seven brightest stars in the BIG DIP-
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PER. mv: 2.44; Mv: 0.5; spectral type:
A0 Van; distance: 24.5 pc.

Phobos /foh-bos/ The innermost and
larger of the two satellites of Mars, both of
which were discovered in 1877 by Asaph
Hall. Observations from Mars-orbiting
spacecraft show it to be an irregular
potato-shaped body, measuring 27 ×
22 × 19 km with a mass of 1016 kg and a
density twice that of water. It orbits above
the equator of Mars at a distance of 9380
km from the center of the planet every 7.65
hours, keeping its long axis pointing to-
ward Mars. The low density, together with
a low ALBEDO of 0.06, suggest that it re-
sembles the water-rich CARBONACEOUS

CHONDRITE meteorites, although it is diffi-
cult to see how such an object could have
formed at the distance of Mars from the
Sun. Possibly Phobos and DEIMOS, Mars’
other small satellite, formed as more dis-
tant ASTEROIDS and were later captured by
Mars in some way. The orbit of Phobos is
decaying (contracting) because of tidal
drag and the satellite may fall from orbit
within another 100 million years.

Phobos has a REGOLITH-covered cratered
surface with the two largest craters, Stick-
ney and Hall, having diameters of 10 and 6
km. A network of pitted grooves, typically
100–200 meters wide and 20–30 meters
deep, radiate around the satellite from
Stickney and are thought to have arisen
from severe internal fracturing and heating
caused by the impact event that formed the
crater. Chains of small craters parallel to
the orbit of Phobos possibly represent the
secondary impacts of clumps of material
swept up from orbit around Mars after
being ejected from the satellite during ear-
lier primary impacts. See Table 2, back-
matter.

Phobos mission Either of two Soviet
missions to land a probe on Mars’ satellite
Phobos. Phobos 1 was launched 1988, but
contact was lost while it was still in transit.
Phobos 2 was launched the following year,
but signals from it ceased transmission
about a week before the scheduled landing.

Phocaea group /foh-see-ă/ See Hun-
garia group.

Phoebe /fee-bee/ A small satellite of Sat-
urn, discovered in 1898 by William Henry
Pickering. It is the largest of Saturn’s outer
satellites, roughly spherical in shape with a
diameter of 220 km. It follows a retrograde
orbit, circling the planet once every 548.2
days at a mean distance of nearly 13 mil-
lion km. Voyager 2 photographed Phoebe
after passing Saturn in 1981, revealing a
surface that is dark, with an albedo of
0.06, Phoebe is red in color but not as red
as Iapetus. Its rotation period is about 9.4
hours, so Phoebe may not be in SYNCHRO-
NOUS ROTATION with Saturn.

Phoebe was imaged again by the
CASSINI/HUYGENS probe in June 2004 just
before the spacecraft entered orbit around
Saturn. The images Cassini returned, taken
from a distance of 2078 km, revealed a tiny
world heavily scarred by impact craters.
Many of the impacts had excavated ma-
terial from within the satellite’s crust, hurl-
ing enormous rocks out onto its surface.
The images also revealed alternating light
and dark material around some of the
craters. Other sensors aboard Cassini
found that Phoebe contains not only water
ice but also carbon dioxide. The geological
and chemical complexities of Phoebe lead
scientists to believe that it is not a captured
asteroid, as was first thought, but an icy
planetesimal, similar in makeup to a
Kuiper Belt object, that was captured
about 4000 million years ago by the spin-
ning gas disk that eventually became Sat-
urn. See also Table 2, backmatter.

Phoenicids /fee-nă-sidz/ A minor south-
ern hemisphere METEOR SHOWER, radiant:
RA 15°, dec –55°, maximizing on Dec. 4.

Phoenix /fee-niks/ A constellation in the
southern hemisphere near Grus, the bright-
est star, Ankaa (α) being of 2nd magni-
tude. Beta (β) Phoenicis is a binary, both
components being of 4th magnitude. Ab-
brev.: Phe; genitive form: Phoenicis; ap-
prox. position: RA 1h, dec –50°; area: 469
sq deg.

Phobos
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Pholus /foh-lŭs/ A large interplanetary
object, some 200 km in diameter, that
moves in a highly elliptical orbit (9–32 AU)
between the orbits of Saturn and Neptune.
It was discovered in 1991. It may be simi-
lar to the object CHIRON.

photocathode /foh-toh-kath-ohd/ An
electrode in an electronic device, such as a
photocell, photomultiplier, or image tube,
that emits electrons when a beam of elec-
tromagnetic radiation strikes the surface.
By a suitable choice of photocathode ma-
terial, a reasonable response may be ob-
tained from near-infrared wavelengths to
low-energy X-ray wavelengths. The elec-
trons result from the PHOTOELECTRIC EF-
FECT. As many as 30% of the incident
photons can liberate electrons, although
the percentage is usually lower when taken
over a wide spectral region. The current of
resulting electrons increases linearly with
radiation intensity over a wide range of in-
tensities.

photocell /foh-tŏ-sell/ An electronic de-
vice that converts a light signal, or a signal
in the infrared or ultraviolet, into an equiv-
alent electrical signal. The earliest devices
were photoelectric cells. These are evacu-
ated and work by the PHOTOELECTRIC EF-
FECT. Electrons are emitted from a
PHOTOCATHODE when a beam of radiation
falls on the surface. The electrons are at-
tracted to a positively charged anode so
that a current flows in an external circuit.
The word photocell is now commonly used
to describe PHOTOCONDUCTIVE or PHOTO-
VOLTAIC devices.

photoconductive cell /foh-toh-kŏn-duk-
tiv/ An electronic device that consists of a
layer of semiconductor sandwiched be-
tween two electrical contacts. When light,
infrared, or ultraviolet radiation falls on
the sandwich its electrical conductivity in-
creases markedly as a result of photocon-
ductivity: the incident photons are
absorbed in the material where they pro-
duce free electrical charge carriers that
change the conductivity. A current there-
fore flows in the external circuit of the de-

vice. The current is proportional to the
amount of radiation falling on the cell.

photoconductive detector A PHOTO-
CONDUCTIVE CELL used to detect photons in
the infrared, usually made from either ger-
manium or silicon doped with a variety of
other metals, e.g. copper, arsenic, anti-
mony. These detectors are used at wave-
lengths from about 10 to 200 µm, with
liquid-helium cooling. In contrast to
BOLOMETERS, the responsive elements of
photoconductive detectors undergo no sig-
nificant temperature change. See also in-
frared detectors.

photodetector /foh-toh-di-tek-ter/ Any
electronic device designed to respond to,
i.e. detect, photons of light or other radia-
tion. Examples include the PHOTOMULTI-
PLIER and CCD.

photodiode /foh-toh-dÿ-ohd/ A semi-
conductor device that produces an electric
current when illuminated. Infrared-sensi-
tive photodiodes are used, for example, in
photometry.

photodissociation region /foh-toh-di-
soh-see-ay-shŏn, -shee-/ (PDR) An inter-
face between an H II region and a
MOLECULAR CLOUD, where ULTRAVIOLET RA-
DIATION escaping from the H II region dis-
sociates molecules (including those of
hydrogen and carbon monoxide), giving an
increased abundance of the atomic forms
of the constituents. The incident UV also
leads to excitation and ionization of the
dissociation products, and thus profoundly
affects the chemistry in these regions. Well-
known PDRs include those in the ORION

NEBULA (face-on), and in the OMEGA NEBULA

(edge-on).

photoelectric effect /foh-toh-i-lek-trik/
An effect whereby electrons are emitted by
material exposed to electromagnetic radia-
tion above a certain frequency. This fre-
quency usually lies in the ultraviolet region
of the spectrum for most solids, but can
occur in the visible region. The number of
ejected electrons depends on the intensity
of the incident radiation. The electron ve-
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locity is proportional to the radiation fre-
quency.

photoelectric magnitude See magni-
tude.

photoelectric photometry See pho-
tometry.

photographic emulsion A light-sensi-
tive layer of silver halide crystals sus-
pended in gelatin and coated on a flexible
or rigid base, from which a permanent
record of an optical or near-ultraviolet
image, focused on the surface, may be pro-
duced. Both black-and-white and color
films or plates are used in astronomy.
Emulsions highly sensitive to infrared and
ultraviolet radiation and to X-rays are also
now available.

The sensitivity of a particular type of
emulsion to light or other radiation is
known as its speed. This is usually ex-
pressed numerically as its ISO number;
very high speed color and black-and-white
emulsions are commercially available and
are suitable for astronomical work. The
sensitivity of an emulsion can be increased
by HYPERSENSITIZATION; this reduces the re-
quired exposure time or improves the
image quality, sometimes both.

Photographic emulsions have high reso-
lution, wide spectral response, and good
dimensional stability and permanence, and
they produce images with a reasonably
high signal/noise ratio. The light from a
star, well below the visual threshold, can
be recorded during a long exposure: expo-
sures of over an hour may be used. Emul-
sions are, however, inefficient detectors
compared to electronic recording devices –
they can record only a very small number
of the incident photons of radiation. In ad-
dition, a linear relationship between inten-
sity of incident radiation and resulting
image density exists for only a narrow
range of exposures (‘exposure’ here means
intensity of illumination times exposure
time); at shorter or longer exposures the re-
lationship is nonlinear and the emulsion
suffers from reciprocity failure. See also
imaging; photography.

photographic magnitude See magni-
tude.

photographic photometry See pho-
tometry.

photographic zenith tube (PZT) A
specially designed telescope that is used for
the accurate determination of time of tran-
sit of FUNDAMENTAL STARS, so ascertaining
clock error arising from the Earth’s irregu-
lar rotation and CHANDLER WOBBLE. It is
also used to determine the ZENITH DISTANCE

of those stars at transit. The telescope is
fixed in a vertical position so that the ob-
served stars are at or near the ZENITH of the
observatory. The positions of the stars are
recorded on a photographic plate.

photography The process of capturing
light and other electromagnetic radiation
reflected or transmitted from an object and
chemically recording it as an image on
emulsion-coated film or glass plates. Few
professional astronomers employ tradi-
tional photographic methods any longer,
using instead the modern techniques of
electronic IMAGING. However, film photog-
raphy remains an important aspect of am-
ateur astronomy as a hobby, and plate
photography retains much value in study-
ing and recording wide areas of sky in the
preparation of star catalogs.

The light or other radiation from a
galaxy, nebula, star, Solar-System body or
other celestial object visible at night is gen-
erally of very low intensity, requiring long
exposure times of the film or plate (from
minutes to many hours). In order to main-
tain a steady image and a constant field of
view, the camera must be mounted in the
focal plane of a telescope (or possibly in
isolation) and the assembly has to be me-
chanically driven at a constant (usually
sidereal) rate (see also guide telescope). If
the camera is not driven in this way, star
images will be elongated into trails. Pho-
tography of the brighter Solar-System
objects is fairly straightforward. For pho-
tographs of the well-illuminated Moon, 
for example, the best results can be
achieved using a slow film with an ISO rat-
ing of 50 to 100. Wide-angle studies of the

photoelectric magnitude
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night sky, including constellation patterns
and extended star fields, are somewhat
more complicated: camera lenses of short
FOCAL RATIO (less than f/5) should be used
together with a high-speed photographic
emulsion that is able to respond to the very
low light levels and the long exposure
times. Films of ISO 400, 800 and higher
are now available from manufacturers
such as Kodak and Fuji. Long exposures
can be badly affected by stray light so that
LIGHT POLLUTION must be minimal: the sites
of both major observatories and small am-
ateur instruments must be carefully se-
lected to reduce pollution and to have the
best possible SEEING. The use of filters, such
as light-pollution reduction (LPR) filters or
broadband filters, is of limited effect for
night-sky photography. Such accessories
may darken the background sky but usu-
ally alter the color balance of the image.
However, filters are the most important as-
pect of solar photography. The safest ones
to use are Mylar or metal-coated glass fil-
ters that cover the entire aperture of the
telescope: eyepiece filters are not safe. For
professional work, expensive filters that
block all but a narrow wavelength of light
may be necessary, especially hydrogen-
alpha (Hα) filters, which allow the ob-
server to see solar prominences.

Plates or films for long-exposure use
must have fine-grained PHOTOGRAPHIC

EMULSIONS with low reciprocity failure:
they must be able to respond uniformly to
a wide range of light intensity. When such
emulsions are employed, the resulting pho-
tographic images are very uniform and
have a very high resolution, especially
when HYPERSENSITIZATION techniques are
used to increase the speed. Some Kodak
emulsions can be used for near-infrared
work and can become very much faster
when hypersensitized. A large area of the
sky can be photographed at one time,
much greater than that ‘seen’ at present
using electronic IMAGING. This explains
why photographic plates are used in
SCHMIDT TELESCOPES for sky surveys. Infor-
mation, in digital form, can be extracted
rapidly and automatically from the plates
using machines such as COSMOS.

photoionization /foh-toh-ÿ-ŏ-ni-zay-
shŏn/ The IONIZATION of an atom or mol-
ecule by photons of electromagnetic
radiation. A photon can only remove an
electron if the photon energy exceeds the
first IONIZATION POTENTIAL of the atom or
molecule. The excess energy is shared be-
tween the electron and the ion so that the
electron can leave the atom with consider-
able velocity. If the radiation is of suffi-
ciently high energy more strongly bound
electrons will be removed, leaving the re-
sulting ion in an excited state. See also re-
combination line emission.

photometer /foh-tom-ĕ-ter/ An instru-
ment used in PHOTOMETRY, such as a 
CCD, PHOTOVOLTAIC DETECTOR, PHOTOMUL-
TIPLIER, PHOTODIODE, or BOLOMETER. In
these devices the incident radiation is con-
verted into an electrical signal whose mag-
nitude can be determined very precisely.

photometric binary /foh-tŏ-met-rik/ A
BINARY STAR that can be detected by virtue
of periodic changes in its light curve. See
eclipsing binary.

photometric redshift A way of esti-
mating the REDSHIFT of a galaxy only from
its COLORS when a spectrum is not available
for direct redshift determination. The
galaxy’s MAGNITUDE in several broad-band
filters is compared to that expected from
theoretical spectra of different types of
galaxy at a range of redshifts.

photometry /foh-tom-ĕ-tree/ The meas-
urement of the brightness or intensity of a
source of light or other electromagnetic ra-
diation. In astronomy, photometric meas-
urements are taken over particular ranges
of frequency or wavelength (these ranges
are called wavebands) and take account of
how brightness varies with both waveband
and time. Various properties of the source,
including temperature, can then be in-
ferred. At optical, infrared, and near-ultra-
violet wavelengths, astronomers measure
brightness or luminous intensity in terms
of apparent MAGNITUDE. At other wave-
lengths measurements of FLUX DENSITY are
made.
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In some cases the eye can make com-
parisons, with a fair degree of accuracy (to
0.1 magnitude) between the known bright-
ness of a reference star and the unknown
brightness of the source under study. The
greater accuracies now required in astron-
omy, however, are achieved with electronic
instruments (photometers) or specially pre-
pared photographic emulsions, leading to
photoelectric or photographic photometry.
A photometric system defines standard
wavebands and sets of standard sources,
measured with these wavebands, that are
well-distributed around the sky. Different
systems define different wavebands.

Photoelectric broadband systems, such
as the UBV system (see magnitude), use a
combination of a suitable FILTER and a de-
vice such as a CCD or PHOTOMULTIPLIER, to
convert the radiation selected by the filter
into an equivalent electrical signal, which
is then amplified and measured. The U, B,
and V magnitudes are determined over
three relatively broad wavebands in the ul-
traviolet, blue, and yellow-green (visual)
spectral regions. Magnitudes can also be
measured for various infrared bands. In
narrow-band photometry, narrower wave-
bands are used, as in the UVBY SYSTEM. Ex-
tremely narrow bands, now obtainable
over the entire optical and infrared regions,
can be studied by means of INTERFERENCE

FILTERS: the distribution of, say, hydrogen
in a source can be determined by isolating
a particular spectral line of hydrogen.

Photoelectric photometry can be used
to study an isolated star, region, etc., or
with the latest detector arrays a narrow
angle of sky containing several stars. In
photographic photometry, measurements
can be made of objects on a photographic
image of a wide angle of sky; the photo-
graphs are taken at wavelengths varying
from near-infrared to near-ultraviolet (de-
pending on emulsion). Highly resolved fea-
tures can be registered, often of much
greater quality than can be obtained elec-
tronically. The image, for a given photo-
graphic exposure time, varies in density
(and size) by an amount that, within rela-
tively wide limits, depends on the original
brightness. Densities can be measured ac-

curately by means of microdensitometers,
etc.

photomultiplier /foh-toh-mul-tă-plÿ-er/
(photomultiplier tube; phototube) An
electronic device used to convert a low-in-
tensity light signal into an electrical signal
and to amplify this signal very consider-
ably. It contains a PHOTOCATHODE from
which electrons are liberated by the inci-
dent light photons. The electrons are accel-
erated down an evacuated tube by a series
of positively charged electrodes to which
an increasingly high potential is applied. At
each electrode a number of additional elec-
trons are released by each impacting elec-
tron (by secondary emission). The
electrons are all collected at the final elec-
trode in the chain, which is held at a very
high potential, and a large current pulse is
produced.

photon /foh-ton/ Symbol: γ. A quantum
of ELECTROMAGNETIC RADIATION. The pho-
ton can be considered as an ELEMENTARY

PARTICLE with zero REST MASS, CHARGE, and
SPIN, traveling at the speed of light. A beam
of electromagnetic radiation can thus be
thought of as a beam of photons, with the
intensity of the radiation proportional to
the number of photons present. The energy
of the photons, and hence of the radiation,
is equal to the product, hν, of the PLANCK

CONSTANT and the frequency of the radia-
tion. Photons with sufficient energy can
ionize atoms and disintegrate nuclei. Al-
though photons have no rest mass they do
have momentum and thus exert a pressure,
usually referred to as RADIATION PRESSURE.

photon-counting detector A highly
sensitive detecting system with a very high
time resolution and very low readout
noise. Many photon counters use an IMAGE

TUBE or MICROCHANNEL PLATE as a first
stage to intensify the incident beam of light
or other radiation, and a CCD array as the
final detector. The earliest version was
Boksenberg’s IPCS.

photon-photon absorption The ab-
sorption of gamma-ray photons on colli-
sion with ambient ‘gas’ photons to produce

photomultiplier
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electron-positron pairs (see pair produc-
tion). The OPTICAL DEPTH for this process
can be written as:

τγγ ≅ R ∫ σ(ET) NT(ET) dET
if the density of the target photons, NT, is
assumed constant throughout the source
region of size R. σ(ET) is the cross-section
for pair production with a target photon of
energy ET.

photosphere /foh-tŏ-sfeer/ The ‘visible’
surface of the SUN and source of the AB-
SORPTION SPECTRUM that is characteristic of
most stars. The photosphere of a star is
considerably more dense than the atmos-
pheric layers that lie above it, i.e. the CHRO-
MOSPHERE and CORONA.

The solar photosphere is a stratum sev-
eral hundred kilometers thick, from which
almost all the energy emitted by the Sun is
radiated into space. Within the photo-
sphere the temperature falls from about
6000 K just above the CONVECTIVE ZONE to
about 4000 K at the temperature mini-
mum, where the photosphere merges with
the chromosphere.

The intensity of the solar photosphere,
which decreases at visible wavelengths
from the center to the limb of the disk (see
limb darkening), is due to the radiation
emitted, principally by negative HYDROGEN

ions (H–), at depths of up to a few hundred
kilometers. At higher levels, where the den-
sity of H– ions is too low for appreciable
OPACITY, the lower temperature gives rise
to the absorption of radiation at discrete
wavelengths. The FRAUNHOFER LINES of the
resulting absorption spectrum have pro-
vided the key to determining the chemical
composition of the photosphere, because a
direct comparison can be made with the
laboratory spectra of known elements
under various conditions.

Regions of the solar photosphere (and
lower chromosphere) several thousand
kilometers in diameter rhythmically rise
and fall with a period of about 5 minutes
over a time span of less than half an hour,
attaining a maximum velocity of about 0.5
km s–1. These vertical oscillations are
thought to be produced by the outward
propagation of low-frequency sound
waves, generated by turbulence in the con-

vective zone. The internal vibrations of the
Sun, the subject area of HELIOSEISMOLOGY,
can reveal information on the solar inte-
rior.

See also faculae; granulation; super-
granulation; sunspots.

phototube /foh-toh-tewb/ Short for
photomultiplier tube. See PHOTOMULTI-
PLIER.

photovisual magnitude /foh-toh-vizh-û-
ăl/ See magnitude.

photovoltaic detector /foh-toh-vol-tay-
ik/ An electronic device designed to de-
tect PHOTONS of electromagnetic radiation.
It consists of a junction between two oppo-
site-polarity semiconductors (a p–n junc-
tion). Photons absorbed at or near the
junction cause the emission of charge carri-
ers that are separated by the junction to
produce an external voltage. The magni-
tude of the voltage is related to the number
of incident photons. This type of instru-
ment is used in astronomy to detect ultra-
violet and infrared radiation; for example,
an indium antimonide (InSb) detector is
used in the near-infrared (see infrared de-
tectors). To achieve optimum performance
in the infrared the detectors are cooled, for
example by liquid nitrogen to operate at
77 K or with liquid helium to function at
about 4 K. In contrast to BOLOMETERS,
photovoltaic detectors exhibit no signifi-
cant temperature change in their respon-
sive elements.

physical double 1. See double star.
2. See double galaxy.

physical libration Slight variations in
the Moon’s rotation on its axis that are
caused by minor irregularities in shape.
They amount to less than two arc minutes
but allow the Moon’s principal moments
of inertia, and hence the distribution of
mass within the Moon, to be calculated.
The mean orientation of the Moon with re-
spect to its physical librations defines the
Moon’s PRIME MERIDIAN. See also libration.

pico- /pÿ-koh/ Symbol: p. A prefix to a
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unit, indicating a fraction of 10–12 of that
unit. For example, one picosecond is 10–12

seconds.

Pictor /pik-tor/ (Painter) A small incon-
spicuous constellation in the southern
hemisphere alongside Canopus and north
of the Large Magellanic Cloud, the bright-
est stars being the 3rd-magnitude Alpha
(α) and the 4th-magnitude Beta (β) (see
Beta Pictoris. Abbrev.: Pic; genitive form:
Pictoris; approx. position: RA 5.5h, dec
–50°; area: 247 sq deg.

pincushion distortion /pin-kû-shŏn/   See
distortion.

Pioneer probes /pÿ-ŏ-neer/ A series of
US Solar-System probes. Pioneers 1–3 were
lunar probes intended for launch in 1958,
Pioneer 2 suffered launch failure, and Pio-
neers 1 and 3 fell short of the Moon but did
measure the extent of the VAN ALLEN RADI-
ATION BELTS. Pioneer 4 began to orbit the
Sun after overshooting the Moon and was
followed into solar orbit in 1960 by Pio-
neer 5, which returned data about the
SOLAR WIND and solar FLARES.

Pioneer 6, launched in 1965, was joined
in solar orbit by Pioneer 7 in 1966, Pioneer
8 in 1967, and Pioneer 9 in 1968. Together
they formed a network of ‘solar weather
stations’ between 0.75 and 1.12 AU from
the Sun. Monitoring SOLAR ACTIVITY and
the solar wind, they provided early warn-
ings of solar flares during the APOLLO pro-
gram.

Pioneer 10, launched on Mar. 3 1972,
made the first flyby of Jupiter at a distance
of 130 300 km on Dec. 4 1973, after be-
coming the first probe to traverse the aster-
oid belt. It returned photographs of three
of the GALILEAN SATELLITES of Jupiter (EU-
ROPA, GANYMEDE, and CALLISTO), as well as
of the Jovian atmosphere and the GREAT

RED SPOT. Other experiments measured the
strength and extent of Jupiter’s radiation
belts. Pioneer 11, launched on a similar
mission on Apr. 5 1973, passed 42 940 km
below Jupiter’s south pole on Dec. 3 1974;
it reached a top speed of 171 000 km per
hour, faster than any previous man-made
object. Nearly five years later it flew past

Saturn, making its closest approach,
20 900 km above the clouds, on Sept. 1
1979. It twice crossed the plane of Saturn’s
rings. The probe, renamed Pioneer Saturn,
returned 440 pictures and much new infor-
mation on the planet, its satellites, and its
rings. Pioneers 10 and 11 are heading out
of the Solar System. Pioneer 10’s mission
was officially ended in 1997 but it contin-
ued to be tracked occasionally until its
power source decayed below the point
where its signal could be detected. The last
attempt to contact Pioneer 10 was made on
Feb. 7 2003. The last signals from Pioneer
11 were received on Sept 30 1995. Since
then the motion of the Earth has taken it
out of alignment with Pioneer 11’s radio
antenna and no further communication is
scheduled. Both Pioneers 10 and 11 carry
messages from Earth that an alien civiliza-
tion may decipher. Meanwhile, Pioneer 10
is heading out of the Solar System in the di-
rection of the star Aldebaran in Taurus,
while Pioneer 11 will pass near one of the
stars in Aquila in about 4 million years.

Pioneer Venus probes Two US probes,
an orbiter and a multiprobe, launched in
May and Aug. 1978, respectively, towards
Venus. The orbiter, Pioneer Venus 1, en-
tered a highly inclined elliptical orbit
around Venus on Dec. 4 1978, approach-
ing to within 150 km of the surface. It was
designed to make observations over 243
days (Venus’ rotational period) and do
radar mapping of the surface, cloud studies
at ultraviolet and infrared frequencies, and
magnetometer studies.

The multiprobe, Pioneer Venus 2, re-
leased one large probe on Nov. 15 of 316
kg and three small probes on Nov. 19, each
of 93 kg. These probes penetrated the
Venusian atmosphere on Dec. 9 at differ-
ent locations and continuously gathered
and relayed data as they approached and
hit the surface. One small probe survived
the hard landing and continued transmit-
ting for a further hour. Pioneer Venus 2 –
the interplanetary ‘bus’ – entered the at-
mosphere on Dec. 9, shortly after its pay-
load, as an upper-atmosphere probe.

The probe measurements revealed a
surprisingly large amount of primordial

Pictor
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argon, krypton and neon in Venus’ atmos-
phere, which relates to the early history of
the planetary atmosphere. They also pro-
vided evidence of the layered structure of
the clouds and confirmed the role of the
GREENHOUSE EFFECT in maintaining the high
surface temperature. Radar maps of the
surface showed evidence of massive
plateaus, volcanic areas, and large rift val-
leys greater than those seen on Earth. A
major surprise was the evidence of light-
ning since it is not compatible with the me-
teorological observations. It is possible
that volcanic activity at the time of the Pi-
oneer mission may be related to this sur-
prising observation.

pions /pÿ-onz/ Symbol: π. A triplet of EL-
EMENTARY PARTICLES (mesons) that have
SPIN zero and exist in three states: neutral,
positively charged, and negatively charged.
The magnitude of the charge is equal to
that of the electron. The charged pions
have a mass of 2.4886 × 10–25 grams, the
neutral pion mass being slightly less at
2.4006 × 10–25 grams. Charged pions
decay into MUONS and ELECTRONS with a
mean life of 2.6 × 10–8 seconds; the neutral
pion converts, usually directly, into
gamma-ray photons with an average life-
time of 8.4 × 10–15 seconds. See also cosmic
rays.

Pisces /pÿ-seez/ (Fishes) A large but in-
conspicuous zodiac constellation mainly in
the northern hemisphere near Pegasus. It
contains the FIRST POINT OF ARIES, i.e. the
vernal (or dynamical) EQUINOX. It has one
3rd-magnitude star and several of 4th mag-
nitude. Objects of interest, visible only to
an observer with a telescope, include the
spiral galaxy M74 (NGC 628), the double
star Zeta (ζ) Piscium, and Van Maanen’s
star, a white dwarf. Abbrev.: Psc; genitive
form: Piscium; approx. position: RA 1h,
dec +15°; area: 889 sq deg.

Pisces Australids /aws-tră-lidz/ A minor
southern hemisphere METEOR SHOWER, ra-
diant: RA 340°, dec –30°, maximizing on
July 30.

Pisces–Perseus supercluster A very

elongated local SUPERCLUSTER in the oppo-
site part of the sky to the GREAT ATTRAC-
TOR.

Piscis Austrinus /pÿ-siss aw-strÿ-nÿ-nŭs, 
-stree-/ (Southern Fish) A small constella-
tion in the southern hemisphere near Grus,
the brightest stars being of 4th magnitude
apart from the 1st-magnitude FOMALHAUT.
Abbrev.: PsA; genitive form: Piscis Aus-
trini; approx. position: RA 22.5h, dec
–30°; area: 245 sq deg.

Pistol Star One of the most luminous
and most massive stars in our GALAXY. It
has been estimated to have a luminosity of
up to 10 million times the luminosity of the
SUN and an original mass of around 200
times the mass of the Sun. It almost cer-
tainly has already shed a large fraction of
its initial mass, forming the nebula that
gave it its name in the process.

pixel /piks-ĕl/ Short for picture element.
The smallest element of a digital image,
such as that produced by a CCD. See imag-
ing.

plages /play-jiz/ (formerly sometimes
called bright flocculi) Bright patches in the
solar CHROMOSPHERE, at a higher tempera-
ture than their surroundings, that occur in
areas where there is an enhancement of the
relatively weak vertical magnetic field.
They are approximately coincident with
photospheric FACULAE (though unlike the
faculae they are visible, in the MONOCHRO-
MATIC light of certain strong FRAUNHOFER

LINES, anywhere on the Sun’s disk) and may
be considered as defining the extent of AC-
TIVE REGIONS.

Planck A space mission planned by the
European Space Agency (ESA) for the pur-
pose of surveying and mapping the
anisotropies of the Cosmic Microwave
Background (CMB) over the whole sky.
The Planck spacecraft is scheduled to be
launched by ESA in early 2007 and is to
share its launch vehicle – an Ariane 5
rocket – with the HERSCHEL SPACE OBSERVA-
TORY. After launch, the two craft will sep-
arate and be placed into different orbits
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around L2, one of the Lagrangian points of
the Earth–Sun system. In this stable loca-
tion 1.5 million kilometers from the Earth,
almost wholly isolated from extraneous
particle and radiation interference, the
Planck observatory will be able to map the
CMB anisotropies with improved sensitiv-
ity and angular resolution. It will also be
able to help measure accurately the ampli-
tude of the structures in the CMB. Planck
will provide a major and up-to-date source
of information on such issues as the accu-
rate determination of the Hubble Constant
and the testing of inflationary models of
the early universe. The mission takes its
name from Max Planck, the German theo-
retical physicist and creator of the quan-
tum theory.

Planck constant /plank/ Symbol: h. A
fundamental constant with the value
6.626 076 × 10–34 joule seconds. Accord-
ing to quantum theory, ELECTROMAGNETIC

RADIATION has a dual nature. Although
many phenomena, including reflection and
refraction, can be explained in terms of the
wavelike nature of radiation, radiation
may also be considered to be composed of
discrete packets of energy called PHOTONS,
so that it acts as a stream of particles. The
particle-like and wavelike properties are
related by Planck’s law, in which the
Planck constant is the constant of propor-
tionality: 

E = hv = hc/λ
E is the energy of the photons and v and λ
the frequency and wavelength of the wave;
c is the speed of light in a vacuum. The
Planck constant appears in most equations
of quantum theory and quantum mechan-
ics, including Planck’s radiation law for
BLACK BODIES.

Planck’s law See Planck constant.

Planck’s radiation law See black body.

Planck time A time equal to 5.4 × 10–44

second, and defined as √(hG/2πc5); h is the
PLANCK CONSTANT, G the GRAVITATIONAL

CONSTANT, and c the SPEED OF LIGHT. The
uncertainty principle of quantum mechan-
ics prevents any speculation on times

shorter than the Planck time after the BIG

BANG.

plane-polarized wave See polariza-
tion.

planet /plan-it/ Any of a class of rotating
oblate spheroid bodies of substantial size
that orbit the Sun or other stars and shine
only by the light reflected from their pri-
maries. In the Solar System there are nine
known planets, varying in diameter from a
little over 2000 km for Pluto to about
140 000 km for Jupiter and in mass from
about 0.002 Earth masses for Pluto to 318
for Jupiter. All the planets follow elliptical
paths of varying eccentricity and all but
one have orbits that are more or less in the
same plane. No planet shares its orbit with
any other body of comparable size, al-
though seven of them are attended by one
or more satellites.

The planets of the Solar System and nu-
merous ASTEROIDS (or minor planets), all
probably share a common origin with the
Sun about 4600 million years ago (see
Solar System, origin). But two very differ-
ent classes of planet are found: four TER-
RESTRIAL PLANETS, rocky bodies with
shallow atmospheres, which orbit close to
the Sun, and four GIANT PLANETS, largely
gaseous bodies, which circle it further out.
PLUTO, by tradition regarded as the ninth
planet, is too small to be a terrestrial
planet. It also has the greatest eccentricity
and inclination to the planetary plane of
any of the planets. The discoveries in 2002
of QUAOAR, the largest KUIPER BELT OBJECT

so far known, and in 2003 of SEDNA, a mys-
terious object apparently from the inner
OORT CLOUD of comets, have prompted as-
tronomers to reexamine their definition of
the word ‘planet’ in respect of Pluto.

Planets of other stars (extrasolar plan-
ets) are too faint to be seen from Earth with
present-day instruments, but very massive
planets several times larger than Jupiter
have been detected around the nearest stars
by their perturbing effect on stellar motion.
The slight wobble that would be produced
in a star’s motion can be determined by
precise measurements of a star’s position
over many decades, or from characteristic

Planck constant
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changes in a star’s radial velocity deter-
mined from its doppler shift (see also
planet pulsar). Future spaceborne observa-
tories such as ESA’s Darwin project may be
able to detect directly light reflected from a
planet orbiting a nearby star by masking
out the star’s light. Extrasolar planets with
orbits edge-on to the Earth are particularly
hard to detect, but the development of
spacebased instruments sensitive enough to
detect the minute drop in a star’s light out-
put as a large planet transits its disk are in
the pipeline. Far-infrared observations can
already reveal dust shells around stars and
it may be possible to detect a PROTOPLANE-
TARY system in this way (see Beta Pictoris;
Vega). See also Table 1, backmatter.

planetarium /plan-ĕ-tair-ee-ŭm/ An op-
tical instrument by means of which an arti-
ficial night sky can be projected onto the
interior of a fixed dome so that the posi-
tions of the Sun, Moon, planets, stars, etc.,
may be shown and their motions, real or
apparent, demonstrated. The instruments
were first built by the German firm of Carl
Zeiss from 1913. The term also refers to
the building housing such an instrument.
Originally, planetarium was the name
given to the device that later became
known as an ORRERY.

planetary /plan-ĕ-tair-ee/ 1. of or involv-
ing a planet or the planets.
2. Short for planetary nebula.

planetary aberration The apparent an-
gular displacement of the observed posi-
tion of a planet, etc., produced by motion
of the observer (see aberration) and by mo-
tion of the observed body (see light-time).

planetary alignment The rough align-
ment along a solar radius of the outer plan-
ets, Jupiter to Neptune, that takes place
approximately every 179 years. The most
recent planetary alignment took place at
the beginning of the 1980s, making possi-
ble the two Voyager missions to Jupiter,
Saturn and beyond (see Voyager probes).
The planetary alignment was thought to
provide the only cost-effective way to visit
the outer planets because using Jupiter’s

gravitational field to accelerate a probe,
changing both its velocity and direction,
saved fuel and took years off the journey
time. But improved mathematical tech-
niques for calculating accurate flightpaths,
including gravity assists, mean that space
scientists do not necessarily have to wait
for planetary alignments to send probes to
the outer Solar System. See also gravity as-
sist.

Planetary Data System (PDS) A com-
puter database system developed by
NASA, allowing users to locate, retrieve,
and analyze stored data on the planets and
their satellites.

planetary nebula An expanding and
usually symmetrical cloud of gas that has
been ejected from a dying star. Most are
believed to be the ejected envelopes of RED

GIANT stars, shed as a result of instabilities
late in their evolution. The gas cloud is ion-
ized by the compact hot burnt-out stellar
core that remains in the center of the cloud;
the cloud is detected by virtue of the result-
ing light emission. Planetary nebulae are
therefore a class of EMISSION NEBULAE. They
are usually ring-shaped or sometimes hour-
glass-shaped. They are generally less than
50 000 years old, eventually fading and
dispersing into the interstellar medium.
The name refers to their resemblance to
planetary disks rather than pointlike stars
under low magnification. They have a
large size range: the smallest objects have a
starlike appearance on photographs – and
are thus called stellar planetaries – but can
be identified by the characteristic spectral
emission lines. Planetary nebulae occur in
isolation and usually lie close to the galac-
tic plane, concentrated toward the galactic
center.

A planetary nebula is believed to form
as part of the normal evolution of single
stars with masses of up to 8 solar masses;
the immediately preceding stage is proba-
bly a rapid mass loss OH/IR STAR. Instabili-
ties eject a succession of planetary nebula
shells, reducing the mass of the star until
the core (the planetary nebula central star)
is only about 0.6 solar masses. This degen-
erate core becomes a WHITE DWARF. The re-
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cent discovery of planetary nebulae with
close binary stars at the center suggests that
some planetaries form as a result of inter-
actions in a double star system. One star
has expanded sufficiently to cocoon both
in a COMMON ENVELOPE, with the two star
cores orbiting inside; frictional drag trans-
fers energy from the orbiting stars to the
surrounding gas and thus expels the enve-
lope as a planetary nebula.

Although planetary nebulae are less
massive and more symmetrical than H II

(ionized hydrogen) regions, their optical
spectra are similar. There are bright emis-
sion lines of oxygen, hydrogen, nitrogen,
and other components, the characteristic
green of the inner region being due to dou-
bly ionized oxygen and the red of the outer
periphery resulting from singly ionized ni-
trogen and from hydrogen alpha emission.
About 1500 planetary nebulae are known
in our Galaxy, the RING NEBULA in Lyra
being a typical example. See also nebula.

planetary precession See precession.

planetary probe A crewless spacecraft
designed and equipped to study conditions
on or in the vicinity of the planets, their
satellites, and other members of the Solar
System, as well as in the interplanetary
medium itself, and to transmit the infor-
mation it gathers back to Earth. Probes
have now made successful visits to all the
planets of the Solar System except Pluto.

Planetary and interplanetary probes
may use solar panels to derive power for
communications and internal operation.
However, spacecraft that travel farther
from the Sun than the orbit of Mars receive
comparatively little solar energy and must
rely on other power systems, such as the ra-
dioisotope thermoelectric generators car-
ried by Pioneers 10 and 11 and Voyagers 1
and 2. Most probes carry a main rocket
propulsion system for course corrections as
well as smaller thrusters for attitude ad-
justments. An alternative source of power
for forward motion is ion propulsion, pio-
neered by NASA’s DEEP SPACE 1 (1998–
2001) and also to be used in the projected
DAWN mission to the asteroids (1) Ceres
and (4) Vesta (due for launch 2006).

planetary rings Flat rings of material –
consisting of numerous small bodies and
particles of rock and ice – known to sur-
round the four giant planets. SATURN’S
RINGS were discovered in 1610 by Galileo
but not recognized for what they were until
Christiaan Huygens correctly described
them in 1659. NASA’s Pioneer and Voy-
ager spacecraft confirmed that the rings
were indeed made up of innumerable
smaller bodies ranging in size from a frac-
tion of a millimeter to 30 meters across.
The two Voyager spacecraft confirmed the
existence of JUPITER’S RINGS, URANUS’ RINGS,
and NEPTUNE’S RINGS, which are all much
fainter than those of Saturn, All these ring
systems probably came into being either
because a satellite was shattered to frag-
ments through collision with an asteroid or
comet or because a satellite or captured in-
terplanetary body came too close to the
planet concerned and was torn apart by
gravitational tidal forces. See also Roche
limit.

planetary system A system of PLANETS

and other bodies, such as comets and me-
teoroids, that orbits a star. The Sun and its
planetary system together comprise the
SOLAR SYSTEM. Planetary systems may be
common in the Galaxy, being formed
along with stars from the gravitational
contraction of interstellar clouds of gas
and dust. See also planet pulsar; proto-
planet.

planetary weather See atmosphere.

planetesimals /plan-ĕ-tess-ă-mălz/ Bod-
ies, ranging in size from less than a mil-
limeter to many kilometers, that are
thought to have formed the planets of the
SOLAR SYSTEM by a process of ACCRETION.

planetesimal theory /plan-ĕ-tess-ă-măl/
See encounter theories.

planetoids /plan-ĕ-toidz/ (minor planets)
The minor members of the Solar System,
especially ASTEROIDS, but also including
COMETS, KUIPER BELT objects, and TRANS-
NEPTUNIAN OBJECTS.

planetary precession
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planetology /plan-ĕ-tol-ŏ-jee/ The study
of the planets of the Solar System – their
history, internal and surface structures,
and atmospheres – with particular regard
as to how and why these differ from planet
to planet.

planet pulsar The MILLISECOND PULSAR

PSR 1257+12, which is orbited by at least
two planetlike objects. The pulsar has a
spin period of 6.2 milliseconds, and the
two inferred PLANETS have masses of a few
Earth masses and periods of 66 and 98
days, respectively. Because these orbits are
close to a 3:1 RESONANCE, their mutual per-
turbations produce detectable variations in
the pulse arrival times. Careful monitoring
of the system has confirmed these pre-
dicted variations, unambiguously proving
the planet hypothesis. In addition, it is
likely that a third planet has now been
identified in the system with an orbital pe-
riod of 25 days and a mass similar to that
of the Moon. It is presently not known
how these ‘planets’ have formed. One of
the more probable possibilities is that the
system was a binary millisecond pulsar in
which the companion star, a low-mass star
or a white dwarf, was dynamically dis-
rupted (see Roche limit). The material of
the disrupted star then formed a proto-
planetary disk in which planets were able
to form (see protoplanet).

planets, origin See Solar System, origin.

planet X Unofficial designation given
by Percival Lowell to the predicted hypo-
thetical planet he believed existed beyond
the orbit of Neptune. Pluto was eventually
discovered by Clyde Tombaugh in 1930,
but it was not the planet with a mass seven
times that of Earth that Lowell had pre-
dicted. The trans-Neptunian region of the
Solar System is now believed to consist of a
host of icy, rocky planetoids, including
KUIPER BELT OBJECTS and a shell of frozen
comets called the OORT CLOUD.

planisphere /plan-ă-sfeer/ A two-dimen-
sional map projection centered on the
northern or southern pole of the celestial
sphere that shows the principal stars of the

constellations, the Milky Way, etc., and is
equipped with a movable overlay to indi-
cate the stars visible at a particular time on
any day of the year for a particular zone of
terrestrial latitude.

planitia /plă-nish-ee-ă/ (plural: planitiae)
A low plain on the surface of a planet or
satellite. The word is used in the approved
name of such a feature.

planum /play-nŭm/ (plural: plana) A
high plain or plateau. The word is used in
the approved name of such a surface fea-
ture on a planet or satellite.

plasma /plaz-mă/ A state of matter con-
sisting of ions and electrons moving freely.
A plasma is thus a fully ionized gas that can
be formed at high temperatures (as in stars)
or by PHOTOIONIZATION (as in interstellar
gas). There is plasma in the INTERSTELLAR

MEDIUM, in the INTERPLANETARY MEDIUM in
the form of the solar wind, and within
planetary MAGNETOSPHERES. The properties
of plasmas differ from those of neutral
gases primarily because of the effects of
magnetic and electric fields on and arising
from the moving charged particles. For ex-
ample, in a plasma spread over a large
area, plasma and magnetic field move to-
gether; the magnetic field is said to be
‘frozen in’ to the plasma. See also magne-
tohydrodynamics.

plasmasphere /plaz-mă-sfeer/ A small
toroidal region of PLASMA, primarily pro-
tons and electrons, that lies within the
Earth’s MAGNETOSPHERE above the ionos-
phere. The plasma is produced by the ac-
tion of the Sun’s ultraviolet radiation and
X-rays on molecules, etc., in the upper at-
mosphere. The plasmasphere is bounded
by the plasmapause, where the plasma den-
sity drops abruptly.

plasma tail See comet tails.

plate tectonics See Earth.

Plato /play-toh/ See table at craters.
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Platonic year /plă-tonn-ik/ See preces-
sion.

Pleiades /plee-ă-deez, plÿ-/ (Seven Sisters;
M45) A young OPEN CLUSTER about 135
parsecs away in the constellation Taurus. It
contains maybe 3000 stars of which at
least six are visible to the naked eye: ALCY-
ONE, Maia, Atlas, Electra, Merope, and
Taygeta; PLEIONE could once have been
brighter. The brightest stars are blue-white
(B or Be) and highly luminous, the less
bright ones being mainly A and F stars. Gas
and dust surrounding the brighter stars re-
flect the starlight thus producing faint RE-
FLECTION NEBULAE. Some of these nebulae
have been separately cataloged. Thus
NGC 1432 is the bright nebula surround-
ing Maia, while NGC 1435 refers to Tem-
pel’s nebula, the nebulosity within which
Merope is embedded.

Pleione /plee-ŏ-nee, plÿ-/ (28 Tau) One
of the stars of the PLEIADES. It developed a
surrounding envelope that was first ob-
served in 1938, reached maximum inten-
sity in 1945, and was just visible in 1954;
another shell started to develop in 1972. It
is thought to be unstable owing to its fast
rotation rate. Spectral type: B8pe.

plerion /pleer-ee-ŏn/ See supernova rem-
nant.

Plössl eyepiece See eyepiece.

Plough /plow/ Brit. name for the Big
Dipper.

P-L relation See period-luminosity rela-
tion.

Pluto /ploo-toh/ The ninth and smallest
planet of the Solar System, discovered in
1930 by Clyde Tombaugh at the Lowell
Observatory in Arizona. Its 248.59 year
orbit has a higher INCLINATION to the eclip-
tic (17.1°) and a greater ECCENTRICITY

(0.25) than any other planet. Although it
has the greatest mean planetary distance of
about 39 AU from the Sun, it approaches
within 30 AU at PERIHELION; between 1979
and 1999 Pluto was therefore closer to the

Sun than Neptune. Orbital and physical
characteristics are given in Table 1, back-
matter.

OPPOSITIONS occur one or two days later
each year, but Pluto’s 14th-magnitude disk
is too small to be measured using conven-
tional Earth-based telescopes. Until 1978
the best estimate of its size was about 5900
km, a value based on negative observations
of a predicted occultation of a star by Pluto
during an APPULSE in 1965. However, ex-
amination of photographs of Pluto in 1978
by James W. Christy of the US Naval Ob-
servatory revealed that it has a very close
satellite, called CHARON, orbiting at a dis-
tance of about 20 000 km every 6.39 days
– a period previously identified in the small
light variation of the planet and ascribed to
its axial rotation. The orbital parameters
of Charon enable KEPLER’S THIRD LAW to be
used to estimate Pluto’s mass as about
0.20% that of the Earth. Apparently Pluto
is a low-density body, about 2320 km
across, while Charon is about 1186 km in
diameter; it is thus the largest satellite in
proportion to the size of its planet in the
Solar System – a title previously credited to
our own Moon. Because of their proxim-
ity, both Pluto and Charon are in SYN-
CHRONOUS ROTATION about their common
center of mass. If the revised estimates of
Pluto’s size and density are correct, then it
would appear to be smaller than our
Moon. This possibility has helped to fuel
debate among astronomers about whether
Pluto is a fully-fledged planet or should be
classed as a KUIPER BELT OBJECT.

At a temperature of 50 K, Pluto is too
cold and small to have an appreciable at-
mosphere. Infrared spectroscopy has
shown nitrogen and methane to be present
but it is difficult to distinguish spectro-
scopically between gaseous and solid forms
of methane at the temperature and pres-
sure found on Pluto. Part of the surface, at
least, could have a covering of methane ice;
there is a suggestion that Pluto has bright
POLAR CAPS.

In October 2005, NASA announced
that the Hubble Space Telescope had
photographed two new objects that may be
satellites of Pluto. Observations suggest
that the satellite candidates, provisionally

Platonic year
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named S/2005 P1 and S/2005 P2, orbit
Pluto at distances of about 49 000 km and
65 000 km respectively. Their likely diam-
eters may be between 45 and 160 km.

Pluto Kuiper Express A mission
planned to investigate Pluto and Charon,
at present under study. It is hoped to reach
Pluto by 2010.

PMS star Short for pre-main-sequence
star. See star formation.

Pogson ratio /pog-sŏn/ See magnitude.

Pointers The two stars in the BIG DIPPER

that point toward POLARIS and the north
pole; Dubhe and Merak.

point source A celestial object whose
angular extent is too small to be measured.

polar /poh-ler/ (polar system) See mag-
netic cataclysmic variables.

polar axis 1. The axis in an EQUATORIAL

MOUNTING that is parallel to the Earth’s
axis and hence points toward the celestial
poles.
2. See poles.

polar caps Regions of ice that form
around the northern and southern poles of
a planet or planetary satellite. Earth’s polar
caps consist of water ice and snow whereas
the caps of MARS are comprised of both
water ice and frozen carbon dioxide. The
southern polar cap of TRITON is pink and
thought to be due to nitrogen snow and ice.
Polar caps can show seasonal variation.

polar diagram Another name for an-
tenna pattern. See antenna.

polar distance Short for north polar
distance or south polar distance.

polarimetry /poh-lă-rim-ĕ-tree/ The
measurement of the degree and direction of
POLARIZATION of a beam of light or other
radiation, using an instrument known as a
polarimeter.

Polaris /poh-lar-is, -la-ris/ (North Star; αα
UMi) A remote creamy-yellow super-
giant that is the brightest star in the con-
stellation Ursa Minor. It lies very close to
the north celestial pole (dec: 89°16′) and is
the present POLE STAR. Its position is found
by means of the POINTERS in the Big Dipper.
Polaris is a classical CEPHEID VARIABLE (pe-
riod 3.97 days) but its pulsations have de-
creased rapidly since about the mid-1970s.
It forms an optical double with a 9th-mag-
nitude F3 V companion. mv: 2.0; Mv: -2.9;
spectral type: F8 Ib; distance: 97 pc.

polarization /poh-lă-ri-zay-shŏn/ The
degree to which the orientation of the elec-
tric or magnetic vector in ELECTROMAG-
NETIC RADIATION is predictable over time.
In a partially polarized wave, the vector
thus shows a less random orientation in the
plane perpendicular to the direction of
wave motion than occurs in an unpolarized
(normal) wave. Waves in which the electric
vectors are entirely vertical or horizontal
with respect to the direction of motion are
described as vertically or horizontally
plane (or linearly) polarized. In general,
both polarizations are present with a rela-
tive phase difference and the wave is then
elliptically polarized in the right-handed or
left-handed sense accordingly as the resul-
tant vector rotates clockwise or counter-
clockwise when viewed along the direction
of motion of the wave; in the case where
the resultant vector rotates and its magni-
tude remains constant, the wave is circu-
larly polarized.

Polarization is a measure of the way in
which light or other ELECTROMAGNETIC RA-
DIATION from a celestial body is affected by
factors such as scattering due to cosmic
dust or strong stellar or interstellar mag-
netic fields, or reflection from a surface.
Radio emissions from celestial sources are
usually partially polarized, i.e. the waves
can be considered to be composed of a
completely unpolarized component plus a
small polarized component. SYNCHROTRON

EMISSION, however, may be strongly polar-
ized. The general situation is described by
the four Stokes parameters (I, Q, U, and
V), which are defined in such a manner
that specifying their four values uniquely

365

polarization



describes the state of polarization: I is a
measure of the total power in the wave, Q
and U define the degree of linear polariza-
tion, and V that of circular polarization.
All four have dimensions of FLUX DENSITY.
See also Faraday rotation; interstellar po-
larization.

polarization curve A curve showing
the relationship between the angle of re-
flection of light from a surface and the de-
gree of POLARIZATION of the reflected light.
It depends on the surface characteristics
(texture, composition). It is used to deduce
the ALBEDO of the surfaces of ASTEROIDS so
that their diameters may be calculated.

polar motion See Chandler wobble.

polar orbit A satellite orbit that passes
over the north and south poles of the Earth
or of some other Solar-System body.

polar system See magnetic cataclysmic
variables.

poles The two points on a sphere lying
90° above or below all points on a particu-
lar great circle. The polar axis is the imag-
inary straight line between the poles. See
celestial poles; galactic poles.

poles of the ecliptic See ecliptic.

pole star The star closest to the north or
south celestial pole at any particular time.
As a result of PRECESSION the position of
each pole traces out a circle in the sky in a
period of about 25 800 years. There is thus
a sequence of stars, including POLARIS,
VEGA, and THUBAN, that have been and will
become again the northern pole star (see il-
lustration). The nearest naked-eye star to
the south celestial pole is at present the 5th
magnitude star Sigma Octantis. The alti-
tude of the pole star is approximately equal
to the local latitude.

Pollux /pol-ŭks/ (ββ Gem) An orange
giant that is the brightest star in the con-
stellation Gemini and is the nearest giant to
the Earth. It has several optical compan-
ions, none of which are physically related

to it. mv: 1.14; Mv: 0.7; spectral type:
K0 IIIb; distance: 12 pc.

poor cluster See clusters of galaxies.

population I, population II The two
classes into which stars and other celestial
objects within a galaxy can be divided; the
distinction is basically that of age, and the
most obvious distinguishing characteristics
are the objects’ space distribution and
chemical content (see metallicity). The
classification was first made by W. Baade
in 1944. He proposed that population I
stars are the young metal-rich highly lumi-
nous stars found in spiral arms of galaxies
– i.e. strongly concentrated in the galactic
plane – and associated with interstellar gas
and dust. In contrast population II stars
are old red stars found throughout ellipti-
cal and lenticular galaxies and in spiral
galaxies located in the galactic center, in
the surrounding galactic halo, and in a disk
coextending with the galactic plane but
much thicker.

It is now known that in our Galaxy
there is a continuum of populations exist-
ing between Baade’s two classes (see table).
The origin of population types is connected
with the dynamic and chemical evolution
of the Galaxy. Put very simply the earliest
stars, formed from the original hydrogen-
helium gas cloud, were halo population II
stars followed, after further gas contrac-
tion produced a relatively thin extended
disk, by intermediate population II stars;
contraction of the remaining gas into an
even thinner disk produced the disk popu-
lation, which may be young population II
stars or old population I stars. Successive
generations of population I stars have sub-
sequently formed from interstellar matter
that has been slowly enriched with metals
produced by MASS LOSS from stars and by
SUPERNOVAE explosions. The youngest ex-
treme population II stars have 20 to 30
times the metallicity of the oldest halo ob-
jects.

population III A hypothetical popula-
tion of supermassive stars that could have
existed before the galaxies formed. They
could have produced the large helium con-

polarization curve
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tent of the Universe and the microwave
background radiation, both usually attrib-
uted to the early stages of the BIG BANG. If
population III stars did exist, cosmologists
would need to severely modify current
forms of the Big Bang theory.

pores See sunspots.

Porrima /por-ă-mă, po-ră-/ (γγ Vir) A vi-
sual binary with cream components that
lies in the constellation Virgo and has a
highly eccentric orbit (period 171 years).
The separation, about 5″ in the 1970s and
6″.6 at maximum, is decreasing and by
2010 the star will appear single except in
the largest telescopes. Porrima is also an
optical double. mv: 3.5 (A and B), 2.75
(AB); spectral type: F0 V (A and B).

Portia /por-shă/ A small satellite of
Uranus, discovered in 1986 from photo-
graphs taken by Voyager 2. See Uranus’
satellites; Table 2, backmatter.

positional astronomy See astrometry.

position angle (PA, p.a.) 1. The direc-
tion in the sky of one celestial body with re-
spect to another, measured from 0° to 360°
in an easterly direction from north. It is
used, for example, to give the position of
the fainter component of a VISUAL BINARY

with respect to the brighter component.
2. The angle at which the axis of a planet
or star, or some other line on a celestial
body, is inclined to the HOUR CIRCLE pass-
ing through the center of the body; it is
measured eastwards from 0° to 360° from
north.

position circle See circle of position.

position micrometer See filar microm-
eter.

positron /poz-ă-tron/ The ANTIPARTICLE

of an electron.

positronium /poz-ă-troh-nee-ŭm/ A
positron-electron system that lasts for a
measurable time before combining to pro-
duce ANNIHILATION radiation. Positronium

can be thought of as an atom analogous to
that of hydrogen in which the electron and
positron move in Bohr orbits about the
center of mass, which is halfway between
them. During formation, approximately
25% is formed in a singlet spin state and
the other 75% is formed in a triplet state.
The annihilation radiation emitted by the
combining of a positron-electron pair in a
singlet state consists of two γ-ray photons
emitted simultaneously with energies of
511 keV each; the annihilation radiation
from the triplet state consists of three γ-ray
photons emitted simultaneously each with
energy less than 511 keV.

POSS Abbrev. for Palomar Observatory
Sky Survey.

potential energy The energy possessed
by a body or system by virtue of its posi-
tion or configuration. It is equal to the
work done by the system changing from its
given state to some standard state. In a
gravitational field, a mass m placed at a
height h above a standard level (say the
surface of the Earth) has potential energy
mgh, where g is the acceleration of gravity.

power The rate at which ENERGY is ex-
pended by a source or work is done. It is
measured in watts, i.e. in joules per second.

power-law spectrum A spectrum
quantified in terms of a power law. A NON-
THERMAL CONTINUUM spectrum is usually
expressed by the dependence of the flux
density S on the frequency ν raised to a cer-
tain power, S ∝ ν–α, where α is the SPEC-
TRAL INDEX. The ubiquity of this
power-law fit to the multiwavelength con-
tinuum spectrum of all ACTIVE GALACTIC

NUCLEI is strong evidence for the emission
to be powered by the same mechanism in
all cases, such as an accreting BLACK HOLE.
Only such an engine is capable of scaling
its energy output through several orders of
magnitude in luminosity without changing
its fundamental spectrum.

power pattern See antenna.

power spectrum A plot of the power

pores
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contained in a signal versus the frequency,
or of the power in a spatial distribution
versus the wavenumber (reciprocal of
wavelength). It may be obtained by taking
a FOURIER TRANSFORM of the signal or dis-
tribution and squaring the amplitude of
each component in the result.

Poynting–Robertson effect /poin-ting
rob-ert-sŏn/ An effect whereby interplan-
etary particles slowly spiral toward the
Sun. The particles interact with solar radi-
ation (by absorbing and reradiating en-
ergy) so that they lose orbital momentum;
this causes a decrease in orbital velocity so
that they move into progressively smaller
orbits around the Sun. For a particle mov-
ing in a circular orbit that is d astronomi-
cal units from the Sun, the time taken to
fall into the Sun is given by 

t = 7 × 107 ρrd2 years
where r and ρ are particle radius (in m) and
density (in kg m–3) respectively. The equa-
tion shows that the effect gets progressively
more important as smaller particles are
considered, and is particularly important
in the 10–6 to 10–2 meter range.

RADIATION PRESSURE on the particles op-
poses the Poynting–Robertson effect and
can overcome it for very small particles (ra-
dius less than 10–6 m). These particles are
blown out of the Solar System by the action
of the radiation pressure aided by the
SOLAR WIND. Although these two processes
remove dust from the Solar System, the
dust level is constantly replenished by dis-
integrating comets, etc.

p-p chain See proton-proton chain reac-
tion.

PPM Star Catalog A catalog prepared
by S. Roeser, U. Bastian, et al, at the As-
tronomisches Rechen-Institut, Heidelberg,
giving the positions, magnitudes, spectral
types, and proper motions of 378 910 stars
down to a limiting magnitude of 12 for the
epoch 2000.0. The PPM (Positions and
Proper Motions) Star Catalog covers the
whole sky in two volumes: one on the
north (1991) and one on the south (1993).
It is available in computerized form.

p-process A process of NUCLEOSYNTHE-
SIS by which certain heavy proton-rich nu-
clei are thought to be produced.

Praesepe /pri-see-pee/ (Beehive; M44;
NGC 2632) A large OPEN CLUSTER in the
constellation Cancer with over 200 known
stars. It can almost be resolved by the
naked eye but is best viewed with a very
low-power telescope or with binoculars.

preamplifier /pree-am-plă-fÿ-er/ An am-
plifier used in a RADIO TELESCOPE to boost
the signals from the ANTENNA before they
are fed to the RECEIVER.

precataclysmic binary /pree-kat-ă-kliz-
mik/ See cataclysmic variable.

preceding 1. Denoting the leading edge
of a planet, etc., or the leading member of
a pair of stars, as the Earth’s rotation
causes objects to drift across the sky from
east to west.
2. Denoting the leading edge of a surface
feature on a planet, satellite, star, etc., or
the leading member of a pair of features,
the feature(s) moving as the body rotates.

In each case, the other edge or member
is described as following or trailing.

preceding spot (p-spot) See sunspots.

precession /pri-sesh-ŏn/ The slow peri-
odic change in the direction of the axis of
rotation of a spinning body due to the ap-
plication of an external force (a torque).
The extremities of the axis trace out circles
in one complete precessional period if the
rotational speed and applied torque are
both constant. The Earth’s axis precesses
with a period of 25 800 years, the axial ex-
tremities, the celestial poles, tracing out
circles about 23.5° in radius on the celestial
sphere (see illustration). This radius is
equal to the inclination of the Earth’s equa-
torial plane to the plane of the ecliptic. The
precession results primarily from the grav-
itational attraction of the Sun and Moon
on the EQUATORIAL bulge of the nonspheri-
cal Earth. The Sun and Moon and also the
planets pull on the bulge in an attempt to
bring the equatorial plane into near coinci-
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dence with the plane of the ecliptic. The re-
sult of this gravitational action and the
opposing rotation of the Earth is a preces-
sional force that acts perpendicularly to
both these actions.

The combined effect of the Sun and
Moon leads to luni-solar precession, which
together with the much smaller planetary
precession gives the general precession of
the Earth’s axis and of the equinoxes. The
annual general precession is given by

50.2564 + 0.0222T arcsecs
where T is the time in Julian centuries from
1900.0. Thus one precessional circle is
completed about every 25 800 years, this
period being the Platonic year. The preces-
sion of the Earth’s axis leads not only to
the PRECESSION OF THE EQUINOXES and the
consequential change in stellar coordinates
but also to the changing position of the ce-
lestial poles and hence to the slow change
in the two POLE STARS.

precession, constant of The ratio of
the luni-solar PRECESSION to the cosine of
the OBLIQUITY OF THE ECLIPTIC. It is about

54.94 arc seconds per year and varies very
slightly with time.

precession of the equinoxes The slow
continuous westward motion of the
EQUINOXES around the ECLIPTIC that results
from the PRECESSION of the Earth’s axis. It
was first described by Hipparchus in the
second century BC. As the axis precesses,
the celestial equator, which lies in the plane
perpendicular to the axis, moves relative to
the ecliptic. The two points at which the
planes intersect – the equinoxes – thus
move round the ecliptic in the precessional
period of about 25 800 years, the annual
rate being about 50.27 arc seconds. Coor-
dinates such as RIGHT ASCENSION that refer
to an equinox as their zero point thus
change with time. Star catalogs therefore
use a CATALOG EQUINOX as their origin.

precision catalog See star catalog.

pre-main-sequence (PMS) star See
star formation.

precession, constant of

370

precessional
circle

pole star

plane of
ecliptic

plane of celestial
equator

equatorial
bulge

23.5°23.5°23.5°

23.5°

polar axis

Precession of the Earth



Pre-Nectarian System /pree-nek-tair-ee-
ăn/ See Nectarian System.

pressure The force per unit surface area
at any point in a gas or liquid. The pressure
of a gas is proportional to temperature and
density: at constant temperature, as the
density is increased the pressure increases
accordingly. This law of classical physics
does not apply to DEGENERATE MATTER.

pressure broadening Broadening of
spectral lines as a result of high density,
and hence pressure, of the emitting or ab-
sorbing material: the greater the density
and pressure, the greater the width of the
spectral lines. The broadening is caused by
collisions with other atoms while the atom
is emitting or absorbing radiation. See also
line broadening.

primary The celestial body that is near-
est to the center of mass of a system of or-
biting bodies. The other members, called
secondaries, appear to orbit the primary,
which is the most massive in the system. In
fact all members move round the common
center of mass. The Earth is the Moon’s
primary. See also visual binary.

primary beam See beam.

primary cosmic rays See cosmic rays.

primary mirror The optically worked
mirror in a REFLECTING TELESCOPE that
faces the observed object and collects its
light. The front surface is coated, now usu-
ally with aluminum (see aluminizing), to
provide a high degree of reflectivity. Tech-
nical developments have led to ‘superpol-
ished’ mirrors. Modern mirror-substrate
materials are glass/ceramic compounds,
such as Zerodur or Cer-Vit, or materials
such as borosilicate glass, fused quartz, or
Pyrex, all of which have very low coeffi-
cients of thermal expansion. The molten
glass is first cast into an approximation of
the designed concave shape, forming the
mirror blank. After cooling, the surface
must then be figured, i.e. accurately
ground and polished. The designed shape
of primary mirrors on most large tele-

scopes is a PARABOLOID or HYPERBOLOID

(see Cassegrain telescope; Ritchey–Chrét-
ian optics); spherical mirrors are used on,
for example, SCHMIDT TELESCOPES. For
high-quality images to be produced, the
final surface must be polished to an accu-
racy of within one quarter of the wave-
length used. The mirror is supported over
its rear face, or from within its structure
(see below), and can maintain an accurate
profile up to considerable diameters with-
out sagging. See also mounting.

The new generation of ground-based
reflectors have very large apertures and
consequently high RESOLUTION. Technolog-
ical problems and cost limit the diameter of
a single one-piece (monolithic) primary
mirror to 7–8 meters. Monolithic pri-
maries are designed to be lightweight to
prevent sagging. There are two types. Hon-
eycomb mirrors have an interior honey-
comb pattern of glass ribs formed, during
casting, between the concave front surface
and the flat back plate; this reduces the
weight while retaining stiffness and
strength. The 6.5-meter mirror of the MMT

has such a structure. Meniscus mirrors are
thin curved plates, concave on the front
surface and usually convex on the back; be-
cause they are not very stiff, their shape has
to be controlled and maintained by an AC-
TIVE OPTICS system. The 8-m mirrors of the
VLT are so designed. The primary can alter-
natively be a segmented mirror, composed
of many small mirrors that may fit together
(as a mosaic mirror) or not, depending on
their shapes. Each segment is individually
supported and maneuvered by active optics
so that the mirrors act together to form the
image. Segmented mirrors can be larger
than monolithic mirrors. The KECK TELE-
SCOPES have 10-m mosaic mirrors. ADAP-
TIVE OPTICS further increase the resolution
of all these designs.

The latest reflecting telescopes may
have more than one primary mirror. The
mirrors may be mounted together on a sin-
gle structure, or on independent structures
as in the VLT. The light collected may be
routed by small mirrors or fiber optics to a
central point, where it is combined and
recorded. See also interferometer.
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prime focus The focal plane in which
the image of the PRIMARY MIRROR or OBJEC-
TIVE lens of a telescope forms, in the ab-
sence of other optical components.

prime meridian The arbitrary circle of
zero longitude on the Earth or some other
planet or mapped celestial body. The
Earth’s prime meridian is the Greenwich
meridian.

primeval fireball The radiation-domi-
nated phase of the Universe. See Big Bang
theory.

primeval galaxy See protogalaxy.

primeval nebula The cloud of interstel-
lar gas – mainly hydrogen and helium –
and dust grains from which the Solar Sys-
tem developed. See nebular hypothesis;
Solar System, origin.

prime vertical The VERTICAL CIRCLE that
passes through an observer’s zenith at right
angles to the MERIDIAN and intersects the
horizon at the east and west points (see car-
dinal points).

prismatic astrolabe /priz-mat-ik/ An
astrometric instrument for determining the
position of a celestial body by the accurate
timing of its passage across a VERTICAL CIR-
CLE of the celestial sphere. It usually con-
sists of an artificial horizon (such as a
mercury surface) and a prism, which are

placed in front of a telescope. The prism is
fixed in position so that a fixed altitude,
usually 45° or 60°, is used. Parallel rays of
light falling on the artificial horizon and
the prism are each reflected by the prism
into the telescope (see illustration). As the
celestial body moves toward the fixed alti-
tude, the two images approach each other
from top and bottom of the field of view.
At the fixed altitude the two images lie
close together on the same horizontal line
through the center of the field. The time is
then recorded, usually electronically.

probe (spaceprobe) See planetary probe.

Procellarum, Oceanus /prŏ-sell-ă-rŭm/
(Ocean of Storms) A vast irregular MARE

– possibly occupying an impact depression,
the Gargantuan Basin – that covers a
major part of the Moon’s western NEAR-
SIDE. It was the landing site for LUNAS 9 and
13, SURVEYORS 1 and 3, and APOLLO 12. It
is one of the youngest areas on the Moon,
parts of which may be less than 3000 mil-
lion years old.

Procyon /proh-see-on/ (αα CMi) A con-
spicuous creamy-yellow star that is the
brightest one in the constellation Canis
Minor and is one of the NEAREST STARS to
the Sun. It was found to be a visual binary
in 1840 from observations of its variable
proper motion. The companion (B) was
discovered in 1896 to be a WHITE DWARF

and is of magnitude 10.7. The period is

prime focus
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40.6 years, the separation 5″.2. mv: 0.4;
Mv: 2.6; spectral type: F5 IV-V (A), DZ
(B); mass: 1.74 (A), 0.63 (B) times solar
mass; radius: 1.7 (A), 0.01 (B) times solar
radius; distance: 3.5 pc.

Prognoz /prog-noz/ A series of crewless
Soviet observatories, first orbited in 1972.
They have investigated the effect of solar
activity on the interplanetary medium and
the Earth’s magnetosphere by measuring
solar radiation (both electromagnetic and
corpuscular) and magnetic fields in near-
Earth space. They have also studied galac-
tic ultraviolet radiation, X-rays, and
gamma rays.

prograde motion /proh-grayd/ DIRECT

MOTION as opposed to retrograde motion.

Prometheus /prŏ-mee-th’ee-ŭs, -mee-thy-
ooss/ 1. A NASA program announced in
2003 for the purpose of developing tech-
nology and conducting advanced studies in
the fields of radioisotope power systems
and nuclear power and propulsion for the
peaceful exploration of the Solar System.
NASA’s Office of Space Science is respon-
sible for organizing the program, which is
managed by the agency’s JET PROPULSION

LABORATORY. The program’s goal is to de-
velop the first reactor-powered spacecraft
and demonstrate that it can be operated
safely and reliably on long-duration mis-
sions in deep space.
2. A small satellite of Saturn, discovered 
in 1980 from Voyager photographs and
officially named in 1985. It has an irregu-
lar, elongated shape, measuring 148 ×
100 × 68 km. Its surface shows some ridges
and valleys and a number of craters 20 km
across. Its low density and high albedo sug-
gest it is composed largely of ice. Together
with PANDORA it is a SHEPHERD SATELLITE

for Saturn’s F ring. See Saturn’s rings;
Table 2, backmatter.
2. An active volcanic plume on IO.

prominences Clouds of gas in the Sun’s
upper CHROMOSPHERE/inner CORONA, with
a higher density and at a lower temperature
than their surroundings, that are visible
(ordinarily only in the monochromatic

light of certain strong FRAUNHOFER LINES)
as bright projections beyond the limb.
When viewed against the brighter disk they
appear as dark absorption features and are
termed filaments. They exhibit a great di-
versity of structure and are most conve-
niently classified according to their
behavior, as either quiescent or active.

Quiescent prominences are particularly
long-lived and are among the most stable
of all solar features. They may persist for
several months before breaking up or, less
frequently, blowing up and have been
known to reform at the same location with
an almost identical configuration. Typi-
cally they are a couple of hundred thou-
sand kilometers long, several tens of
thousands of kilometers high, and several
thousand kilometers thick. They occur in
high HELIOGRAPHIC LATITUDES, where they
are supported by the horizontal magnetic
field separating the polar field from the ad-
jacent fields of opposite polarity that were
formerly associated with the f-spots of AC-
TIVE REGIONS (see sunspot cycle). They at-
tain their greatest frequency a few years
after the minimum of the sunspot cycle,
when their average latitude is around ±50°.
Thereafter they appear in increasingly high
latitudes, reaching the polar regions
shortly after sunspot maximum. Then,
after a brief discontinuity, they reappear
around latitude ±50° and remain there in
small numbers until a few years after the
next minimum, when they again progress
poleward.

Active prominences are relatively short-
lived and may alter their structure appre-
ciably over a matter of minutes. There are
many characteristic types, for example
SURGES and SPRAYS, in which chromos-
pheric material is ejected into the inner
corona, and loop prominences and coronal
rain, in which the reverse occurs. Loop
prominences are impulsive events that
often accompany FLARES, whereas coronal
rain represents the return of flare-ejected
material. In developing active regions arch
filaments are usually present. These tend to
connect regions of opposite polarity across
the line of inversion and gradually ascend
while material descends along both sides of
the arch.
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Intermediate between quiescent and ac-
tive prominences are the so-called active-
region filaments. These invariably lie along
the line of inversion between the vertical
magnetic fields of opposite polarity in well-
developed active regions. Though long-
lived, they may be distinguished from
quiescent filaments by an almost continu-
ous flow of material along their axis.

With the exception of surges and
sprays, prominences may be regarded as an
efficient (though limited) heat sink for the
highly ionized corona, their material con-
densing out of it and then descending along
the predominantly vertical magnetic field
lines.

promontorium /prom-ŏn-tor-ee-ŭm, -toh-
ree-/ A brighter feature protruding into a
darker area. The word is used in the ap-
proved name of such a surface feature on
the moon. (Latin: promontory)

proper motion Symbol: µ. The appar-
ent angular motion per year of a star on the
celestial sphere, i.e. in a direction perpen-
dicular to the line of sight. It results both
from the actual movement of the star in
space – its PECULIAR MOTION – and from the
star’s motion relative to the Solar System.
It was first detected in 1718 by Halley. The
considerable distances of stars reduce their
apparent motion to a very small amount,
which for most stars is considered negligi-
ble. It is only after thousands of years that
differences in the directions of proper mo-
tion cause groups of stars to change shape
appreciably.

The proper motion of a star, usually a
nearby star, can be determined if its cumu-
lative effect over many decades produces a
measurable change in the star’s position. It
is quoted in arc seconds per year, often in
terms of two components: proper motion
in right ascension (µα) and in declination
(µδ). BARNARD’S STAR has the greatest
proper motion (10″.3 per year). If the dis-
tance, d (in parsecs) of the star is known
then the velocity along the direction of
proper motion – the tangential velocity, vt
– can be found: 

vt = µd AU/year = 4.74µd km s–1

proper time Time measured by a clock
that is sharing the observer’s motion.
Clocks moving with respect to the ob-
server, or experiencing a different gravita-
tional field, will measure time to flow at a
different rate to that of proper time. See
also relativity, special theory.

proportional counter A gas-filled elec-
tronic device for the detection of X-rays,
gamma rays, and other ionizing radiation
and the counting of charged particles. A
potential difference is maintained across a
pair of electrodes. Radiation entering the
tube ionizes the gas along its path and the
resulting electrons are attracted toward the
positively charged electrode. The size of
the output pulse of the counter is propor-
tional to the number of electron-ion pairs
produced by the ionizing event and thus to
the energy of the radiation. It is possible to
differentiate between various forms of ion-
izing radiation. In astronomy proportional
counters are used mainly for X-ray studies,
where they provide sensitive detection and
some spectral information.

Imaging proportional counters (IPCs)
have now been developed, which record
the position of each incident X-ray photon
so that a two-dimensional image is built
up. Linear resolutions of 200–500 µm are
obtained in the 0.2–5 keV energy band.
Such devices have been used successfully in
a number of X-ray astronomy satellites, in-
cluding the EINSTEIN OBSERVATORY, EXOSAT,
and ROSAT. Another development is the gas
scintillation proportional counter (SPC),
which has an energy resolution about twice
that of conventional counters, and has
been successfully used on TENMA, EX-
OSAT, and ASCA.

Proteus /proh-tee-ŭs, proh-tyooss/ The
second-largest known satellite of Neptune,
measuring 400 km across but irregular in
shape, discovered in 1989 during the Voy-
ager 2 flyby. It orbits close to its planet,
completing one circuit in about 26 hours at
a mean distance of nearly 93 000 km. Its
path is almost parallel with Neptune’s
equator. Proteus has a low ALBEDO (about
0.06) and a large feature, the Southern
Hemisphere Depression, which is 250 km

promontorium
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in diameter and 10 km deep. There are also
troughs, ridges, and several craters. See
Table 2, backmatter.

protogalaxy /proh-toh-gal-ăks-ee/ An
inhomogeneous gas cloud in the early
stages of evolution into a galaxy. See galax-
ies, formation and evolution.

proton /proh-ton/ Symbol: p. An ELE-
MENTARY PARTICLE (a hadron) that has a
positive CHARGE, equal in magnitude to
that of the ELECTRON. It forms the nucleus
of the hydrogen atom and is present in dif-
fering numbers in all nuclei. The rest mass
of the proton is 1.6726 × 10–24 gram, ap-
proximately 1836 times that of the elec-
tron. It has spin ½. It has a lifetime known
to exceed 1031 years. The antiparticle of
the proton is the antiproton. See also hy-
drogen; proton–proton chain reaction.

proton–proton chain reaction (p-p
chain) A series of NUCLEAR FUSION reac-
tions by which energy can be generated in
the dense cores of stars. The overall effect
of the chain reaction is the conversion of
hydrogen nuclei to helium nuclei with the
release of an immense amount of energy.
The energy maintains the core tempera-

ture, some of it flowing to the stellar sur-
face. The p–p chain is an efficient energy
source even at core temperatures of only 15
million K; it is therefore believed to be the
major source of energy in the Sun and in all
main-sequence stars that are cooler (less
massive) than the Sun. The CARBON CYCLE

predominates in the hotter, somewhat
more massive stars.

The sequence of steps of the p–p chain
is shown in the illustration, with the prin-
cipal sequence outlined heavily in black.
The possible chains occur simultaneously
but in what is thought to be 99.75% of the
reactions, the sequence begins with two hy-
drogen nuclei (i.e. protons) combining to
emit a positron and a neutrino and forming
a nucleus of deuterium. The deuterium
then combines with a proton to yield a nu-
cleus of helium–3 and a photon. About
95% of the helium–3 nuclei will combine
together to give helium–4, liberating two
protons. Overall, each cycle thus converts
four protons into one helium–4 nucleus
with the release of energy. High collision
speeds (plus a quantum-mechanical pro-
cess known as tunneling) are required for
the protons to fuse, since they have to over-
come the mutual repulsion arising from
their positive charge.
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proton–proton chain reaction

1H + 1H → 2D + ν + e+

3He + 4He → 7Be + γ

7Be + e → 7Li + ν 7Be + 1H → 8B + γ

8B → 8Be + e + ν

8Be → 24He3He + 3He → 4He + 21H 7Li + 1H → 24He

e    :  electron
e+  :  positron
ν    :  neutrino
γ    :  photon

2D + 1H → 3He + γ

1H + 1H + e → 2D + ν

Proton–proton chain reaction



protoplanet /proh-toh-plan-it/   An evolv-
ing planet in the process of ACCRETION, to-
gether with any of its satellites forming by
accretion at the same time in the vicinity of
the planet. The dust cocoon around some
T TAURI stars has the attributes of a proto-
planetary system. In the one typical case,
HL Tauri, it forms a flattened disk, radius
160 AU, containing about one Earth mass
of dust; allowing for dust condensed into
planetesimals and the system’s gas content,
it could condense into several planets. In-
frared observations from the satellite IRAS

show dust around over 40 slightly older
stars, including VEGA, indicating either a
protoplanetary system or a swarm of
comets. See also Beta Pictoris.

protostar /proh-toh-star/ A stage in the
evolution of a young star after it has frag-
mented from a gas cloud but before it has
collapsed sufficiently for nuclear reactions
to begin. This phase may take from 105 to
107 years, depending on the mass of the
star. Simple theoretical models of proto-
stars are probably inaccurate, according to
recent observations of star-formation re-
gions. The satellite IRAS has probably de-
tected many protostars in its infrared
survey, but their identification requires
clear criteria for distinguishing true proto-
stars from young stars cocooned in dust.
See also star formation.

Proxima Centauri /proks-ă-mă sen-tor-ÿ,
-ee/ (V645 Cen) The nearest known star
to the Sun. It is a FLARE STAR located in the
constellation Centaurus and is a compo-
nent of the ALPHA CENTAURI system, about
2°.2 from α Cen. Although very faint, it is
an intense source of low-energy X-rays and
high-energy ultraviolet – i.e. XUV wave-
lengths. mv: 11.05 (var.); Mv: 15.5; spectral
type: M5.5 Ve; mass: 0.1 times solar mass;
distance: 1.29 pc. (4.2 ly).

proximity effect See quasar.

p-spot Short for preceding spot. See
sunspots.

PSR Prefix used to designate a radio PUL-
SAR, as in PSR 1913+16, the numbers indi-

cating the pulsar’s position (in right ascen-
sion and declination) on the sky.

PSR J0737–3039 A double radio pul-
sar system in the southern constellation
Puppis and the first such system to be dis-
covered. One component, a 23-millisecond
pulsar now known as PSR J0737–3039 A,
was discovered in 2003 by an international
team of scientists using the 64-meter
CSIRO radio telescope at the Parkes Ob-
servatory in New South Wales, Australia.
At first it was assumed that this pulsar was
orbiting a non-pulsing neutron star, but
further observations made with the Parkes
dish and the 76-meter Lovell radio tele-
scope at the University of Manchester’s Jo-
drell Bank Observatory in Cheshire,
England, UK, revealed that the companion,
now designated PSR J0737–3039 B, had a
detectable slow pulse, rotating once every
2.8 seconds. The two pulsars are an esti-
mated 800 000 kilometers apart and orbit
around a common center of mass once
every 2.4 hours. By chance the orbit ap-
pears edge-on, and each pulsar periodically
eclipses the other, allowing researchers for
the first time to analyze the physical condi-
tions of a pulsar’s magnetosphere or outer
atmosphere. It is thought that the double-
pulsar system evolved when, following the
supernova explosion of the more massive
PSR J0737–3039 A and its transformation
into a pulsar, a companion star was born
and eventually developed into a giant. Ma-
terial from the giant was accreted on the
pulsar by mass transfer, making it spin
faster. In time, the giant also exploded as a
supernova and it too developed into a pul-
sar. Powerful gravitational forces are
drawing the pulsars closer to each other,
and scientists estimate that they will coa-
lesce in 85 million years’ time, possibly
forming a black hole. distance: 500–600
pc. See PULSAR.

Ptolemaeus /tol-ĕ-may-ŭs/ See table at
craters.

Ptolemaic system /tol-ĕ-may-ik/ A
model that attempted to explain the ob-
served motions of the Sun, Moon, and
planets and predict their future positions.

protoplanet
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Originally proposed by Apollonius of
Perga in the third century BC and developed
by Hipparchus, it was completed by
Claudius Ptolemaeus of Alexandria in the
second century AD. Ptolemy assumed a
GEOCENTRIC SYSTEM, possibly for ease of
calculation, in which the Moon, Mercury,
Venus, the Sun, Mars, Jupiter, and Saturn
moved around the Earth in circular orbits
of increasing radius. The position of the
Earth, E, was somewhat offset from the
center of the orbit, C (see illustration). The
orbiting body moved at a uniform rate
about a point A rather than about C. A, C,
and E were colinear and AC = CE. This im-
proved the accuracy of earlier theories in
which Ptolemy had made the Moon or
planet move in a small circle (an epicycle)
the center of which moved around the cir-
cumference of a larger circle (the deferent),
which was the body’s orbit. By a suitable
choice of the relative size of epicycle to def-
erent, the relative rates of motion in these
circles, and the distance CE, Ptolemy was
able to predict planetary positions to
within about 1°. Comparison between pre-
diction and observation were much simpler
with a geocentric rather than a heliocentric
system. It is not known however whether
Ptolemy believed in an actual geocentric
Solar System, as did his later followers. The
Ptolemaic system, with minor modifica-
tions, was in use until the COPERNICAN SYS-
TEM was finally accepted.

P-type asteroid A fairly common main-

belt asteroid type with an orbital distribu-
tion that peaks near the 3:2 orbital reso-
nance with Jupiter, at a semimajor axis
length of 4.0 AU. (An asteroid here will
orbit three times for every two orbits of
Jupiter.) These asteroids have featureless
spectra and low albedos. Their surfaces are
thought to be rich in organic material.

Puck /puk/ A small roughly spherical
satellite of Uranus, discovered in 1985 by
Voyager 2. It has a low ALBEDO and three
named craters: Bogle, Lob, and Butz. See
Uranus’ satellites; Table 2, backmatter.

Pulkovo Main Astronomical Observa-
tory /pool-ko-vo/ The chief astronomical
observatory in Russia, built on the com-
manding heights of Pulkovo about 6 kilo-
meters outside St Petersburg. It was
founded in 1839 at the behest of Tsar
Nicholas I, who appointed the German-
born astronomer Friedrich Georg Wilhelm
von Struve as its first director. It was com-
pletely destroyed in World War II, after
which it was rebuilt. It reopened in 1954
with the surviving instruments repaired
and modernized and some new instru-
ments. In 1997, by presidential decree, it
received the status of ‘especially valuable
object of the cultural heritage of the peo-
ples of the Russian Federation’.

pulsar /pul-sar/ A very regularly ‘puls-
ing’ source of radiation, which almost cer-
tainly originates from a rotating NEUTRON
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STAR. Pulsars were originally discovered at
radio wavelengths, and a few of these have
been detected at optical and gamma-ray
wavelengths; pulsars can be powerful
gamma-ray emitters (see gamma-ray pul-
sars) and there is also a class of X-RAY PUL-
SATORS or pulsars.

The first radio pulsar, PSR 1919+21,
was detected by Antony Hewish and Joce-
lyn Bell during a pioneering study of inter-
planetary scintillation (see scattering).
More than 500 radio pulsars are now
known. The periods range from 1.56 mil-
liseconds to 4 seconds and can be measured
to accuracies of, typically, one part in 1010.
The width of the pulse is usually a few per
cent of the pulsar’s period but can reach
50%. Pulsars with periods shorter than
about 0.01 seconds constitute the distinct
class of MILLISECOND PULSARS. Most pulsars
are single, but BINARY PULSARS are now
known, about half of which are millisec-
ond pulsars.

The total number of pulsars in the
Galaxy is estimated at about 100 000.
Their rate of formation is now calculated
as maybe 5 per century. Pulsars, together
with a smaller number of black holes, are
currently thought to originate in SUPER-
NOVA explosions. The estimated supernova
production rate in the Galaxy is only 2–3
per century. The discrepancy is less than
was thought a few years ago, but it may
still be necessary to invoke the formation
of some pulsars by another means (perhaps
the accretion of gas on to a WHITE DWARF).

The received pulses occur when a beam
of radio waves, emitted by a rotating neu-
tron star, sweeps past the Earth in an iden-
tical manner to the flashes produced by a
lighthouse lamp. This beam of radiation is
comprised of SYNCHROTRON EMISSION; it
arises from electrons moving in the neu-
tron star’s strong magnetic field (about 108

tesla), whose direction differs from that of
the pulsar’s rotation axis. There is still dis-
pute over the emission site of the beam: it
may be near the star, at the magnetic poles,
so that radio waves are beamed down the
magnetic axis; alternatively it may be far-
ther out near the speed of light cylinder,
where the magnetic field is rotating at al-
most the speed of light.

Despite their impressive regularity, the
periods of all radio pulsars are very gradu-
ally increasing as the neutron star loses ro-
tational energy. The central star of the
CRAB NEBULA – the youngest known pulsar
– is slowing at the rate of one part in a mil-
lion per day. The slow-down rate of both
this pulsar and the young VELA PULSAR are
occasionally interrupted by glitches (or
spin-ups): temporary changes in rotation
rate. These are thought to be due to re-
arrangements of the crust or core of the
neutron star. The Crab and Vela pulsars
are both OPTICAL PULSARS. They are also
among the brightest GAMMA-RAY SOURCES

in the sky. Both optical and gamma-ray lu-
minosity seem to decrease rapidly with a
pulsar’s age. The Crab pulsar is the fastest
of the young pulsars (having a period of 33
milliseconds) but the millisecond pulsars
represent a much faster and much older
class of pulsar, probably ‘spun-up’ by mass
transfer.

X-ray pulsars occur in close binary sys-
tems when gas from a companion is chan-
neled on to the neutron star at its magnetic
poles: the X-rays appear to pulse on and
off as these hot gas patches are exposed by
the star’s rotation. The gas flow affects the
neutron star’s spin and as a result all X-ray
pulsars are gradually speeding up. Al-
though some have typical pulsar periods
(up to a few seconds) there are many ‘slow’
X-ray pulsars (with periods of several min-
utes), whose rotation must somehow have
been strongly ‘braked’.

pulsating Universe See oscillating Uni-
verse.

pulsating variables VARIABLE STARS that
periodically brighten and fade as a result of
large-scale and more or less rhythmical
motions of their outer layers. Most stars
evolve during their lifetime to a state where
they naturally pulsate. The simplest mo-
tion is purely radial, a cycle of expansion
and contraction in which the star remains
spherical but changes volume. The idea
that a periodic stellar expansion could lead
to a variable light output was proposed by
Shapley in 1914, with Eddington present-
ing the theory in 1918. The period of light

pulsating Universe
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variation is equal to the period of pulsation
and is normally approximately constant.
The spectrum of the star also changes peri-
odically due to changes in surface temper-
ature. The pulsation cycle is demonstrated
by variations in RADIAL VELOCITY. All these
variations are shown in the diagram at
CEPHEID VARIABLES. The pulsation period,
P, was shown by Eddington to be related to
mean stellar density, ρ, by the period-den-
sity relation and hence to the star’s radius,
R, and mass, M: 

P ∝ 1/√ρ ∝ √(R3/M)
Combining this relation with STEFAN’S LAW

and a MASS-LUMINOSITY RELATION shows
that pulsation period should be related to
luminosity (see period-luminosity rela-
tion). Types of pulsating variable include
the CEPHEID VARIABLES, RR LYRAE STARS,
DWARF CEPHEIDS, DELTA SCUTI STARS, long-
period MIRA STARS, SEMIREGULAR VARIABLES

(including RV TAURI STARS), IRREGULAR

VARIABLES, and BETA CEPHEI STARS.
A star pulsates because there is a small

imbalance between gravitational force and
outward directed pressure so that it is not

in hydrostatic equilibrium. When it pul-
sates it expands past its equilibrium size
until the expansion is slowed and reversed
by gravity. It then overshoots its equilib-
rium size again until the contraction is
slowed and reversed by the increased gas
pressure within the star. The fact that the
pulsations do not die away as energy is dis-
sipated means that some process is contin-
uously providing mechanical energy to
drive the pulsations. The center of the star
is not involved in the pulsation. For most
pulsating variables the driving force is a
valve mechanism in the form of a region of
changing OPACITY near the stellar surface
where the pulsation amplitude is greatest.
This region is an ionization zone in which
atoms, mainly helium, are partially ion-
ized. Normally atoms become transparent,
letting heat escape, as they are compressed.
In an ionization zone the opacity increases
with compression and the zone effectively
acts as a heat engine, storing energy (in the
form of the second ionization of helium);
the energy is released during the expansion
stage (as the helium recombines). As long
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as the zone lies at the required depth below
the surface it can drive the pulsations. If the
zones are too close to the surface, as in a
very hot star, or if too deep, then pulsa-
tions cannot occur. The period of pulsation
is complicated by the fact that the gas is
thought to be able to undergo oscillations
(as in an open musical pipe) either in a fun-
damental mode or as a harmonic of the
fundamental.

The distribution of pulsating variables
on the HERTZSPRUNG–RUSSELL DIAGRAM dif-
fers from that of normal stars. Most lie on
a nearly vertical band – the Cepheid insta-
bility strip – that extends upward from the
main sequence (and possibly below it) and
merges into a broader instability region at
top right (see illustration). Stars reach these
instability regions by various evolutionary
paths and may turn up there several times
during their evolution. The existence of
such instability regions indicates that with
certain combinations of stellar luminosity
and effective temperature a state of pulsa-
tion rather than of rest is favoured.

Puppis /pup-is/ (Poop; Stern) A constel-
lation in the southern hemisphere near

Canis Major, lying partly in the Milky
Way. It was once part of the constellation
ARGO. The brightest star is the extremely
remote and luminous 2nd-magnitude Naos
(ζ). It also has several open clusters includ-
ing M47 (NGC 2422), just visible, and
M46 (NGC 2437), which contains the
bright planetary nebula NGC 2438; the su-
pernova remnant Puppis A is a strong
radio and X-ray source. Abbrev.: Pup; gen-
itive form: Puppis; approx. position: RA
7.5h, dec –30°; area: 673 sq deg.

Puppis A See Puppis.

Pyxis /piks-is/ (Mariner’s Compass) A
small inconspicuous constellation in the
southern hemisphere near Vela, lying
partly in the Milky Way. It once formed
part of the Mast of Argo, an obsolete divi-
sion of ARGO. It has some 3rd- and 4th-
magnitude stars and contains the peculiar
RECURRENT NOVA T Pyxidis. Abbrev.: Pyx;
genitive form: Pyxidis; approx. position:
RA 9h, dec –30°; area: 221 sq deg.

PZT Abbrev. for photographic zenith
tube. 

Puppis
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QPO Abbrev. for quasi-periodic oscilla-
tion.

QSO Abbrev. for quasi-stellar object.
See quasar.

Q-type asteroids A rare class of aster-
oid that at present only contains (1862)
APOLLO, (2063) Bacchus, and a few other
NEAR-EARTH ASTEROIDS. The spectra are
similar to ordinary CHONDRITE meteorites
and have a strong absorption feature just
below 0.7 µm.

quadrant /kwod-rănt/ An instrument
dating back to antiquity and used for meas-
uring altitudes and angular separations of
stars. It remained the most important as-
tronomical instrument until the telescope
was invented. It consisted of a 90° gradu-
ated arc (a quarter circle) with a swiveling
arm to which a sighting mechanism was at-
tached. In the mural quadrant the gradu-
ated arc, often very large, was attached to
a wall and was orientated along the ob-
server’s meridian. The mural quadrant was
therefore the forerunner of the TRANSIT CIR-
CLE.

Quadrantids /kwod-ran-tidz/ A major
METEOR SHOWER, radiant: RA 232°, dec
+50°, that maximizes on Jan. 3 when the
SUN’S LONGITUDE is 282.8°. The ZENITHAL

HOURLY RATE (ZHR) at maximum is about
90 and is constant from year to year. The
METEOROID STREAM is narrow, the ZHR
being greater than half maximum for only
17 hours: the stream’s cross-sectional di-
ameter is about 1.7 million km compared
with 20 million and 13 million km for
those of the PERSEIDS and GEMINIDS. The
stream has its ascending NODE close to the
orbit of Jupiter. Owing to gravitational

and radiational perturbations the large ‘vi-
sual’ meteoroids are in a slightly different
orbit to the smaller ‘radio’ meteoroids. The
shower is thought to be associated with
comet Machholz. It is named after the ob-
solete constellation Quadrans Murali
found in early 19th-century star atlases.
The radiant is actually in Boötes.

quadrature /kwod-ră-cher/ The posi-
tion, or aspect, of a body in the Solar Sys-
tem when its ELONGATION from the Sun, as
measured from the Earth, is 90°, i.e. when
the angle Sun-Earth-body is a right angle.

quantum /kwon-tŭm/ The minimum
amount by which certain properties of a
system, such as its energy or angular mo-
mentum, can change. The value of the
property cannot therefore vary continu-
ously but must change in steps: these steps
are equal to or are integral multiples of the
relevant quantum. This idea is the basis of
QUANTUM THEORY and quantum mechan-
ics. The PHOTON, for example, is a quan-
tum of ELECTROMAGNETIC RADIATION.

quantum cosmology Theories that en-
compass the meeting of gravity, quantum
mechanics, and cosmology at a time – the
PLANCK TIME – very shortly after the BIG

BANG.

quantum efficiency A measure of the
efficiency of conversion or utilization of
light or other radiation. It is given by the
proportion of incident PHOTONS, of a par-
ticular frequency, that are converted by a
device into a useful form, such as a perma-
nent record. Photographic emulsions, at
best, record only a few photons out of
every thousand falling on them. Electronic
detectors have a much higher efficiency.
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quantum gravitation Any of various
theories of gravitation that are consistent
with the theories of quantum mechanics
and special relativity. It is postulated that
the gravitational force between two parti-
cles is generated by the exchange of an in-
termediate particle. (This is similar to the
explanation of the other FUNDAMENTAL

FORCES.) In earlier theories the force was
transmitted by the exchange of particles
called gravitons of zero charge, zero rest
mass, and spin 2; other particles have also
been suggested.

quantum mechanics See quantum
theory.

quantum number One of a set of inte-
gers or half integers characterizing the en-
ergy states of an ELEMENTARY PARTICLE or
system of particles. Physical properties,
such as charge and spin, are described by
quantum numbers.

quantum theory The theory put for-
ward by the German physicist Max Planck
in 1900. Classical physics regarded all
changes in the physical properties of a sys-
tem to be continuous. By departing from
this viewpoint and allowing physical quan-
tities such as energy, angular momentum,
and action to change only by discrete
amounts, quantum theory was born. It
grew out of Planck’s attempts to explain
the form of the curves of intensity against
wavelength for a BLACK-BODY radiator. By
assuming that energy could only be emitted
and absorbed in discrete amounts, called
QUANTA, he was successful in describing the
shape of the curves. Other early applica-
tions of quantum theory were Einstein’s
explanation of the PHOTOELECTRIC EFFECT

and Bohr’s theory of the atom (see hydro-
gen spectrum; energy level). The more pre-
cise mathematical theory that developed in
the 1920s from quantum theory is called
quantum mechanics. Relativistic quantum
mechanics resulted from the extension of
quantum mechanics to include the special
theory of RELATIVITY.

Quaoar The largest known KUIPER BELT

OBJECT, discovered in June 2002 by Chad

Trujillo and Mike Brown of the California
Institute of Technology using the 1.2-meter
Oschin Telescope at PALOMAR OBSERVA-
TORY. With an estimated diameter of about
1250 km, it is more than 30% larger than
(1) CERES, the largest of the asteroids, and
is larger in volume than all the known as-
teroids put together. It is half the diameter
of PLUTO but has only 12½% of its volume.
Quaoar, which takes its name from the cre-
ation mythology of the Tongva, a native
American people who once inhabited the
area around present-day Los Angeles, or-
bits the Sun in about 285 years at a mean
distance of 42 AU. Its orbit is inclined at an
angular of 8° to the ECLIPTIC and has an ec-
centricity of less than 0.04..

quark /kwork, kwark/ Any of six point-
like ELEMENTARY PARTICLES (the up, down,
strange, charm, bottom, and top quarks)
that are thought to be the structural units
from which other particles (excluding lep-
tons) are formed. In the usual scheme,
quarks all have spin ½, electric charges that
are –⅓ or ⅔ of the proton charge, and
other innate qualities. Corresponding to
each quark is an antiquark, with opposite
electric charge, etc. (see antiparticles). The
theory of quark interactions predicts that
isolated quarks can never exist in the free
state (under normal conditions of tempera-
ture and pressure); they occur only in par-
ticular pairs and triplets that form the class
of particles called the hadrons. The proton,
for example, is composed of one down and
two up quarks, the neutron of one up and
two down quarks. Quarks are held to-
gether through the exchange of massless
particles called gluons; these are the car-
riers of the strong force, one of the four
FUNDAMENTAL FORCES that particles experi-
ence.

At present there are tentative sugges-
tions that states of condensed matter, such
as the deep interiors of NEUTRON STARS,
may consist of a soup of free quarks. See
also Big Bang theory.

quark–gluon plasma A state of matter
thought to have existed in which isolated
hadrons did not exist but in which quarks
and gluons formed a ‘hot soup’. It is

quantum gravitation
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thought that this state ended about 10–5

seconds after the big bang when there was
a phase transition in which hadrons
formed as the Universe cooled.

quark-hadron phase transition See
Big Bang theory.

quasar /kway-zar/ A compact extra-
galactic object that looks like a point of
light but emits more energy than a hundred
supergiant galaxies. The name is a contrac-
tion of quasi-stellar object (QSO). Al-
though they are bright optical sources,
quasars emit most of their energy as in-
frared radiation. They are also strong X-
ray sources. About 10% of quasars are also
radio sources.

Quasars, of which several thousand are
known, were discovered in 1963 as the op-
tical counterparts to some powerful radio
sources. The spectra of these objects were
peculiar, with bright emission lines, appar-
ently of an unknown element, superim-
posed on a continuum. Maarten Schmidt
finally recognized the pattern of lines in
one of these objects (3C 273) as the Balmer
series of hydrogen redshifted to z = 0.158
(see redshift), showing that it was impossi-
ble for this to be a star within the Galaxy.
Other quasars were then discovered to
have far greater redshifts. The record is
currently held by RD J030117+002025,
whose redshift of 5.50 indicates that it is
receding from us with more than 90% of
the speed of light. Astronomers today in-
terpret the quasar redshifts as Doppler
shifts (see Doppler effect) arising from the
expansion of the Universe, making them
among the most distant and hence the
youngest extragalactic objects we observe.

To be visible at such great distances,
quasars must be exceedingly luminous:
many have absolute MAGNITUDES brighter
than –27. There is however a great range in
luminosity. In addition quasars themselves
are often variable by a factor of two or
greater, on timescales sometimes as short
as a few hours. This indicates that their
light-producing regions are sometimes less
than a light-day across, which poses sev-
eral problems in explaining their energy
generation. The only process known to be

efficient enough is accretion on to a super-
massive BLACK HOLE (of the order of 109

solar masses) that is located at the nucleus
of the quasar. This is in agreement with the
nonthermal continuum emission observed
at all wavelengths.

Matter is accreted on the central black
hole via an accretion disk, which is heated
by the dissipation of gravitational energy
to produce a thermal component of emis-
sion in the quasar spectrum known as the
blue bump. Gas clouds located around this
system are also irradiated by the black hole
to produce low-ionization emission lines
(such as the Balmer series of hydrogen); the
LINE BROADENING reveals speeds in excess
of 10 000 km s–1, indicative of the bulk
motion of the clouds in orbit, accelerated
by the central massive gravitational poten-
tial. This inner region of the quasar sur-
rounding the black hole and its accretion
disk is known as the broad-line region
(BLR), and studies of the variability in the
line emission show that it spans a region
with radius typically of a few light-months.
At larger radii of ten to a thousand light-
years from the central ionization source,
the gas clouds have more moderate speeds
of a few hundred km s–1 and radiate
strongly in FORBIDDEN LINES of ionized met-
als as well as hydrogen. There is probably
a continuous transition between the BLR
and this narrow-line region (NLR). Both
the broad and narrow emission lines are
superimposed on the nonthermal spectrum
from the central black hole.

Deep exposures of quasars reveal that
the nucleus is located in a large but other-
wise normal ‘host’ elliptical galaxy. The
radio quasars have also been shown to lie
at the center of CLUSTERS OF GALAXIES for
redshifts up to at least 0.7. Many quasars
of both types are surrounded by emission-
line nebulae extended over many tens of
kiloparsecs in filaments and clouds. Some
observations suggest that the host galaxy is
distorted in shape and is partaking in an in-
teraction that may supply fuel to the black
hole. Alternatively, if a cooling flow is tak-
ing place in the galaxy CLUSTERS surround-
ing the radio quasars, these could be fueled
by the mass deposition. Only one-tenth of
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a solar mass a year is required to power a
luminous quasar.

There is a lack of quasars at very low
redshift. The LUMINOSITY FUNCTION of
quasars show that they were most numer-
ous around a redshift of 2 (when the Uni-
verse was half its present age) and their
numbers have declined catastrophically
since. The reason is not yet established.

The lines of sight to distant quasars
pass through many foreground systems,
some of which leave their imprint on the
quasar spectrum in the form of absorption
lines of ionized metals such as carbon and
magnesium. Many of these narrow absorp-
tion lines are thought to be due to extended
DARK HALOS of ordinary galaxies. Some
quasars show peculiar broadened line-of-
sight absorption lines of LYMAN-ALPHA that
have a high COLUMN DENSITY known as
damped Lyman-alpha systems. The fore-
ground systems are most likely either high-
redshift LSB GALAXIES, or the progenitors of
present-day disk galaxies.

Most of the very highest redshift
quasars show a large number of very nar-
row single absorption lines that completely
‘eat away’ the quasar continuum emission
just blueward of the quasar’s Lyman-α
emission line. This is the Lyman-alpha for-
est and is caused by Lyman-α absorption
by a population of small clouds spread
over a large range in redshift. The small
width of individual lines precludes their as-
sociation with the quasar, and they are
thought to arise instead from intergalactic
shreds of primordial matter. The tendency
of the number density of these Lyman-
alpha clouds to decrease along the line of
sight toward an individual quasar, is
known as the proximity effect, and is
caused by the quasar radiation ionizing
any clouds too close to it.

Absorption features intrinsic to the
quasar are found only in broad absorption
line (BAL) quasars. The width of the lines
implies that massive outflows of absorbing
gas are taking place at speeds of tens of
thousands of kilometers per second away
from the quasar.

See also radio galaxy; active galaxy.

quasi-periodic oscillations (QPOs)
Short-lived, periodic flux changes, fre-
quently observed in low-mass X-ray bina-
ries. They were first detected in EXOSAT

observations, with typical frequencies
being 1–20 Hz, and coherence lasting for
several tens of pulses; such pulses cause
broad peaks in the X-ray POWER spectra of
the sources. These QPOs are believed to
arise in oscillations associated with the ac-
cretion of matter onto the compact star
(white dwarf or neutron star) in these sys-
tems, and may prove to be a generic signa-
ture of such accretion. More recent
observations, particularly with RXTE,
have shown more rapid QPOs, at kHz fre-
quencies, possibly associated with the neu-
tron star spin frequency.

quasi-stellar object (QSO) See quasar.

quiescent prominence /kwee-ess-ĕnt/
See prominences.

quiet Sun The term applied to the Sun
around the minimum of the SUNSPOT

CYCLE, when the absence of ACTIVE REGIONS

allows relatively ‘quiet’ conditions to pre-
vail. The Sun is not then free of all distur-
bance but there are few (if any)
concentrations of intense magnetic flux to
produce significant departures from a uni-
form distribution of radiative flux across
the disk. Compare active Sun. 

quasi-periodic oscillations
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RA Abbrev. for right ascension.

radar astronomy /ray-dar/ The study
of celestial bodies (as yet) within the Solar
System by means of the faint reflections
from them of powerful high-frequency
radio transmissions aimed in their direc-
tions from the Earth. Some of the very
large radio DISHES such as the 305-meter
dish at ARECIBO, are equipped for radar
work. The time interval between transmis-
sion of a signal and reception of the re-
flected signal is an accurate measure of
intervening distance. The determination of
planetary distances by this method led to a
precise value for the ASTRONOMICAL UNIT.
The transmitted frequency may be chosen
to penetrate the atmosphere of a planet in
order to establish a profile of the surface,
which is otherwise hidden from view. In
addition, rotation periods can be deter-
mined from the doppler shift produced in
pulses bounced off different parts of an ob-
ject. The rotation periods of Venus and
Mercury were first determined by radar
measurements.

radar meteor Another name for radio
meteor. See meteor.

radial velocity /ray-dee-ăl/ (line-of-sight
velocity) Symbol: vr. The velocity of a
star along the line of sight of an observer.
It is calculated directly from the doppler
shift (see Doppler effect) in the lines of the
star’s spectrum: if the star is receding there
will be a REDSHIFT in its spectral lines and
the radial velocity will be positive; an ap-
proaching star will produce a blueshift and
the velocity will be negative. Most stars
have values lying between +40 and –40
km s–1. Radial velocity is usually given in

terms of the Sun’s position so that the
Earth’s orbital motion has no effect.

The velocity and direction of motion of
the Sun relative to the LOCAL STANDARD OF

REST can be determined from a statistical
analysis of the observed radial velocities of
nearby stars: stars in the region of the solar
APEX have predominantly positive veloci-
ties while those around the antapex have
predominantly negative ones.

A star’s velocity in space relative to the
Sun – its space velocity – is a vector quan-
tity and can be split into two components:
its radial velocity and its tangential veloc-
ity, vt, along the direction of PROPER MO-
TION. Measurements of these components
give both the magnitude, V, and direction,
θ, of the star’s space velocity (see illustra-
tion).

radial-velocity curve A curve showing
how the radial velocity of a SPECTROSCOPIC

BINARY changes during one revolution.
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radian /ray-dee-ăn/ A unit of angle used
in plane geometry that is the angle sub-
tended at the center of a circle by an arc of
the circle equal in length to the circle’s ra-
dius. Thus 2π radians equals 360°, 1 ra-
dian equals 57°.296, and 1° equals 0.017
radians. Solid angles, used in spherical
geometry, are measured in steradians.

radiant /ray-dee-ănt/ The point on the
celestial sphere, usually given in the coor-
dinates RIGHT ASCENSION and DECLINATION,
from which a METEOR appears to originate.
Shower meteors all seem to radiate from
this point and the TRAINS of a series of
shower meteors, extrapolated backwards,
intercept at the radiant. Its position is
found by calculating the intercept with the
celestial sphere of the vector sum of the me-
teor’s velocity vector and the Earth’s veloc-
ity vector on collision. The radiant position
changes slightly with time as the Earth
moves through the METEOROID STREAM.
Meteor showers are usually named after
the constellation that contains the radiant.

radiant flux The total power emitted or
received by a body in the form of radiation.
It is measured in watts.

radiation /ray-dee-ay-shŏn/ See electro-
magnetic radiation; energy transport.

radiation belts One or more doughnut-
shaped regions in the MAGNETOSPHERE of a
planet in which energetic electrons and the
ionized nuclei of atoms, chiefly protons
from hydrogen atoms, are trapped by the
planet’s magnetic field. The particles
within the belt, whose axis is the magnetic
axis of the planet, spiral along magnetic
field lines, traveling backward and forward
between reflections which occur as they
approach the magnetic poles. This motion
produces SYNCHROTRON EMISSION from the
particles. The particles are either captured
from the SOLAR WIND or are formed by col-
lisions between COSMIC RAYS and atoms or
ions in the planet’s outer atmosphere.

The Earth, Jupiter, Saturn, Uranus, and
Neptune are all known to possess radiation
belts. The magnetic field of Mercury ap-
pears to be too weak to sustain belts. The

radiation belts of Jupiter are many times
more intense than the VAN ALLEN RADIA-
TION BELTS of the Earth and pose a threat to
spacecraft systems in the vicinity of the
planet.

radiation era See Big Bang theory.

radiation pressure The very small pres-
sure exerted on a surface by light or other
electromagnetic radiation. The radiation is
considered as a stream of PHOTONS, and the
pressure is then due to the transfer of mo-
mentum from the photons to the surface.
Although radiation pressure has a negligi-
ble effect on large particles or on dense
matter, the effect is considerable with very
small particles, which are driven away
from the radiation source. Thus solar radi-
ation pressure, aided by the SOLAR WIND,
clears tiny particles of dust (< 1 µm) from
the Solar System. See also Poynting–
Robertson effect.

radiation resistance A ficticious resis-
tance in which the power radiated away
from or collected by an ANTENNA is consid-
ered to be dissipated. For a perfect antenna
made of superconducting material, the
ohmic losses (power dissipation arising
from resistance) in the elements themselves
are zero; the resistive part of the impedance
presented at the feed point is then equal to
the radiation resistance. In any practical
antenna the ohmic losses are kept as small
as possible in comparison to the radiated
power. Maximum power transfer between
transmitter or RECEIVER and the antenna is
effected when the FEEDER has a characteris-
tic impedance equal to the radiation resis-
tance.

radiation temperature See effective
temperature.

radiative transport, zone /ray-dee-ay-
tiv/ See energy transport.

radicals /rad-ă-kălz/ Highly reactive
groups of atoms that do not usually occur
under terrestrial conditions but may be rel-
atively abundant in some MOLECULAR

CLOUDS, where collisions between reacting



species happen only rarely. Radicals often
have unpaired electrons in their outer
shells. CN is an example.

radioactive decay /ray-dee-oh-ak-tiv/
The spontaneous transformation of one
atomic nucleus into another with the emis-
sion of energy. The energy is released in the
form of an energetic particle, usually an
ALPHA PARTICLE, BETA PARTICLE (i.e. an elec-
tron), or positron, sometimes accompanied
by a gamma-ray photon. The unstable iso-
topes of an element that can undergo such
transformations are called radioactive iso-
topes, or radioisotopes. The emission of a
particle from the nucleus of a radioisotope
results in the production of an isotope of a
different element, as in the beta decay of
carbon–14 to nitrogen–14 or the alpha
decay of radium–226 to radon–222. The
isotope produced is itself often radioactive.

The average time taken for half a given
number of nuclei of a particular radioiso-
tope to decay is the HALF-LIFE of that ra-
dioisotope; values range from a fraction of
a second to thousands of millions of years.
See also radiometric dating.

radio astrometry /ray-dee-oh/   A branch
of ASTROMETRY in which the coordinates of
celestial objects are measured with high
precision using a RADIO TELESCOPE. It has
become more accurate than its optical
counterpart in recent years with the advent
of interferometers having very long and ac-
curately determined baselines. See VLBI.

RadioAstron /ray-dee-oh-ass-tron, rad-
ee-/ An international collaborative mis-
sion to launch a 10-meter diameter RADIO

TELESCOPE into an elliptical orbit (apogee
80 000 km, period 28 hours) around the
Earth. The dish is made from 27 carbon-
fiber petals with a surface accuracy of 0.5
mm. RadioAstron is designed to carry out
VLBI observations in conjunction with
ground-based telescopes, operating at
wavelengths of 1.35, 6, 18 and 92 cm with
an angular resolution of up to 30 milliarc-
seconds.

Initiated in the former Soviet Union, the
project now has support from more than

20 countries and is planned for launch
around 2003.

radio astronomy The study of celestial
bodies and the media between them by
means of the RADIO WAVES they emit. Ex-
traterrestrial radio waves were first de-
tected in 1932 by the American radio
engineer Karl Jansky. The first RADIO TELE-
SCOPE was built and operated by Grote
Reber in the late 1930s but radio astron-
omy only developed after the war. It has
benefitted greatly from advances in elec-
tronics and solid-state physics and is now a
major branch of observational astronomy.
It is particularly useful in the study of
gaseous nebulae such as H I and H II re-
gions, PULSARS, SUPERNOVA REMNANTS,
RADIO GALAXIES, QUASARS, and the MI-
CROWAVE BACKGROUND. See also radio
source.

radio background radiation See inter-
stellar medium; radio source.

radio brightness (surface brightness)
The spectral FLUX DENSITY of a radio source
per unit solid angle (see brightness temper-
ature). An image of the radio brightness
distribution over the sky shows the shape
of extended RADIO SOURCES in a form simi-
lar to an optical photograph. Maps made
by APERTURE SYNTHESIS instruments, which
naturally measure flux densities rather
than brightnesses, are often calibrated in
flux density units per synthesized beam
area.

radio core See radio-source structure.

radio frequency See radio waves.

radio galaxy An extragalactic radio
source identified with an optical galaxy
whose radio-power output lies in the range
1035 to 1038 watts. These sources often
show symmetric tripolar structure (see
radio-source structure) and may be distin-
guished from normal galaxies, such as
M31, whose radio emissions roughly fol-
low the optical contours of the galaxy and
whose radio powers are much lower, in the
range 1030 to 1032 watts. Powerful radio
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sources are always located in elliptical
galaxies, many of which are the central
dominant member of a CLUSTER OF GALAX-
IES. Radio galaxies with diameters greater
than one megaparsec are now known. An
example of such a giant radio galaxy is
3C 236, which is a double radio source
whose radio emission spans almost six
megaparsecs of space, making it one of the
biggest radio galaxies in the Universe.

Radio galaxies are a form of ACTIVE

GALAXY. High-luminosity radio galaxies
sometimes share some characteristics of
QUASARS, such as broad optical emission
lines and a bright optical nucleus in the
galaxy and are termed broad-line radio
galaxies (BLRG).

The similarities, in addition to their
shared RADIO-SOURCE STRUCTURE, have led
several astronomers to propose that the
radio quasars and the very powerful FR II

radio galaxies are the same type of object
viewed at different inclinations to the line
of sight. These unification scenarios sug-
gest that when radio galaxies are observed
along the radio source axis, the continuum
emission from the central black hole is rel-
ativistically beamed into the line of sight,
brightening the galaxy nucleus to appear as
a quasar. When the system is viewed at a
larger inclination, the continuum emission
is no longer beamed into the line of sight
and only the ‘host’ galaxy is seen. An opti-
cally thick torus around the nucleus may
contribute to hiding it from sight. In this
scenario, a BLRG is seen at some interme-
diate angle that is near the division of
quasars and radio galaxies. Comparisons
of orientation-independent properties of
the systems, such as extended optical line
emission, extended radio flux, the size and
magnitude of the host galaxy, and cluster
membership, broadly support the unifica-
tion schemes. Similar schemes exist to
unite the two types of SEYFERT GALAXY, and
to identify BL LAC OBJECTS as the beamed
apparition of the less powerful FR I radio
galaxies.

High-redshift radio galaxies, such as
those selected from the 3C catalog, are ex-
ceptionally luminous systems in both opti-
cal and radio emission. The galaxies
possess optical emission-line nebulae and

an optical-ultraviolet continuum (in the
REST FRAME of the galaxy) that are ex-
tended over tens to hundreds of kilopar-
secs. These structures are elongated and
aligned with the direction of the radio-
source axis, in an alignment effect, thought
in part to be due to star formation induced
in the surrounding medium by the passage
of the radio jets. Other distant radio
sources, known as compact steep-spectrum
radio sources, show very STEEP radio spec-
tra and subtend only a very small angular
scale in the radio waveband. These are
thought to be powerful radio galaxies in
the early stages of their formation, when
the radio jets are prevented by expanding
from the active nucleus by a dense environ-
ment.

radio heliograph A RADIO TELESCOPE

designed for making radio maps of the Sun.
The radio heliograph at Nobeyama, Japan,
is a particular example.

radio interferometer See aperture syn-
thesis; phase-switching interferometer;
radio telescope.

radioisotope /ray-dee-oh-ÿ-sŏ-tohp/ See
radioactive decay.

radioisotope thermoelectric generator
/ther-moh-i-lek-trik/ (RTG) See thermo-
electric generator.

radio lobe See radio-source structure.

radio map See radio-source structure.

radio meteor (radar meteor) See me-
teor.

radiometer /ray-dee-om-ĕ-ter/ A device
that measures the total energy or power re-
ceived from a body in the form of radia-
tion, especially infrared radiation. In radio
astronomy, a radiometer measures the
total received radio NOISE POWER.

radiometric dating /ray-dee-oh-met-rik/
The dating of rocks (and also fossils and
archeological remains) by the accurate de-
termination of the quantities of a long-

radio heliograph
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lived radioactive isotope and its stable
decay product in a sample. Assuming that
the parent radioisotope was present at the
time of formation of the rock, etc., then the
number of daughter isotopes produced by
RADIOACTIVE DECAY of the parent depends
only on the HALF-LIFE of the parent and the
age of the sample. Half-lives must there-
fore be known with great accuracy for pre-
cise dating and should range from about
105 to about 1010 years. In addition, there
should be no loss or gain of parent or
daughter isotope during the time the
‘radioactive clock’ is operating; if this con-
dition is only partly satisfied, allowances
must be made. The decay of radioisotopes
can be used not only to date material but
also to time very slow processes, such as
the evolution of the Earth’s atmosphere.

Pairs of isotopes used in radiometric
dating include potassium–40 which decays
to argon–40 with a half-life of 1.25 × 109

years, and rubidium–87 which decays to
strontium–87 with a half-life of 4.88 × 1010

years.

radio receiver See receiver.

radio source A celestial object whose
radio emissions may be detected with a
RADIO TELESCOPE. Within our Solar System
these sources include Jupiter and the Sun,
both of which emit powerful radio BURSTS.
Galactic radio sources include PULSARS, SU-
PERNOVA REMNANTS, H I and H II regions,
MASER SOURCES, and the GALACTIC CENTER

itself. SYNCHROTRON EMISSION from cosmic
rays in the Galaxy gives rise to a diffuse
background radiation, centered broadly on
the galactic plane but having several spurs
away from it (see interstellar medium).
This background radiation may limit the
SENSITIVITY of a radio telescope, especially
at frequencies below about 400 megahertz.

Extragalactic radio sources include spi-
ral galaxies (whose H I and CARBON

MONOXIDE emissions may be used to map
the distribution of hydrogen within them),
RADIO GALAXIES, and QUASARS. An extra-
galactic radio source is often classified ac-
cording to the spatial distribution of the
radio emission shown on a radio map of

the source. See radio-source spectrum;
radio-source structure.

radio-source catalog A numbered list
of RADIO SOURCES detected in a survey at a
given frequency down to a limiting FLUX

DENSITY. A well-known example is the
third Cambridge catalog, 3C. The catalog
usually lists the source positions and flux
densities together with any other informa-
tion that may be available about angular
sizes, etc. Early nomenclatures persist, such
as ‘Cassiopeia A’ for the brightest source in
Cassiopeia and 3C461 for the 461st source
in the Cambridge 3C catalog, but most
sources are classified by their position in
the sky. Thus a source at RIGHT ASCENSION

23h21m07s and DECLINATION +58.5° is
designated 2321+585. Positions are usu-
ally quoted at the standard EPOCHS of
1950.0 or 2000.0, and would need to be
corrected for PRECESSION to find their ac-
tual position. Most of the sources in radio
catalogs are RADIO GALAXIES or QUASARS.

From one or more catalogs SOURCE

COUNTS can be compiled, in which the total
number of sources per unit solid angle
(steradian) above a given FLUX DENSITY is
plotted as a function of the flux density.
These counts are important in COSMOLOGY

since different mathematical models of the
Universe predict different source counts:
they provide one method of comparing
theory with the real world.

radio-source spectrum The variation
of the FLUX DENSITY of a RADIO SOURCE with
frequency. The emissions from most radio
sources are NOISE signals displaying contin-
uous spectra that rise or fall with increas-
ing frequency more or less smoothly (see
spectral index). Sources of THERMAL and
SYNCHROTRON EMISSION both give spectra
of this type, sometimes showing a low-fre-
quency cut-off due to self-absorption (see
synchrotron emission) or the RAZIN EFFECT.
The spectra of the radiation from MASER

SOURCES or from clouds of interstellar mol-
ecules, such as some H I regions, have dis-
crete lines of bright emission superimposed
on a background continuum (see molecu-
lar-line radio astronomy). Extragalactic
objects are often described as either steep-
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spectrum or flat-spectrum radio sources
according to the size of the spectral index.

radio-source structure The spatial dis-
tribution of the radio emission from a
RADIO SOURCE. It may be partly inferred
from a radio map of the source, which is
the CONVOLUTION of the true source distri-
bution projected onto a plane and the AN-
TENNA PATTERN of the RADIO TELESCOPE,
and which is often plotted in contours of
constant BRIGHTNESS TEMPERATURE or FLUX

DENSITY; such a map is called a contour
map. Other features may be more easily
seen in a false-color map or a gray-scale
map, in which flux density or brightness
are plotted in different colors or shades of
gray. Where the angular size of the source
is smaller than the antenna pattern, the
radio map reveals no details of its struc-
ture; the source is then said to be unre-
solved and is described as a point source. In
the converse case, the source is said to be
extended.

Maps of extragalactic radio sources
often show two distinct bright features

called lobes to each side of the optical
galaxy position, and usually separated
from it by many hundreds of kiloparsecs.
These may be joined back to any compact
core emission associated with the galaxy
nucleus by a faint bridge of diffuse emis-
sion, or in the case of quasars by a clearly
collimated JET. The lobes are sometimes
broken into distinct hot spots of bright
emission with wide trailing extensions.
These double radio sources are commonly
separated into two Fanaroff–Riley (FR)
types, according to both their morphology
and power (see illustration). Type I sys-
tems are lower-luminosity radio galaxies
with symmetric two-sided bridges extend-
ing into smooth lobes. Type II sources have
powers above 5 × 1025 W Hz–1 at 178
MHz and are associated with quasars as
well as radio galaxies. Type FR II have
prominent lobes, with bright outer
hotspots and usually display only a one-
sided jet or bridge; CYGNUS A is a fine ex-
ample.

If a radio galaxy is moving rapidly
through a cluster, its extended lobes and

radio-source structure
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connecting trails are swept back by the
RAM PRESSURE of the intracluster medium
and form a bent double radio source. If the
bending is very great, the extended radio
structures may combine into a single trail,
forming a head-tail source.

radio telescope An instrument for
recording and measuring the RADIO-FRE-
QUENCY emissions from celestial RADIO

SOURCES. All radio telescopes consist of an
ANTENNA, or system of antennas, con-
nected by FEEDERS to one or more RE-
CEIVERS. The antennas may be in the form
of DISHES, simple linear DIPOLES, or YAGI AN-
TENNAS. The receiver outputs may be dis-
played on suitable devices such as
pen-recorders or, more usually, are passed
directly to a computer for storage and
analysis. Often the computer can then pro-
duce an image of the radio source similar
to an optical photograph (see radio bright-
ness).

The antenna system may consist of two
separated units whose electrical signals are
conveyed by feeders to a common receiver,
forming an interferometer. The antenna
units are often mounted on an east–west
line and are arranged to point in the same
direction. The Earth’s rotation then causes
a radio source to move through the an-
tenna beam. Waves from the source inter-
act when the identical signals are
combined, alternately reinforcing each
other (producing a signal) and canceling
out (producing no signal) during the
source’s passage through the beam. The
amplitude of the summed signal thus
changes periodically, producing interfer-
ence fringes at the output of the receiver.
The fringes are sinusoidal variations whose
maximum amplitude depends on the FLUX

DENSITY of the source and whose period de-
pends on both the radio wavelength and
the spatial separation of the antenna units.
Analysis of the changing interference
fringes allows source position to be deter-
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RADIO WAVES
(frequency allocations for radio astronomy – ITU 1990)

Frequency band (MHz) Bandwidth (%) Frequency band (GHz) Bandwidth (%)
13.360–13.410 0.37 10.6–10.7 0.94
25.550–25.670 0.49 15.35–15.4 0.33
37.5–38.25(4) 1.98 22.21–22.50 1.30
73–74.6(1) 2.17 23.6–24.0 1.68
150.05–153(2) 1.95 31.3–31.8 1.58
322.0–328.6 2.03 42.5–43.5 2.33
406.1–410.0 0.96 86–92 6.74
608.614(3) 0.98 105–116 9.95
1400–1427 1.91 164–168 2.41
1660–1670 0.60 217–231 6.25
2655–2690(4) 1.31 265–275 3.70
2690–2700 0.37 
4800–4990(4) 3.88 
4990–5000 0.20 

1. Primary allocation in the Americas, protection recommended in Europe, Africa,
Asia, and Australasia.

2. Primary allocation in  Europe, Africa, North Asia, Australia, and India.
3. Primary allocation in the Americas, China, and India.
4. Secondary allocation.



mined and source structure to be studied
(see coherence). An interferometer is gener-
ally used to improve the angular RESOLU-
TION of the telescope: the longer the
distance, or baseline, between the anten-
nas, the finer the detail that can be re-
solved. As resolution increases, however,
large-scale structure is lost. See also aper-
ture synthesis; array; LBI; VLBI.

radio waves Traveling electromagnetic
disturbances whose frequencies lie in the
radio region of the electromagnetic spec-
trum, extending from about 20 kilohertz 
to over 300 gigahertz, the highest frequen-
cies corresponding to millimeter and sub-
millimeter wavelengths. RADIO ASTRONOMY

may in principle be carried out at any radio
frequency but in practice observations are
confined to certain ‘radio-astronomy
bands’ set aside for that purpose by inter-
national agreement to minimize INTERFER-
ENCE from other services (see table). These
bands lie within the radio window (see at-
mospheric windows).

radio window See atmospheric win-
dows.

radius of curvature /ray-dee-us/ Sym-
bol: r, R. The radius of the sphere whose
surface contains the surface of a spherical
mirror, lens, or wavefront. The curvature
of the mirror, etc., is given by the recipro-
cal of the radius of curvature, i.e. by 1/r.
The radius of curvature of a mirror is twice
its FOCAL LENGTH, f. That of a lens is given
by 1/f = (n – 1)(1/r1 – 1/r2)
where n is the refractive index; it is as-
sumed that, in the direction of light travel,
the radii, r1 and r2, for the convex and con-
cave lens surfaces are positive and nega-
tive, respectively.

radius vector /vek-ter/ The line, of
length r, joining a point on a curve to a ref-
erence point, such as the origin in spherical
and cylindrical coordinate systems. In
planetary motion the radius vector is the
line between the position of a planet and
the focus of its orbit, i.e. the Sun’s position.
See also Kepler’s laws.

radome /ray-dohm/ A protective cover-
ing over a radio ANTENNA that is transpar-
ent to radio waves at the frequency in use.

rampart crater See crater.

ram-pressure stripping The removal
of gas from a rapidly moving system, such
as a cluster galaxy, by the friction of its
passage through a dense medium. This is
observed to be happening to the galaxy
M86 in the VIRGO CLUSTER as it moves
through the intracluster medium.

Ramsden disk /ramz-dĕn/ (Ramsden cir-
cle) See exit pupil.

Ramsden eyepiece See eyepiece.

Ranger /rayn-jer/ An American space
program, originally intended to hard-land
instruments on the lunar surface but up-
graded in 1963 into purely photographic
missions. The first five Ranger craft were
launched between August 1961 and Octo-
ber 1962. Ranger 6, launched Jan. 30
1964, reached its target but suffered cam-
era malfunction. The last three – Rangers
7, 8, and 9 – were launched on July 28
1964, Feb. 17 1965, and Mar. 21 1965.
They obtained the first close-ups of the
Moon, revealing the existence of boulders
and meter-sized CRATERS in the REGOLITH:
over 4300, 7100, and 5800 photographs
were transmitted by Rangers 7, 8, and 9 re-
spectively, leading to a great advance in
our knowledge of the Moon. See also Luna
probes; Lunar Orbiter probes; Surveyor;
Zond probes.

Rasalgethi /ras-al-jee-th’ee/ (αα Her) A
visual binary in the constellation Hercules.
The primary (A) is a red supergiant that
varies irregularly in magnitude from 2.7 to
4.0, the 5th-magnitude yellow giant com-
panion (B) appearing green by contrast. B
is a spectroscopic binary, period 51.6 days.
Spectral type: M5 I (A), G5 III + F2 (B);
distance: 193 pc.

Rasalhague /ras-al-hayg/ See Ophi-
uchus.

radio waves
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Rasin effect /rah-zin/ See Razin effect.

R association See association.

RATAN 600 Abbrev. for Radio Astro-
nomical Telescope of the Academy of Sci-
ences, a reflecting RING ANTENNA built
(1976) at the Zelenchukskaya site of the
SPECIAL ASTROPHYSICAL OBSERVATORY in the
Caucasus. It consists of 895 metal panels,
each 2 meters wide and 7.4 meters high,
arranged in a circle 576 meters across. The
panels can be tilted individually so that
they form part of one large paraboloid sur-
face and reflect radio waves horizontally to
a smaller secondary mirror and antenna
within the circle. Different sections of the
ring can be used to image separate sources
simultaneously. Observations can be made
at wavelengths between 1 and 50 cm.

Rayleigh limit /ray-lee/ See resolution.

Rayleigh scattering See scattering.

rays High ALBEDO (bright) streaks that
surround the youngest Moon CRATERS and
help to assign them to the Copernican Sys-
tem – the most recent era in lunar history.
Rays consist of crater EJECTA that has not
yet been darkened by radiation or by ad-
mixture with local materials. The most
prominent systems are associated with
TYCHO and Giordano Bruno. Similar bright
features have been found around craters on
other Solar-System bodies.

Razin effect /rah-zin/ (Razin–Tsytovich
effect) The reduction of the SYNCHRO-
TRON EMISSION from a relativistic electron
due to the REFRACTIVE INDEX of the sur-
rounding medium being less than one. The
RADIO-SOURCE SPECTRUM will show a sharp
cut-off below a frequency of about 20ne/B
MHz, where ne is the electron density (in
electrons per cubic meter) and B is the
magnetic field strength (in tesla).

R Coronae Borealis stars (R CrB stars)
A small group of VARIABLE STARS in which
the brightness decreases – typically by
about four MAGNITUDES – at irregular inter-
vals and often quite rapidly, returning to its

normal maximum often slowly and with
considerable fluctuation. The frequency of
occurrence of the decrease varies greatly
between the stars. The prototype of the
group is R Coronae Borealis, which drops
from 6th magnitude usually down to 14th.
R CrB stars are supergiant CARBON STARS

that have an abnormally low proportion of
hydrogen. The decrease in brightness ap-
parently arises from the strong absorption
of light by layers of carbon particles occa-
sionally formed in the outer regions of the
stellar atmosphere and gradually blown
away by radiation pressure. This interpre-
tation is supported by the observation that
the infrared output remains nearly con-
stant during the dramatic visual dimmings.
Some R Coronae Borealis stars, including
the prototype, are also PULSATING VARI-
ABLES. See also HdC stars.

receiver An electronic device that, in
radio astronomy, detects and measures the
radio-frequency signals picked up by the
ANTENNA of a radio telescope. A receiver
that measures the total NOISE POWER from
the antenna and from itself is called a total-
power receiver. This is in distinction to
other types that measure, for example, the
correlated power in two antennas (see cor-
relation receiver; Dicke-switched receiver;
phase-switching interferometer).

Radio-astronomy receivers usually use
the superheterodyne technique: the radio-
frequency signals at frequency f1 are com-
bined in a mixer with signals from a local
oscillator at frequency f0 to produce a com-
bination signal whose amplitude faithfully
follows that of the radio-frequency signal
but whose frequency is f1 – f0. This is the
intermediate frequency, IF, which is ampli-
fied in the IF amplifier and presented to the
first detector. The output of the nonlinear
detector is a voltage that depends on the
input power.

In a total-power receiver the output
from the detector becomes the receiver out-
put, having first been smoothed by a low-
pass FILTER to reduce the fluctuations due
to the system noise (see sensitivity). In a
switching receiver the first detector output
is passed to a PHASE-SENSITIVE DETECTOR be-
fore smoothing in order to pick out the
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component at the switching frequency that
is buried in the noise. See also line receiver.

recession of the galaxies An important
discovery made by Edwin Hubble in 1929
and based on the fact that the spectral lines
of all galaxies beyond the LOCAL GROUP are
systematically shifted toward longer wave-
lengths. These observed REDSHIFTS are in-
terpreted as being due to the Doppler shift
and imply that all distant galaxies are mov-
ing rapidly away from our own. The reces-
sion velocities of the galaxies can be
determined from their redshifts and are
found to be roughly proportional to their
distances from us. Thus the Universe as a
whole appears to be expanding, and it fol-
lows that the Universe was denser in the
past. See Big Bang theory; expanding Uni-
verse; Hubble’s law.

reciprocal mass /ri-sip-rŏ-kăl/ 1. (of a
planet) The mass of the Sun divided by the
mass of the planet, including its atmos-
phere and satellites.
2. (of a satellite) The mass of the satellite’s
planet divided by the mass of the satellite.

reciprocity failure /res-ă-pross-ă-tee/   See
photographic emulsion.

recombination line emission /ree-kom-
bă-nay-shŏn/ Electromagnetic radiation
resulting from the recombination of a free
electron (one not bound to a nucleus) and
an ionized atom. The spectrum of the radi-
ation consists of a continuum from the
transition of free electrons to bound states
and a number of distinct recombination
lines, each one due to a transition between
two ENERGY LEVELS in the atom. The emis-
sion lines occur at radio, infrared, and op-
tical frequencies.

The energy levels are numbered in se-
quence starting at one for the ground state.
Recombination lines are then classified ac-
cording to the number of the energy level
to which the electron moves and the num-
ber of energy levels that it passes. Recom-
bination line emission occurs, for example,
in EMISSION NEBULAE.

recombination time The period in the

Universe’s history, according to the BIG

BANG THEORY, after which the temperature
was low enough for atoms to form from
free nuclei and electrons. This required a
temperature of less than about 3000 K,
which occurred when the Universe had ex-
panded for about 300 000 years. At the
time of recombination the radiation in the
Universe began to propagate freely and
ceased to interact with free electrons. This
freely propagating radiation now resides in
the MICROWAVE BACKGROUND. The name
‘recombination’ is a misnomer because
neutral atoms are formed for the first time
at the recombination era, never having ex-
isted previously.

recurrent nova /ri-ku-rĕnt, -ker-ĕnt/ A
CATACLYSMIC VARIABLE that suffers a series
of violent nova?-like outbursts at periodic
intervals. The change in brightness is
smaller and the decline in brightness more
pronounced than with classical NOVAE.
Like other cataclysmic variables, a recur-
rent nova is a close binary system in which
one member is a WHITE DWARF; the other
component is a RED GIANT, and gas is being
transferred from the latter to the former.
The red giant loses matter about a thou-
sand times faster than the companion in a
nova system, so that the transferred hydro-
gen builds up on the surface of the white
dwarf at a much quicker rate. The accu-
mulated hydrogen is hence sufficient to
erupt in a thermonuclear explosion after
only a few decades, and astronomers have
been able to see multiple outbursts within
the past century or so of systematic investi-
gation of variable stars. Between outbursts,
the system’s light comprises both emission
from hot gas circling the white dwarf and
light from the cool red giant; as a result the
spectrum shows what is apparently a star
with two different temperatures (as with a
SYMBIOTIC STAR). T Pyxidis (1890, 1902,
1920, 1944, 1965), RS Ophiuchi (1901,
1933, 1958, 1967, 1985), T Coronae Bo-
realis (1866, 1946), U Scorpii (1863, 1906,
1936, 1979, 1987), and V394 Coronae
Australis (1949, 1987) are recurrent
novae.

reddening See extinction.

recession of the galaxies
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red dwarf Any of a large group of MAIN-
SEQUENCE STARS, mainly M and K STARS, that
are much cooler, smaller, and less massive
than the Sun (about 0.1–0.7 M�). The con-
vective motion within these stars, in com-
bination with their rotation, generates a
magnetic field, and the stars display a
range of magnetically initiated phenomena
similar to and sometimes more energetic
than those occurring on the Sun. These in-
clude starspots, flares, and hot chromos-
pheres and coronae. See also flare stars;
dwarf star.

red giant A GIANT STAR with a surface
temperature between 2000–4000 kelvin
and a diameter 10–1000 times greater than
the Sun. Red giants are one of the final
phases in the evolution of a normal star,
reached when its central hydrogen has
been used up. The star resorts to burning
hydrogen in a shell around its dense inert
helium core, which results in a rapid infla-
tion of the outer layers of atmosphere.
During subsequent evolution, interior
structural and nuclear changes cause the
star’s temperature, size, and luminosity to
alter (see giant); the star may change to a
more compact hotter type of giant, then
swell back to a red giant, more than once
as it evolves. Because red giants are so dis-
tended, gravity has only a small effect on
their surface layers and many lose consid-
erable amounts of mass into space in the
form of STELLAR WINDS. Condensing dust
grains around the stars make them IN-
FRARED SOURCES, while molecules here can
emit maser radiation, making them MASER

SOURCES.
Red giants are often VARIABLE STARS

since their surface layers slowly expand
and contract. Because these stars are so
large, their pulsations usually take about a
year to complete; red giants therefore be-
long to the class of MIRA STARS, or long-pe-
riod pulsating variables. Low-mass red
giants end up as PLANETARY NEBULAE, gen-
tly puffing off their distended atmospheres
at low velocities (a few km s–1) and leaving
their dense cores exposed as WHITE DWARF

stars, radiating away their heat into space.
More massive red giants explode as Type II

SUPERNOVAE. See also stellar evolution; su-
pergiant.

Red Planet Another name for Mars.

redshift /red-shift/ A displacement of
spectral lines toward longer wavelength
values; for an optical line, the shift would
be toward the red end of the visible spec-
trum. The redshift parameter, z, is given by
the ratio ∆λ/λ, where ∆λ is the observed in-
crease in wavelength of the radiation and λ
is the wavelength of the spectral line at the
time of emission from a source, i.e. the
wavelength in the ‘normal’ terrestrial spec-
trum.

The redshifts of astronomical objects
within the Galaxy are interpreted as
Doppler shifts (see Doppler effect) caused
by movement of the source away from the
observer. The value of z is then v/c, where
v is the relative RADIAL VELOCITY and c is
the speed of light. The redshifts of extra-
galactic sources, including QUASARS, are
also interpreted in terms of the Doppler ef-
fect, which for these objects results from
the expansion of the Universe. The redshift
parameter of a distant galaxy thus gives its
velocity of recession; since recessional ve-
locities can be very great, the relativistic ex-
pression for redshift must be used: 

z = [(c + v)/(c – v)]½ – 1

From measurements of galactic redshifts it
has been possible to calculate the distances
of galaxies, using HUBBLE’S LAW (see dis-
tance determination).

The redshifts described above represent
a loss of energy by the photons of radiation
in overcoming the effects of recession or
expansion. There is another mechanism,
however, by which redshifts can be pro-
duced, i.e. by which photons can lose
energy – the presence of a strong gravita-
tional field. This GRAVITATIONAL REDSHIFT

was predicted by Einstein in his general
theory of relativity. Although the redshifts
of galaxies are often interpreted as being
caused by the relativistic Doppler effect
alone, both the expansion and the gravita-
tional field of the Universe are involved.
See also cosmological redshift.

redshift survey A three-dimensional
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mapping of galaxies in a large region of the
sky, obtained by measuring the REDSHIFTS

of all the galaxies down to a certain limit-
ing magnitude. The redshifts allow dis-
tances to be determined using HUBBLE’S
LAW; the sky positions are known. Many
redshift surveys have been undertaken
using different strategies varying from au-
tomatic measurement of optical photo-
graphic plates (see APM; COSMOS) and
PENCIL-BEAM SURVEYS to galaxies selected
by their infrared emission. Redshift surveys
are important in tracing the LARGE-SCALE

STRUCTURE of the Universe into its con-
stituent superclusters, voids, and filaments.
Major surveys include the Harvard–Smith-
sonian CfA (Center for Astrophysics) sur-
vey (see illustration), the Las Campanas
redshift survey, the 2df survey, and the
SLOAN DIGITAL SKY SURVEY.

Red Spot See Great Red Spot.

red variables The large group of vari-
able stars, including MIRA STARS and IRREG-
ULAR VARIABLES, that lie in the top right of
the Hertzsprung–Russell diagram of PUL-
SATING VARIABLES.

reflectance /ri-flek-tăns/ The ratio of the

total radiant power reflected by a body to
that incident on it.

reflectance spectra SPECTRA by means
of which remote chemical analyses may be
made, based on the REFLECTANCE efficiency
of a planetary or satellite surface at various
wavelengths, particularly near-infrared
wavelengths.

reflecting telescope /ri-flekt-ing/ (reflec-
tor) A telescope that employs a mirror
(the PRIMARY MIRROR) to bring light rays to
a focus. The various configurations include
the CASSEGRAIN, RITCHEY–CHRÉTIEN, NEW-
TONIAN, GREGORIAN, and COUDÉ TELE-
SCOPES. There are also the MAKSUTOV and
SCHMIDT TELESCOPES, which are CATADIOP-
TRIC TELESCOPES: these instruments differ in
the shape of the primary, and in the addi-
tional optical system used to bring the
image to a convenient point where it can be
viewed through an EYEPIECE, photographed,
or detected and recorded electronically, and
subsequently analyzed. The ABERRATIONS in
reflectors can be reduced to a very low level
by suitable shaping of the primary mirror
and with the possible use of a CORRECTING

PLATE. In addition, a mirror, unlike a lens,
suffers no CHROMATIC ABERRATION.

Red Spot
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The first working reflector was a New-
tonian. In the period following its in-
troduction in about 1670, reflecting
telescopes with mirrors made from SPECU-
LUM METAL displaced the simple GALILEAN

and KEPLERIAN REFRACTING TELESCOPES

whose performance was limited by the
chromatic aberration of their single-lens
objectives. In the late 18th century,
William Herschel developed a special abil-
ity in making speculum-metal mirrors of
really accurate figure. In 1783 he built a re-
flector with an aperture of 46 cm and in
1789 one of 122 cm. He used these tele-
scopes for a wide range of observations,
making many important advances in stellar
astronomy.

The end of the era was marked by the
construction in 1842–45 of a 183-cm di-
ameter speculum-metal mirror by William
Parsons, third Earl of Rosse, at his family
seat of Birr Castle, at Parsonstown, Co. Of-
faly, Ireland. Known as Leviathan, this re-
flector was the largest such instrument
built until the Mount Wilson 254-cm
reflector – the Hooker Telescope – was
brought into operation in 1917.

In the latter half of the 19th century,
refracting telescopes with achromatic ob-
jectives overtook reflectors in performance
and held their lead until the start of the
20th (see achromatic lens). By then as-
tronomers had come to realize that the
reflectivity of silvered glass in mirror de-
sign made it far superior to speculum
metal, which rapidly became obsolete. It
was also realized that refractors had
reached a real size limit at about 100 cm di-
ameter: a lens can only be supported
around its edge and larger lenses sag under
their own weight to an unacceptable de-
gree. A primary mirror can be supported
over its whole rear face and thus escapes
this limitation.

The modern era opened with the con-
struction of the giant reflecting telescopes
at Mount Wilson Observatory and then
Palomar Observatory, both in California.
The 5-meter Hale Telescope at Palomar,
which saw first light in late 1947, remains
one of the world’s most powerful reflectors
in use today. It was surpassed by the 6-
meter Bolshoi Teleskop Azimutalnyi (Big

Altazimuth Telescope) at the Zelenchuk-
skaya Observatory in the Russian Cauca-
sus mountains, which was the largest
optical telescope in the world when it came
into operation in the 1970s. The Big Altaz-
imuth Telescope illustrates a trend among
the most modern reflectors, whereby ad-
vantage has been taken of the develop-
ments in drive technology pioneered by
radio astronomers to return from the
EQUATORIAL to the simple ALTAZIMUTH

MOUNTING. THE 9.2-METER-EFFECTIVE-
APERTURE HOBBY-EBERLY Telescope at the
McDonald Observatory on Mt Fowlkes,
Texas, a lightweight segmented primary
mirror in an instrument set up at a fixed el-
evation angle of 55° to the horizon and
able to rotate in azimuth to access 70% of
the sky visible from its location, was built
at about one-fifth of the cost of compara-
ble instruments of similar diameter. Like
the Hobby-Eberly, most of the world’s
largest telescopes have apertures greater
than 8 meters. NEXT-GENERATION TELE-
SCOPES, SUCH AS THE 10-METER KECK TELE-
SCOPES IN HAWAII, with their new designs of
PRIMARY MIRRORS, are also making use of
other advanced technologies, including
ADAPTIVE OPTICS to reduce the effects of at-
mospheric turbulence (see seeing), ACTIVE

OPTICS to reduce longer-term effects, and
computer control. Telescope performance
has also greatly improved as a result of new
techniques for detection and analysis of the
image, using complex electronic equipment
and computer systems (see imaging). Fur-
ther improvements in instrumentation is,
however, unlikely to increase sensitivity
very much. The observation of very faint
objects is today being accomplished by the
new generation of ground-based telescopes
in combination with orbiting telescopes,
such as the HUBBLE SPACE TELESCOPE and the
planned JAMES WEBB SPACE TELESCOPE, oper-
ating in an environment undisturbed by the
turbulence and absorption of the Earth’s
atmosphere.

See also infrared telescope.

reflection /ri-flek-shŏn/ A phenomenon
occurring when a beam of light or other
wave motion strikes a surface separating
two different media, such as air and glass
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or air and metal. Part of the wave has its di-
rection changed, according to the laws of
reflection, so that it does not enter the sec-
ond medium. A rough surface will produce
diffuse reflection. A smooth surface, as of
polished metal, will reflect the radiation in
a regular manner. The laws of reflection
state firstly that the incident beam, the re-
flected beam, and the normal (the line per-
pendicular to the surface at the point of
incidence) lie in the same plane, and sec-
ondly that the two beams are inclined at
the same angle to but on either side of the
normal.

reflection grating See diffraction grat-
ing.

reflection nebula A bright cloud of in-
terstellar gas and dust that lies near and
somewhat to one side of a star or stellar
group, usually of SPECTRAL TYPE B2 or later.
The starlight is scattered in all directions by
the dust grains, the density of which is suf-
ficient to produce a noticeable illumination
of the cloud. The light scattered toward the
observer is bluer than that of the illuminat-
ing star but the spectra of cloud and star
are essentially the same – a continuous
spectrum with absorption lines. (If there is
sufficient dust in an EMISSION NEBULA, it
will cause the stars’ absorption spectra to
be added to the normal emission spectrum
of the nebula.) Reflection nebulosity is
characteristic of young clusters and ASSOCI-
ATIONS; the dust is dispersed in about 100
million years. Typical reflection nebulae
occur around the brighter stars of the
PLEIADES. See also nebula.

reflection spectrum See active galaxy.

reflector /ri-flek-ter/ Short for reflecting
telescope.

refracting telescope /ri-frakt-ing/ (refrac-
tor) A telescope employing an OBJECTIVE

lens to bring the light rays to a focus. The
first telescopes were simple refractors with
single-lens objectives: these were the
GALILEAN and KEPLERIAN TELESCOPES, intro-
duced in the early 17th century. They were
supplanted by REFLECTING TELESCOPES in

the last quarter of that century because no-
one at that time could overcome their
CHROMATIC ABERRATIONS, which intro-
duced brilliant false color effects in the im-
ages. Although John Dollond discovered
how to make an ACHROMATIC LENS in 1756,
he could make only small diameters suit-
able for terrestrial telescopes; glass makers
did not know how to make large uniform
disks of crown and flint glass. This obsta-
cle was overcome in the early 1800s by
Joseph Fraunhofer, who made the 24-cm
refractor at Dorpat and the 16-cm he-
liometer at Königsberg. His successor,
Georg Merz, supplied the 32.4-cm equato-
rial refractor to the Royal Greenwich Ob-
servatory and manufactured the 38-cm
refractor that was the first large telescope
to be mounted in the USA, at Cambridge,
Massachusetts, in 1847.

For years after this, American as-
tronomers leaned strongly toward the re-
fractor. By the 1880s Alvan Clark was
making relatively large refractors: a 47-cm
diameter instrument for the Dearborn
Observatory, a 91-cm one for Lick Obser-
vatory, and a 102-cm one for Yerkes Ob-
servatory. Other very large refractors built
in the late 19th century are the 61-cm at
both Lowell Observatory, Arizona, and the
Pic du Midi in France, the 75-cm at
Pulkovo Observatory, Leningrad, and the
83-cm at the Meudon Observatory in
Paris. There are great technical problems in
making large lenses free of imperfections
and impurities, and of supporting these
lenses (only around the edge) so that dis-
tortion of the image is minimal. The desire
for ever larger APERTURES to reach ever far-
ther and fainter objects in space has meant
that the major telescopes built in the 20th
and 21st centuries have been reflectors.

The surviving large refracting tele-
scopes are mainly used in ASTROMETRY for
the measurement of stellar positions,
PROPER MOTIONS, and PARALLAX. Refractors
are often preferred by visual observers be-
cause of their long focal length and closed
tube; the latter avoids air currents in the
tube, which often cause an unsteady image.

refraction /ri-frak-shŏn/ A phenomenon
occurring when a beam of light or other

reflection grating
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wave motion crosses a boundary between
two different media, such as air and glass.
On passing into the second medium, the di-
rection of motion of the wave is ‘bent’ to-
ward or away from the normal (the line
perpendicular to the surface at the point of
incidence). The incident and refracted rays
and the normal all lie in the same plane.
The direction of propagation is changed in
accordance with Snell’s law: 

n1 sin i = n2 sin r
i and r are the angles made by the incident
and refracted ray to the normal; n1 and n2
are the REFRACTIVE INDICES of the two
media. The change in direction of motion
results from a change of wave velocity as
the wave passes from the first to the second
medium.

refraction, angle of See zenith distance.

refraction, atmospheric See atmos-
pheric refraction.

refractive index /ri-frak-tiv/ (index of re-
fraction) Symbol: n. The ratio of the
SPEED OF LIGHT, c, in a vacuum to the speed
of light in a given medium. This is the ab-
solute refractive index; it is always greater
than one. The relative refractive index is
the ratio of the speeds of light in two given
media. The refractive index of a medium
depends on the wavelength of the refracted
wave: with light waves, n increases as the
wavelength decreases, i.e. blue light is re-
fracted (bent) more than red light. See also
refraction.

refractor /ri-frak-ter/ Short for refract-
ing telescope.

regio /rej-ee-oh/ (plural: regiones) A
large area distinguished by shading or
color on the surface of a planet or satellite.
The word is used in the approved name of
such a feature.

regolith /reg-ŏ-lith/ The layer of dust
and broken rock, created by meteoritic
bombardment, that covers much of the
surfaces of the Moon and other planets and
satellites in the Solar System.

regression of nodes /ri-gresh-ŏn/ See
nodes.

regular cluster A rich CLUSTER OF

GALAXIES exhibiting DYNAMICAL RELAX-
ATION. These clusters have a smooth sym-
metric distribution with a high central
concentration of galaxies to the core and
very little subclustering. An irregular clus-
ter is one that is dynamically less evolved,
with significant substructure.

Regulus /reg-yŭ-lŭs/ (αα Leo) A bluish-
white star that is the brightest one in the
constellation Leo and lies at the base of the
Sickle of Leo. It is a visual triple star, with
the bright Regulus A being accompanied
by an orange companion (B) orbiting A
once every 130 000 years at a distance of
more than 4000 AU. B itself has a 13th-
magnitude red dwarf companion (C). The
Regulus system has a common proper mo-
tion with a fourth star (D). mv: 1.4 (A), 7.7
(B); Mv: –0.3; spectral type: B7 V (A),
K1 V (B); distance: 21 pc.

relative aperture See aperture ratio.

relative sunspot number Symbol: R. A
somewhat arbitrary index of the level of
sunspot activity, derived from the formula
R = k(f + 10g), where g represents the num-
ber of sunspot groups, f the total number
of their component spots, and k is a con-
stant dependent on the estimated efficiency
of, and also the equipment used by, a par-
ticular observer. Though a more objective
assessment of the level of sunspot activity
relies on the measurement of sunspot
areas, relative sunspot numbers provide an
almost continuous record back to the mid-
18th century and yield graphs similar (at
least so far as the yearly means are con-
cerned) to those based on other indices.

The relative sunspot number was origi-
nally called the Wolf number, after Rudolf
Wolf who introduced it at Zürich in 1848
and extended it back using old observa-
tions. It later became known as the Zürich
relative sunspot number and then, when
the Zürich tradition came to an end with
the transfer of responsibility to the Sunspot
Index Data Center in Brussels in Jan. 1981,
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the International Sunspot Number (sym-
bol: RI). See also sunspot cycle.

relativistic astrophysics /rel-ă-tă-viss-tik/
High-energy ASTROPHYSICS, concerned with
the extreme energies, velocities, densities,
etc., associated with celestial objects such
as WHITE DWARFS, NEUTRON STARS, BLACK

HOLES, and ACTIVE GALAXIES, and with the
very early Universe. It involves the theories
of special and general RELATIVITY, QUAN-
TUM MECHANICS, and the physics of ELE-
MENTARY PARTICLES.

relativistic beaming /rel-ă-tă-viss-tik/
See synchrotron emission.

relativistic electron An electron mov-
ing at close to the speed of light. The spe-
cial theory of RELATIVITY must be used to
describe associated phenomena.

relativity, general theory /rel-ă-tiv-ă-
tee/ The theory put forward by Albert
Einstein in 1915. It describes how the rela-
tionship between space and time, as devel-
oped in the special theory of relativity, is
affected by the gravitational effects of mat-
ter. The basic conclusion is that gravita-
tional fields change the geometry of
SPACETIME, causing it to become curved. It
is this curvature of spacetime that controls
the natural motions of bodies. Thus matter
tells spacetime how to curve and spacetime
tells matter how to move. General relativ-
ity (GR) may therefore be considered as a
theory of GRAVITATION, the differences be-
tween it and Newtonian gravitation ap-
pearing only when the gravitational fields
become very strong, as with black holes,
neutron stars, and white dwarfs, or when
very accurate measurements can be made.
GR also reduces to the special theory when
gravitational effects are negligible.

The basic postulate from which GR was
developed is the principle of EQUIVALENCE

between gravitational and inertial forces:
in two laboratories, one in a uniform grav-
itational field and the other suitably accel-
erated, the same laws of nature apply and
thus the same phenomena, including opti-
cal ones, will be observed. Einstein was
able to show that the natural motion of a

body was in a ‘straight line’, i.e. along the
shortest path between two points (a geo-
desic), in the geometry required to describe
the physical world (compare Newton’s
laws of motion). Three-dimensional Eu-
clidean geometry could not be used for this
purpose. The requisite geometry had to be
more flexible: this was the geometry of
spacetime. The presence of gravitational
fields leads to the curvature of spacetime.
The curvature produced by a particular
gravitational field can be calculated from
Einstein’s field equations, advanced as part
of GR. It is then possible to calculate the
geodesics followed by particles in this
curved spacetime.

Experimental tests of GR require either
very strong gravitational fields or very ac-
curate measurements. These tests must ver-
ify the predictions of GR where they
deviate from the predictions of Newtonian
gravitation and also where they deviate
from the predictions of other relativistic
theories of gravitation (including the
BRANS–DICKE THEORY) that have been de-
veloped since 1915. The main tests involve
four predicted effects.

One effect is the bending of light or
other electromagnetic radiation in a gravi-
tational field. Measurements of the posi-
tions of stars when close to the Sun’s limb
(i.e. during total solar eclipses) and when
some distance from the Sun have been
shown to differ: the Sun’s gravitational
field changes the path of a photon of radi-
ation from a straight line to a path bent to-
ward the Sun. The angle by which the
photon’s path is deflected is called the de-
flection of light. The measured deflection
for stars on the solar limb is near Einstein’s
predicted value, which is 1.75 arc secs.
Closer agreement (within 1%) has been
found when the bending of radiation from
radio sources such as quasars is determined
(see also gravitational lens). A related ef-
fect is the time delay in radio signals from
spacecraft when they are close to the Sun.
The measured delays from the Viking
probes and other craft agree with Ein-
stein’s prediction within 0.1%.

The predicted GRAVITATIONAL REDSHIFT

in the spectral lines of radiation emitted
from a massive body has also been success-
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fully demonstrated using both the Sun’s
and also the Earth’s gravitational fields. A
related prediction is that clocks run more
slowly in a strong gravitational field than
in a weaker one. An atomic clock flown at
an altitude of 10 km has been shown to run
faster than at sea level by a value within
0.02% of the predicted amount (47 × 10–9

seconds).
The effects of curved spacetime on the

motions of orbiting bodies were shown
convincingly when the ADVANCE OF THE

PERIHELION of Mercury was found to be ac-
counted for by GR. Recent measurements
of the very much larger periastron shift of
the BINARY PULSAR 1913+16 provided much
stronger evidence, being in very close
agreement with prediction.

The fourth test of GR concerns the pre-
dicted existence of GRAVITATIONAL WAVES.
The emission of such waves causes a loss of
energy from a system and in a binary sys-
tem alters the orbital period. Recent meas-
urements of the speed-up in the period of
the binary pulsar 1913+16 are in almost
precise agreement with the predicted value
of GR. Many alternative theories of gravi-
tation predict much higher values.

Other predictions of GR are the exis-
tence of SINGULARITIES in the structure of
spacetime leading to black holes, and the
constancy of the GRAVITATIONAL CON-
STANT. There is no direct evidence as yet for
(or against) these, although indirect evi-
dence of black holes is accumulating.

It cannot be said that GR has been con-
clusively proved. The experimental evi-
dence does, however, seem to be mounting
in its favor.

relativity, special theory The theory
proposed by Albert Einstein in 1905. It is
concerned with the laws of physics as
viewed by observers moving relative to one
another at constant velocity (i.e. with ob-
servers in INERTIAL FRAMES), and with how
relative motion affects measurements made
by these observers. At low relative veloci-
ties, special relativity (SR) predicts the
same results as the classical Newtonian
laws of mechanics. As the relative velocity
increases beyond that encountered in
everyday experience, the predictions of the

two theories diverge. It is those of SR that
have been conclusively verified by experi-
ment. SR must therefore be used to de-
scribe the behavior of bodies, such as
electrons, when they are moving at veloci-
ties close to the SPEED OF LIGHT.

One of the basic principles of SR is that
the speed of light is the same in any direc-
tion in free space, is the same for all ob-
servers, and is independent of the relative
motion of the observer and the body emit-
ting the light (or other electromagnetic ra-
diation). This violates the classical
concepts of relative motion but has been
demonstrated experimentally.

Another basic principle is that all phys-
ical laws are the same for every inertial
frame. Any law deduced in one inertial
frame will be true in every other inertial
frame. The values of the numerical con-
stants appearing in these laws are also in-
dependent of the frame in which they are
measured. The same does not, however,
apply to certain variable quantities meas-
ured in different inertial frames.

Prior to SR it had been assumed that
there was a universal ‘absolute’ time and
‘absolute’ space that were the same for all
observers. Einstein showed that as a direct
consequence of the invariance of the speed
of light, time and space could not be con-
sidered as separate concepts, independent
of each other and of the observer. Instead
they must be regarded as a composite en-
tity, called SPACETIME. Any event in an iner-
tial frame must therefore be described in
terms of four spacetime coordinates – three
spatial and one time coordinate. The
spacetime coordinates of the same event
measured in two different frames will dif-
fer, but they can be interconverted by the
LORENTZ TRANSFORMATION.

As the relative velocity (v) between in-
ertial frames approaches the speed of light
(c), very strange things are predicted. One
is time dilation: two observers approaching
at a relative velocity close to c will each see
the clock of the other operating more
slowly than their own. The time intervals
will be dilated by a factor of 1/β where β =
√(1 – v2/c2)

Another prediction is the apparent con-
traction of a moving object that is ob-
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served, in the direction of motion of the ob-
ject, by someone in a different inertial
frame. The observed contraction, known
as the Lorentz contraction, amounts to the
factor β. The object also appears slightly
rotated. No change in dimensions is ob-
served in directions perpendicular to the
direction of motion.

A further consequence of SR, when ap-
plied to the field of dynamics, is that the
mass (m) of a body is not invariant but in-
creases as the relative velocity between
body and observer increases: 

m = m0/β
m0 is the REST MASS of the body and is an in-
variant property of matter. It follows that
no object with mass can reach the speed of
light; only a particle with zero rest mass
(such as the PHOTON) can travel at the
speed of light. Einstein showed that the
transfer of energy by any process entailed
the transfer of mass, and concluded that
the total energy E of any system of mass m
is given by the equation E = mc2.

relaxation time /ree-laks-ay-shŏn/ The
time taken for the velocity of an object in a
multiple-body system to become similar to
the velocity of others in that system, and
hence for the total system to become
smooth and regular. See dynamical relax-
ation.

Relict /rel-ikt/ A Soviet space mission
launched in 1983 that made the first meas-
urement of dipole anisotropy in the cosmic
MICROWAVE BACKGROUND RADIATION.

remote operation The operation of a
telescope and its associated instruments by
off-site astronomers possibly thousands of
kilometers away. Signals are passed over
one or more communication links carrying
voice, video, and digital information. Re-
mote operation was a natural development
from an earlier trend that involved trans-
ferring the operation of a telescope system
from the actual physical position of the
telescope to an on-site control room, which
itself required the development of auto-
mated equipment and communication
links (see automation).

Remote operation by astronomers of a
telescope-instrument-detector system in
space was demonstrated in 1978 using the
INTERNATIONAL ULTRAVIOLET EXPLORER

satellite. It has since led on to such success-
ful projects as the HUBBLE SPACE TELESCOPE.
Remote operation of a ground-based tele-
scope was first achieved in 1982 when the
UK INFRARED TELESCOPE in Hawaii was re-
motely operated from the Royal Observa-
tory, Edinburgh.

remote sensing The collection of infor-
mation about the Earth or some other
Solar-System body without direct contact
of measuring instruments, especially from
an orbiting satellite. High-resolution cam-
eras, infrared detectors, and radar systems
are used to survey the surface. The use of
remote sensing from space to gather infor-
mation about the Earth began soon after
the start of the space age. NASA’s first re-
mote-sensing spacecraft was the Television
and Infrared Observation Satellite
(TIROS–1) launched April 1960. TIROS–1
proved that satellites could be used to
study Earth’s weather patterns. The
TIROS series was followed by many other
orbiting monitors of the Earth’s environ-
ment and resources, including the Landsat
series (beginning in 1972), the Nimbus se-
ries (the last of which, Nimbus 7, launched
1978, discovered the first evidence of
‘holes’ in the Earth’s ozone layer caused by
the destructive action of CFCs), and
TOPEX/Poseidon, launched 1992, a US-
French satellite that began to provide de-
tails about the links between the world’s
oceans and its climate. In 1999 NASA
launched its Terra satellite, the flagship
mission of its Earth Observing System
(EOS), a series of low-inclination polar-or-
biting satellites providing long-term global
observations of the Earth’s land surfaces,
biosphere, oceans and atmosphere. Terra is
one of more than 20 EOS missions sched-
uled to be launched between 1997 and
2010. Another is Aura, a satellite launched
July 2004 to make detailed studies of the
atmosphere. ESA’s European Remote Sens-
ing satellites, ERS–I, launched July 1991,
and ERS–2, launched April 1995, have
made continuous global observations of
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the oceans, polar caps, vegetation, etc., of
the Earth. ERS–1 was taken out of service
in 2000, but its successor was still operat-
ing in 2005. A third ESA satellite, Envisat,
was launched into a Sun-synchronous orbit
March 2002. It is the largest Earth-obser-
vation spacecraft ever built and carries 10
sophisticated optical and radar instru-
ments.

réseau /ray-zoh/ A reference grid of fine
lines that are photographically produced in
the emulsion of a photographic plate and
used in measurements of star positions.

residual /ri-zij-û-ăl/ The difference be-
tween an observed quantity, such as the
position of a comet or the magnitude of a
variable star, and its expected or calculated
value.

resolution The ability of a telescope or
other instrument to distinguish fine detail,
or a numerical measure of that ability. A
spectrometer has a chromatic resolution,
and an imaging device has a linear resolu-
tion or a spatial resolution. Detectors can
have an energy resolution.

The spatial or angular resolution of a
telescope is the smallest angle between two
point objects that produces distinct images.
It depends on both the wavelength at
which observations are made and on the
diameter, or aperture, of the telescope.

This minimum angle can be given by the
Rayleigh limit: 

2.52 × 105 λ/d arc seconds
where λ and d are the wavelength and
aperture (in meters). For an optical system
the Rayleigh limit is approximately 

0.13/d arc seconds
The Dawes limit, originally determined ex-
perimentally, gives the angular resolution
as 

0.12/d arc seconds
When the angular separation of two

stars is very small, it might be thought that
the use of a large enough aperture or high
enough magnification would always re-
solve the light into two distinct images. Be-
cause of diffraction effects however, the
image of each star is not a point of light but
a disk (see Airy disk). If the two disks sub-
stantially overlap then increased aperture
or magnification merely gives a larger blur
of light, and the telescope has not sufficient
resolving power to separate the images.
The stars will just be resolved, however,
when their Airy disks touch. This gives the
Dawes limit. Two stars are at a telescope’s
Rayleigh limit when the center of the Airy
disk of one star falls on the first dark ring
of the diffraction pattern of the other. The
illustration shows the images of two stars
of equal magnitude separated by 0.8 sec-
onds of arc. Viewed under perfect SEEING

conditions with a 7.5-cm aperture (right)
they are not resolved; with 15-cm (center)
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they are just resolved and with 30-cm (left)
they are clearly separated.

The discovery of Pluto’s satellite
Charon in 1978 shows that the Dawes (or
Rayleigh) limit cannot be too strictly ap-
plied. Although well above the limiting
angle for large telescopes, Charon had not
been resolved; it was detected as an elon-
gated photographic image. This is partly
because of the difference in brightness and
because Pluto is not a point source, but
mainly because poor seeing prevented the
larger-aperture telescopes from reaching
the limiting angle. The distorting effects of
the Earth’s atmosphere are greatly reduced
in telescopes with ACTIVE or ADAPTIVE OP-
TICS, and are removed in orbiting tele-
scopes. Very high spatial resolution is thus
now feasible.

In radio astronomy, where the same
formulae for spatial resolution apply but
where very much greater wavelengths are
studied, apertures maybe 30 times greater
than those used in optical telescopes can
only give poor resolution. The situation
has been greatly improved by the use of
APERTURE SYNTHESIS and very long baseline
interferometry (VLBI).

resolving power The ability of a tele-
scope, SPECTROGRAPH, DIFFRACTION GRAT-
ING, or some other system to distinguish
fine detail. See resolution.

resonance A condition prevailing in a
system when the frequency of some exter-
nal stimulus coincides with a natural fre-
quency of the system, and producing a
selective or maximum response in the sys-
tem. Resonance is responsible, for exam-
ple, for COMMENSURABLE orbits, the
KIRKWOOD GAPS in the asteroid belt, and di-
visions in SATURN’S RINGS.

resonance transition A change in the
energy state of an atom, involving an elec-
tron jump from the ground state to a
higher ENERGY LEVEL, leading to EXCITA-
TION, or a return to the ground state from
an excited state. This produces a resonant
absorption or emission line in a spectrum.
See also ultraviolet astronomy.

rest frame The FRAME OF REFERENCE for
a distant or moving object that would ap-
pear to have zero velocity when observed
from that object. Observed radiation has
to be corrected for REDSHIFT to convert its
emission to the intrinsic rest frame of the
object, and this is known as a k-correction.

rest mass The mass of an elementary
particle, etc., when at rest. According to
the special theory of RELATIVITY, a body’s
mass increases as its speed increases. This is
noticeable only at speeds close to the speed
of light. Rest mass is often expressed in
MeV (megaelectronvolts).

retardation /ree-tar-day-shŏn/ The dif-
ference in the Moon’s rising time between
successive nights.

reticle /ret-ă-kăl/ A grid or pattern of
two or more fine wires set in the focal
plane of a telescope eyepiece and used in
determining the position and/or size of a
celestial object.

Reticulum /ri-tik-yŭ-lŭm/ (Net) A small
constellation in the southern hemisphere
near the Large Magellanic Cloud, the
brightest stars being one of 3rd magnitude
and some of 4th magnitude. Abbrev.: Ret;
genitive form: Reticuli; approx. position:
RA 4h, dec –60°; area: 114 sq deg.

retrograde motion /ret-rŏ-grayd/ See
direct motion.

retrorocket /ret-roh-rok-it/ A small
rocket motor attached to a spacecraft that,
by ejecting gas in a forward direction, de-
celerates the craft. In this way the craft may
change its orbit or, possibly with para-
chutes, achieve a soft landing.

reverbation mapping /ri-ver-bĕ-ray-
shŏn/ An observational method used to
determine the relative distance of the
BROAD-LINE REGION from its source of ion-
ization, the central powerhouse of an AC-
TIVE GALAXY. Variations in the brightness
of the nucleus are correlated with fluctua-
tions in the intensity of the broad emission
lines, and the inferred time delay reveals
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the separation of the nucleus and broad
line gas.

revolution 1. Orbital motion of a celes-
tial body about a center of gravitational at-
traction, such as the Sun, another star, or a
planet, as distinct from axial ROTATION. See
also direct motion.
2. One complete circuit of a celestial body
about a gravitational center. The Earth
takes one year to make one revolution
around the Sun.

RFT Abbrev. for richest-field telescope.

RGO Abbrev. for Royal Greenwich Ob-
servatory.

Rhea /ree-ă/ The second largest of the
Saturn system of satellites, discovered in
1672 by Giovanni Domenico Cassini. It
has a diameter of 1530 km and a density of
1.33 g cm–3. The low density indicates that
Rhea is composed of a rocky core making
up about a third of the satellite’s mass sur-
rounded by water ice. The northern hemi-
sphere is particularly heavily cratered and
resembles the rolling cratered highlands of
the Moon. The crater density on the sur-
face is irregular and suggests a varied geo-
logical history. The craters vary in size up
to 75 km, the most prominent of which is
Izanagi. The leading edge of Rhea as it
moves in its orbit is brighter than the trail-
ing edge, which contains bright wispy
markings. The Cassini/Huygens spacecraft
flew by Rhea in November 2005 at a dis-
tance of 500 km and was scheduled to
make a second, much more distant flyby in
August 2007. See also Table 2, backmat-
ter.

rho (ρ) The 17th letter of the Greek al-
phabet used in STELLAR NOMENCLATURE

usually to designate the 17th-brightest star
in a constellation or sometimes to indicate
a star’s position in a group.

Rho Ophiuchi Cloud /roh of-ee-yoo-kÿ,
-kee, oh-fee-/ A complex region of mol-
ecular and dark clouds and emission and
reflection nebulae near the star ρ Oph in
the constellation Ophiuchus. X-ray and in-

frared observations show that STAR FORMA-
TION is occurring in the dark cloud.

rich cluster See clusters of galaxies.

richest-field telescope (RFT) A tele-
scope designed to show the largest possible
number of stars at a single view when
aimed at a dense field of faint stars, such as
the Milky Way. This end is accomplished
by combining a reasonably large aperture
(100 to 150 mm) with a low power and the
widest possible field of view. Although the
true RFT is a special design, fitted with an
expensive wide-field EYEPIECE, binoculars
and most FINDER telescopes go a long way
toward meeting these specifications. Apart
from providing spectacular views of im-
mense numbers of stars (which are not ob-
tained with the high magnifications and
narrow fields more usually employed), the
RFT is an ideal instrument for scanning the
heavens in the search for novae and
comets.

rich-field adapter See telecompressor.

ridge (scarp) See lobate ridge; wrinkle
ridges.

Rigel /rÿ-jĕl/ (ββ Ori) A massive luminous
and remote bluish-white supergiant that is
very conspicuous and is the brightest star
in the constellation ORION. It marks Ori-
on’s left foot. According to the Hipparcos
catalog, its distance from the Sun is about
773 light-years (237 parsecs), though esti-
mates have ranged between 900 and 1400
l.y. If the Hipparcos measurement is cor-
rect, Rigel is at least 40,000 times as lumi-
nous as the Sun. Rigel’s diameter is thought
to equal 70 solar diameters. It is a member
of a large association that includes the stars
of Orion’s Belt and the Orion nebula.
There is a 7th-magnitude companion at a
separation of 9″.5, which is itself a binary.
mv: 0.18 (var.); Mv: –6.69(?); spectral type:
B8 Iae.

right ascension (RA) Symbol: α. A co-
ordinate used with DECLINATION in the
EQUATORIAL COORDINATE SYSTEM. The right
ascension of a celestial body, etc., is its an-
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gular distance measured eastward along
the celestial equator from the vernal (or dy-
namic) equinox, or more precisely from a
CATALOG EQUINOX, to the intersection of
the hour circle passing through the body. It
is generally expressed in hours (h), minutes
(m), and seconds (s) from 0 to 24h: one
hour equals 15° of arc.

right-ascension circle The SETTING CIR-
CLE on the polar axis of an EQUATORIAL

MOUNTING that measures the RIGHT ASCEN-
SION at which the telescope is set.

Rigil Kentaurus /rÿ-jăl ken-tor-rŭs/ See
Alpha Centauri.

rille /ril/ (rima) Either of two distinct
types of elongated lunar depression (see
table). Sinuous rilles are confined to the
MARIA, where they follow local contours,
are frequently discontinuous (or consist of
rows of coalescing craters), and have V-
shaped cross sections. They sometimes
originate in volcanic caldera and are as-
sumed to be channels, or collapsed tubes,
carved out by molten basaltic lavas. Exam-
ples exist of sinuous rilles inside sinuous
rilles but tributary systems are not ob-
served.

Faulted linear, arcuate, and forked rilles
have flat floors and do not recognize high-
land-mare boundaries. This second type of
rille is frequently associated with impact

basins and craters, where they may be con-
centric. See also crater chain; fault; wrinkle
ridges.

rima /rÿ-mă/ (plural: rimae) A fissure.
The word is used in the approved name of
such a surface feature on a planet or satel-
lite. It has been adopted as the official
name for RILLE.

ring antenna A RADIO TELESCOPE con-
sisting of many small elements arranged in
a ring. For example, the RATAN 600 ring
antenna is a multiplate reflector composed
of reflecting panels that are adjusted to
form part of a paraboloid surface with its
axis directed at the source under observa-
tion. An advantage of the ring antenna
over other shapes is that its side-lobe re-
sponses have no preferred direction and
are small and widely distributed.

ring current An electric current flowing
westward around the Earth; it arises from
a net eastward flow of electrons and a net
westward flow of protons trapped inside
the VAN ALLEN RADIATION BELTS. The cur-
rent produces a magnetic field that cancels
part of the geomagnetic field at the Earth’s
surface. During GEOMAGNETIC STORMS,
when the Van Allen belts are recharged
with particles, the increased ring current
results in a further decrease of the Earth’s
surface magnetic field strength.

right-ascension circle
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Rille, valley Location; type
Alpine Valley NE Imbrium; radial fracture
Ariadaeus W Mare Tranquillitatis; linear
Byrgius W Mare Humorum; sinuous
Cauchy Fault E Mare Tranquillitatis
Hadley Palus Putredinus; sinuous
Hyginus Mare Vaporum; forked rille
Lee Lincoln Scarp Taurus Littrow area; fault
Posidonius NE Mare Serenitatis; sinuous
Rheita Valley S Nectaris; radial fracture
Schröter’s Valley Aristarchus Plateau; double sinuous
Schrödinger Canyon S farside; radial fracture
Sirsalis W Mare Humorum; sinuous
Straight Wall Mare Nubium; linear fault 



ring galaxy A very rare type of galaxy
that has the form of an elliptical ring either
with a massive nucleus, often off-center, or
with little or no luminous material visible
in its interior. In many cases there is a small
satellite galaxy devoid of interstellar gas.
The ring configuration is thought to be un-
stable and it has been suggested that these
systems may represent the after-effects of a
collision between two galaxies.

ring mountains See basin; mountains,
lunar.

ring nebula A ring or arc of nebulosity
centered on and ionized by ultraviolet radi-
ation from a WOLF-RAYET STAR. The Ring
nebula is, confusingly, not a ring nebula.

Ring nebula (M57; NGC 6720) A ring-
shaped PLANETARY NEBULA, about 1′ across,
in the constellation Lyra. The inner regions
closest to the centrally placed ionizing star
are green as a result of light emitted by
doubly ionized oxygen; there is an approx-
imately symmetrical transition to the red-
dish outer edge where the lower-energy
transitions of hydrogen and nitrogen are
responsible for the color. See emission neb-
ula.

ring plains See maria, lunar.

ring systems See Jupiter’s rings; Nep-
tune’s rings; planetary rings; Saturn’s rings;
Uranus’ rings.

rising The daily appearance on an ob-
server’s horizon of a particular celestial
body as a result of the Earth’s rotation, the
body disappearing below the horizon, or
setting, at some time in the following 24
hours. A star rises, on average, 2 hours ear-
lier per month. Stars always rise and set in
the same position relative to other stars
whereas the Sun, Moon, and planets rise
and set at different points on successive
days. This led to the early idea of FIXED

STARS and wandering stars.
For an observer at the equator all stars

in theory can be seen, rising and setting at
right angles to the horizon. At the poles,
only the stars in the observer’s hemisphere

can be seen, and these never rise nor set but
move in circles parallel to the equator. At
intermediate latitudes some stars (CIRCUM-
POLAR STARS) never set and some, in a cor-
responding area in the sky around the
opposite pole, never rise. The remaining
stars rise and set at oblique angles to the
horizon, the time spent above the horizon
depending on the observer’s latitude and
the position of the star relative to the celes-
tial pole. Stars on the celestial equator rise
due east and set due west and for all ob-
serving positions except the poles remain
12 hours above the horizon.

Ritchey–Chrétien optics /rich-ee kray-
tyan/ An optical system that is a varia-
tion on the CASSEGRAIN CONFIGURATION and
was developed between 1910 and 1920 by
George Willis Ritchey and Henri Chrétien.
It corrects both SPHERICAL ABERRATION and
COMA at the Cassegrain focus, and there-
fore gives a high-quality image over a rela-
tively wide field of view. A primary mirror
with a hyperbolic profile is used in con-
junction with an appropriate departure
from classical (hyperbolic) form at the sec-
ondary mirror.

R Monocerotis /mŏ-noss-ĕ-roh-tiss/ See
Hubble’s variable nebula.

Roche limit /rosh/ The minimum dis-
tance from the center of a body at which a
satellite can remain in equilibrium under
the influence of its own gravitation and
that of its primary. Assuming that the satel-
lite is held together only by gravitational
attraction, i.e. it has zero tensile strength,
and that it has the same density as the pri-
mary, the Roche limit is about 2.45 times
the radius of the primary. Inside the Roche
limit a satellite would be torn apart by tidal
forces. It is thought that the ring systems of
the giant planets were formed when a satel-
lite wandered inside the planet’s Roche
limit. The expression for the limit was dis-
covered in 1849 by the French scientists
Edouard Roche.

Roche lobe See equipotential surfaces.
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rocket /rok-it/ See launch vehicle;
sounding rocket.

rockoon /rok-oon/ A device for explor-
ing the upper atmosphere of the Earth. It
consists of a large balloon to which is at-
tached a small rocket. The rocket is fired at
a considerable altitude, thus avoiding the
air drag of the lower atmosphere. The bal-
loons are usually Skyhooks: large nondilat-
able plastic balloons that can carry a heavy
load to altitudes of over 30 km.

rocky dwarf Any of the four rocky TER-
RESTRIAL PLANETS.

ROE Abbrev. for Royal Observatory,
Edinburgh.

Rood–Sastry classification /rood shass-
tree, sass-/ A classification system for
CLUSTERS OF GALAXIES based on the nature
and spatial distribution of the ten brightest
galaxies in the cluster.

Roque de los Muchachos Observatory
/ro-kay day loss moo-chah-choss/ An in-
ternational observatory on La Palma in the
Canary Islands, sited at an altitude of 2400
meters, where the observing conditions are
superb. It was set up in 1979 by an inter-
national agreement involving the UK, Den-
mark, Spain (which owns the site), and
Sweden; the Netherlands and the Republic
of Ireland joined with the UK and share its
telescopes. The observatory was ceremoni-
ally inaugurated in 1985.

The responsibility for running the
Roque de los Muchachos Observatory lies
with the Instituto de AstrofÍsica de Ca-
narias (Institute of Astrophysics of the Ca-
naries, IAC), which also operates the TEIDE

OBSERVATORY on Tenerife. The two obser-
vatories together, along with associated
technical facilities provided by the IAC on
Tenerife and the planned Common Center
for Astrophysics on La Palma, constitute
the European Northern Observatory.
About 60 institutions from 19 countries
currently have telescopes and other instru-
ments there.

The Isaac Newton Group, owned and
funded by the UK PARTICLE PHYSICS AND AS-

TRONOMY RESEARCH COUNCIL (PPARC), is
the largest collection of telescopes at the
observatory. It includes the 4.2-meter
WILLIAM HERSCHEL TELESCOPE, which began
regular operations in 1987; the completely
refurbished 2.5-meter ISAAC NEWTON TELE-
SCOPE; and a 1-meter reflector, the Jacobus
Kapteyn Telescope, specially designed for
PHOTOMETRY and wide-field photography.
The latter two began operations at their
present location in 1984. So too did the
Carlsberg Meridian Telescope, a telescope
used for precision astrometry and operated
jointly by institutions from Denmark,
Spain and the UK. Additional instruments
include the 16-m Swedish solar tower, a
high-resolution SOLAR TELESCOPE opera-
tional since 1983, and the 2.5-m Nordic
Optical Telescope (NOT), with azimuthal
mounting, that began regular operations in
1989.

The observatory has also been selected
as the site for some new-generation tele-
scopes, including the Italian Galileo Na-
tional Telescope (Telescopio Nazionale
Galileo, completed in 1997), with a 3.5-m
meniscus PRIMARY MIRROR controlled by
ACTIVE OPTICS, and the Dutch Open Tele-
scope, an innovative solar telescope with a
45-centimeter primary mirror housed in a
15-meter-high open tower and used for
high-resolution solar imaging simultane-
ously in multiple wavelengths, which was
installed in 1996 and saw first light in
1997.

In return for necessary services, Spanish
astronomers have 20% of available time
on each telescope. International projects
take up some of each telescope’s time.

Rosalind /roz-ă-lind/ A small satellite of
Uranus, discovered in 1986 from Voyager
2 photographs. See Uranus’ satellites;
Table 2, backmatter.

ROSAT /roh-sat/ Abbrev. for Röntgen-
strahlen Satellit. A major German X-RAY

ASTRONOMY satellite, with UK and US col-
laboration, launched by a Delta II rocket
into a 580 km, 53° inclination orbit in June
1990. The payload included a large (80-cm
diameter) GRAZING INCIDENCE telescope to
carry out the first deep all-sky survey in the

rocket
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0.2–3 keV band. Use of such imaging op-
tics over the first six months of the mission
yielded an all-sky survey 100–1000 times
deeper than those of UHURU, ARIEL V, and
HEAO-1. The total number of cosmic X-ray
sources detected, in this survey, some
60 000, was more than ten times the num-
ber previously recorded. A second ROSAT
telescope, the Wide Field Camera (WFC),
built by a consortium of UK university
groups, uses grazing incidence optics at an
unusually large angle and is optimized for
the XUV band (0.2–0.02 keV). During the
early ROSAT survey phase the WFC ob-
tained the first all-sky survey in this energy
band, detecting more than 1000 XUV
sources, many being active stars or hot
white dwarfs. Following the six-month
survey phase, ROSAT embarked on a pro-
gram of detailed observations of individual
targets, chosen competitively from bids
made by astronomers to the three ROSAT
partners. The main spacecraft systems and
three focal plane detectors (imaging PRO-
PORTIONAL COUNTER and MICROCHANNEL

PLATE arrays for the X-ray telescope plus
XUV-sensitive MCP for the WFC) func-
tioned until 1994. Thereafter observations
continued with the microchannel plate
array and the WFC. See also XUV astron-
omy.

ROSAT All-Sky Survey A survey by
the X-ray ROSAT satellite. During its first
year of operation it performed the first
imaging survey of the whole sky in X-rays.
The survey contains about 100 000 X-ray
sources.

Rosetta /roh-zet-ă/ An international
ESA mission to rendezvous with a comet. It
was approved in 1993 as a ‘cornerstone’
mission of ESA’s HORIZON 2000 program,
and the original plan was to bring back to
Earth samples taken from a comet’s nu-
cleus. The spacecraft was to consist of a
cruising module coupled with a landing
module and Earth reentry module. The ob-
ject of the mission was later changed to an
18-month analysis of cometary material.
Rosetta was scheduled for launch in 2003
to rendezvous with Comet 46P/Wirtanen
in 2011. But the timetable for launch

slipped by a year and this fact necessitated
the selection of a different target. Thus on
Mar 2 2004 the 3000-kg Rosetta craft was
launched from Kourou, French Guiana, by
an Ariane-5 rocket and set to encounter
Comet 67P/Churyumov-Gerasimenko in
2014. Rosetta’s journey to the comet in-
volves three gravity-assist flybys of the
Earth and one of Mars. It will pass close to
two asteroids, (2867) Steins and (21) Lute-
tia. Rosetta’s task on reaching the comet
will be to enter orbit around it and accom-
pany it on its inward journey toward the
Sun. The main Rosetta craft will deploy a
lander called Philae, which will touch
down on the comet’s nucleus and carry out
on-the-spot measurements of the chemical
and physical makeup and properties of the
nucleus and coma. It is hoped that these
measurements will advance our under-
standing of the origin of comets, the rela-
tionship between cometary and interstellar
material, and the implications of that rela-
tionship regarding the origins of the Solar
System. The nominal end of the Rosetta
mission will come when Churyumov-
Gerasimenko passes through perihelion in
late 2015.

Rosette nebula /roh-zet/ (NGC 2237-38-
39) A large EMISSION NEBULA, about 1° in
diameter, in the constellation Monoceros.
It is an H II region heated and ionized by a
centrally situated open cluster of hot young
stars (NGC 2244).

Rossby number /ross-bee/ Symbol: R0.
The ratio of the rotation period P to the
turnover time τc of a convective cell in a
star’s interior or a planetary atmosphere; τc
is the time required for hot gas to rise from
the bottom to the top of a convective cell
and then fall back as it cools. The Rossby
number is a measure of the efficiency of a
star’s dynamo (which ‘drives’ its activity),
smaller values of R0 indicating a greater in-
fluence of rotation upon convection, and
therefore higher activity, irrespective of the
surface temperature of the star.

rotating variable A star with a hotter
or cooler region on its surface that period-
ically rotates into our line of sight and
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causes slight variations in the star’s bright-
ness. Many dwarf ME STARS show this effect
(prototype BY Draconis), probably be-
cause their strong magnetic fields cause a
large proportion of the star’s surface to be
covered by dark ‘starspots’.

rotation 1. Spinning motion of a celes-
tial body or a group of gravitationally
bound bodies, such as a galaxy, about an
axis, as distinct from orbital REVOLUTION.
Almost all celestial bodies show some de-
gree of rotation. Young stars arrive on the
MAIN SEQUENCE with a high rotation rate;
this results from the conservation of ANGU-
LAR MOMENTUM during their collapse from
a cloud of interstellar gas. As a star ages,
structural changes in its interior and inter-
actions with its surroundings produce
changes in its speed of rotation. The hottest
(O and B) stars have very great rotation
rates of about 200–250 km s–1. Sunlike
stars spin more slowly as they age, al-
though some are able to retain their rapid
rotation. The faster the rate of rotation the
broader and shallower the star’s spectral
lines and the stronger the magnetic field
(see corona). See also differential rotation;
direct motion; synchronous rotation.
2. One complete turn of a celestial body
about its axis. The Earth takes one SI-

DEREAL DAY to make one rotation. Ideally
the rotation period of other bodies is meas-
ured as the time interval between succes-
sive passages of a meridian line on the
surface across the center of the disk, as seen
from Earth. The solid surface may however
be unobservable and indirect measure-
ments, as by radar, are then employed. The
rotation period of a gaseous body, such as
the Sun or the planet Jupiter, varies with
latitude, being greatest at the equator (see
differential rotation).

rotation curve A plot of the rotational
velocity, V, as a function of radius, R, in a
spiral galaxy (see illustration). Rotation
curves are an important tool in mapping
the distribution of mass in a galaxy. The
velocity increases rapidly with distance
from the center of the galaxy, and then re-
mains approximately constant, even in the
outermost parts of the visible galaxy. This
implies that the mass is not centrally con-
centrated, as might be expected, but is dis-
tributed into a DARK HALO extending up to
five times the radius of the optical disk.
The rotation velocities are measured from
the Doppler shift in stellar absorption lines
or the emission line spectra of H II regions
in the plane of the galaxy. Neutral hydro-
gen extends farther than the luminous

rotation
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matter of a galactic disk and radio obser-
vations can trace out the rotation curve to
radii of tens of kiloparsecs.

rotation measure See Faraday rotation.

Royal Greenwich Observatory (RGO)
The former principal astronomical insti-
tute of the UK, sited originally at Green-
wich, London, where some of its buildings
still stand. It was founded (as the Royal
Observatory) in 1675 by King Charles II so
that astronomical measurements could be
made and the data tabulated for the pri-
mary purpose of increasing the accuracy
with which positions at sea could be deter-
mined. John Flamsteed was appointed the
observatory’s first director, with the title
ASTRONOMER ROYAL, and took up his post
in 1676. The Royal Observatory rapidly
established itself as a center of accurate
timekeeping and the place from which nav-
igators could reckon their longitude. In
1767 it began publishing The Nautical Al-
manac, still an official source of astronom-
ical and navigational information. In 1884,
the meridian passing through the TRANSIT

CIRCLE at the Royal Observatory was
adopted internationally as the prime
meridian, i.e. the meridian of zero longi-
tude.

The increase in atmospheric and light
pollution in the London area during the
19th and 20th centuries eventually necessi-
tated the removal of the Royal Observa-
tory to Herstmonceux Castle in East
Sussex. The move was completed by 1954.
The RGO was transferred from the Admi-
ralty to the Science Research Council (later
the Science and Engineering Research
Council, SERC) in 1965. In addition to
studying the positions and apparent mo-
tions of stars for the determination of lon-
gitude on Earth and in measuring time, the
RGO’s role widened to include ASTRO-
PHYSICS. This led to the construction of the
2.5-meter ISAAC NEWTON TELESCOPE (INT)
at Herstmonceux, completed 1967. But the
increasing light pollution and poor SEEING

that had driven the RGO from Greenwich
again interfered with its activities in Sussex
and resulted in the transfer of all observa-
tional work (and a modified INT) to La

Palma in the Canary Islands. In 1988, the
SERC relocated the RGO’s UK-based ad-
ministrative and research work to Cam-
bridge, where it was accommodated by the
Cambridge Institute of Astronomy, a de-
partment of the University of Cambridge
set up in 1972 and devoted mainly to post-
graduate teaching and research. The move
to Cambridge was completed in 1990, and
over the next eight years the RGO and the
institute shared facilities and collaborated
on some research programs.

In 1994, the SERC was replaced by the
PARTICLE PHYSICS AND ASTRONOMY RE-
SEARCH COUNCIL (PPARC) as the state-
funded body responsible for the RGO and
the UK’s other astronomical research facil-
ities. In 1998, having decided to rationalize
its funding activities, the PPARC closed the
RGO down after 323 years of operation.
Most of the RGO’s functions were taken
over by the UNITED KINGDOM ASTRONOMY

TECHNOLOGY CENTRE (UK ATC) in Edin-
burgh. The Nautical Almanac Office was
transferred to Rutherford Appleton Labo-
ratories at Didcot, Oxfordshire. The origi-
nal Royal Observatory site in Greenwich,
now in the care of the UK’s National Mar-
itime Museum, is home to a museum and
planetarium that attract large numbers of
visitors each year. A public information
service on astronomical matters is also cen-
tered there, and an amateur astronomy
club, the Flamsteed Astronomy Society
(founded 1999), holds regular meetings
and observing sessions in the observatory’s
grounds. Refurbishment and expansion of
the site began in 2004.

Royal Observatory, Edinburgh (ROE)
An observatory situated on Blackford Hill
in Edinburgh, Scotland, that was founded
in 1818, gaining a Royal Charter in 1822.
Originally sited on Calton Hill, Edinburgh,
it was relocated to its present position in
1896. During nearly two centuries from its
foundation, the ROE developed as an in-
ternational center of research. In addition
to astrophysical observations, it was con-
cerned with the development of advanced
technologies and their applications in as-
tronomical and space research. From 1957
it established itself as a world leader in the
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analysis of photographic plates. In 1970 it
introduced GALAXY, an automatic plate-
measuring machine that was the forerun-
ner of COSMOS. During the 1970s and
1980s it built up an immense Plate Library
of thousands of photographs taken with
the UK SCHMIDT TELESCOPE in Australia, an
instrument it originally administered on
behalf of its funding body, the Science and
Engineering Research Council (SERC).
The observatory also managed the 3.8-
meter UK INFRARED TELESCOPE and the 15-
meter JAMES CLERK MAXWELL TELESCOPE,
both in Hawaii, for the same body. In 1994
responsibility for funding the ROE was
transferred to the PARTICLE PHYSICS AND AS-
TRONOMY RESEARCH COUNCIL (PPARC). In
1998, under the PPARC’s program to ra-
tionalize its funding activities (a program
that saw the closure of the ROYAL GREEN-
WICH OBSERVATORY), all the UK’s overseas
observatories and instruments became in-
dependent, including those administered
by the ROE. The ROE itself became the
site of the new UNITED KINGDOM ASTRON-
OMY TECHNOLOGY CENTRE (UK ATC). Its
technology and research functions were
shared between the UK ATC and the Insti-
tute of Astronomy, a department of the
University of Edinburgh. See also As-
tronomer Royal.

r-process A rapid process of NUCLE-
OSYNTHESIS that is thought to occur when
there is a very high flux of neutrons, as in
certain supernova explosions. All nuclei
with a mass number greater than bismuth-
209 (see s-process) and all neutron-rich
isotopes heavier than iron have been pro-
duced by the r-process. The process in-
volves the capture by a nucleus of two or
more neutrons in quick succession. The nu-
cleus will then undergo chains of beta
decay, this beta-particle (electron) emission
having been suppressed during the rapid
capture process. The decay product will be
a stable neutron-rich nucleus. Many heavy
nuclei can be produced both by the r- and
the s-process.

RR Lyrae stars /lÿ-ree/ A large group of
PULSATING VARIABLES that are old giant stars
(halo and disk POPULATION II stars) and are
found principally in GLOBULAR CLUSTERS.
They usually have periods of less than one
day, light variations of 0.2–2 magnitudes,
and median spectral types in the range A7
to F5. They were discovered in 1895 by
Solon I. Bailey, the group being named
after RR Lyrae, discovered in 1899. Avail-
able evidence indicates that all RR Lyrae
stars have about the same mean absolute
MAGNITUDE (about +0.6); they can there-

r-process
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fore be used as distance indicators up to
about 200 kiloparsecs (see distance modu-
lus).

RR Lyrae stars are of a mixed nature.
They were divided by Bailey into three
groups – RRa, RRb, and RRc – depending
on period and the asymmetry of their light
curves (see illustration). Groups a and b are
often combined today as RRab stars.
Other groupings have been made accord-
ing to period. Many RR Lyrae stars show a
periodic variation in both period and shape
of light curve – the Blazhko effect. In addi-
tion the periods of some RR Lyrae stars are
slowly changing at a constant rate, as pre-
dicted by evolutionary theory, while others
show abrupt changes in period. The pulsa-
tions of these stars are very complex and
can be subdivided into one group (RRab)
oscillating in fundamental mode (see pul-
sating variables) and a second group (RRc)
oscillating in first harmonic mode. See also
horizontal branch.

RS Canum Venaticorum star /kay-nŭm
vĕ- nat-ă-kor-ŭm, -koh-rŭm/ (RS CVn star)
A short-period binary star system that con-
tains a SUBGIANT of spectral type G or K
exhibiting intense activity at radio, ultravi-
olet, and X-ray wavelengths; the other
component is a normal F or G main-se-
quence star. The orbital period can range
from 1 day to 2 weeks. The two stars are
not undergoing MASS TRANSFER (they are a
detached system), but TIDAL FORCES have
locked the rotation of the subgiant so that
it is forced to rotate once in each orbital pe-
riod, much faster than a normal subgiant.
This rapid rotation apparently causes
strong magnetic fields, which then produce
the observed activity.

The LIGHT CURVE of these stars shows a
continuously changing brightness during
the orbital period, believed to be due to
dark starspots extensively blanketing one
half of the subgiant’s surface. Measure-
ments of the ZEEMAN EFFECT in light from
Lambda Andromedae show that the spot-
ted hemisphere has a field strength of over
0.1 tesla, similar to that of sunspots. Some
of these stars, including the prototype RS
CVn, are also eclipsing binaries; the light
curve shows regular dips of about a magni-

tude as the subgiant eclipses the main-se-
quence star. The subgiant’s magnetic field
also causes intense radio flares (compare
flare stars), strong ultraviolet emission lines
from the CHROMOSPHERE, and powerful X-
ray emission from a very hot CORONA.

As the subgiant swells to giant size, it
begins to transfer mass and become a
W SERPENTIS star and then an ALGOL VARI-
ABLE.

R stars See carbon stars.

RTG Abbrev. for radioisotope thermo-
electric generator. See thermoelectric gen-
erator.

runaway star A young star of spectral
type O or early B with a very high space ve-
locity, examples including AE Aurigae, 53
Arietis, and Mu Columbae. It has probably
been flung out from a close BINARY STAR

when its companion has exploded as a SU-
PERNOVA.

rupes /roo-peez/ A scarp. The word is
used in the approved name of such a sur-
face feature on a planet or satellite.

Russell–Vogt theorem /russ-ĕl fohkt/
See Vogt–Russell theorem.

RV Tauri stars /tor-ÿ, -ee/ A small
group of very luminous PULSATING VARI-
ABLES, typified by RV Tauri, R Scuti, and R
Sagittae, that are principally G and K stars
with some F stars. They are yellow super-
giants with extended atmospheres of gas
that emit infrared radiation and have pos-
sibly been driven off by the pulsations.
They have very characteristic light curves
with alternating deep and shallow minima
and periods ranging from 20 to 145 days.
Because the luminosity fluctuations can be
disturbed quite significantly in shape, pe-
riod, etc., being most pronounced for
longer-period stars, they are classified as
SEMIREGULAR VARIABLES. RV Tauri stars can
be distinguished from other similar yellow
semiregular stars by the variation in their
COLOR INDEX, which mimics the light curve
but goes through its maximum a little be-
fore the luminosity minimum. A small
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group have double periodicity; DF Cygni
has two separate luminosity oscillations, a
rapid 50 day oscillation being superim-
posed on a much slower 780 day oscilla-
tion with a much greater amplitude.

Ryle Telescope /rÿl/ (formerly Five-
Kilometer Telescope) An APERTURE SYN-
THESIS radio telescope in Cambridge, UK,
and part of the Mullard Radio Astronomy
Observatory, University of Cambridge; it is
named after Sir Martin Ryle. It consists of

four fixed and four rail-mounted DISHES

positioned along a 4.6 km E–W BASELINE,
giving a total of 28 separate interferometer
spacings. The dishes have a diameter of 13
meters and a surface accuracy of better
than 1 mm. The telescope was refurbished
in the late 1980s for microwave back-
ground work, and observes with a BAND-
WIDTH of 350 MHz at 15 and 5 GHz,
giving fields of view of 5 and 15 arcminutes
and resolutions of 0.7 and 2 arcseconds re-
spectively. 

Ryle Telescope
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SA Abbrev. for spherical aberration.

Sachs–Wolfe effect /saks wûlf/ The
process by which density fluctuations in
the early Universe have left an imprint on
the COSMIC MICROWAVE BACKGROUND RADI-
ATION. It is caused by the interaction of
photons with a gravitational field with
density fluctuations. This causes small
variations in the temperature. It is thought
that the ‘ripples’ found by the COBE satellite
were due to the Sachs–Wolfe effect. The ef-
fect was predicted by Rainer Kurt Sachs
and Arthur Michael Wolfe in 1967. See
also structure formation.

Sacramento Peak Observatory /sak-ră-
men-toh/ A solar observatory sited on
Sacramento Peak, New Mexico, at an alti-
tude of 2800-meters. It is a facility of the
US NATIONAL SOLAR OBSERVATORY. The
main instrument is a 41-meter high vac-
uum tower telescope (see solar telescope).

SAGE /sayj/ See neutrino astronomy.

Sagitta /să-jit-ă/ (Arrow) A small con-
stellation in the northern hemisphere near
Cygnus, lying in the Milky Way, the
brightest stars being Gamma (γ) and Delta
(δ) of 3rd magnitude and some of 4th mag-
nitude. It contains the globular cluster
M71 (NGC 6838). Abbrev.: Sge; genitive
form: Sagittae; approx. position: RA
19.7h, dec +18°; area: 80 sq deg.

Sagittarius /saj-ă-tair-ee-ŭs/ (Archer) A
large zodiac constellation in the southern
hemisphere near Scorpius, lying partly in
the Milky Way. The brightest stars are the
1.8-magnitude Kaus Australis (ε) and 2.0-
magnitude Nunki (σ) with several others of
2nd and 3rd magnitude. The center of the

Galaxy lies in the direction of Sagittarius.
Although this region is obscured at optical
wavelengths by considerable dark nebulos-
ity, observations at other wavelengths have
revealed very complex phenomena (see
galactic center; Sagittarius A). The constel-
lation contains star clouds, many nebulae,
including the OMEGA, LAGOON, and TRIFID

NEBULAE, many globular clusters, including
the bright ones M22 (NGC 6656) and
M55 (NGC 6809), and some open clus-
ters, including M25 (IC 4725). Abbrev.:
Sgr; genitive form: Sagittarii; approx. posi-
tion: RA l9h, dec –30°; area: 867 sq deg.

Sagittarius A The brightest member of
a complex of radio sources at the GALACTIC

CENTER. It has two components. Sagittarius
A East is a source of NONTHERMAL EMIS-
SION 8 parsecs across, and is probably a SU-
PERNOVA REMNANT. Sagittarius A West is a
spiral-shaped source of THERMAL EMISSION

from ionized gas and is about 2 parsecs
across. It also contains an intense, very
compact, and variable radio source, Sagit-
tarius A* (pronounced A star), that is
probably smaller than 10 AU and lies very
close to or at the Galaxy’s exact center.
This ‘point’ source resembles a scaled-
down version of the central radio sources
in ACTIVE GALAXIES, which are believed to
be accretion disks of gases around a mas-
sive BLACK HOLE. X-ray and gamma-ray ob-
servations show similar resemblances to an
active galaxy’s core.

Infrared and radio observations show
that Sgr A West contains gas and dust with
velocities up to 250 km s–1; there may be a
ring of material in orbit about the compact
central source, and also streams of gas
falling toward the central source. The ve-
locities indicate the gravitational influence
of 6 × 106 solar masses within Sgr A West.
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Infrared observations of a source believed
to be a cluster of stars at the Galaxy’s core
(almost coincident with the compact radio
source) are consistent with only 3 × 106

solar masses of stars. The difference, 3 ×
106 solar masses, may reside in a central
black hole. Many of the properties of Sgr A
West could, however, result from activity
caused by star formation, as occurs in a
STARBURST GALAXY, so that the case for a
black hole is not accepted by all as-
tronomers.

Sagittarius arm See Galaxy.

Sagittarius B An immense MOLECULAR

CLOUD complex lying around the galactic
center, maybe forming part or all of an ex-
panding ring of clouds. The most massive
cloud in the complex, and possibly in the
Galaxy, is Sagittarius B2. A large number
of the interstellar molecules detected so far
were discovered in Sgr B2.

Sagittarius dwarf spheroidal galaxy
The nearest galaxy to our own, the Sagit-
tarius dwarf spheroidal galaxy was discov-
ered in 1994, at a distance of only 24 kpc.
Its detection is comparatively recent be-
cause it is faint, and its proximity means
that its constituent stars are spread over a
large part of the Sky, heavily obscured by
the many foreground stars of our own
MILKY WAY. The galaxy is thought to be
slowly being torn apart by the gravita-
tional force of our own Galaxy.

Saha ionization equation /sah-hah/ An
equation, put forward by the Indian physi-
cist M.N. Saha in the 1920s, that gives the
ratio of the number density (number per
unit volume) of ions, N+, to the number
density of neutral atoms, N0, in the ground
state in a system of atoms, ions, and free
electrons at a given temperature. The sys-
tem is in equilibrium so that the rate of
IONIZATION is equal to the rate of recombi-
nation of electrons and ions. The equation
can be given in the form: 

N+/N0 = A(kT)3/2 e–I/kT/Ne

A is a constant, k is the Boltzmann con-
stant, T the thermodynamic temperature,
Ne the number of electrons per unit volume

(the electron density), and I is the IONIZA-
TION POTENTIAL of the atom. The equation
also gives the ratio N2+/N+, N3+/N2+, etc., if
I is replaced by the second (I2) or the third
(I3) ionization potentials, etc.

The equation shows that the higher the
temperature, the more highly ionized a
particular atom will be. It can therefore be
used to find the relative numbers of neu-
tral, singly ionized, doubly ionized atoms,
etc., in stars of known temperature and
electron density. See also Boltzmann equa-
tion.

Saiph /sayf, sÿf/ See Orion.

Sakharov’s conditions A set of three
conditions in the EARLY UNIVERSE that can
explain the asymmetry between matter and
antimatter. These conditions are: (1) there
is some process in which baryon number is
not conserved; (2) CP violation occurs; (3)
the early Universe is not in a state of ther-
mal equilibrium. These conditions were
put forward by Andrei SAKHAROV in 1967
and implemented in the context of GRAND

UNIFIED THEORIES by a number of workers
in the late 1970s.

Sakigake /sah-kee-gah-kay/ A Japanese
spacecraft that was launched in Jan. 1985
and passed on the sunward side of HAL-
LEY’S COMET on Mar. 11 1986 at a miss dis-
tance of 7 million km. The main aim was to
investigate the PLASMA and magnetic field
associated with the comet. A second Japan-
ese spacecraft, Suisei, was launched in Aug.
1985 and passed Halley on the sunward
side on Mar. 8 1986 at a miss distance of
151 000 km. This craft carried an ultravio-
let imager and an instrument that meas-
ured the energy of the cometary plasma
ions.

Salpeter mass function /sal-pĕ-ter/ See
stellar mass.

Salpeter process See triple alpha process.

SALT Abbrev. for Southern African
Large Telescope.

Salyut /sal-yoot/ A series of Soviet space

Sagittarius arm
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stations launched into Earth orbit and vis-
ited and operated by crews of cosmonauts
from the USSR and (usually) other Com-
munist countries. The first station was
launched in Apr. 1971. Others followed,
Salyut–4 (1974–75), Salyut–6, and
Salyut–7 being predominantly civilian in
nature: in addition to medical, biological,
and technological purposes, the stations
served as platforms for terrestrial and as-
trophysical observations. Every Salyut was
maneuverable in orbit, either by an engine
on board the station or on a craft docked
to it. When not carrying a crew, they were
under automatic operation.

Salyut–6 was launched in Sept. 1977
and its program ended in July 1982. There
were crews on board for a total of about
two years: the last manned mission was
completed in May 1981. There was a dock-
ing port at each end of the 15-meter long
19-tonne structure. Crews were trans-
ported to and from the station by SOYUZ

CRAFT. Simultaneous use of the two dock-
ing ports allowed long-term and short-
term visits to occur concurrently.
Additional cargo and fuel were ferried to
the station by unmanned Progress craft.

Salyut–7 was launched in Apr. 1982. Its
exterior was similar to that of Salyut–6 but
its interior had been modernized both in in-
strumentation and living conditions. There
were several manned missions of long du-
ration before Salyut–7 was abandoned in a
high orbit in 1986 after the MIR space sta-
tion was launched. Increased solar activity
expanded the Earth’s upper atmosphere,
causing the orbit to decay, and the craft
made an uncontrolled but safe landing in
Feb. 1991 in Argentina.

S Andromedae /an-drom-ĕ-dee/ A su-
pernova that was observed, in 1885, in the
Andromeda galaxy and at maximum was
just visible to the naked eye.

SAO Star Catalog A general whole-sky
catalog issued by the Smithsonian Astro-
physical Observatory, Washington, in
1966. It lists positions and proper motions
of 258 997 stars usually down to a limiting
magnitude of 9 (epoch 1950.0), there being
a uniform number of stars for each area of

sky. An associated and highly accurate
computer-plotted Star Atlas was published
in 1968.

saros /sair-os/ The period of 6585.32
days (about 18 years) that elapses before a
particular sequence of solar and lunar
ECLIPSES can recur in the same order and
with approximately the same time inter-
vals. Following such a period, the Earth,
Sun, Moon, and NODES of the Moon’s orbit
return to about the same relative positions:
the period is equal to 223 SYNODIC MONTHS

and is almost equal to 19 ECLIPSE YEARS

(6585.78 days). An eclipse repeated after
one saros occurs 0.32 days later and hence
115°W of its predecessor. The saros was
known in ancient times.

SAS Abbrev. for Small Astronomical
Satellite. Any of a series of US X-RAY and
GAMMA-RAY ASTRONOMY satellites of the
1970s. SAS–1, later named UHURU, was
launched in Dec. 1970. It was devoted en-
tirely to X-ray astronomy and provided a
wealth of data. SAS–2, launched in Nov.
1972, carried equipment, including a SPARK

CHAMBER, for gamma-ray measurements
while SAS–3, launched in May 1975, car-
ried X-ray detectors.

satellite, artificial /sat-ĕ-lÿt/ An object
made by human beings that is boosted into
a closed path (orbit) around the Earth,
Moon, or some other celestial body. It is
generally an unpiloted form of space ves-
sel. Satellites carry a variety of detectors,
cameras, and measuring instruments, de-
pending on their function, plus equipment
to support these: control systems to orien-
tate them, power supplies such as solar
panels, data storage facilities, and antennas
for communications with Earth or with a
data-relay satellite. The cost of the satellite
and its equipment, plus the cost of launch-
ing it – e.g. from a space shuttle or on a
Delta or Ariane rocket – and communicat-
ing with it, is now extremely high and
countries are tending to collaborate on
missions, sharing cost and expertise.

Although some malfunctioning satel-
lites can be repaired by the crew of an or-
biting shuttle, and in future may be

417

satellite, artificial



repaired on the proposed SPACE STATIONS,
repairs are at present usually impossible.
Each material and component part must
undergo extensive testing before launch,
with a carefully considered degree of re-
dundancy in electronic components and
circuitry. The problems arising from the
near vacuum environment of space, from
the bombardment of cosmic rays, microm-
eteorites, etc., and from magnetic fields
and radiation belts must also be consid-
ered.

Artificial satellites have a great range of
functions. Some astronomical Earth satel-
lites study the radiations from space that
cannot penetrate the atmosphere: X-RAY,
GAMMA-RAY, ULTRAVIOLET, and INFRARED

ASTRONOMY have been revolutionized by
the recent launching of satellites specializ-
ing in these fields. Astronomical satellites
can also make measurements at optical,
radio, and infrared wavelengths that can
penetrate, but may be severely affected by,
the atmosphere. Other scientifically orien-
tated satellites study the resources, atmos-
phere, and physical features of the Earth.

Satellites are also used for communica-
tions (usually in geostationary orbit and al-
lowing global long-distance live television
broadcasting and telephony), for weather
forecasting, and as navigational aids. In
addition, the military potential of satellites
has been exploited.

satellite, natural (moon) A natural
body that orbits a planet. The nine planets
of the Solar System have a total of more
than 150 known satellites between them.
In addition, the numerous small bodies
that comprise the PLANETARY RINGS of Sat-
urn, Jupiter, Uranus, and Neptune may be
regarded as natural satellites. A satellite
may arise from one of two mechanisms,
both of which probably applied in the
Solar System: a body may grow by accre-
tion from material (PLANETESIMALS) gravi-
tationally attracted toward, and entering
orbit around, a PROTOPLANET; secondly,
bodies, such as ASTEROIDS, may be captured
gravitationally by a planet. Another mech-
anism, involving formation from the debris
of a major impact on the primary planet,
may explain the MOON’s origin. Most of

the known satellites occur in the outer
Solar System. Because of the low ambient
temperature both now and during forma-
tion, many of these satellites are composed
largely of water ice or of roughly equal
mixtures of water ice and rock; these are
the icy satellites. Three satellites – Titan,
Triton, and Io – are now known to have at-
mospheres. For satellite properties, see
Table 2, backmatter.

satellite galaxy A small galaxy that
closely orbits a massive galaxy and will
eventually lose orbital energy through DY-
NAMICAL FRICTION and fall into and merge
with it. The MAGELLANIC CLOUDS are satel-
lites of our Galaxy. See also cannibalism.

Saturn /sat-ern/ The sixth planet of the
Solar System and, with an equatorial diam-
eter of 120 537 km, the second largest. It
orbits at a distance of between 9.01 and
10.04 AU from the Sun once every 29.46
years; OPPOSITIONS recur two weeks later
each year. It has a polar diameter of
107 519 km so that its OBLATENESS, 0.108,
is the highest of any planet. Its mean den-
sity, 0.7 times that of water, is lower than
that of any other planet. Before 1978 Sat-
urn was thought to have 10 satellites, the
three largest being Titan, Rhea, and Iape-
tus; the number is currently 47. Orbital
and physical characteristics of planet and
satellites are given in Tables 1 and 2, back-
matter.

Saturn is the outermost of the five plan-
ets that were known to the astronomers of
antiquity. The telescopic appearance of the
planet is dominated by a prominent and
beautiful system of rings (see Saturn’s
rings) that lie in the plane of Saturn’s equa-
tor, tilted by 27° with respect to its orbit.
This tilting leads first one face of the rings,
and then the other, to be inclined towards
the Sun and the Earth by up to 27°. At ap-
proximately 15-year intervals, the rings be-
come edge-on to the Earth and all but
disappear. The bright rings, about 270 000
km across, can add appreciably to Saturn’s
average apparent magnitude of 0.7 at op-
position, when the globe and rings are 19
and 44 arc seconds wide respectively.

satellite, natural
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Saturn’s disk appears similar to that of
Jupiter in being crossed by yellowish dark
and light cloud bands running parallel to
the equator; these are called belts and
zones respectively. They are less promi-
nent, however, than those of Jupiter and
spots within them are much less common.
The spots, typically white, that have been
followed indicate that Saturn, like Jupiter,
rotates more rapidly near the equator (in
10 hours 14 minutes or less) than at high
latitudes (about 10 hours 40 minutes).

Saturn and its environment were stud-
ied by the PIONEER 11 probe in 1979, the
VOYAGER PROBES in 1980 and 1981, and the
Cassini/Huygens spacecraft from 2004.
The Cassini craft was scheduled to make
74 orbits of the planet in the space of four
years. These probes provided considerable
information on the meteorology and at-
mosphere of Saturn, which resemble those
of Jupiter. Like Jupiter, Saturn emits more
radiation than it absorbs from the Sun and
probably has an internal primordial energy
reservoir. Escaping heat may drive the at-
mospheric convection processes that give
rise to the observed cloud banks, probably
of ammonia crystals at 100 K. The Saturn-
ian weather systems, like those of Jupiter,
are strongly zonal. At the equator the cloud
top winds reach more than 500 m s–1.
There is evidence of a wide range of cloud
systems of varied morphologies: the white
spots are anticyclonically rotating systems
and have features identical with Jupiter’s
GREAT RED SPOT; trains of vortex streets are
seen in northern midlatitudes. Although
there is a strong internal heat source,
analyses of the Voyager data have shown
that Saturn (and also Jupiter) and the Earth
drive their meteorological systems in the
same way, with energy being transported
from the small-scale features into the main
flow. Spectroscopic studies indicate hydro-
gen, methane, and ethane in the upper at-
mosphere; hydrogen probably forms the
bulk of Saturn’s mass.

Models for the internal structure of Sat-
urn suggest an Earth-sized iron-rich rocky
core with a 7500-km outer core of ammo-
nia, methane, and water. This is enclosed
by about 21 000 km of liquid metallic hy-

drogen above which lies liquid molecular
hydrogen.

Saturn’s magnetic field was detected by
the Pioneer 11 probe. It has the same di-
rection as Jupiter’s field but is about 20
times weaker. Surprisingly, the magnetic
axis corresponds almost exactly with Sat-
urn’s rotational axis. Pioneer also discov-
ered RADIATION BELTS, mainly comprising
energetic electrons and protons. Saturn
emits intense radio waves that are thought
to be generated as SYNCHROTRON EMISSION

from the electrons spiralling in the mag-
netic field. Saturn’s rings and its inner
satellites sweep away these charged parti-
cles. The interactions with the rings give
rise to electrostatic discharges and assist in
the formation of the spoke patterns in ring
B. The Cassini/Huygens probe found also
that Saturn’s radio emissions are generated
along with aurorae on the planet.

Saturn nebula See Aquarius.

Saturn’s rings A system of coplanar
rings in Saturn’s equatorial plane, with an
overall diameter of possibly 960 000 km,
measured to the outer edge of the outer-
most (E) ring and including the space occu-
pied by Saturn itself. The ring system is
tilted at nearly 27° to Saturn’s orbital
plane. It was seen indistinctly by Galileo in
1610 and was recognized for what it was
by Christiaan Huygens in 1656. Huygens
published a description of the ring system
three years later. But the true nature of the
rings remained a matter of speculation
until Pioneer 11 and Voyagers 1 and 2 vis-
ited Saturn in 1979–81.

The seven discernible main rings are
now known to consist of thousands of nar-
row ringlets arranged concentrically and
containing innumerable individual parti-
cles, chiefly of water ice. The particles are
up to several centimeters or, in ring B, even
a few meters in size, and each is a satellite
of Saturn. The particulate nature of the
rings is confirmed by the fact that the inner
edge of each ring orbits Saturn faster than
the outer edge. The rings are in general less
than 1 km thick and almost disappear
when edge-on to the Earth, as happens
every 15 years or so, when the Earth
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crosses the rings’ plane. Properties of the
seven rings are given in the table.

The rings are designated by alphabeti-
cal letters reflecting the order of their dis-
covery. The very faint and tenuous D ring
is the closest to Saturn. There is no truly
well-defined inner edge so that it would ap-
pear to extend right down to the cloud tops
of Saturn. The C (or Crepe) ring, also
known as the Dusky ring, fills the gap be-
tween the D ring and the inner edge of the
brightest ring, ring B, at 25 000 km above
the cloud tops. It is a complicated,
‘grooved’ region with a large number of
discrete ringlets. There are at least two par-
ticularly noticeable gaps, the outer of
which, the Maxwell Gap, is 270 km wide;
these gaps contain narrow eccentric
ringlets. Ring B is the brightest part of the
entire ring system and is opaque when seen
from the Earth. In the central portion of
the ring spokes have been seen, measuring
10 000 km by 2000 km wide. The spokes
move radially and they are thought to be
created by the interaction of the local mag-
netic field with the particle distributions in
the rings. There are also electrostatic (light-
ning) discharges in this region that may
also be related to the spoke formation. The
particles in ring B are reddish in color and
may be as large as a few meters in diame-
ter. These particles are quite different from
those of the C and D regions.

The Cassini Division separates the B
and A rings and is one of the most promi-
nent features of the ring system. It is not
empty of particles, but those to be found
there are probably dust grains rather than
specs of ice. The origin of the 4200-km gap
may be related to the perturbation effect of
the satellite Mimas, which is in a 2:1 or-
bital resonance with particles at the inner
edge of the Cassini Division and the parti-
cles in the B ring area. A 285- to 400-km
wide region near the inner edge of the
Cassini Division, the Huygens gap, was
discovered on Voyager photographs. The
A ring is not as bright as its inner neighbor.
It contains a large number of ringlets and
minor gaps. These are quite separate from
the principal division in the A ring, known
as the Encke Division. This gap also con-
tains several ringlets, and although only
325 km wide is visible from the Earth with
moderate telescopes. The 35-km wide
Keeler Gap lies in the outer A ring. The
outer edge of ring A is a sharp boundary at
a distance of 77 000 km above the cloud
tops, which may be related to the presence
of a tiny SHEPHERD SATELLITE, Atlas. The
four rings have a thickness of 10–100 me-
ters and are surrounded by a large rarefied
cloud of neutral hydrogen extending to
about 60 000 km above and below the ring
plane.

Beyond the main rings are several dif-
fuse ring systems. The braided F ring is not

Saturn’s rings
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Name Mean distance from planet center Radial Thickness Optical
(103 km) (planetary radii) width (km) depth

D 67–75 1.11–1.24 7500 ? 0.01?
C (Crepe) 75–92 1.24–1.52 17 500 ? 0.08–0.15
Maxwell Gap 88 1.45 270 
B 92–118 1.52–1.95 25 500 0.1–1 1.21–1.76
Cassini Div. 118–122 1.95–2.02 4200 ? 0.12
A 122–137 2.02–2.27 14 600 0.1–1 0.70
Encke Gap 134 2.21 325 
Keeler Gap 137 2.26 35 
F 140 2.32 30–500 ? 0.01?
G 167–174 2.75–2.88 8000 100–1000 10–5–10–4

E 180–480? 3–8? 300000? 1000? 10–7–10–6



circular and its width varies over a range of
30–500 km. Two SHEPHERD SATELLITES,
Prometheus and Pandora, are located on
each side of the F ring, and in 2004 the
Cassini/Huygens spacecraft discovered
three other satellites in the F ring’s vicinity,
and two tenuous rings: R 2004/S2, close to
Prometheus, and R 2004/S1, co-orbital
with Atlas. Still farther out is the tenuous
G ring, lying between the orbit of Mimas
and that of the two COORBITAL SATELLITES

Janus and Epimetheus. The distance be-
tween the F and G rings is about 30 000
km. Finally there is the E ring, which is
very wide, possibly 300 000 km, and like
the G ring is much thicker than the other
rings; the brightest part of the E ring lies
just inside Enceladus’ orbit.

SAX /saks/ (now Beppo Sax) An Italian
satellite for observations of X-ray sources,
launched in April 1996 into an equato-
rial, near-Earth orbit. The combination 
of broad-band/narrow-field detectors, a
wide-field camera, and a gamma ray burst
monitor, provided a unique observing ca-
pability that gave rich dividends with the
identification of the mysterious GAMMA

RAY burst sources with powerful explosive
events in distant galaxies.

scale factor See cosmic scale factor.

scattering 1. The random deflections
suffered by light or other electromagnetic
radiation passing through an irregular
medium. If the source, medium, or ob-
server are in relative motion, scintillations
– random fluctuations of AMPLITUDE – may
be seen as the source is observed through
the medium: scattering in the Earth’s at-
mosphere causes the stars to twinkle. Scin-
tillations may only be seen if both the
angular size of the source and the BAND-
WIDTH in which the waves are received are
small enough. Otherwise, the effect of the
scattering may simply be to broaden the
apparent angular size of the source.

Scintillations of RADIO WAVES are ob-
served to occur because of irregularities in
the REFRACTIVE INDEX of the IONOSPHERE,
the INTERPLANETARY MEDIUM, and the IN-
TERSTELLAR MEDIUM giving ionospheric

scintillation, interplanetary scintillation
(IPS), and interstellar scintillation (ISS), re-
spectively. IPS may be used in determining
the angular sizes of RADIO SOURCES at meter
wavelengths in the range 0.1 to 2 arc sec-
onds, or for measuring parameters of the
SOLAR WIND. ISS cause some of the random
fluctuations in the intensity of pulses re-
ceived from PULSARS.

Light may be deflected from its direc-
tion of travel by fine particles of solid,
gaseous, or liquid matter. For very small
particles (less than one wavelength in size)
the effect results from DIFFRACTION, reflec-
tion playing a more important part with in-
creasing size; this is known as Rayleigh
scattering and is very dependent on wave-
length. Very small particles scatter blue
light more strongly than red light. This
leads to the reddening of starlight by cos-
mic dust and to the reddening of the Sun
when seen through a thick layer of atmos-
pheric dust.
2. The deflection of individual particles
(such as electrons or photons) from their
direction of travel as a result of their inter-
action with other particles, nuclei, atoms,
or molecules in the medium through which
they are passing. There are various scatter-
ing processes including COMPTON SCATTER-
ING.

Scheat /shee-at/ (ββ Peg) A red giant that
is one of the brightest stars in the constel-
lation Pegasus and lies on the Great Square
of Pegasus. It is a semiregular variable with
a magnitude range of 2.3 to 2.7. Spectral
type: M2 II-III; distance: 67 pc.

Schedar /shed-ar/ (Shedir; αα Cas) An or-
ange giant that is the brightest star in the
constellation Cassiopeia. The magnitude is
about 2.23 but it varies slightly. Spectral
type: K0 IIIa; distance: 70 pc.

Schickard /shik-erd/ See table at craters.

Schmidt–Cassegrain configuration
/shmit/ See Schmidt telescope.

Schmidt telescope (Schmidt camera;
Schmidt) A catadioptric wide-field tele-
scopic camera first built in 1930 by the Es-
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tonian Bernhard Schmidt (see catadioptric
telescope). A short-focus reflecting tele-
scope with a spherical mirror suffers from
severe SPHERICAL ABERRATION. This is nor-
mally corrected by modifying the surface
to a paraboloid. This method of correction
is effective, however, only for a field of less
than half a degree: outside this limit the
star images are distorted by severe COMA.
Schmidt overcame the spherical aberration
of a spherical mirror, which does not suffer
from coma, by placing a CORRECTING PLATE

in the incoming light beam before it
reached the short-focus spherical primary
mirror. His correcting plate is a thin plate
of complicated figure placed near the cen-
ter of curvature of the mirror (see illustra-
tion). The corrected light comes to a focus
on a curved focal surface but when a pho-
tographic plate is sprung to this curve very
sharp star images are formed upon it over
a field of maybe tens of degrees: the 1.2-
meter UK SCHMIDT covers 40 square degrees
of sky. In addition relatively short photo-
graphic exposures are required, compared
to a normal telescope, because of the small
FOCAL RATIO of the Schmidt. The descrip-
tion ‘1.2 m/1.8 m/3.1 m Schmidt’ indicates
that the correcting plate has a diameter of
1.2 meters, and the spherical mirror a di-
ameter of 1.8 m and a focal length of
3.1 m. This is normally abbreviated to
‘1.2-m Schmidt’.

The development of the Schmidt tele-
scope has enabled whole-sky surveys, such
as the PALOMAR OBSERVATORY SKY SURVEY

and SOUTHERN SKY SURVEY, to include very
faint (down to about 21st magnitude)

stars. Information, in digital form, can
now be extracted rapidly and automati-
cally from the photographic plates using
machines such as COSMOS.

The Schmidt–Cassegrain configuration
offers a more accessible focal surface be-
hind the primary mirror (which has a cen-
tral hole) by means of an additional small
convex mirror placed between correcting
plate and primary (see Cassegrain configu-
ration). This adaptation gives high-quality
images over a reasonably wide field, and
the focal surface can be flattened if at least
one of the two mirrors is aspheric.

The super Schmidt is an extreme form
of Schmidt developed by the American
James Gilbert Baker in the late 1950s. By
employing additional correcting plates he
was able to retain the wide field while
increasing the speed to focal ratios ap-
proaching 0.5. (Schmidt’s original tele-
scope was f/1.7). These extremely fast
cameras were designed to record meteor
and artificial satellite trails.

Schönberg–Chandrasekhar limit /shœn-
berg/ An upper limit on the mass of the
core of a MAIN-SEQUENCE STAR: a star will
leave the main sequence and become a RED

GIANT when it has exhausted hydrogen
supplies totalling some 12% of its original
mass.

Schröter effect A discrepancy between
the predicted phase of Venus and the one
that is actually observed. In particular, the
effect relates to the fact that the calculated
date of dichotomy does not coincide with

Schönberg–Chandrasekhar limit
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the date on which Venus is seen to have a
completely straight terminator. Morning
dichotomy is usually earlier than predicted,
evening dichotomy later. The reason for
the effect is unknown; it may be due to ob-
servational error or atmospheric distor-
tions. The effect takes its name from the
German astronomer Johann Hieronymus
Schröter (1748–1816), who noted it in the
1790s.

Schwarzschild black hole /shvarts-shilt,
shworts-shild/ A BLACK HOLE that pos-
sesses mass but has zero angular momen-
tum and zero electric charge.

Schwarzschild radius The radius of the
EVENT HORIZON of a BLACK HOLE: a critical
radius that must be exceeded by a body if
light from its surface is to reach an outside
observer. For a body of mass M (but zero
angular momentum and zero electric
charge), the Schwarzschild radius, RS, is
given by 

RS = 2GM/c2

where G is the gravitational constant and c
the speed of light. If a body collapses so
that its radius becomes less than this criti-
cal value, then the ESCAPE VELOCITY be-
comes equal to the speed of light and the
object becomes a BLACK HOLE. The Schwarz-
schild radius is proportional to the mass of
a body. For a star the size of the Sun, the
Schwarzschild radius is some three km.

Schwassmann-Wachmann 1 /shvahss-
mahn vahk-mahn/ A COMET that moves
in a near-circular orbit between the orbits
of Jupiter and Saturn and suffers from ran-
dom outbursts: increases in brightness by
up to seven magnitudes that last for a few
weeks. A considerable number of comets
suffer outbursts and many theories have
been put forward to explain them. These
include pressure release from gas pockets
of methane and carbon dioxide, explosive
chemical reactions involving free radicals
(CH, OH, and NH), temperature-induced
phase changes in amorphous ice, impact
cratering by interplanetary boulders, and
spin- and age-induced nuclear break-up.
Impact and break-up are the most likely
causes.

scintillation /sin-tă-lay-shŏn/ (twinkling)
Rapid irregular variations in the brightness
of light received from celestial objects, no-
ticeably stars, produced as the light passes
through the Earth’s atmosphere: irregular-
ities in the atmosphere’s refractive index
occur in small mobile regions and can
cause the direction of the light to change
very slightly during its passage. In a tele-
scope a star image will consequently wan-
der rapidly about its mean position,
producing an overall blurred enlarged
image. With extended light sources, such
as the planets, scintillation produces a hazy
outline in a telescopic image. For stars near
the horizon, where refraction effects in-
cluding DISPERSION are much greater,
changes in color can also be observed. See
also scattering; speckle interferometry.

scintillation counter A radiation detec-
tor that is used in astronomy mainly for
measurements of gamma rays. It consists of
a layer of scintillator crystals that emit
flashes of light when radiation passes
through. Each scintillation is picked up by
a PHOTOMULTIPLIER and an amplified pulse
of current is produced. These pulses can be
counted electronically and the activity of
the gamma-ray source can be measured. It
is also possible to determine the distribu-
tion of energy of the gamma rays. The en-
ergy of the electrons liberated from the
photocathode of the photomultiplier de-
pends on the frequency of the emitted light,
which in turn depends on the energy of the
incident beam. It is possible to exclude ra-
diation of energies other than those under
consideration by suitable electronic cir-
cuitry.

scopulus /skop-yŭ-lŭs/ (plural: scopuli)
A lobate or irregular scarp. The word is
used in the approved name of such a sur-
face feature on a planet or satellite.

Scorpius /skor-pee-ŭs/ (Scorpion) A
conspicuous zodiac constellation in the
southern hemisphere, lying partly in the
Milky Way. The brightest stars are
ANTARES (α) and the blue subgiant Shaula
(λ), both 1st magnitude, and several of 2nd
and 3rd magnitude. The area contains many
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star clusters, including the bright naked-
eye open clusters M6 (NGC 6405) and M7
(NGC 6475), the globular clusters M4
(NGC 6121) and M80 (NGC 6093), and
the X-ray source SCORPIUS X-1. Abbrev.:
Sco; genitive form: Scorpii; approx. posi-
tion: RA 17h, dec –30°; area: 497 sq deg.

Scorpius X-1 The first cosmic X-ray
source, discovered during a sounding
rocket experiment from White Sands, New
Mexico in June 1962. By an order of mag-
nitude Sco X-1 is the brightest of all non-
transient cosmic X-ray sources. Optically
identified in 1967 with the 13th magnitude
variable star V818 Sco, it was confirmed as
a low-mass X-ray binary system with an
orbital period of 0.78 days. The distance of
Sco X-1 remains uncertain, probably lying
in the range 300–600 parsecs.

Sculptor /skulp-ter, -tor/ An inconspicu-
ous constellation in the southern hemi-
sphere near Grus, the brightest stars being
of 4th magnitude. R Sculptoris is an in-
tense scarlet variable star. The south
GALACTIC POLE lies in Sculptor and many
faint galaxies can be observed. Abbrev.:
Scl; genitive form: Sculptoris; approx. posi-
tion: RA 0.5h, dec –30°; area: 475 sq deg.

Sculptor system A dwarf elliptical galaxy
that is a member of the LOCAL GROUP.

Scutum /skyoo-tŭm/ (Shield) A small
constellation in the southern hemisphere
near Sagittarius, lying in the Milky Way,
the brightest stars being of 3rd and 4th
magnitude. It contains the bright RV TAURI

STAR R Scuti, the prototype of the DELTA

SCUTI STARS, and many star clusters, includ-
ing the just-visible fan-shaped OPEN CLUS-
TER, the Wild Duck (M11 [NGC 6705]).
Abbrev.: Sct; genitive form: Scuti; approx.
position: RA 19h, dec –10°; area: 109 sq
deg.

S Doradus /dŏ-ray-dŭs, -rah-/ An ex-
tremely luminous supergiant located in
NGC 1910, a brilliant cluster of giant and
supergiant stars lying in the Large Magel-
lanic Cloud. S Dor is an IRREGULAR VARI-
ABLE ranging in brightness between 9th and

11th magnitude. As with P CYGNI, the light
variations are connected with sporadic
ejections of material, resulting in a greatly
enhanced mass outflow, and a slowly ex-
panding cool shell of dust.

SDSS Abbrev. for Sloan Digital Sky Sur-
vey.

sea interferometer An early form of
radio interferometer (see radio telescope)
that uses a single ANTENNA mounted on a
clifftop overlooking the sea. Fringes are
observed on a RADIO SOURCE at low eleva-
tion as a result of the INTERFERENCE be-
tween radio waves from the source itself
and from its image reflected in the sea.
Coastal radar antennas were used origi-
nally, left over from World War II.

seasons The four approximately equal
divisions of the year, usually taken as last-
ing from EQUINOX to SOLSTICE – spring and
autumn – or from solstice to equinox –
summer and winter. The seasons, which
are more noticeable away from the equa-
tor, result from the inclination (23°.45) of
the Earth’s axis to the perpendicular to the
Earth’s orbital plane so that the Sun spends
half the year north and the remaining year
south of the celestial equator (see illustra-
tion). The varying distance of the Earth
from the Sun has a minor effect on the sea-
sons. Mars, with an axial tilt of 24°, also
has seasons.

Secchi classification /sek-ee/ See spec-
tral types.

second Symbol: s. The scientific (SI) unit
of time, defined since 1967 in terms of
ATOMIC TIME. The second is the duration of
9 192 631 770 periods of the radiation
corresponding to the transition between
two hyperfine energy levels of the ground
state of the cesium–133 atom.

secondary 1. See primary.
2. Short for secondary crater.

secondary cosmic rays See cosmic
rays.

Scorpius X-1
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secondary craters Depressions pro-
duced by the impacts of low-velocity crater
EJECTA. Secondary craters are usually elon-
gated radially with respect to the primary
CRATER and form loops, CRATER CHAINS,
and CRATER CLUSTERS. They tend to lie out-
side the EJECTA BLANKET.

second of arc See arc second.

secular /sek-yŭ-ler/   Continuing or chang-
ing over a long period of time.

secular acceleration The apparent
speeding up of the Moon in its orbit
around the Earth, caused by TIDAL FRIC-
TION and the gravitational attraction of
other planets. It amounts to 10.3 arc sec-
onds per century. It first became apparent
from records of ancient ECLIPSES.

secular parallax The apparent and con-
tinuously increasing displacement of stars
as a result of the Sun’s motion through
space. This form of PARALLAX can be used
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to determine the distance of nearby groups
of stars. It is assumed that the stars are at
approximately the same distance from the
Sun and that their random individual
proper motions tend to cancel out leaving
only the parallactic motion. The baseline
for this parallax measurement is the dis-
tance moved by the Sun relative to the
LOCAL STANDARD OF REST and is hence in-
creasing by the Sun’s velocity of 19.5
km s–1, i.e. 4.11 AU per year (see apex).
The secular parallax per annum, H (in arc-
secs), is then given by: 

sin H = 4.11 sin α/d
where d is the mean distance to the group
and α is the angle of the group to the solar
apex (see illustration).

secular perturbation See perturbation.

Sedna A body orbiting the Sun far out
beyond the planet PLUTO at a mean distance
of 90 AU. Its orbital period has been esti-
mated at about 10 500 years. At the time
of its discovery, made in November 2003
by a team led by Mike Brown from the Cal-
ifornia Institute of Technology, it was
thought to be approaching perihelion, a
point 76 AU from the Sun. A distinctive
feature is its reddish color. Sedna takes its
name from the Inuit goddess of the sea. It
is believed to be an object made of ice and
rock belonging to the inner OORT CLOUD.
With an estimated diameter of about 1800
km, Sedna is thought to be about halfway
in size between Pluto and the Kuiper Belt
object QUAOAR. The temperature on Sedna
is probably lower than 30 K.

seeing The quality of the observing con-
ditions at the time of telescopic observa-
tion. The various degrees of good or bad
seeing depend on the amount of turbulence
in the Earth’s atmosphere. Turbulence dis-
torts the plane wavefront of a beam of ra-
diation, which has traveled more or less
undisturbed through space, and transforms
it into a perturbed ‘corrugated’ wavefront.
On the few occasions when atmospheric
turbulence is very low, a small steady disk-
shaped optical image of a point source
(such as a star) results. Poor seeing mainly
produces small erratic movements in the

image position (see scintillation) so that the
overall image is blurred, distorted and en-
larged. In NEXT-GENERATION TELESCOPES,
ADAPTIVE OPTICS is used to remove or
greatly reduce the effects of atmospheric
turbulence. Without such technology, it is
the seeing that imposes the main limitation
on the instrument’s spatial RESOLUTION: the
minimum diameter of the optical image,
resulting from diffraction (see Airy disk),
can be as low as 0.025 arc seconds but the
spatial resolution may only be one or two
arc seconds, or more, as a result of poor
seeing.

In amateur astronomy the seeing can be
evaluated using the Antoniadi scale, a sys-
tem devised in the early 20th century by
Eugène M. Antoniadi: the observer allo-
cates a Roman numeral from I to V to con-
ditions varying from perfect seeing,
through good, moderate, poor, to ap-
palling.

segmented mirror /seg-men-tid/ See pri-
mary mirror.

seismograph /sÿz-mŏ-graf, -grahf/ An
instrument used in SEISMOLOGY to detect
and record the passage of seismic waves,
normally by making a continuous record-
ing of the position of a suspended mass in
relation to a frame fixed to the ground.

seismology /sÿz-mol-ŏ-jee/ The study of
seismic waves, which propagate through
the interior of the Earth, or other celestial
bodies such as the Moon, following earth-
quakes (or equivalent), explosions, or im-
pact phenomena. There are two main types
of wave: S-waves are shear waves that vi-
brate at right angles to their direction of
motion; P-waves travel faster than S-waves
and are compressional waves that oscillate
along their direction of motion. The S- and
P-waves travel deep into the body in ques-
tion where they are refracted at the bound-
aries between layers of differing density.
S-waves can travel only through a solid; P-
waves can travel through solid, liquid, or
gas. The waves are measured and analyzed
to derive information about the events that
generated them or about the internal struc-

secular perturbation
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ture of the body through which they travel.
See also helioseismology.

SELENE abbrev. for Selenological and
Engineering Explorer. A Japanese lunar or-
biter originally planned for 2005 but ex-
pected to be launched in 2006. The name,
although an acronym, recalls that of the
Greek goddess of the Moon. The SELENE
spacecraft, produced by ISAS for NASDA, is
scheduled to consist of three separate units:
(1) a main orbiter that will travel around
the Moon carrying out observations and
studying the origins, evolutionary develop-
ment, and surface and subsurface structure
of the Moon from orbit; (2) a relay satellite
providing a communications link between
the orbiter and the Earth; and (3) a VLBI
satellite, which will be used along with in-
struments on the main orbiter in a Very
Long Baseline Interferometry experiment
to discover the exact position, precession
and shape of the Moon. The mission is ex-
pected to last for one year.

selenography /sel-ĕ-nog-ră-fee/  The study
of the Moon’s physical features. See Moon,
surface features.

selenology /sel-ĕ-nol-ŏ-jee/ The scien-
tific study of the MOON. See also moon-
quakes; Moon rocks; stratigraphy.

self-absorption See synchrotron emis-
sion.

self-noise See noise.

self-propagating star formation A
process whereby spiral structure in galax-
ies is explained by waves of star formation
triggered by the explosion of a previous
generation of stars as SUPERNOVAE. Some of
the new stars then explode in turn, and
thus continue propagating the spiral pat-
tern around the galaxy. P.E. Seiden and H.
Gerola calculated in 1979 that the distrib-
ution of stars formed by supernova trigger-
ing would form spiral arms in a galaxy that
was rotating. The theory gives a better fit
than the rival DENSITY-WAVE THEORY to the
patchy spiral arms found in many spiral
galaxies.

semidetached binary See binary star;
equipotential surfaces.

semidiameter /sem-ee-dÿ-am-ĕ-ter/ Half
the APPARENT DIAMETER of a celestial body.

semimajor axis /sem-ee-may-jer/ Sym-
bol: a. The distance from the center of an
ellipse to the edge, through the intervening
focus. It is half the greatest distance across
the ellipse, i.e. half the major axis. The
semimajor axis of an elliptical orbit is one
of the ORBITAL ELEMENTS.

semiregular variables /sem-ee-reg-yŭ-ler/
(SR variables) A heterogeneous group of
giant and supergiant PULSATING VARIABLES

showing brightness variations that do not
usually exceed one or two magnitudes, that
have a noticeable periodicity ranging from
several days to several years, but are also
disturbed at times by various irregularities.
The light curves have diverse shapes. Semi-
regular regulars have been divided into
four subgroups: SRa and SRb variables are
red giants of late spectral type (M, C, and
S) either with relatively stable periods
(SRa) or ill-defined periods (SRb) and are
difficult to differentiate from long-period
MIRA variables; SRc variables are red su-
pergiants of late spectral type, such as
Betelgeuse, Antares, and Mu Cephei; SRd
variables are highly luminous yellow (F, G,
and K) supergiants and giants.

sensitivity The minimum signal power
that can be distinguished from the random
fluctuations in the output of a measuring
system caused by NOISE inherent in the sys-
tem. In a RADIO TELESCOPE contributions to
the system noise include noise generated in
the first stage of the RECEIVER, thermal
NOISE due to loss in the ANTENNA/FEEDER

system, SYNCHROTRON EMISSION received
by the antenna from the Galaxy (see radio
source), and THERMAL EMISSION from the
atmosphere and from the ground. If the
system noise has a power P watts, then an
equivalent system temperature, or noise
temperature, can be ascribed to it given by 

T = P/kB
where k is the Boltzmann constant and B
the BANDWIDTH.
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The signal/noise ratio of a radio tele-
scope is the ratio of the power in the out-
put that is due to the RADIO SOURCE under
observation to that caused by the system
noise. The sensitivity is usually defined as
the FLUX DENSITY of a source that would
produce the same signal power as the noise
power, i.e. a signal/noise ratio of one. If the
signal changes only slowly with time, the
sensitivity may be improved by increasing
the INTEGRATION TIME used in the measur-
ing system. See also confusion.

separation Symbol: ρ. The angular dis-
tance between the two components of a VI-
SUAL BINARY or optical DOUBLE STAR.
Separation can be measured with a FILAR

MICROMETER in the eyepiece of the tele-
scope; its value is expressed in arc seconds
(″).

Serenitatis Basin /si-ren-ă-tah-tis/ One
of the youngest lunar BASINS, formed 4000
million years ago and filled with MARE

lavas from at least 3800 million years ago
to produce the circular Mare Serenitatis
(Sea of Serenity). The Mare has striking
color contrasts and numerous RILLES and
WRINKLE RIDGES. It was visited by
LUNOKHOD 2 and the margins sampled by
the crew of APOLLO 17.

Serpens /ser-penz/ (Serpent) A constella-
tion divided into two unequal parts, origi-
nally called Serpens Caput (Serpent’s
Head) and Serpens Cauda (Serpent’s Tail),
that lie on each side of the constellation
Ophiuchus. The larger part (the Head) lies
in the northern hemisphere near Corona
Borealis; the smaller section (the Tail) lies
in the southern hemisphere near Scorpius,
partly in the Milky Way. The two sections
use a single set of Bayer letters (see stellar
nomenclature) to identify the stars. The
brightest stars are Alpha (α) Serpentis, of
2nd magnitude, and several of 3rd magni-
tude. The globular cluster M5, in the larger
part, contains over 100 RR Lyrae stars.
The EAGLE NEBULA, M16, lies in the smaller
section. Abbrev.: Ser; genitive form: Ser-
pentis; approx. position: RA 15.5h, dec
+10° (Head), RA 18.3h, dec –5° (Tail);
area: 428 sq deg (Head), 208 sq deg (Tail).

service module /moj-ool/ (SM) See
Apollo.

SEST /sest/ Abbrev. for Sweden–ESO
Submillimeter Telescope.

SETI /set-ee/ Abbrev. for search for ex-
traterrestrial intelligence. Any of many
searches in which neighboring stars, and
sometimes more distant stars, have been
studied primarily by means of radio tele-
scopes for signals indicative of life (see exo-
biology). The SETI hypothesis is that the
Universe holds many examples of intelli-
gence of the human type – creatures with
the power of abstract thought who can
construct models of the external world and
can use their skills to build things, includ-
ing large radio telescopes and transmitters.

The pioneering program was Frank
Drake’s OZMA PROJECT of 1960. It was un-
successful, as were subsequent projects
using more sophisticated equipment and
targeting more stars. Microwave frequen-
cies (1–10 GHz, i.e. wavelengths of 3–30
cm) are thought to be the most favorable to
study: natural sources of noise in our at-
mosphere and in the interstellar medium
are at a minimum in this waveband and
some common molecules have strong mi-
crowave emissions. These include neutral
hydrogen at 1.42 GHz and the hydroxyl
radical at 1.7 GHz. The longest full-time
search was started in 1970 by Robert
Dixon of Ohio State University and now
covers the frequency range 1.4 to 1.7 GHz.
Another long-term search began in 1983
under Paul Horowitz; assuming that artifi-
cial signals cover only a very narrow fre-
quency band compared with natural radio
emissions, highly sensitive receivers have
been used to tune into particular frequen-
cies, which are split into narrow bands (at
present 0.05 Hz in width).

The latest and most ambitious SETI is
NASA’s 10-year Microwave Observing
Program, which began in Oct. 1992. The
targeted search, by the Ames Research
Center, is examining at high sensitivity
about 1000 nearby sunlike stars. The spe-
cially designed receiver is being used with
radio telescopes at ARECIBO (305 meter
dish), PARKES (64 m), and GREEN BANK

separation
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(43 m); the equipment analyzes the fre-
quency range 1–3 GHz, splitting it into two
billion channels each 1 Hz wide, while
software searches for different patterns of
artificial signals. The other part of the pro-
gram, the sky survey, which is undertaken
by a team at the Jet Propulsion Laboratory,
is systematically scanning the entire sky at
lower sensitivities. The two receivers for
this part of the project will be used with a
34-m telescope at Goldstone and a similar
NASA telescope in the southern hemi-
sphere; from 1996, the final systems cov-
ered the frequencies 1–10 GHz, and
analyzed 32 million channels.

setting See rising

setting circles The circular scales pro-
vided on the polar and declination axes of
a nonportable equatorial mounting. With
their aid the telescope may be set to chosen
values of RIGHT ASCENSION and DECLINA-
TION, respectively, so as to bring an object
of known position into the field of view.

Seven Sisters See Pleiades.

Sextans /seks-tanz/ (Sextant) An incon-
spicuous equatorial constellation near Leo,
the brightest star being of 4th magnitude.
Abbrev.: Sex; genitive form: Sextantis; ap-
prox. position: RA 10h, dec –2°; area: 314
sq deg.

Seyfert galaxy /see-fert. sÿ-/ A galaxy
with an exceptionally bright nucleus, first
described by Carl Seyfert in 1943. Over
150 Seyfert galaxies have now been identi-
fied and the vast majority of these are oth-
erwise normal nearby spiral galaxies.
Seyferts have substantial NONTHERMAL

EMISSION in their nuclei. The nuclei emit ra-
diation at optical wavelengths (by defini-
tion) but most of their output is in the
infrared; they are also strong X-ray and ul-
traviolet sources but are not often power-
ful at radio wavelengths. Their output can
vary on a timescale of months. This indi-
cates that the energy source in Seyfert
galaxies must be a few light-months across
and astronomers believe that Seyferts are a

less powerful example (by a factor of 100)
of the QUASAR phenomenon.

A region of hot ionized gas clouds sur-
rounds the Seyfert nucleus, giving rise to an
optical spectrum rich in emission lines.
Type 1 Seyferts exhibit both broad Balmer
line emission of hydrogen and narrow lines
of ionized metals in a manner directly anal-
ogous to the broad and narrow line regions
(BLR and NLR) of QUASARS. The Type 2
Seyferts show only narrow lines of all
species.

The distinction between the two types
can be modeled as an effect of inclination.
In type 1 Seyferts the nucleus of the galaxy
can be viewed directly and thus the central
BLR that surrounds the black hole is seen.
In type 2 Seyferts, however, the view of the
very central regions is obscured by a thick
molecular torus that lies outside the BLR
and so only the emission from the NLR is
seen. Observations of faint reflected broad
lines in some type 2s support this unifica-
tion hypothesis.

Some 10% of giant spiral galaxies are
Seyferts. As Seyfert activity is probably
only a transitory period in the life of a
galaxy, then it is possible that all giant spi-
ral galaxies, including our own, spend
10% of their lives in a Seyfert phase.

S0 galaxy See galaxies.

shadow bands Elongated patches or
mottled patterns of light and shadow that
have irregular form and movement and are
briefly observed to cross rapidly over light
surfaces on the Earth just before and after
totality in a solar ECLIPSE. They probably
result from irregular refraction, in the
Earth’s atmosphere, of light from the cres-
cent Sun.

Shane telescope /shayn/ See Lick Ob-
servatory.

Shapley supercluster /shap-lee/ The
richest SUPERCLUSTER known, containing
more than 20 rich CLUSTERS OF GALAXIES

within a 40 Mpc diameter. It was first
noted by H. Shapley in 1930. It lies behind
the Hydra–Centaurus supercluster, in the
same direction as the GREAT ATTRACTOR,
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but three times farther away, at a distance
of 180 Mpc.

Sharpless catalog /sharp-liss/ A catalog
of bright H II regions visible on the PALO-
MAR SKY SURVEY plates, compiled by Sharp-
less in 1959. Sources are known by their
Sharpless number; for example, S106 is a
small BIPOLAR NEBULA in the direction of
Cygnus.

Shaula /shah-oo-lă, shaw-lă/ See Scor-
pius.

Shedir /shed-eer/ See Schedar.

shell burning See stellar evolution; giant.

shell galaxies Elliptical or S0 galaxies
that have been found, in deep exposures, to
have faint sharp-edge shells of stars. The
shells form alternate circular arcs on each
side of the galaxy center and are identified
with small-scale star formation triggered
by a reverberating disturbance such as a
galaxy MERGER.

shell star A hot main-sequence star,
usually of spectral type B, whose complex
spectrum shows sharp deep absorption
lines with wings of bright emission lines su-
perimposed on the normal absorption
spectrum. It is now known that they are BE

STARS, the differences in appearance be-
tween the two arising from the directions
in which they are observed.

shell structure See stellar structure.

shell supernova remnant See super-
nova remnant.

Shenzhou A space capsule used in Chi-
na’s human spaceflight program. The
name means ‘divine vessel’. See Long
March.

shepherd satellites (shepherding satel-
lites) Small satellites that gravitationally
confine particles to a ring around a planet.
In SATURN’S RING system, Atlas orbits close
to the outer edge of ring A, while ring F is
confined by Prometheus and Pandora.

Voyager 2 discovered Cordelia and Ophe-
lia among URANUS’ RINGS.

Sheratan /shair-ă-tan/ See Aries.

shock wave (shock front) A discontinu-
ity in the physical properties (pressure,
temperature, density) of a gas, liquid, or
solid that travels through the fluid or solid
medium at supersonic speed without fur-
ther change. Shock waves are generated,
for example, by earthquakes, by explo-
sions such as supernovae, or by impacts of
supersonic bodies, as when the solar wind
meets the Earth’s magnetosphere. A shock
wave can lose energy by heating the
medium through which it travels.

Shoemaker-Levy 9 /shoo-may-ker lee-
vee/ A comet discovered in 1993 in a 2-
year orbit round Jupiter by Caroline and
Eugene Shoemaker and David Levy. It had
broken into about 20 fragments, which
crashed successively into JUPITER over a pe-
riod of 6 days in July 1994. Infrared fire-
balls and dark clouds were produced in
Jupiter’s atmosphere.

shooting star Colloquial name for me-
teor.

short-period comet See comet.

shot noise See noise.

shower meteor See meteor shower.

shuttle Short for space shuttle.

Sickle of Leo See Leo.

side lobe See antenna.

sidereal /sÿ-deer-ee-ăl/ Relating to or
measured or determined with reference to
the stars.

sidereal clock A clock regulated to
measure the SIDEREAL TIME at an observa-
tory. See also transit circle.

sidereal day The interval between two
successive passages of a CATALOG EQUINOX

Sharpless catalog
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across a given meridian. It is divided into
24 sidereal hours. The sidereal day is 3
minutes 56 seconds shorter than the mean
solar day.

sidereal hour angle The angular dis-
tance measured westward along the celes-
tial equator from a CATALOG EQUINOX to
the intersection of the HOUR CIRCLE passing
through a celestial body. It is equal to 360°
minus the RIGHT ASCENSION (in degrees).

sidereal month The time taken by the
Moon to complete one revolution around
the Earth, measured with respect to a back-
ground star or stellar group considered
fixed in position. The average time is
27.321 66 days.

sidereal noon See sidereal time.

sidereal period The time taken by a
planet or satellite to complete one revolu-
tion about its primary, measured by refer-
ence to the background of stars. The
SIDEREAL MONTH and SIDEREAL YEAR are the
sidereal periods of the Moon and Earth.
See also synodic period; Tables 1 and 2,
backmatter.

sidereal rate See equatorial mounting.

sidereal time Time based on the rota-
tion of the Earth with respect to the stars.
It is measured in SIDEREAL DAYS and in si-
dereal hours, minutes, and seconds. The si-
dereal time at any instant is given by the
SIDEREAL HOUR ANGLE of a CATALOG

EQUINOX and ranges from 0 to 24 hours
during one day. The day starts at sidereal
noon, which is the instant at which the
equinox crosses the local meridian. The
hour angle at a particular location gives the
LOCAL SIDEREAL TIME, the hour angle at
Greenwich being the GREENWICH SIDEREAL

TIME. A celestial object will be on the
meridian of a particular place when the
local sidereal time becomes equal to the ob-
ject’s RIGHT ASCENSION.

Apparent sidereal time is measured by
the hour angle of the true equinox and thus
suffers from periodic inequalities, the posi-
tion of the true equinox being affected by

the PRECESSION and NUTATION of the Earth’s
axis. Mean sidereal time relates to the mo-
tion of the mean equinox, which is only af-
fected by long-term inequalities arising
from PRECESSION. Apparent minus mean
sidereal time equals the equation of the
equinoxes. Sidereal time is directly related
to UNIVERSAL TIME and MEAN SOLAR TIME

and is used in their determination.

sidereal year The time taken by the
Earth to complete one revolution around
the Sun with reference to a background
star or stellar group, which is regarded as
fixed in position. It is thus the interval be-
tween two successive passages of the Sun,
in its apparent annual motion around the
celestial sphere, through a particular point
relative to the stars. It is equal to
365.256 36 days and is about 20 minutes
longer than the TROPICAL YEAR.

siderostat /sid-ĕ-rŏ-stat/ A flat mirror
that is driven in such a way as to reflect
light or infrared radiation from a celestial
body to a fixed point, such as a spectro-
graph slit at the coudé focus of a telescope,
over the duration of an observation. A
siderostat is often installed outside the
main dome of an observatory and can be
used with a coudé spectrograph, say, at the
same time as the main telescope is being
used to study a different field of view.
Siderostats often have computer-driven AL-
TAZIMUTH MOUNTINGS.

Siding Spring Observatory /sÿ-ding
spring/ See Mount Stromlo and Siding
Spring Observatories.

sigma (σσ) The 18th letter of the Greek
alphabet used in STELLAR NOMENCLATURE

usually to designate the 18th-brightest star
in a constellation or sometimes to indicate
a star’s position in a group.

signal/noise ratio See sensitivity.

signature A group of spectal lines usu-
ally in an emission spectrum that identifies
a chemical – an atom or molecule, possibly
ionized and/or in a rare isotopic form – in
a star, stellar environment, galaxy, etc.
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signs of the zodiac See zodiac.

silicon stars /sil-ă-kŏn/ See Ap stars.

silvering A process whereby a reflective
layer of silver is applied to a mirror base
from a solution of silver salts containing re-
ducing agents. Silvering was first used in
the 1850s but has been supplanted by the
ALUMINIZING process, which provides a re-
flective layer of greater durability and able
to reflect lower wavelengths, i.e. into the
ultraviolet.

SIMBAD /sim-bad/ A large computer
database, developed in the early 1980s by
staff at the CENTRE DE DONNÉES ASTRON-
OMIQUES (CDA) in Strasbourg, France, al-
lowing the user to access a large collection
of astronomical data, including cross-iden-
tifications and measurements, together
with bibliographic information on more
than 2 750 000 celestial objects outside the
Solar System, including stars, galaxies,
nebulae, novae and supernovae. The name
SIMBAD is an acronym for Sets of Identi-
fications, Measurements, and Bibliography
for Astronomical Data. The database went
on-line for the first time in 1981 and since
1990 has been hosted by the Observatoire
Astronomique de Strasbourg. In 1996
SIMBAD became accessible to astrono-
mers over the World Wide Web as well as
via public data transmission networks. It
incorporates VizieR, a dedicated tool for
retrieving astronomical data listed in pub-
lished catalogs and tables, developed
jointly by the CDA and the European
Space Agency’s European Space Research
Institute. SIMBAD and its services are fi-
nanced by sponsorship from both major
national and international agencies. NASA
funds a mirror site of SIMBAD, which is
hosted by the Smithsonian Astrophysical
Observatory.

sine formula /sÿn/ See spherical trian-
gle.

singularity /sing-gyŭ-la-ră-tee/ A math-
ematical point at which space and time are
infinitely distorted. Calculations predict
that every BLACK HOLE must contain a sin-

gularity: matter falling into a black hole
will ultimately be compressed to infinite
densities at a single point, and in such con-
ditions our laws of physics, including
quantum mechanics, must break down.
One black-hole theorem – the principle of
cosmic censorship – states that singularities
are always concealed by an event horizon
so that they cannot communicate their ex-
istence to an observer in our Universe.
However, if a naked singularity – a singu-
larity without an event horizon – is found,
then some of our physical concepts will
need reexamination.

Sinope /si-noh-pee/ A small satellite of
Jupiter, discovered in 1914 by Seth Nichol-
son. See Jupiter’s satellites; Table 2, back-
matter.

sinuous rille /sin-yoo-ŭs/ See rille.

sinus /sÿ-nŭs/ A semienclosed break
along the borders of a lunar mare or in a
scarp. The word is used in the approved
name of such a feature on the Moon.
(Latin: bay)

Sirius /seer-ee-ŭs, si-ree-/ (Dog Star; αα
CMa) A white main-sequence star that is
the brightest one in the constellation Canis
Major and the brightest (after the Sun) and
one of the nearest stars in the sky. It lies in
a descending (southeasterly) line from Ori-
on’s Belt. Sirius is about 1.5 times as hot as
the Sun, with a surface temperature of
more than 9000 K, and is about 23 times as
luminous. It is a visual binary (separation
4″.6, period 50 years), the companion, Sir-
ius B, being the first WHITE DWARF to be dis-
covered. Bessel suggested (1844) that Sirius
had a dark companion to account for the
star’s wobbling movement. With improved
telescope lenses Alvan G. Clark detected
(1862) a tiny companion whose spectrum,
first taken (1915) by W.S. Adams Jr., iden-
tified Sirius B as a white dwarf. The spec-
trum demonstrated the GRAVITATIONAL

REDSHIFT predicted by the general theory of
relativity. mv: –1.46 (A), 8.3 (B); Mv: 1.4
(A), 11.2 (B); spectral type: A1 Vm (A), DA
(B); mass: 2.31 (A), 0.98 (B) times solar

signs of the zodiac
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mass; radius: 1.7 (A), 0.022 (B) times solar
radius; distance: 2.65 pc.

Sirrah /seer-ă si-ră/ See Alpheratz.

SIRTF /sert-eff/ Abbrev. for Space In-
frared Telescope Facility.

SI units An internationally agreed sys-
tem of coherent metric units, increasingly
used for all scientific and technical pur-
poses. It was developed from the MKS sys-
tem of units and replaces the CGS and
Imperial systems of units. There are seven
base units that are arbitrarily defined and
dimensionally independent (see Table 1
overleaf). These include the kelvin and the
second. The meter has been redefined but is
still a base unit. The base units can be com-
bined by multiplication and/or division to
derive other units, such as the watt or the
newton (see Table 2 overleaf). A set of pre-
fixes, including kilo- and micro-, can be
used to form decimal multiples or submul-
tiples of the units (see Table 3 overleaf).
Any physical quantity may then be ex-
pressed in terms of a number multiplied by
the appropriate SI unit for that quantity.

SKA See Square Kilometer Array.

Skyhook /skÿ-hûk/ See rockoon.

Skylab /skÿ-lab/ A large crewed US
space station launched on May 14 1973
into a 435-km circular Earth orbit, inclined
at about 50° to the equator. The station –
Skylab 1 – provided an environment in
which people could live and work under
controlled but weightless conditions. Dur-
ing 1973 and 1974 three three-man crews
were ferried to and from the station by
APOLLO spacecraft consisting of a com-
mand and service module. The manned
missions are known as Skylab 2, 3, and 4.
With the Apollo craft docked, the overall
length was 36 meters and the weight
82 000 kg; the orbital workshop was 14.7
meters long and 6.6 meters in diameter.
Power was obtained from several panels of
SOLAR CELLS.

Physiological and psychological reac-
tions to weightlessness were carefully mon-

itored and studied, and ability to perform
experiments was tested. In over 513 man-
days in space 73 experiments were con-
ducted. The instruments of the APOLLO

TELESCOPE MOUNT provided the majority of
the observational data, other work includ-
ing technological, biological, and materi-
als-processing experiments. Over 180 000
solar photographs and 40 000 Earth-re-
sources pictures were taken. The 740 hours
spent on solar studies and 215 hours of as-
trophysical investigation, made above the
Earth’s distorting and absorbing atmos-
phere, led to great advances in astronomy.

NASA had assumed that Skylab would
stay in orbit for 10 years, with the space
shuttle being used to reboost it for further
use or deboost it for controlled reentry and
crash-landing in the Pacific. The orbit de-
cayed, however, and despite rescue at-
tempts by NASA the craft made an
uncontrolled but safe landing in 1979 in
the Indian Ocean, with fragments landing
in Western Australia.

Sloan Digital Sky Survey /slohn/ (SDSS)
A survey mapping one-quarter of the entire
sky, using a dedicated telescope at the
APACHE POINT OBSERVATORY. It will deter-
mine the position and magnitude of more
than 100 million objects, and measure the
distance to more than a million galaxies
and quasars.

slow nova See nova.

slow pulsator /pul-say-ter/ See X-ray
pulsators.

small circle Any circle on the surface of
a sphere that is not a GREAT CIRCLE. It is the
circular intersection on a sphere of any
plane that does not pass through the center
of the sphere.

Small Explorer (SMEX) See Explorers.

Small Magellanic Cloud /maj-ĕ-lan-ik/
(SMC; Nubecula Minor) See Magellanic
Clouds.

SMART-1 A lunar probe launched on
top of an Ariane-5 rocket by the European
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TABLE 1: BASE AND DIMENSIONLESS SI UNITS

Physical quantity Name of SI unit Symbol for SI unit
length meter m
mass kilogram(me) kg
time second s
electric current ampere A
thermodynamic temperature kelvin K
luminous intensity candela cd
amount of substance mole mol
*plane angle radian rad
*solid angle steradian sr

*dimensionless units

TABLE 2: DERIVED SI UNITS WITH SPECIAL NAMES

Physical quantity Name of SI unit Symbol for SI unit
frequency hertz Hz
energy joule J
force newton N
power watt W
pressure pascal Pa
electric charge coulomb C
electric potential difference volt V
electric resistance ohm Ω
electric conductance siemens S
electric capacitance farad F
magnetic flux weber Wb
inductance henry H
magnetic flux density tesla T
luminous flux lumen lm
illuminance (illumination) lux lx
absorbed dose gray Gy
activity becquerel Bq
dose equivalent sievert Sv

TABLE 3: DECIMAL MULTIPLES AND SUBMULTIPLES USED WITH SI UNITS

Submultiple Prefix Symbol Multiple Prefix Symbol
10–1 deci- d 101 deca- da
10–2 centi- c 102 hecto- h
10–3 milli- m 103 kilo- k
10–6 micro- µ 106 mega- M
10–9 nano- n 109 giga- G
10–12 pico- p 1012 tera- T
10–15 femto- f 1015 peta- P
10–18 atto- a 1018 exa- E
10–21 zepto- z 1021 zetta- Z
10–24 yocto- y 1024 yotta- Y



Space Agency (ESA) Sept. 2003 from
Kourou, French Guiana. It was ESA’s first
Moon probe and the first craft to be sent
into space as part of ESA’s SMART pro-
gram – SMART is short for Small Missions
for Advanced Research in Technology.
SMART-1 was placed in a transfer orbit
from the Earth to the Moon before pro-
ceeding to an elliptical lunar orbit taking it
over the Moon’s poles. Driven by a very
slow but inexpensive solar-powered elec-
tric ion propulsion drive, it took 14 months
to reach lunar orbit. In addition to testing
the ion drive, the 367-kg SMART-1 was
due to attempt to set up a laser-beam com-
munications link with the Earth. It also
carried miniature instruments on board to
conduct detailed mapping of the whole
lunar surface, including the far side. Its tiny
infrared detector was to be used in the
search for water in deep craters at the lunar
poles, while its spectrometer was to map
the chemical makeup of the lunar surface
and gather chemical data in order to learn
more about the Moon’s origins. SMART-
1’s mission was scheduled to last until late
2005 or 2006.

SMC Abbrev. for Small Magellanic
Cloud. See Magellanic Clouds.

SMEX Abbrev. for Small Explorer. See
Explorers.

Smithsonian Astrophysical Observa-
tory (SAO) A research facility of the
SMITHSONIAN INSTITUTION based in Cam-
bridge, Massachusetts, USA. It was
founded in 1890 and originally housed in a
building attached to the Smithsonian Insti-
tution in Washington D.C. At first it con-
centrated mainly on solar research,
especially into the solar constant. During
the first half of the 20th century, it estab-
lished several solar observing stations in
the United States, South America and
Africa to conduct research on solar radia-
tion. In 1955, under an agreement to coop-
erate on astrophysical research between
the Smithsonian Institution and Harvard
University, the SAO was transferred to
Cambridge under the directorship of the
astronomer Fred L. Whipple. The SAO’s

research activities widened to take in satel-
lite tracking for the US space program,
orbiting astronomical observatory experi-
ments, the study of meteorites and comets,
and involvement in theoretical astro-
physics. In 1968, the SAO opened a major
observatory on Mount Hopkins, Arizona.
Here it collaborates with the University of
Arizona in operating the MULTIPLE MIRROR

TELESCOPE (MMT), dedicated in 1979 and
converted to a 6.5-meter single-mirror tele-
scope in 1998. The observatory in Arizona
was renamed the FRED L. WHIPPLE OBSERVA-
TORY in 1981. The SAO combines with the
Harvard College Observatory (HCO) to
form the Harvard-Smithsonian Center for
Astrophysics, which was founded in 1973.
The center coordinates the work of its con-
stituent institutions under one director and
carries out a broad program of research in
astronomy, astrophysics, Earth and space
sciences, and science education. Its current
wide-ranging research activities cover
atomic and molecular physics, high energy
astrophysics, optical and infrared astron-
omy, planetary sciences, radio and geoas-
tronomy, solar and stellar physics, and
theoretical astrophysics. See also SAO Star
Catalog.

SMTO Abbrev. for Submillimeter Tele-
scope Observatory. A joint facility of the
University of Arizona’s Steward Observa-
tory and the Max-Planck-Institut für Ra-
dioastronomie (Bonn). The SMTO is
located at an altitude of 3186 m on Mount
Graham, northeast of Tucson, Arizona,
and houses the Heinrich Hertz Submillime-
ter Telescope, a 10-m DISH with a surface
accuracy of 12 micrometers.

SN 1987A See supernova 1987A.

SNC meteorites A small group of stony
(achondrite) METEORITES, named after its
three main members Shergotty, Nakhla,
and Chassigny. These igneous rocks seem
to be only 1300 to 200 million years old. It
is suggested that they have been ejected
from Mars by some crater-producing
event.

SNR Abbrev. for supernova remnant.
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SOAR Telescope Southern Astrophysi-
cal Research Telescope, a 4.2-meter reflect-
ing telescope located on the summit of
Cerro Pachón, Chile, at an altitude of 2737
meters. It is one of the instruments of the
CERRO TOLOLO INTER–AMERICAN OBSERVA-
TORY and is administered jointly by the
USA and Chile. Construction of the SOAR
Telescope began in 1998. The instrument
was dedicated Apr. 2004 and came into
operation early 2005. Its aspherical pri-
mary mirror has a total diameter of 4.3 me-
ters but is just 10 centimeters thick and
weighs only 3.2 tonnes. It is equipped with
ACTIVE OPTICS and its design gives it en-
hanced capabilities and performance in
imaging and spectroscopy throughout the
range of wavelengths from the near in-
frared to the blue/ultraviolet part of the
spectrum. An Instrumental Support Box at
each NASMYTH focus can carry a cluster of
three instruments with a total weight of up
to 3000 kg.

SOFIA /sof-ee-ă/ Stratospheric Observa-
tory for Infrared Astronomy, a 2.5-meter
telescope in a high-flying Boeing 747 air-
craft. Scheduled to succeed the KUIPER AIR-
BORNE OBSERVATORY (KAO), which ceased
operation in 1996, the telescope was in-
stalled in its aircraft in 2002 and was used
to view the stars for the first time in Sept.
2004. The largest airborne observatory in
the world, it is one of the missions included
in NASA’s long-term Origins Program. It is
scheduled to enter regular service in 2005.

SOHO /soh-hoh/ Abbrev. for Solar He-
liospheric Observatory.

solar activity /soh-ler/ The collective
term for time-dependent phenomena on
the Sun. SUNSPOTS, FACULAEPLAGES, FILA-
MENTS (or PROMINENCES), and FLARES all be-
long in this category, but the GRANULATION

and CHROMOSPHERIC NETWORK do not since
their gross configuration is stable. The
level of solar activity at present varies over
an average period of approximately 11
years – the so-called solar cycle (see
sunspot cycle).

solar antapex See apex.

solar apex See apex.

solar calendar Any CALENDAR, such as
the GREGORIAN CALENDAR, that is based
solely on the motions of the Sun. See also
lunar year; tropical year.

solar cell A device by which incident
solar radiation is converted directly into
electrical energy. It is a semiconductor de-
vice that is identical in principle to the PHO-
TOVOLTAIC DETECTOR and has a p-n
junction with a large surface area. Solar ra-
diation falling on or near the junction pro-
duces an external voltage. A variety of
different semiconductors, dopants, and
fabrication techniques have been used to
increase the conversion efficiency and the
power delivered. The conversion efficiency
can exceed 30%.

Solar cells form the main power supply
in satellites, space stations, and short-range
planetary probes. The cells are arranged on
flat solar panels outside the craft to receive
the maximum amount of radiation from
the Sun. On probes traveling beyond Mars
the radiation flux is insufficient to power
the instruments: the solar constant at
Jupiter’s orbit is only about 4% of the
value at the Earth’s orbit. Power must then
be obtained from other sources, such as
THERMOELECTRIC GENERATORS.

solar constant The total energy radi-
ated by the Sun that passes perpendicularly
through unit area per unit time at a speci-
fied distance from the Sun. It is given by the
ratio L/4πr2, where L is the luminosity of
the Sun and r the distance. The value meas-
ured at the mean Sun–Earth distance is
about 1.367 kilowatts per square meter.
Instruments on satellites such as the SOLAR

MAXIMUM MISSION have shown that varia-
tions in the solar constant occur, the energy
flux being reduced when SUNSPOTS are pre-
sent, by an amount proportional to the
area of the spots.

solar cycle See sunspot cycle.

Solar Dynamics Observatory (SDO)   A
solar exploration mission planned for
launch by NASA in 2007 and the first mis-

SOAR Telescope
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sion in the agency’s Living with a Star
(LWS) Program. Set to carry out studies of
the Sun’s atmosphere in several wave-
lengths at the same time, SDO will seek to
investigate the various transient changes
caused by variations in the Sun’s magnetic
field and thereby help advance our under-
standing of such phenomena as solar
FLARES, coronal mass ejections, alterations
in the SOLAR WIND, and other bursts of en-
ergy connected with SOLAR ACTIVITY. These
phenomena produce a set of effects de-
scribed as ‘space weather’, which have a
profound influence on the Earth; they not
only produce such events as the AURORA,
but also cause immediate and long-term
harm to electrical and communications
equipment in groundbased systems, air-
craft, and spacecraft. Unpredictable
changes in solar radiation or energy output
are potential hazards for astronauts work-
ing in the unprotected environment of
space. SDO is also designed to study mag-
netic field variations in the Sun’s interior,
active regions and sunspots and how they
develop, and the mechanisms that drive the
11-year solar cycle. Initially, its mission is
set to last five years, with the possibility of
an extension for a further five years.

solar eclipse See eclipse.

Solar Heliospheric Observatory
(SOHO) An ESA satellite, with some
NASA instrumentation, launched in 1995
into a halo orbit around the L1 LA-
GRANGIAN POINT – the point 1.5 million km
from Earth at which the gravitational pull
of Sun and Earth balance. SOHO is de-
signed to study the Sun’s internal structure
(see helioseismology), and the physical
processes that form and heat the solar
CORONA and give rise to the SOLAR WIND,
which permeates the HELIOSPHERE. SOHO
is part of ESA’s contribution to the
SOLAR/TERRESTRIAL ENERGY PROGRAMME

(STEP). Although its primary mission is to
study the Sun, many of SOHO’s solar im-
ages made using coronagraphs to block out
the photosphere have revealed numerous
hitherto unknown comets. By the start of
2005, SOHO had ‘discovered’ well over
900 comets.

solar luminosity See solar units.

solar mass Symbol: MO. The astronom-
ical unit of mass. It is equal to the mass of
the Sun, 1.9891 × 1030 kilograms. See also
solar units.

Solar Maximum Mission (SMM) A
NASA solar observatory that was launched
into a 574-km, 96-minute Earth orbit in
Feb. 1980 to study FLARES and other phe-
nomena on the Sun during the then current
maximum of SOLAR ACTIVITY. Instruments
included gamma-ray, ultraviolet, and X-
ray spectrometers, a coronagraph, and a
radiometer. The SMM was the first multi-
mission modular spacecraft. Later in 1980
a blown fuze and other control problems
left it unable to point correctly. In Apr.
1984 Solar Max was maneuvered into the
bay of a space shuttle, repaired, and suc-
cessfully relaunched, and operated effec-
tively until it reentered the Earth’s
atmosphere and burned up in Dec. 1989.

solar motion See apex; galactic rota-
tion.

solar nebula See nebular hypothesis.

solar neutrinos See neutrino astron-
omy.

solar oscillations See helioseismology.

solar panel See solar cell.

solar parallax The angle subtended by
the Earth’s equatorial radius at the center
of the Sun, at a distance of one astronomi-
cal unit. It is equal to 8.794 148 arc sec-
onds, as defined by the IAU.

solar radius See solar units.

solar spectrum The Sun’s spectrum ex-
tends from gamma-ray to radio wave-
lengths. It has an immense range in
intensity, peaking at visible wavelengths.
Although the central part of the curve
varies little with SOLAR ACTIVITY, the long-
and short-wavelength sections can be very
considerably affected. The radiation inten-
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sity at visible and infrared wavelengths
compares with that of a BLACK BODY at a
temperature of about 6000 K; the maxi-
mum intensity occurs at wavelengths of
about 460 nm. This is the continuous spec-
trum of the PHOTOSPHERE in which absorp-
tion lines – FRAUNHOFER LINES – appear. At
the shortest and longest wavelengths, the
solar spectrum corresponds to the radia-
tion curve of a black body at about a mil-
lion kelvin, which is representative of the
temperatures of the CORONA and of solar
FLARES. At ultraviolet and soft X-ray wave-
lengths the spectrum does not agree with
either of these black-body curves. See also
flash spectrum.

Solar System A group of celestial bodies
comprising the Sun and the large number
of bodies that are bound gravitationally to
the Sun and revolve in approximately ellip-
tical orbits around it. The latter include the
nine known planets, Mercury, Venus,
Earth, Mars, Jupiter, Saturn, Uranus, Nep-
tune, and Pluto (although Pluto may be an
escaped satellite); more than 60 known
natural satellites of the planets; the numer-
ous asteroids mostly in orbits between the
orbits of Mars and Jupiter; the comets,
which exist in great numbers beyond the
most distant planets; and countless mete-
oroids. The Sun contains 99.86% of all the
mass of the system, while most of the re-
maining mass is concentrated in the planet
Jupiter. In extent the Solar System may be
considered as a sphere with a radius greater
than 100 000 AU although the planets
alone extend to a radius of less than 50 AU
(see Oort cloud).

With the exception of the comets, all
bodies of the Solar System orbit the Sun in
the same direction as the Earth, along or-
bits that lie close to the plane of the Earth’s
orbit and the Sun’s equator. Most objects
in the Solar System spin in the same direc-
tion as their orbital motion. This motion
reflects the common origin postulated for
the Solar System by the contraction of a ro-
tating cloud of interstellar gas and dust
about 4600 million years ago (see Solar
System, origin).

The Sun and its entire retinue are mov-
ing in a nearly circular orbit around the

center of the Galaxy, which lies about
8500 parsecs away in the constellation
Sagittarius. They have a mean velocity of
about 220 km s–1 (see galactic rotation). In
relation to the stars in its neighborhood,
the Solar System is moving with a velocity
of 19.4 km s–1 toward a point in the con-
stellation Hercules – the solar APEX.

Solar System, origin There have been
various theories on the origin of the Solar
System, many of which have been dis-
carded or modified as observational data
has slowly accumulated. The Sun and plan-
ets are now believed to have formed to-
gether 4.56 billion years ago by the
contraction of a cloud of interstellar gas,
mainly hydrogen and helium, and dust
grains – the solar nebula. The contraction
may have been triggered by shock waves
from a nearby supernova, but continued
under the mutual gravitational attraction
of the contents of the nebula (see star for-
mation).

Conservation of ANGULAR MOMENTUM

dictated that as the cloud contracted its ro-
tation rate increased, causing it to become
disk-shaped around the developing Sun.
Collisions between dust grains became fre-
quent, leading to energy loss and a rapid
concentration of particles in the plane of
the disk, which lay close to the present
plane of the ecliptic, and a gradual ACCRE-
TION of grains into pebbles, boulders, and
larger bodies began. Only when these
PLANETESIMALS had reached a few kilome-
ters across could their gravity accelerate
the accretion process by attracting more
solid material. Eventually the PROTOPLAN-
ETS of the present planets and satellite sys-
tems were built up, most of them rotating
and revolving in the same sense as the par-
ent nebula. Possibly any protoplanets that
formed between the orbits of Mars and
Jupiter suffered gravitational perturbations
by Jupiter and were fragmented by colli-
sions to leave the asteroids of today.

Although the Sun had yet to begin nu-
clear fusion processes, temperatures in the
inner Solar System were high enough to
maintain volatile substances such as water,
methane, and ammonia in a gaseous state;
the planetesimals that gave rise to the

Solar System
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INNER PLANETS were therefore formed
mainly from the nonvolatile component of
the nebula, such as iron and silicates. Far-
ther from the embryo Sun, beyond the AS-
TEROID BELT, lower temperatures allowed
volatiles to become important constituents
of the GIANT PLANETS, their satellite ret-
inues, and their ring systems. The conden-
sation of dirty snowflakes in these regions
accelerated the accretion process. The ori-
gin of the volatile-rich comets is more ob-
scure, but they may have formed
concurrently as planetesimals in the Saturn
to Neptune region and near the outer edge
of the Solar System’s disk. When the plan-
etesimals had reached Moon size, the low
temperatures also made it possible for
them to greatly augment their masses by at-
tracting and retaining large quantities of
the light elements hydrogen and helium
from the surrounding nebula. This pro-
duced the huge atmospheres of the giant
planets.

As the Sun continued to collapse, the
density and temperature in its central core
rose (see star formation). Once the core
temperature reached some ten million
kelvin, the Sun began to generate energy by
the nuclear fusion of hydrogen. The onset
of fusion processes in the Sun set up the
SOLAR WIND, which drove uncollected gas
and dust grains from the Solar System.
Heating of the protoplanets by gravita-
tional contraction and interior radioactiv-
ity caused partial melting that led to the
present internal differentiated structure of
the planets. Impacts by remaining planetes-
imals scarred the surfaces of the planets
and their satellites, although the Earth’s
craters have been largely removed by ero-
sion. Cratering events continue on a much
reduced scale to the present day as errant
asteroids or cometary nuclei collide with
the planets or their satellites.

The suggestion that a contracting neb-
ula formed the Solar System was the basis
of the NEBULAR HYPOTHESIS, popular during
the 19th century. However this was unable
to explain why most of the Solar System’s
angular velocity resides in the revolution of
the planets, rather than in the rotation of
the Sun, and was replaced by various EN-
COUNTER THEORIES early in the 20th cen-

tury. The renaissance of a nebular theory
came with the realization that MAGNETO-
HYDRODYNAMIC forces would transfer an-
gular momentum from the early Sun to its
surrounding nebula, and that the Sun
would shed further angular momentum
through the solar wind. In fact, the early
Sun might have been twice its present mass
and might have lost a large percentage of
its angular momentum during its T Tauri
phase when the solar T TAURI WIND was a
gale. Calculations incorporating these
ideas also suggest that the solar nebula
contained at least three solar masses of ma-
terial, most of which was expelled again
into interstellar space.

solar telescope A reflecting (or refract-
ing) telescope plus associated instruments
used in studying the Sun. The Sun is the
only star whose disk can be resolved and
studied by a telescope. The diameter of the
solar image is given by 0.0093f, where f is
the focal length of the telescope primary
mirror or objective. Long-focus telescopes
must therefore be used in order for a large
image to be formed. Such telescopes are
usually fixed in position, with the sunlight
being reflected on to the mirror or lens by
a HELIOSTAT. This light is then directed in a
fixed direction into a spectrograph or some
other measuring instrument.

The intense heat of solar radiation re-
quires the measuring instruments to be
cooled. In some solar telescopes the entire
building is cooled. In most cases the pri-
mary mirror and instruments are under-
ground to facilitate this. The heat problem
can be reduced by evacuating the air from
the rooms housing the instruments and in
some cases from the whole telescope hous-
ing.

Many large solar telescopes have been
built as tower telescopes (or solar towers),
in which the sunlight is directed down a
vertical path inside a solid or girder con-
struction and reflected into underground
rooms containing the measuring instru-
ments. In a vacuum tower telescope, the
entire optical path is virtually air-free. The
US NATIONAL SOLAR OBSERVATORY’s vac-
uum tower telescope at Sacramento Peak,
New Mexico, is 41 meters high with a fur-
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ther 67 meters underground; it has a 76-cm
diameter mirror, FOCAL RATIO f/72. The 16-
meter high Swedish solar tower on LA

PALMA in the Canaries is patterned after the
Sacramento Peak telescope, but has a more
compact and optically simple system (50
cm, f/45 lens). Both telescopes give high-
resolution images.

The McMath–Pierce Solar Telescope at
the KITT PEAK NATIONAL OBSERVATORY, in
Arizona, has a somewhat different design
(see illustration). Sunlight is reflected from
a 2.1-meter heliostat, which is 30 meters
above the ground. It traverses 150 meters
along the polar axis and is focused by a
1.6-meter concave mirror and a second flat
mirror on to the various measuring instru-
ments.

The best solar seeing is found above
large lakes; in addition, a high altitude is
required in order to reduce the disturbing
effects of the Earth’s atmosphere. The site
of the BIG BEAR SOLAR OBSERVATORY, in Cal-
ifornia, has both these features.

Solar/Terrestrial Energy Programme
(STEP) An international effort aimed at
understanding the transfer of energy in the

Solar System, and in particular on how en-
ergy reaches the Earth from the SOLAR

WIND. It is a coordinated approach to un-
derstanding the physics of the Sun, plasma,
and the heliosphere, combining results
from satellite missions and ground-based
observatories with theory and computer
simulations. ESA’s contribution has been
twofold: the SOLAR HELIOSPHERIC OBSERVA-
TORY (SOHO) and Cluster II (see Cluster).

solar time 1. Short for mean solar time.
2. Short for apparent solar time.

solar tower See solar telescope.

solar units Dimensionless units whereby
the mass, luminosity, and other physical
properties of a celestial body can be ex-
pressed in terms of the Sun’s mass, lumi-
nosity, etc. For example, a star having 10
times the mass of the Sun is said to have a
mass of 10 solar masses, or 10 MO (see
solar mass). Likewise the luminosity of a
source is frequently expressed as a multiple
or fraction of the solar luminosity, LO,
which is equal to 3.826 × 1026 joules per

Sun
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main beam on polar axis
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aluminizing room

optical tunneloptical tunneloptical tunnel

50 m below ground50 m below ground50 m below ground
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31.1 m
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Optical path in McMath–Pierce Solar Telescope, Kitt Peak National Observatory



second, and its radius in terms of the solar
radius, RO, equal to 1.392 × 106 km.

solar wind The flow of energetic charged
particles – mainly PROTONS and ELECTRONS

– from the solar CORONA into the INTER-
PLANETARY MEDIUM. The thermal energy of
the ionized coronal gas is so great that the
Sun’s gravitational field cannot retain the
gas in a confined static atmosphere. In-
stead, there is a continuous, near-radial,
outflow of charged particles into interplan-
etary space. This highly tenuous PLASMA

carries mass and angular momentum away
from the Sun. The expansion is controlled
by the Sun’s magnetic field. The speed is
low in the inner corona but rapidly be-
comes supersonic and reaches anywhere
between 200 and 900 km s–1 at one astro-
nomical unit, i.e. in the vicinity of the
Earth’s orbit. The density of the plasma de-
creases with increasing distance from the
Sun, and at the Earth’s orbit is only about
eight particles per cm3.

Two forms of the solar wind are readily
recognizable: a slow-moving low-density
flux (< 400 km s–1), and high-speed
streams. The latter are thought to form the
normal state and originate in areas of rela-
tively weak divergent (and therefore pri-
marily unipolar) magnetic field. The
emission is greatly increased over CORONAL

HOLES and the long-term stability of such
regions may cause recurrent enhancement
over several solar rotations. Similar long-
lived jets are apparently emitted from the
polar regions. Confinement by magnetic
fields in the corona results in the slow-
moving flow, and this is greatest around
the maximum of the SUNSPOT CYCLE. In ad-
dition, transient mass ejections occur dur-
ing FLARES and in some of the more
frequent but less energetic active FILA-
MENTS/PROMINENCES (see coronal tran-
sients).

The Sun’s magnetic field is transported
by the expanding plasma and becomes the
interplanetary magnetic field, the lines of
which are wound into spirals by the Sun’s
rotation (see magnetohydrodynamics). The
region of expanding solar wind, or HELIOS-
PHERE, is bounded (at roughly 100–200
AU) by the heliopause.

solid-state detectors See gamma-ray
solid-state detectors; infrared detectors;
CCD.

solstices /sol-stiss-iz/  1. (solstitial points).
The two points that lie on the ECLIPTIC mid-
way between the vernal and autumnal
EQUINOXES and at which the Sun, in its ap-
parent annual motion, is at its greatest an-
gular distance (23½°) north or south of the
celestial equator.
2. The times at which the Sun reaches these
points, on about June 21 and Dec. 22; the
hours of daylight or of darkness are then at
a maximum.

solstitial colure /sol-stish-ăl/   See colures.

solstitial points See solstices.

Sombrero galaxy /som-brair-oh/ (M104;
NGC 4594) A spiral (Sa/Sb) galaxy in
the constellation Virgo that has a relatively
large bright nucleus and lies at a distance of
15 mpc. The spiral structure is difficult to
trace because the galaxy appears almost
edge-on. A dark absorption band of inter-
stellar dust in the galactic plane is clearly
visible against the bright bulge component.

sonde /sond/ A device, carried by rocket
or balloon, for observations and measure-
ments at high altitudes.

sounding rocket A rocket providing
relatively inexpensive brief flights (typi-
cally 4–10 minutes) for studying the
Earth’s upper atmosphere and for making
high-altitude astronomical observations.
Information collected by instruments on
board is radioed or sometimes parachuted
back to Earth. First launched in 1946,
sounding rockets are generally single-stage
rockets. After completion of rocket motor
firing they can coast upward before drop-
ping back to Earth. The latest sounding
rockets can reach an altitude of 1000 km.

source count (number count) A compi-
lation of the number, N, of sources per unit
solid angle that are brighter than a FLUX

DENSITY level S. In Euclidean space the ra-
dius of the sphere out to which sources of
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a certain luminosity are observed varies as
S–½; the number of sources contained
therein thus varies as S–3/2. A plot of log N
versus log S is a straight line of slope –1.5
and is independent of source luminosity.
Deviations from this value may indicate
source evolution, departures from a uni-
form space distribution, cosmological
effects, or the effect of an intervening ob-
scuring medium. Differential source counts
(number per unit flux interval) are to be
preferred when dealing with data since the
errors on each point are then independent
of other points. Radio source counts pro-
vided the first evidence for the BIG BANG

THEORY as against STEADY-STATE THEORY.
See also radio-source catalog.

south celestial pole See celestial poles.

Southern African Large Telescope
(SALT) A major telescope located at the
main research and observing station of the
South African Astronomical Observatory
in Sutherland, in the Karoo region of the
Northern Cape, South Africa. The tele-
scope, which has a hexagonal mirror array
measuring 11 meters in diameter, is the
largest in the southern hemisphere, built at
a cost of $30 million. Because of this high
cost, SALT has had to be run as an inter-
national venture involving institutions
from South Africa, Germany, New
Zealand, Poland, the United Kingdom, and
the United States. SALT is similar to the
HOBBY-EBERLY TELESCOPE at the McDonald
Observatory in Texas, USA, but employs
redesigned optics to use a larger portion of
the mirror array. Building of the telescope
commenced in 2000 and was scheduled for
completion by the end of 2004. As-
tronomers hoped it would come into oper-
ation in 2005.

Southern Coalsack See Coalsack.

Southern Cross Common name for
CRUX.

Southern Sky Survey A photographic
star atlas of the southern sky, comprising
two sets of photographic plates covering
overlapping areas of the sky and taken dur-

ing the 1970s and 1980s. The celestial ob-
jects recorded were very much fainter and
more distant than those on previous south-
ern sky maps, and about four times as faint
as objects on the PALOMAR OBSERVATORY

SKY SURVEY of the northern and equatorial
sky issued in the 1950s. The project was a
joint effort involving the use of the 1.0-
meter SCHMIDT TELESCOPE at the EUROPEAN

SOUTHERN OBSERVATORY (ESO), Chile, and
the 1.2-meter UK SCHMIDT telescope,
funded by the UK Science and Engineering
Research Council (SERC), at the ANGLO-
AUSTRALIAN OBSERVATORY, Australia.

The UK Schmidt contribution was a set
of sky-limited blue-sensitive plates; objects
between a declination of –17° and –90°
(the south celestial pole) were recorded,
down to a magnitude of 22. The Southern
Sky Survey was completed in 1984. The
ESO Schmidt provided, 1987, a corre-
sponding set of red-sensitive plates, cover-
ing the same area as the blue-sensitive
plates. A further survey working north-
ward toward the celestial equator was
completed in 1998. Between 1985 and
1999, the UK Schmidt was used to take red
plates for ‘second epoch’ survey of the
southern sky. These plates, covering the
same regions of sky as the red plates of the
original Southern Sky Survey, are sepa-
rated from them by a mean epoch differ-
ence of 15 years, thus allowing
astronomers to check proper motions and
other positional changes. Material from all
the southern sky surveys was converted to
digital format during the 1990s. Along
with the material from the first and second
Palomar Observatory Sky Surveys, the
Southern Sky Survey data were incorpo-
rated into the First and Second Digitized
Sky Surveys published by the SPACE TELE-
SCOPE SCIENCE INSTITUTE.

south point See cardinal points.

south polar distance The angular dis-
tance of a celestial body from the south ce-
lestial pole, measured along the object’s
hour circle.

Soyuz craft /sŏ-yooz/ A series of Soviet
crewed spacecraft, the first of which –

south celestial pole
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Soyuz 1 – was launched Apr. 23 1967. The
flight of Soyuz 1 ended tragically when its
parachute became entangled during reen-
try and it crashed in Kazakhstan, killing its
cosmonaut pilot Vladimir Komarov, the
first person to die during a space mission.
The program continued, however, and
Soyuz 4 and 5 carried out the first docking
of two spacecraft, and a transfer of crew,
on Jan. 16 1969. In Oct. 1969 Soyuz
achieved one of its most notable records,
with three craft being launched in as many
days, resulting in a total of seven cosmo-
nauts being in space at the same time. In
June 1971 three cosmonauts died aboard
Soyuz 11 during a return trip from the
space station Salyut 1. Further Soyuz
launches were put on hold for three years.

In 1975, the Soyuz 19 spacecraft
docked with the US Apollo 18 craft in the
first international space effort, the
APOLLOŋDASHSOYUZ TEST PROJECT. From
then to the end of the 1990s, Soyuz craft
ferried cosmonauts to and from the re-
maining SALYUT stations, and then from the
MIR space station. From 1998, they shared
the job of transporting personnel and ma-
terials to and from the INTERNATIONAL

SPACE STATION with US space shuttles and
carried on the task alone following the loss
of Columbia in 2003 until shuttle flights
resumed in 2005.

The Soyuz craft has undergone various
design changes over the years, although it
still carries some similarities to the VOSTOK

and VOSHKOD craft of the early Soviet space
era. The first notable changes came in 1980
with the introduction of the Soyuz T,
which was equipped with more advanced
electronics and navigation facilities and
could carry three people instead of just
two. In 1987 another upgrade, the Soyuz
TM, was introduced for servicing Mir. It
could act as a ‘lifeboat’ if Mir’s computers
failed and was equipped with life-support
systems for the station’s crew. The Soyuz
TMA, now used for servicing the Interna-
tional Space Station, was introduced in
2002. It consists of three parts: the orbital
module (the topmost and largest section,
providing living accommodation and a
working environment for the crew while in
space), the reentry module (the central sec-

tion, with room for three crew members
and equipped with a climate control sys-
tem, parachutes and retrorockets for the
return to Earth), and the service module
(the bottom section that carries the rocket
fuel, oxygen tanks, thrusters, and commu-
nications and navigations equipment).
Solar panels on the outside of the service
module supply power to the whole craft
while it is in space. Upgrades of the Soyuz,
including the Soyuz-Fregat, are marketed
by a Franco-Russian company, Starsem.

space The near-vacuum existing beyond
the atmospheres of all bodies in the Uni-
verse. The extent of space, i.e. whether it is
finite or infinite, is as yet unresolved. See
intergalactic medium; interplanetary
medium; interstellar medium.

space density The spatial distribution
of a type of astronomical object with red-
shift in the Universe. See luminosity func-
tion; source count.

Space Infrared Telescope Facility
(SIRTF) Original name of the SPITZER

SPACE TELESCOPE.

Space Interferometry Mission (SIM)   A
spacebased astrometric observatory
planned for launch by NASA in 2009.
Placed in an Earth-trailing orbit around the
Sun, SIM is designed to function as an op-
tical Michelson interferometer operating
over a wavelength range of 0.4–0.9 µm on
a 10-meter baseline. The telescopic aper-
ture is to be 0.3 meter. SIM is intended to
measure the positions and distances of
stars with unparalleled accuracy. With its
silicon CCD detector it aims to achieve a
precision of 1 microarcsecond (µas) in one
measurement over a narrow field of view
1° in diameter. In this mode, SIM will
search for planets orbiting nearby planets
by detecting whether the stars ‘wobble’ rel-
ative to reference stars close to the same
line of sight and by how much. For stars
more widely separated, SIM aims to meas-
ure their absolute positions to an accuracy
of 4 µas. These wide-angle measurements
will be made relative to an astrometric grid
of reference stars covering the whole sky.
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Construction of this grid is accomplished
by repeatedly measuring the angle of sepa-
ration between stars in overlapping grid
boxes or ‘tiles’, each tile being 15° wide.
The angle of 15° represents the area of sky
accessible to SIM by retargeting the optical
components without changing the attitude
of the spacecraft. SIM aims to achieve a
limiting magnitude of 20.

Spacelab /spayss-lab/ A reusable space
laboratory that was carried into Earth
orbit as a payload aboard several of
NASA’s SPACE SHUTTLE missions between
1983 and 1998, and in which a team of sci-
entists, known as payload specialists, were
able to oversee or take part in short-term
experiments devoted to science and tech-
nology. It remained in the cargo bay of the
shuttle during an orbital flight. It was de-
signed and constructed by ESA, and deliv-
ered to NASA in 1980. There were two
basic sections in Spacelab: a long or short
pressurized module in which the payload
specialists could operate the experiments
on board, and up to three unpressurized U-
shaped ‘pallets’ or platforms on which in-
struments could be directly exposed to
space. A pressurized tube connected the
module to the shuttle’s living quarters.
Some Spacelab missions used only the pal-
lets, together with a services module.

The first mission, Spacelab–1, was
launched in Nov. 1983 and flew 72 exper-
iments from ESA countries, the USA,
Japan, and Canada, mainly devoted to
human physiology and materials sciences.
Spacelab–3, in Apr. 1985, had many mi-
crogravity experiments. Spacelab–2, in
July 1985, was largely an astronomical
mission; four telescopes were used on an
ultraprecise pallet-mounted instrument-
pointing system (IPS), which was also used
in the ASTRO missions in Dec. 1990 and
Nov. 1995. A joint German/ESA mission
in Oct. 1985, Spacelab D1, flew micro-
gravity and life-sciences experiments.
There followed several dedicated series of
missions: to the life sciences, starting with
SLS–1 in June 1991; to microgravity, start-
ing with IML–1 (the International Micro-
gravity Laboratory) in Jan. 1992; and to
atmospheric studies, with the Atmospheric

Laboratory for Applications and Science
(ATLAS–1) in Apr. 1992. The year 1992
also saw the Spacelab-J mission, a NASA
collaboration with the Japanese space
agency NASDA. This mission carried 34 US
and Japanese experiments devoted to the
life sciences and materials science. A joint
US–Russian mission, Spacelab-Mir (Jun–
Jul 1995) was carried aboard the space
shuttle on a flight to the Mir space station,
where life-sciences studies were carried
out, including an evaluation of the Russian
science research program, which sought to
counter the effects of long stays in space. A
final multinational Spacelab mission, des-
ignated Neurolab and devoted to a study of
the nervous system in microgravity, was
flown during April and May 1998.

spaceprobe See planetary probe.

space shuttle A partially recoverable
manned space transportation system devel-
oped and tested by NASA. The first orbital
test flight, by the shuttle Columbia, took
place on Apr. 12 1981, and the shuttle sys-
tem, officially referred to by NASA as the
space transportation system (STS), was op-
erational by 1982. The shuttles Challenger,
Discovery, and Atlantis were brought into
service alongside Columbia in 1983, 1984,
and 1985 respectively. Challenger was de-
stroyed, and its seven-person crew killed,
in an explosion on Jan. 28 1986, shortly
after liftoff. Shuttle flights were then sus-
pended until Sept. 1988. The shuttle En-
deavour was built to replace Challenger,
making its first flight in 1992. On Feb. 1
2003, Columbia broke up over Texas dur-
ing its return from an orbital mission and
was destroyed with the loss of all on board.
Space shuttle flights were again suspended
and did not resume until May 2005.

A shuttle consists of an Orbiter with the
appearance of a delta-wing aircraft, a huge
expendable external propellant tank, on
which the Orbiter is mounted at launching,
and two solid-fuel rocket boosters. The
whole system weighs about 2000 tonnes at
launch and has an overall length of about
56 meters. The Orbiter is 37 meters in
length.

Spacelab
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The shuttle is launched in a vertical po-
sition by the simultaneous firing of its two
rocket boosters and three very powerful
liquid hydrogen/liquid oxygen main en-
gines. About two minutes into the flight the
empty rocket boosters are detached, para-
chute into an ocean area, and are recovered
for further use. Just before the craft reaches
its orbit the propellant tank is discarded
and burns up in the atmosphere. The Or-
biter can then maneuver by means of two
on-board engines. The altitude, eccentric-
ity, and inclination of the orbit can be var-
ied, within limits, as can the flight duration
– between about 7 and 30 days. On mis-
sion completion the Orbiter uses its rocket
motors to put it into a reentry path, enters
the atmosphere in a shallow glide, and fi-
nally makes an unpowered landing like a
conventional glider.

The Orbiter has a large cargo bay –
18.3 meters long and 4.6 meters in diame-
ter – in which the payload is housed. SPACE-
LAB first flew in the cargo bay in 1983.
Satellites can be launched into orbit from
the cargo bay and can also be brought back
into the bay for servicing and redeploy-
ment or for return to Earth. Since the Chal-
lenger disaster, unpiloted boosters such as
the Deltas have been used as the main
launch vehicles for astronomy missions.
But the space shuttle was employed for car-
rying the HUBBLE SPACE TELESCOPE into orbit
in 1990 and later for service and repair
missions to it. The shuttles are also used for
medical, scientific, and technological ex-
periments conducted by the astronauts. A
total mass of 29.5 tonnes can be carried
into a low-altitude orbit, with smaller
loads for higher or less accessible orbits.
Payloads to be placed in orbits above the
shuttle ceiling, such as a geostationary
orbit, require additional propulsion; the
shuttle ceiling is about 1000 km in altitude.
A payload of 11.5 tonnes can be returned
to Earth.

In 1995 a shuttle made the first of sev-
eral flights to and from the Russian space
station MIR, in preparation for the con-
struction and utilization of the INTERNA-
TIONAL SPACE STATION (ISS). In 1998
shuttles and Russian SOYUZ CRAFT em-
barked upon the process of building the

ISS, ferrying components into orbit and
transferring personnel to and from the ISS
modules as they were assembled. The sus-
pension of shuttle flights after the loss of
the Columbia temporarily halted the shut-
tles’ contribution to this activity, but their
collaboration in completing the ISS were
scheduled to resume when they returned to
service.

space station An orbiting space labora-
tory, with a lifetime of several years or
more, on which people can live and work
in controlled but weightless conditions.
Crews are ferried to and from the station
and remain on board either for short peri-
ods or on a continuous or near continuous
rota basis. The first Soviet SALYUT space
station was launched in 1971, and the one-
off US SKYLAB station went into space in
1973. There followed six more Salyut sta-
tions before 1986, when the Soviet Union
launched MIR, a modular space station that
functioned almost continuously until it
was abandoned in 1999. In its later years it
was a focus of international cooperations,
especially between Russia and the United
States. It fell to Earth, burning up in the at-
mosphere, in 2001. The INTERNATIONAL

SPACE STATION (ISS) is a venture involving
contributions from 16 countries. Assembly
of the ISS began in 1998, and the first long-
stay crew took up residence there in Nov.
2000.

Space Telescope Science Institute
(STScI) A research institute in Baltimore,
Maryland, that defines the observing pro-
gram of the HUBBLE SPACE TELESCOPE and
collects the data on behalf of participating
scientists. It is operated by a consortium of
US universities (AURA) under contract to
NASA.

spacetime The single physical entity
into which the concepts of space and time
can be unified such that an event may be
specified mathematically by four coordi-
nates, three giving the position in space and
one the time. The path of a particle in
spacetime is called its world line. The
world line links events in the history of the
particle.
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The concept of spacetime was used by
Einstein in both the special and the general
theories of RELATIVITY. In special theory,
where only INERTIAL FRAMES are consid-
ered, spacetime is flat. In the presence of
gravitational fields, treated by general rela-
tivity, the geometry of spacetime changes:
it becomes curved. The rules of geometry in
curved space are not those of three-dimen-
sional Euclidean geometry.

Matter tells spacetime how to curve:
massive objects produce distortions and
ripples in the local spacetime. The question
of whether the spacetime of the real Uni-
verse is curved, and in what sense, has yet
to be resolved. If the Universe contains suf-
ficient matter, i.e. if the MEAN DENSITY of
the Universe is high enough, then the
spacetime of the Universe must be bent
round on itself and closed.

space velocity See radial velocity.

spallation /spă-lay-shŏn/ A particularly
vigorous type of nuclear reaction in which
several particles or nuclei result from a
high-speed collision. Spallation occurs
when COSMIC RAYS collide at high speed
with atomic nuclei, the heavier nuclei
breaking up to produce lighter nuclei.

spark chamber A device in which the
tracks of charged particles are made visible
and their location in space accurately
recorded. It consists essentially of a stack
of narrowly spaced thin plates or grids in a
gaseous atmosphere, partially surrounded
by one or more auxiliary particle detectors
such as SCINTILLATION COUNTERS. Any par-
ticle detected in one of the auxiliary devices
triggers the application of a high-voltage
pulse to the stack of plates. The passage of
the particle through the plates is then
marked by a series of spark discharges
along its path. The tracks are recorded by
electronic or photographic means. Use of
the auxiliary devices leads to a select trig-
gering of the chamber for a particular type
of energy or radiation. Spark chambers can
be used to detect gamma rays following
their conversion to an electron–positron
pair.

spatial resolution See resolution.

Special Astrophysical Observatory
The main observing facility, for optical and
radio astronomy, of the Academy of Sci-
ences of the former USSR. It is located in
the Russian Caucasus between the Black
Sea and Caspian Sea. The instruments in-
clude the 6-meter optical telescope at ZE-
LENCHUKSKAYA OBSERVATORY and the
RATAN 600 radio telescope.

special relativity /rel-ă-tiv-ă-tee/ See
relativity, special theory.

speckle interferometry A technique
whereby the limit to the RESOLUTION of a
telescope, imposed not by its design but by
atmospheric turbulence (see seeing), may
be considerably improved: factors of 50
have been reported. A typical stellar image
has, at best, a diameter given by that of the
diffraction-limited AIRY DISK; atmospheric
turbulence however causes small continu-
ous erratic movements in image position
on a long-exposure photograph, producing
a final blurred image enlarged many times.
In optical speckle interferometry and its
more recent infrared counterpart, many
short exposures (10–20 milliseconds) of
the object are taken in rapid succession.
These freeze the effects of turbulence so
that the individual ‘speckles’ making up
the overall image are distortion-free stellar
images: those of supergiants are relatively
large, those of binary stars are double. Sub-
stantial differences between the speckles of
the many short exposures require the ap-
plication of statistical analysis to the im-
ages. This leads to a range of information,
including the separation and other proper-
ties of close binary stars, often hitherto un-
resolvable. In addition reconstructions
have been achieved of the disks of super-
giants, such as Betelgeuse; apparent diame-
ters can thus be measured and large-scale
surface details discerned. Very small areas
of the Sun have also been studied.

spectral classes /spek-trăl/ See spectral
types.

space velocity
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spectral types

spectral flux density (spectral power flux
density) See flux density.

spectral index The index, α, expressing
how the FLUX DENSITY (S) of a radio source
varies with frequency (ν). The spectrum is
taken to be a power law so that either S ∝
να or S ∝ ν–α. Because α is frequently stated
without its sign, it is important to be clear
which definition is being used in every case.
See also power-law spectrum; radio-source
spectrum.

spectral lines See absorption spectrum;
emission spectrum; line spectrum.

spectral types (spectral classes) The dif-
ferent groups into which stars may be clas-
sified according to the characteristics of
their SPECTRA, principally the absorption
lines and bands resulting from the presence
of particular atoms and molecules in the
star. Spectral lines of the various elements
and compounds have widely different
strengths in stars of different temperatures:
this is the basis of the current classification.
In the Secchi classification made in the
1860s by the Italian Angelo Secchi, stars
were divided into four groups based on the
visual observation of spectra. The subse-
quent development of photographic spec-
troscopy allowed a much more precise
division. The Harvard classification was
introduced by astronomers at Harvard Ob-
servatory in the 1890s and used in subse-
quent volumes of the HENRY DRAPER

CATALOG. It was developed into its present
form in the 1920s by E.C. Pickering, Annie
J. Cannon, and others.

The original scheme was based on the
strength of the hydrogen Balmer absorp-
tion lines in stellar spectra (see hydrogen
spectrum), the order being alphabetical
from A to P: A stars had the strongest hy-
drogen lines. Some letters were later
dropped and the ordering rearranged to
correspond to a sequence of decreasing
surface temperature. The majority of stars
can be divided into seven spectral types –
O, B, A, F, G, K, M – the order often re-
membered by the mnemonic ‘Oh Be A Fine
Girl (or Guy) Kiss Me’. The principal spec-
tral features of these classes are shown on
the graph (a) and listed in Table (b) and
also at separate entries: O STARS, B STARS,
etc. Since temperature and COLOR are di-
rectly linked the Harvard classification is
also a sequence of colors ranging from hot
blue O stars to cool red M stars. Additional
classes are the CARBON STARS (C stars) and
the S STARS. The spectral types are further
subdivided into 10 subclasses denoted by
digits 0 to 9 placed after the spectral type
letter, as with A5 – midway between A0
and F0. These subdivisions are based on a
variety of complex empirical criteria,
mainly the ratios of certain sets of lines in
a spectrum, and may be further subdi-
vided, as with O9.5. Other spectral charac-
teristics, such as the presence of emission
lines, are indicated by an additional small

|  |  |  |  |  |  |
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letter placed after the spectral type, as with
M5e).

It was realized in the 1890s that stars of
a particular spectral type could have
widely differing LUMINOSITIES and several
luminosity classifications were developed.
The currently used MK system was first
published in 1941 by W.W. Morgan and
P.C. Keenan of Yerkes Observatory: stars
of a given spectral type are further classi-
fied into one of six luminosity classes, de-
noted by Roman numerals placed after the
spectral type, as with G2 V, and indicating
whether the star is a SUPERGIANT, GIANT,
SUBGIANT, or MAIN-SEQUENCE STAR (see
Table (d)); SUBDWARFS and WHITE DWARFS

are also sometimes considered as luminos-
ity classes. All these classes occupy distinct
positions on the HERTZSPRUNG–RUSSELL DIA-
GRAM. Stars of a similar temperature but
different luminosities must differ in surface

area and consequently in SURFACE GRAVITY

and atmospheric density. These differences
produce spectral effects that are used to
differentiate between the luminosity
classes. A major effect is the PRESSURE

BROADENING of spectral lines, which in-
creases as the atmospheric density and
pressure increase (and radius decreases):
spectral lines of a bright supergiant are
much narrower than those of a main-se-
quence star of the same spectral type. The
spectra of a set of standard stars are used in
assigning spectral type and luminosity class
to a star.

spectrograph /spek-trŏ-graf, -grahf/ An
optical instrument used in separating and
recording the spectral components of light
or other radiation. Spectrographs are a
major astronomical tool for analyzing the
emission and absorption spectra of stars

spectrograph
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SPECTRAL FEATURES OF STAR TYPES

O hottest blue stars ionized helium (HeII) lines dominant
strong UV continuum

B hot blue stars neutral helium (HeI) lines dominant 
no HeII

A blue, blue-white stars hydrogen lines dominant 
ionized metal lines present

F white stars metallic lines strengthen 
H lines weaken

G yellow stars ionized calcium dominant
metallic lines strengthen

K orange stars neutral metal lines dominant 
molecular bands strengthen

M coolest red stars molecular bands dominant 
neutral metal lines strong

NONSTANDARD SPECTRAL
FEATURES

e emission lines present
n diffuse lines
s sharp lines
k interstellar lines present
m metallic lines present
p peculiar spectrum
v variable
wk weak lines 

LUMINOSITY CLASSES

Ia bright supergiants
Ib supergiants
II bright giants
III giants
IV subgiants
V main sequence (dwarfs)
VI subdwarfs
VII white dwarfs



and other celestial objects. They are used
with reflecting (or refracting) telescopes,
usually mounted at the Cassegrain focus. If
the telescope has a coudé or Nasmyth fa-
cility a spectrograph can be permanently
positioned at these foci: such spectro-
graphs are used for high-dispersion work.
The dispersion of a spectrograph is the lin-
ear separation of spectral lines per unit
wavelength difference, often quoted in mil-
limeters per nanometer or per angstrom.
The wavelength range over which the in-
strument will operate depends on the
recording medium, and also on the optical
elements of the device, but is generally in
the region 300–1300 nanometers – i.e.
light, near-infrared, and near-ultraviolet
wavelengths.

The radiation is focused on and enters
the instrument through a narrow rectangu-
lar slit. The diverging beam is made paral-
lel by a collimator – a converging mirror or
lens – and falls on or passes through a DIF-
FRACTION GRATING or prism. The beam is
thus split into its component wavelengths.
This spectrum is focused on a photo-
graphic plate or an electronic IMAGING de-
vice. Large quantities of digital
information from highly sensitive elec-
tronic devices, such as CCD detectors, can
be fed into a computer for rapid analysis
and manipulation. The chromatic resolu-
tion or resolving power of a spectrograph
is a measure of the detectable separation of

wavelengths that are very nearly equal. It is
given by the ratio λ/∆λ, if at a wavelength
λ it is just possible to distinguish between
two spectral lines of wavelength difference
∆λ. In a large spectrograph, such as that in
the illustration, there is often a choice of
mirrors, of different focal lengths, for fo-
cusing the spectral image on the recording
medium and also a choice of diffraction
gratings.

spectroheliogram /spek-troh-hee-lee-ŏ-
gram/ A photograph of the solar CHRO-
MOSPHERE taken in the MONOCHROMATIC

light of certain strong FRAUNHOFER LINES –
usually the hydrogen-alpha (Hα) line of
neutral hydrogen at 656.3 nm or the K line
of singly ionized calcium at 393.4 nm –
using a SPECTROHELIOGRAPH. When a pho-
tograph is taken using a telescope equipped
with a suitable narrow-band INTERFERENCE

FILTER, it is usually called a filtergram. By
changing the wavelength slightly, different
levels in the chromosphere can be photo-
graphed and information obtained on the
vertical extent of any features present.

spectroheliograph /spek-troh-hee-lee-ŏ-
graf, -grahf/ A high-dispersion SPECTRO-
GRAPH designed to be used, usually with a
SOLAR TELESCOPE, for studying the Sun’s
spectrum and for obtaining photographs of
the Sun at particular wavelengths, such as
that of the HYDROGEN-ALPHA (Hα) line at
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656.3 nm. In addition to an entrance slit,
the instrument has a second narrow slit sit-
uated directly in front of the photographic
plate so that only one spectral line falls on
the plate. When the first slit is at the prime
focus of the telescope a narrow strip of the
Sun’s image will enter the instrument and a
photograph of that narrow strip, at the
wavelength of the spectral line, will be
formed. If the first slit is moved across the
Sun’s image, and the second slit is moved in
step with it across the photographic plate,
a photograph – a SPECTROHELIOGRAM – of
the whole Sun, at the particular wave-
length, will be obtained. This photograph
will be composed of tiny line elements
maybe 0.03 nm wide.

spectrohelioscope /spek-troh-hee-lee-ŏ-
skohp/ The optical counterpart of the
SPECTROHELIOGRAPH, the principal differ-
ence being that both the entrance slit and
secondary (viewing) slit are given a rapid
oscillatory movement that enables the
whole (or a part) of the Sun’s disk to be
seen by virtue of the observer’s persistence
of vision. Nowadays observation of the
Sun in MONOCHROMATIC light is routinely
undertaken using automatic photographic
patrol telescopes utilizing a narrow-band
INTERFERENCE FILTER, but the spectrohelio-
scope is still used at some observatories
and by serious amateurs, particularly for

measuring the velocities of material
Doppler-shifted away from the center of
the hydrogen-alpha (Hα) line.

spectrometer /spek-trom-ĕ-ter/ 1. An in-
strument, such as a SPECTROGRAPH, in
which the spectrum of a source of radiation
is produced, especially one in which the
spectrum is recorded by electronic means
so that wavelength, intensity, etc., can be
measured. Spectrometers covering various
wavelength ranges are used in ground-
based and satellite and spaceprobe meas-
urements.
2. An instrument for determining the dis-
tribution of energies in a beam of particles.

spectrophotometer /spek-troh-foh-tom-
ĕ-ter/ An instrument designed to measure
the intensity of a particular spectral line or
a series of spectral lines in an absorption or
emission spectrum.

spectroscopic binary /spek-trŏ-skop-ik/
A BINARY STAR in which the orbital motions
of the components give rise to detectable
variations in RADIAL VELOCITY, revealed by
changes in DOPPLER SHIFT in their spectral
lines (see illustration). Because a binary
star is more likely to be detected spectro-
scopically if its orbital period is relatively
short and the orbital velocities are rela-
tively high, most spectroscopic binaries are

spectrohelioscope
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close binaries (see binary star). Spectro-
scopic detection is not possible if the or-
bital plane lies at right angles to the line of
sight.

When the components are nearly equal
in brightness both spectra are visible and
the spectral lines appear double for most of
each orbital period, coinciding only when
the stars are moving at right angles to 
the line of sight. Such a system is called a
double-lined spectroscopic binary. Com-
parison of the Doppler shifts in the compo-
nent spectra gives the relative velocities
and hence the relative masses of the two
stars: 

v1/v2 = M2/M1
The individual masses cannot be deter-
mined unless the inclination of the orbital
plane to the line of sight is known (see
eclipsing binary).

The presence of a comparatively faint
component is revealed only by its gravita-
tional effect on the motion of the brighter
star. Invisible components of low mass are
rarely detected because doppler shifts cor-
responding to orbital speeds of less than
about 2 km s–1 are obscured by observa-
tional errors. See also mass function.

spectroscopic parallax See parallax.

spectroscopy /spek-tros-kŏ-pee/ In gen-
eral, the production and interpretation of
spectra. The application of spectroscopy to
the study of the light of celestial bodies
began in the late 19th century. Astronomi-
cal spectroscopy is now used over the
whole range of ELECTROMAGNETIC RADIA-
TION from radio waves to gamma rays. It is
the main source of information on the
composition, temperature, and nature of
celestial bodies.

The lines and bands in EMISSION and AB-
SORPTION SPECTRA are characteristic of the
atoms, molecules, and ions producing
them, and spectral analysis leads to the
identification of these components in plan-
etary atmospheres, comets, stars, nebulae,
galaxies, and in the interstellar medium.
Measurements of the intensities of spectral
lines (spectrophotometry) can give quanti-
tative information on the chemical compo-
sition.

In addition, spectroscopy yields infor-
mation on the physical conditions and the
processes occurring in celestial bodies. For
instance, temperature may be measured by
the vibrational excitation of molecules (if
present) through analysis of the intensities
of the individual lines in their band spectra.
The degree of ionization can be used to
measure higher temperatures. The width
and shape of spectral lines indicates tem-
perature, movement, pressure, and the
presence of magnetic fields (see line broad-
ening; Zeeman effect). The processes oc-
curring are often directly responsible for
the production of the spectra, as in the re-
combination of ions and electrons in H II
regions or synchrotron emission from elec-
trons in magnetic fields. See also Doppler
effect; redshift.

spectrum /spek-trŭm/ A display or
record of the distribution of intensity of
ELECTROMAGNETIC RADIATION with wave-
length or frequency. Thus, the spectrum of
a celestial body is obtained by dispersing
that radiation from it into its constituent
wavelengths so that the wavelengths pre-
sent and their intensities can be observed.
A variety of techniques exist for obtaining
spectra, depending on the part of the elec-
tromagnetic spectrum studied. The result
may be a photographic record (as can be
obtained in a SPECTROGRAPH) or a plot of
intensity against wavelength or frequency
(as can be produced by electronic and as-
sociated equipment).

The spectrum of a particular source of
electromagnetic radiation depends on the
processes producing emission of radiation
(see emission spectrum) and/or on the way
in which radiation is absorbed by interme-
diate material (see absorption spectrum).
Spectra are also classified by their appear-
ance. A LINE SPECTRUM has discrete lines
caused by emission or absorption of radia-
tion at fixed wavelengths. A BAND SPEC-
TRUM has distinctive bands of absorption
or emission. A CONTINUOUS SPECTRUM oc-
curs when continuous emission or absorp-
tion takes place over a wide range of
wavelengths. See also spectroscopy.

spectrum variables (αα2 CVn stars) Pe-
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culiar main-sequence AP STARS whose spec-
tra have anomalously strong lines of metals
and rare earths (Sr, Eu, Mn, Si, Cr) that
vary in intensity by about 0.1 magnitudes
over periods of about 1–25 days. These
variations are related to changes in the
stars’ magnetic fields. The brighter compo-
nent of the binary star COR CAROLI

(α2 CVn) is typical.

Spectrum–X The first in a series of
large astrophysics satellites developed in
the former Soviet Union, planned for
launch into an elliptical, 4-day period orbit
on a Proton rocket. The 2.8-tonne scien-
tific payload of Spectrum–X includes four
main instruments: SODART, a large GRAZ-
ING INCIDENCE telescope equipped with
imaging PROPORTIONAL COUNTERS, solid-
state detectors, a polarimeter, and Bragg
crystal spectrometers (a collaboration of
Russian, Danish, US, and other nations);
JET–X, a pair of higher-resolution tele-
scopes feeding cooled CCDs (from the UK
and Italy); MART, a high-energy X-ray
telescope (an Italian/Russian collabora-
tion); and EUVITA, an array of normal-in-
cidence multilayer XUV telescopes (from
Switzerland and Russia). Funding prob-
lems have delayed the launch of Spectrum-
X, originally set for 1995, to 2001/2.

speculum metal /spek-yŭ-lŭm/ An alloy
of copper and tin used by Newton and his
successors to make telescope mirrors be-
cause it could easily be cast, ground to
shape, and took a good polish. It was made
obsolete by the use of glass provided with
a thin highly reflective silver coating.

speed of light Symbol: c. The constant
speed at which light and other ELECTRO-
MAGNETIC RADIATION travels in a vacuum.
It is equal to 299 792 458 m s–1 (value
adopted by the IAU in 1976). Since space is
not a perfect vacuum, radiation travels
through space at a very slightly lower
speed, which decreases somewhat when
the radiation enters the Earth’s atmos-
phere. The speed of light, c, is independent
of the velocity of the observer: there can
therefore be no relative motion between an
observer and a light beam, i.e. the speed of
light cannot be exceeded in a vacuum. This
radical notion was basic to Einstein’s spe-
cial theory of RELATIVITY.

spherical aberration /sfe-ră-kăl/ (SA)
An ABERRATION of a spherical lens or mir-
ror in which light rays converge not to a
single point but to a series of points whose
distances from the lens or mirror decrease
as the light rays fall nearer the periphery of
the optical element (see illustration). It is
most obvious with elements of large diam-
eter. It can be considerably reduced by
using an APLANATIC SYSTEM, which also re-
duces COMA, or by using a CORRECTING

PLATE. Paraboloid surfaces are free of
spherical aberration, but not of coma. See
also Schmidt telescope.

spherical angle See spherical triangle.

spherical triangle A triangle on the sur-
face of a sphere formed by the intersections
of three great circles (see illustration). The
arcs BC, AC, and AB form the sides of the
spherical triangle ABC. The lengths of

Spectrum–X
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spicules

these sides (a, b, and c), in angular meas-
ure, are equal to the angles BOC, COA,
and AOB, respectively, where O is the cen-
ter of the sphere. This assumes a radius of
unity. The angles between the planes are
the spherical angles A, B, and C of the tri-
angle.

The relationships between the angles
and sides of spherical triangles are exten-
sively used in ASTROMETRY. The three basic
relationships are the sine formula:

sin A/sin a = sin B/sin b = sin C/sin c
the cosine formula:

cos a = cos b cos c + sin b sin c cos A
cos b = cos a cos c + sin a sin c cos B
cos c = cos a cos b + sin a sin b cos C

and the extended cosine formula, which
can be derived from the other two.

For a spherical right-angled triangle, in
which one angle, say C, is equal to 90° so
that sin C = 1, cos C = 0, the formulae are
much simplified. They are also simplified if
the sides of the triangle are small so that,
say, sin a tends to a and cos a to 1–a2/2. As
a, b, and c approach zero the formulae re-
duce to those used in plane geometry. The
formulae may be extended by replacing the
sides and angles by the supplements of the

corresponding angles and sides, respec-
tively. Thus 

sin A = sin a, cos A = –cos a.

spheroid /sfeer-oid/ See ellipsoid.

spherules /sfe-rool/ Small round parti-
cles of rock and wüstite (iron oxide)
formed by the solidification of molten me-
teoritic material that flows off a meteorite
during its passage through the Earth’s at-
mosphere. Magnetic spherules can easily
be recognized in deep sea sediments. Sizes
range typically from 10 µm to 200 µm.

Spica /spÿ-kă/ (αα Vir) A conspicuous
blue-white star that is the brightest one in
the constellation Virgo. It is an ECLIPSING

BINARY, period 4.014 days, the primary (A)
being a BETA CEPHEI STAR near to core hy-
drogen exhaustion. Spica, Denebola, Arc-
turus, and Cor Caroli form the
quadrilateral shape of the Diamond of
Virgo. mv: 0.98 (var.); Mv: –3.2; spectral
type: B1 V; distance: 67 pc.

spicules /spik-yoolz/ Predominantly ver-
tical narrow (1000-km diameter) jets of
gas, visible (in the monochromatic light of
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certain strong FRAUNHOFER LINES) beyond
the Sun’s limb. They ascend with velocities
of up to 20–30 km s–1 from the lower
CHROMOSPHERE for several thousand kilo-
meters into the inner CORONA and then fall
back and/or fade away. Their average life-
time is 5–10 minutes. They are closely as-
sociated with the CHROMOSPHERIC

NETWORK, being located in regions of en-
hanced vertical magnetic field at the
boundaries of supergranular cells (see su-
pergranulation), and have temperatures of
the order of 10 000 to 20 000 K.

spider The diagonal support in a NEW-
TONIAN TELESCOPE.

spider diffraction The characteristic
spikes of light in the form of a cross seen in
the image formed by a Newtonian reflec-
tor. They result from diffraction effects
caused by the diagonal supports – the spi-
der – and are additional to the diffraction
from the circular edge of an objective lens
or a mirror, which converts a star image
from a point to an AIRY DISK in refractors
and reflectors.

spillover The part of the system noise
(see sensitivity) of a radio telescope using a
DISH antenna that results from pick-up by
the feed – the secondary antenna – from di-
rections that do not intercept the reflecting
surface of the dish.

spin 1. A fundamental intrinsic property
of ELEMENTARY PARTICLES and atomic nu-
clei that describes the state of rotation of
the particle or nucleus, i.e. its intrinsic an-
gular momentum.
2. A quantum number that determines the
values of this property and is either a whole
or half integer. See also fermions; bosons.

spiral arms /spÿ-răl/ See density-wave
theory; galaxies; Galaxy; self-propagating
star formation.

spiral galaxy (spiral) See galaxies; Hub-
ble classification.

Spirit See Mars Exploration Rovers.

Spitzer Space Telescope An infrared
astronomy space observatory launched
Aug. 2003. It was the fourth and last of
NASA’s GREAT OBSERVATORIES and was
also a significant scientific and technical el-
ement in the agency’s long-term Origins
Program. Lifted into space from Cape
Canaveral, Florida, USA, by a Boeing
Delta rocket, Spitzer was placed in an orbit
around the Sun, following in the Earth’s
wake. Initially it was dubbed the Space In-
frared Telescope Facility (SIRTF) but was
renamed after launch to commemorate the
US astrophysicist Lyman Spitzer, Jr, the
first astronomer to propose placing a large
telescope in space and one of the leading
scientists involved in the development of
the HUBBLE SPACE TELESCOPE. The 950-kg
Spitzer spacecraft consists of a reflecting
telescope with a beryllium mirror measur-
ing 8.5 millimeters in diameter (focal ratio
f/12), in the focal plane of which lie three
cryogenically cooled science instruments
incorporating technically advanced, large-
format infrared detector arrays. Spitzer is
designed to carry out imaging and pho-
tometry over the wavelength range of
3–180 micrometers (µm), spectroscopy
over 5–40 µm, and spectrometry over
50–100 µm. The telescope and detectors
are surrounded by liquid helium, which
maintains them at their operating tempera-
ture of less than 5.5 K. NASA astronomers
hope to operate the Spitzer Space Tele-
scope for five years or more, using it to
identify and investigate dusty disks around
nearby stars that may be planet nurseries,
to peer into clouds of dust and gas that
may be the cradles of newborn stars, and to
gaze beyond the Milky Way at very lumi-
nous infrared galaxies powered by gigantic
black holes.

sporadic meteor A METEOR that is not
associated with a specific METEOR SHOWER.

Spörer’s law /spor-erz, shper-erz/ See
sunspot cycle.

sprays Impulsive events on the Sun that
are characterized by the ejection of chro-
mospheric material into the inner CORONA

with velocities exceeding the ESCAPE VELOC-

spider
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ITY (618 km s–1). They invariably occur
during the ‘flash phase’ of FLARES and are
less confined than SURGES, their material
fragmenting as it flies out. See also promi-
nences.

spring equinox Another name for ver-
nal equinox. See equinoxes.

Springfield mount See coudé telescope.

spring tide See tides.

s-process A slow process of NUCLEOSYN-
THESIS by which heavy stable nuclei are
synthesized from the iron-peak elements
(mass number 56) by successive captures of
neutrons. The process occurs when there is
a low density of neutrons in a star, the neu-
trons being by-products of nuclear-fusion
reactions. If the nucleus produced by a neu-
tron capture is stable it will eventually cap-
ture another neutron; if the nucleus is
radioactive it will have sufficient time to
emit a beta particle (i.e. an electron) to sta-
bilize itself before further neutron capture.
Thus the stable isotopes of an element are
synthesized until a radioisotope is pro-
duced, at which point a new element forms
by beta decay. Many years or decades may
elapse between successive neutron cap-
tures. The most abundant nuclei produced
by the s-process will be those with a low
ability to capture neutrons. The s-process
cannot synthesize nuclei beyond bismuth-
209 because neutron capture by this nuclei
results in rapid alpha decay. Compare r-
process.

Sputnik /spût-nik/ Any of a series of So-
viet artificial satellites, the first of which –
Sputnik 1 – was the first spacecraft to be
placed in orbit. This 58-cm diameter
sphere, weighing 84 kg, was launched on
Oct. 4 1957; it burnt up in the Earth’s at-
mosphere 92 days later. The orbit had a pe-
riod of 96 minutes, an apogee and perigee
(highest and lowest altitudes) of about 950
km and 230 km, and was inclined at 65° to
the equator. Its radio signals were trans-
mitted every 0.6 seconds. It contained few
instruments, being intended as a test vehi-
cle. The launching of Sputnik 1 had a pro-

found effect in accelerating America’s
space program.

Sputnik 2, launched on Nov. 3 1957,
was very much bigger. It carried about 500
kg in payload, including a live dog, Laika,
which survived the launch, as well as 10
experiments. Sputnik 3, launched on May
15 1958, weighed about 1330 kg and re-
mained in orbit for 691 days.

Square Kilometer Array (SKA) An in-
ternational design project for a highly
sensitive radio astronomical telescope op-
erating between 0.15 and 20 GHz with 
an effective collecting area of one square
kilometer. Countries involved include Aus-
tralia, Canada, China, India, the Nether-
lands, the USA and the UK.

SR variables See semiregular variables.

SS433 A close BINARY STAR in Aquila
that is ejecting a pair of oppositely directed
jets at very extreme speed. It lies at a dis-
tance of 5 kiloparsecs in the old supernova
remnant W50. The star system appears
faint optically but is characterized by
strong hydrogen emission lines, which led
to its inclusion in the Stephenson–Sand-
uleak (SS) catalog of such stars (1977); its
optical variability has led to an alternative
variable-star designation, V1343 Aquilae.
It is an X-ray source, discovered by Ariel V
in 1976. It is also a radio source and a
gamma-ray source. The discovery that it
has weak hydrogen emission lines that
move considerably in wavelength led to in-
tense investigation and analysis in 1978–
81; the following picture has emerged.

SS433 comprises a fairly normal star
that is transferring mass at a high rate to a
compact companion; as in other X-RAY BI-
NARIES, the gas forms an accretion disk
around the compact star. This hot accre-
tion disk produces most of the system’s
light so that the nature of the normal star is
not evident. It is probably a star of a few
times the Sun’s mass losing matter to a
NEUTRON STAR or BLACK HOLE (see mass
transfer). These two stars have an orbital
period of 13 days, and the stars and the ac-
cretion disk form a partially ECLIPSING BI-
NARY system.
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Two jets of gas stream off the faces of
the accretion disk, at a constant speed of
80 000 km s–1. The disk precesses in a pe-
riod of 164 days, so that the jets trace out
a cone on each side with an opening angle
of 40°. The component of velocity along
the line of sight thus varies periodically,
and the changing DOPPLER EFFECT causes
the emission lines from the jets to move up
and down the spectrum as the wavelength
varies with the 164-day cycle. Radio obser-
vations show the precessing jets out to a
distance of 0.05 parsecs; the Einstein Ob-
servatory recorded their X-ray emission in
a broader band at distances up to 30 pc to
each side, where they strike the surround-
ing supernova remnant W50. EXOSAT and
GINGA observations showed that the inner-
most regions of each jet to be eclipsed by
the normal star and to have a temperature
of several million degrees.

SS433 may represent a transitory phase
in the evolution of many X-ray binaries,
and its apparent uniqueness may indicate
that fast jets are only a short-lived phe-
nomenon. The final outcome may be a
THORNE–ÒYTKOW OBJECT. Two other in-
stances of stars located within supernova
remnants resemble SS433 superficially,
and a similar phenomenon is apparently
occurring on a more moderate scale in the
jet-emitting SYMBIOTIC STAR R Aquarii.

SS Cygni /sig-nÿ, -nee/ The brightest
DWARF NOVA. Normally of 12th magni-
tude, it rises to maybe 8th magnitude every
month or so: its period varies widely from
the mean of 51 days; the maxima vary in
shape, brightness, and duration. Like other
dwarf novae it is a close binary system in
which one component is a white dwarf; the
other is a normal G5 star. The orbital pe-
riod is 6.5 hours. SS Cygni is also an in-
tense, soft X-ray source, i.e. an X-RAY

BINARY.

S stars (zirconium stars) Stars of SPEC-
TRAL TYPE S, about half of which are IRREG-
ULAR long-period variables. They are red
giants similar to M STARS but distinguished
spectroscopically by the presence of mo-
lecular bands of zirconium oxide (ZrO)
rather than the oxides of titanium and

vanadium. Pure S stars have very strong
ZrO bands with either very weak or no
TiO bands. MS stars are M-type stars
showing ZrO bands. See also technetium
stars.

standard candle See distance determi-
nation.

standard epoch See epoch.

standard model The accepted but pos-
sibly incomplete theoretical framework for
describing something such as the origin of
the Universe, the processes in the interior
of the Sun, or the interactions of elemen-
tary particles.

standard time The time in any of the 24
internationally agreed time zones into
which the Earth’s surface is divided; the
primary division is centered on the Green-
wich (0° longitude) meridian. All locations
within a single zone keep the same time.
Zone times differ by a whole number of
hours, or in some cases of half hours, from
GREENWICH MEAN TIME. Zones west of the
Greenwich zone are behind GMT, those
east of it are in front of GMT.

star A luminous gaseous body that gen-
erates energy by means of nuclear fusion
reactions in its core. Below a certain mass
(0.08 solar masses), the central pressures
and temperatures in a body are insufficient
to trigger fusion reactions; all stars must
therefore exceed this mass limit. Stars of
progressively higher mass are less and less
common; the highest reliably determined
values are about 60 to 120 solar masses,
but there may be a very few more massive
stars (see stellar mass).

Although there is only a relatively nar-
row range in normal stellar masses, it is the
mass of a star that determines its other
properties – luminosity, temperature, size –
and the way in which it evolves. These
quantities are related to the mass by the
equations of STELLAR STRUCTURE. Other
stellar parameters show a far greater range
than stellar mass: for example, the LUMI-
NOSITY of a star is proportional to roughly
the fourth power of its mass for a solar-

SS Cygni
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type star, and the cube power of its mass
for a massive star (see mass-luminosity re-
lation); stars therefore show a range in lu-
minosity of some 1010. A star’s lifetime
also depends on its mass: low-mass stars
live considerably longer than high-mass
ones.

All stars are composed predominantly
of hydrogen and helium; this was first 
proposed in 1925 by Cecilia Payne-
Gaposchkin and confirmed in 1929 by H.
N. Russell. The proportions of the chemi-
cal elements in the SUN are not significantly
different from those in most other stars.
This general composition by mass is 70%
hydrogen, 28% helium, with the remaining
elements – known in astronomy as metals
or heavy elements – making up just 2%; by
numbers of atoms it is 90.8% hydrogen,
9.1% helium, 0.1% metals.

The characteristics of a star can be de-
termined only when its distance is known.
The method of DISTANCE DETERMINATION

depends on the distance itself: the shortest
distances are found directly by measuring a
star’s ANNUAL PARALLAX; greater distances
require indirect methods. The nearest star,
Proxima Centauri, is 1.3 parsecs away.
The stars in our immediate locality are
found in the main to be young stars occu-
pying the outer parts of the disk of our
Galaxy, rotating around the galactic cen-
ter. Many still remain in open clusters, and
over 50% of all the stars we observe are BI-
NARY STARS or multiple stars.

See also magnitude; population I, pop-
ulation II; spectral types; star formation;
stellar evolution; variable star.

star atlas A collection of maps of a par-
ticular region of the sky or of the whole
sky, showing the relative positions of stars
and other celestial objects down to a spec-
ified LIMITING MAGNITUDE. Many modern
star atlases contain prints of photographic
plates. The PALOMAR OBSERVATORY and
SOUTHERN SKY SURVEYS and URANOMETRIA

2000.0 are examples. See also star catalog.

starburst galaxy A galaxy in which a
massive burst of star formation is currently
taking place: it is characterized by an in-
frared luminosity that is considerably

larger than its optical luminosity, some-
times by a factor of 50 or more. The lumi-
nosity of starburst galaxies can compare to
the bolometric luminosity of quasars, but
is powered by a fundamentally different
mechanism. The starburst occurs in a re-
gion over a kiloparsec in size, thus distin-
guishing these galaxies from ACTIVE

GALAXIES, which have a tiny central power-
house. A few nearby starburst galaxies
(e.g. M82) have long been known from
their disturbed optical appearance, but
their widespread occurrence was only es-
tablished when thousands were revealed by
infrared satellite IRAS. They are basically
spirals in which the star formation is pro-
ceeding at a rate that cannot be sustained
for much of the lifetime of the galaxy. The
trigger for the burst of star formation is un-
clear although in some cases the gravita-
tional effect of a companion galaxy may be
responsible (see interacting galaxies). The
new stars are still enveloped in the galaxy’s
dense MOLECULAR CLOUDS; their ultraviolet
radiation is absorbed by dust in the clouds
and reradiated as infrared. See also IRAS
galaxies.

STARCAT /star-kat/ Abbrev. for Space
Telescope Archive and Catalogue, a large
computer database developed at the Space
Telescope European Coordinating Facility
and the headquarters of the European
Southern Observatory, both in Garching,
Germany. It allows users to access data
from a large number of astronomical cata-
logs and databases.

star catalog A collection of data, com-
piled from observation, on stars in a speci-
fied area of the sky down to a specified
LIMITING MAGNITUDE. For each entry it usu-
ally gives a position and apparent magni-
tude for identification, possibly with other
information such as PROPER MOTION, RA-
DIAL VELOCITY, SPECTRAL TYPE, etc. In a
whole-sky catalog stars in both hemi-
spheres will be included. Modern catalogs
are divided into two general types: DURCH-
MUSTERUNGS or survey catalogs list a large
number of stars whose positions are given
with only moderate accuracy; precision
catalogs, such as the FUNDAMENTAL CATA-
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LOG FK5, or the HIPPARCOS Catalog, give
very precise positions for a relatively small
number of stars. General catalogs include
the BONNER DURCHMUSTERUNG and the AGK.
There are also catalogs specifically for dou-
ble stars, variable stars, nebulae, star clus-
ters, galaxies, radio sources, X-ray sources,
etc. Most new and revised catalogs are now
made available in computerized form and
may be accessed from many facilities over
a computer network or over the Internet
via the World Wide Web. See also catalog
equinox; star atlas.

star clouds Areas of the sky where great
numbers of stars are seen so close together
that they appear as continuous irregular
bright clouds. Star clouds are particularly
noticeable in the direction of the galactic
center in the constellation SAGITTARIUS.

star cluster See cluster.

star density The number of stars per
unit volume of space, usually per parsec
cubed. It is often given in terms of the frac-
tion of solar mass per volume. See also lu-
minosity function.

Stardust A NASA probe that was
launched Feb. 7 1999 from Cape
Canaveral, Florida, to rendezvous with
Comet Wild 2 and collect particle samples
from its coma for return to the Earth. The
Stardust project formed part of NASA’s
Discovery program, dedicated to making
low-cost investigations of the Solar System.
It was managed for NASA by the JET

PROPULSION LABORATORY, in Pasadena, Cal-
ifornia. Its target, Comet Wild 2, was dis-
covered in 1978 by the astronomer Paul
Wild. It travels around the Sun once every
6.39 years between the orbits of Mars and
Jupiter. Stardust’s journey to the comet
took it across 3.2 billion kilometers of in-
terplanetary space swept by cosmic rays,
solar wind particles, and interstellar dust,
and involved a gravity-assist flyby of the
Earth in 2001 to speed it on its way. In
2000 and 2002, Stardust collected samples
of interstellar dust. On Nov. 2 2002 the
probe flew by asteroid (5535) Annefrank.
Stardust encountered Comet Wild 2 on

Jan. 2 2004, approaching to within 240 km
of the comet. Protected by special shields
from high-speed collisions with material
blown off from the comet as it circles the
Sun, the craft collected its samples of
microscopic particles from the coma using
a device that employs aerogel, a substance
formed from silicon dioxide and air, as a
particle trap. This device, which had also
been used to capture the interstellar dust
particles, was then folded down into the
sealed sample-return capsule. The Stardust
probe’s on-board camera also captured de-
tailed images of the comet and transmitted
them back to Earth. Stardust is scheduled
to return to the vicinity of Earth on Jan. 15
2006, when it will release the capsule,
which will enter Earth’s atmosphere and
make a parachute-assisted landing at the
Utah Test and Training Range near Salt
lake City. After this maneuver, the main
Stardust craft is scheduled to enter perma-
nent solar orbit.

star formation (stellar birth) Stars are
formed by the GRAVITATIONAL COLLAPSE of
cool dense (109–1010 atoms per cubic
meter) gas and dust clouds. Most are born
in GIANT MOLECULAR CLOUDS; a few lower-
mass stars condense from smaller molecu-
lar clouds and BOK GLOBULES. There are
problems, however, in initiating the col-
lapse of a gas cloud. It resists collapse be-
cause of firstly its internal motions and the
heating effects of nearby stars, secondly the
centrifugal support due to rotation, and
thirdly the magnetic field pressure. In a
massive dense cloud shielded by dust, it is
believed that collapse can be triggered
when the cloud is slowed on passing
through the spiral density-wave pattern of
our Galaxy (see densiry-wave theory): it is
noticeable that star formation preferen-
tially occurs along spiral arms. Alterna-
tively compression may be caused by a
shock wave propagated by a nearby SUPER-
NOVA explosion – which may explain how
stars are formed in galaxies without spiral
arms or with only patchy spiral arms.

Once collapse starts, instabilities cause
the cloud to divide into successively
smaller fragments of about the Jeans mass
(see gravitational instability). At first, radi-

star clouds
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ation can escape freely but eventually,
when the cloud becomes dense enough, the
OPACITY increases and the temperature
rises, at which point fragmentation ceases.
These final fragments are PROTOSTARS,
which now collapse individually. This col-
lapse is gentle at first but after some hun-
dred thousand years (for a star of one solar
mass) the density and temperature rise
sharply at the center, forming a hot core
that will be the future nucleus of the star.
Theoretical models show that the protostar
will contract along the HAYASHI TRACK in
the HERTZSPRUNG–RUSSELL DIAGRAM. The
slow contraction heats the core to a tem-
perature of 10 million kelvin, which is suf-
ficient to initiate NUCLEAR FUSION reactions
in hydrogen. Once the nuclear energy
source is established, the contraction is
halted and the star joins the MAIN SE-
QUENCE.

Infrared and radio observations of star-
formation regions are now filling out the
theory. The infrared satellite IRAS found
many small infrared sources within mo-
lecular clouds and Bok globules. Most are
probably young stars still cocooned in
dust, but a few may be true protostars. MO-
LECULAR-LINE radio astronomy has re-
vealed the gas motions in regions of star
formation. Predicted infall velocities are
very low and are often masked by random
motions in the gas. Despite this, infall has
now possibly been detected in a few cases.
In addition, surprisingly high velocity gas
has been revealed near the young stars at
the center, forming two oppositely directed
beams – BIPOLAR OUTFLOWS – from the mas-
sive young stars. These outflows must af-
fect star formation in the cloud, either
disrupting protostars or promoting their
formation by compressing the surrounding
gas. Young stars are often surrounded by
disks of dense gas and dust. The disks are
apparently more common among single
stars than in multiple-star systems, and
may be the precursors of PLANETARY SYS-
TEMS. The gas in the disk may be spiraling
inward and increasing the star’s mass sub-
stantially, after hydrogen fusion begins.
The effects of bipolar outflows and late ac-
cretion from a surrounding disk have yet to
be incorporated into theoretical models;

they may alter quite substantially the sim-
ple theory given above.

Although stars in small molecular
clouds and Bok globules are often single,
most stars form in dense clusters. Such
clusters also contain compact gas clumps
that emit powerful maser radiation from
water molecules (see maser source).

The young stars gradually dissipate the
surrounding gas cloud by the effects of
heating, RADIATION PRESSURE, and the gas
outflows. The latter often break through
first, indicating the presence of the star by
an optical BIPOLAR NEBULA or a string of
HERBIG–HARO OBJECTS. When massive O
and B stars are present, they light up the
residual gas as an H II region. The massive
stars take the shortest time to form,
100 000 years or less, and are normal
main-sequence stars by the time they be-
come visible. Less-massive stars are seen
while they are still contracting and have
appreciable amounts of surrounding gas
and dust: these pre-main-sequence stars
appear as BE, AE, and T TAURI stars. A star
like the Sun takes 50 million years to reach
the main sequence.

star-formation efficiency (SFE) The
fraction of gas in a given cloud or cloud
complex that eventually ends up in the
form of stars. The rest is presumed to be
dispelled by STELLAR WINDS, BIPOLAR OUT-
FLOWS, and SUPERNOVA explosions before it
can be incorporated into stars.

star-formation rate (SFR) The rate at
which stars are formed in a given region,
measured in units of solar masses per year.
The SFR for the Galaxy is thought to be
about 4 solar masses per year, but may be
thousands of times higher in STARBURST

galaxies.

star gauges Systematic counts of stars in
different regions of the sky. They were first
made in the 1780s by William Herschel
who counted the total number of stars vis-
ible in each of several adjoining areas
within the region under study. By averag-
ing the sample counts he obtained the star
gauge for that region. Herschel compiled
star gauges for several hundred regions
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representative of the northern hemisphere,
his work being extended to the southern
hemisphere by his son John. This provided
the first precise information on the local
distribution of stars in the Galaxy. By com-
paring gauges made to different limiting
magnitudes (using larger and larger tele-
scopes) they were able to show that the star
system extends to great depths in direc-
tions toward the MILKY WAY. See also
source count.

starspots See RS Canum Venaticorum
star; red dwarf.

star trails Curved images on a photo-
graphic plate that record the changing po-
sitions of stars when a telescope is not
driven so as to keep up with their diurnal
motion. Even if such a drive is being used,
comet trails will still be recorded.

static Universe A Universe in which the
COSMIC SCALE FACTOR is independent of
time. Einstein proposed a static Universe in
1916 by including an ad hoc repulsion
term – the cosmological constant, Λ – in his
field equations of general RELATIVITY. This
canceled out the natural tendency for a
gravitating Universe either to expand or
contract, depending on its energy content.
See cosmological models; expanding Uni-
verse.

stationary orbit Short for geostation-
ary orbit. See geosynchronous orbit.

stationary point See direct motion.

statistical parallax The mean parallax
of a group of stars that are all at about the
same distance and whose space velocities
are randomly orientated. It is derived from
the RADIAL VELOCITIES and the tau compo-
nents of the stars’ PROPER MOTIONS: the tau
component is measured perpendicular to
the great circle joining a star to the solar
APEX. It is thus perpendicular to and inde-
pendent of the Sun’s motion, i.e. it results
entirely from the motion of the star. The
average velocity in one direction will equal
that in any other direction. The average ra-
dial velocity is thus a measure of average

velocity. The average distance is then
found from the ratio of average radial ve-
locity to average tau component.

steady-state theory A cosmological
theory obeying a perfect COSMOLOGICAL

PRINCIPLE in which the Universe appears
the same both at all points and all times: it
thus had no beginning, will never end, and
has a constant mean density of matter. Pro-
posed by Hermann Bondi, Thomas Gold,
and Fred Hoyle in 1948, the steady-state
theory employs a flat space expanding at a
constant rate. There is continuous creation
of matter throughout the Universe – or per-
haps in galactic centers – to compensate for
the expansion. The creation rate is about
10–10 nucleons per meter cubed per year.
The steady-state theory is not readily able
to account for the MICROWAVE BACK-
GROUND RADIATION or the steep radio
SOURCE COUNTS that indicate an evolving
Universe. In its original form it has been
abandoned, even by its originators.

steep-spectrum radio source See radio-
source spectrum.

Stefan’s law /steff-ănz/ (Stefan-Boltz-
mann law) The law relating the total en-
ergy, E, emitted over all wavelengths, per
second, per unit area of a BLACK BODY, with
the temperature, T, of the body: 

E = σT4

σ is Stefan’s constant, which has the value
5.6705 × 10–8 W m–2 K–4. The law can be
derived from Planck’s radiation law (see
black body), but was first deduced by Josef
Stefan in 1879 and then derived from ther-
modynamics by Ludwig Boltzmann in
1884. See also luminosity.

stellar association /stell-er/ See associa-
tion.

stellar birth See star formation.

stellar cannibalism See cannibalism.

stellar diameter The diameters of stars
range from several hundreds of millions of
kilometers for SUPERGIANTS through about
one million km for the Sun down to a few

starspots
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thousand km for WHITE DWARFS and about
ten km for NEUTRON STARS. For conve-
nience the diameter or radius is usually ex-
pressed in terms of the Sun’s radius, RO.
For MAIN-SEQUENCE STARS, radii vary from
0.1 to over 10 RO. The size of a star
changes drastically toward the end of its
life as it progresses through the RED GIANT

stage to its final gravitational collapse. It
can also change periodically (see pulsating
variables).

In most cases stars are too distant for
their size to be determined directly. The di-
ameter of a large star at a known distance
can however be found geometrically if its
APPARENT DIAMETER can be measured.
Measuring techniques are based on the in-
terference of light. The apparent diameters
of bright supergiants and red giants were
first measured in the 1920s (see Michelson
stellar interferometer). Very much smaller
apparent diameters can now be measured
with optical INTERFEROMETERS. A telescope
cannot resolve the disk of a star; the disk of
supergiants can however be imaged and
measured using SPECKLE INTERFEROMETRY.
OCCULTATIONS of stars by the Moon pro-
vide a further interference method: the star
does not disappear instantaneously but
fades over a few seconds; the unobstructed
light produces a characteristic interference
pattern of intensity against time from
which angular size can be determined.

The sizes of many ECLIPSING BINARIES

have been found from the shape of their
LIGHT CURVES. In these measurements the
sizes are obtained in terms of stellar radius
relative to orbital radius. If the binary is
also a SPECTROSCOPIC BINARY the absolute
values of the radii can be found. For the
majority of (smaller) stars diameters can be
inferred only from STEFAN’S LAW, i.e. from
known values of EFFECTIVE TEMPERATURE,
Teff, and luminosity, L: 

L = 4πR2σTeff
4

where σ is Stefan’s constant.

stellar evolution The progressive series
of changes undergone by a star as it ages.
Stars similar in mass to the Sun, having
contracted from the PROTOSTAR phase (see
star formation) stay on the MAIN SEQUENCE

for some 1010 years. During this period

they give out energy by converting hydro-
gen to helium in their cores through the
PROTON-PROTON CHAIN REACTION until the
central hydrogen supplies are exhausted.
Unsupported, the core collapses until suffi-
ciently high temperatures are reached to
burn hydrogen in a shell around the inert
helium core. This shell burning causes the
outer envelope of the star to expand and
cool so that the star evolves off the main se-
quence to become a RED GIANT.

Further contraction of the core in-
creases the temperature to 108 kelvin, at
which stage the star can convert its helium
core into carbon through the TRIPLE ALPHA

PROCESS. The sudden onset of helium burn-
ing – the HELIUM FLASH – may disturb the
equilibrium of a low-mass star. The triple
alpha reaction gives out less energy than
hydrogen fusion and soon the star finds it-
self once again without a nuclear energy
source. Further contraction may result in
helium-shell burning but it is doubtful if
low-mass stars have sufficient gravitational
energy to go further than this stage. The
star becomes a red giant again, pulsating
and varying in its brightness because of the
vast extent of its atmosphere (see pulsating
variables). Eventually the atmosphere gen-
tly drifts away from the compact core of
the star with velocities of only a few
km s–1, resulting in the formation of a
PLANETARY NEBULA. The collapsed core
forms a WHITE DWARF star, which continues
to radiate its heat away into space for sev-
eral millions of years.

Stars more than twice as massive as the
Sun convert hydrogen to helium through
the CARBON CYCLE, which makes their cores
fully CONVECTIVE and therefore less dense
than solar-mass stars. Their main-sequence
lifetime decreases with increasing mass; it
is only about 40 million years for a star of
8 solar masses and a few million years for
the most massive stars. When they exhaust
their hydrogen, the onset of helium burn-
ing occurs only gradually: this is because
the core is nondegenerate, and so no insta-
bilities arise. Having consumed its helium,
a massive star has the potential energy to
contract further so that carbon – formed by
the triple alpha process – can burn to oxy-
gen, neon, and magnesium (see nucleosyn-
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thesis). Should the star be sufficiently mas-
sive, it will build elements up to iron in its
interior. But iron is at the limit of nuclear-
fusion reactions and further contraction of
a massive star’s core can only result in cat-
astrophic collapse, leading to a SUPERNOVA

explosion. The core collapses to become a
NEUTRON STAR or BLACK HOLE.

stellar mass The mass of a star is its
most fundamental property, upon which
its other properties depend strongly. It is
usually given in terms of the Sun’s mass,
i.e. as some number of SOLAR MASSES, MO;
it ranges from about 0.08 to about 60 to
120 MO. Stars of higher mass are much less
common than those of low mass. Low-
mass stars have an initial mass smaller than
about 2.2–2.5 MO, the exact value depend-
ing on chemical composition. Intermedi-
ate-mass stars have masses between about
2.2–8 MO; they evolve from the main se-
quence without developing a degenerate
core, unlike low-mass stars (see stellar evo-
lution). More massive stars evolve to a
state where their core temperatures are
high enough to burn carbon under nonde-
generate conditions.

The symbol ψ(M) is given to the num-
ber of stars with a particular mass M in a
unit volume of space, and Salpeter (1955)
showed that it is related to the star mass by
the formula 

ψ(M) ∝ M–2.35
Because of MASS LOSS and MASS TRANSFER,
this Salpeter mass function holds strictly
only for stars at the instant of birth, and 
it is therefore sometimes called the initial
mass function (IMF). The IMF is deter-
mined by fragmentation and other little-
understood processes during STAR

FORMATION.
The lower limit on a star’s mass is the

minimum amount of gas whose gravita-
tional compression will raise the central
temperature high enough for nuclear fu-
sion to occur; less massive fragments from
the initial cloud may contract directly to
become a degenerate star known as a
BROWN DWARF. It is still uncertain whether
there is a theoretical upper limit to star
masses, or whether the rarity of very mas-
sive stars means that a galaxy is unlikely to

contain a star over about 120 MO. Indirect
methods indicate that ETA CARINAE and
some other LUMINOUS BLUE VARIABLES may
be as massive as 120 MO.

Most stars lie on the main sequence of
the HERTZSPRUNG–RUSSELL DIAGRAM. Their
position on the main sequence, i.e. their
SPECTRAL TYPE, depends on their mass,
which varies from 0.1 MO (M stars) to
over 20 MO (O stars). SUPERGIANTS are gen-
erally 10 to 20 MO but young O and B su-
pergiants are much more massive.

The mass of a star can be determined di-
rectly if it has a significant gravitational ef-
fect on a neighboring star. Thus the
combined mass and in some cases the indi-
vidual masses of VISUAL and SPECTROSCOPIC

BINARY stars have been found (see also dy-
namical parallax). Mass can be estimated
using the MASS-LUMINOSITY RELATION, or
from a detailed study of the spectrum that
indicates the star’s surface gravity.

The evolutionary pattern and lifetime
of a star depend on its mass. The least mas-
sive stars have the longest lifetimes of thou-
sands of millions of years; the most massive
exist only a few million years before ex-
ploding as SUPERNOVAE. At the end of its
life, following mass loss in a PLANETARY

NEBULA, etc., a star will become a WHITE

DWARF if its mass is less than about 1.4 MO;
if the mass exceeds about 3 MO it is likely
that the star will become a BLACK HOLE; a
star with intermediate mass will end up a
NEUTRON STAR.

stellar motion See proper motion; pe-
culiar motion.

stellar nomenclature Although most of
the brighter stars have special names, as
with Sirius or Aldebaran, the general and
most convenient method of naming stars
was introduced (1603) by Johann Bayer. In
the system of Bayer letters, letters of the
Greek alphabet – alpha (α), beta (β),
gamma (γ), delta (δ), epsilon (ε), zeta (ζ),
eta (η), etc. – are allotted to stars in each
constellation, usually in order of bright-
ness. The Greek letter is followed by the
genitive of the Latin name of the constella-
tion, as with Alpha Orionis or in abbrevi-
ated form α Ori. When the 24 Greek letters

stellar mass
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have been assigned, small Roman letters –
a, b, c, etc. – and then capitals – A, B, C,
etc. – are used. The letters R–Z were first
used by Friedrich Wilhelm August Arge-
lander (1862) to denote VARIABLE STARS in
a particular constellation, and when those
have been assigned the lettering RR–RZ,
SS–SZ, etc., up to ZZ is employed. If that
proves insufficient AA–AZ, BB–BZ, up to
QZ (the 334th variable in the constella-
tion) must be used (omitting Js), followed
by V335, etc.

The fainter stars, usually invisible to the
naked eye, are designated by their number
in a star catalog. The numbers in John
Flamsteed’s Historia Coelestis Britannica
(1725) are often adopted when a star has
no Greek letter, as with 28 Tauri (PLEIONE

in the Pleiades), the Flamsteed number gen-
erally being followed by the genitive of the
constellation name. For stars unlisted in
Flamsteed’s catalog the number in some
other catalog is used, the number being
preceded by the abbreviation of the name –
BD (BONNER DURCHMUSTERUNG), HD
(HENRY DRAPER CATALOG), etc. Flamsteed
numbered the stars in a constellation in
order of RIGHT ASCENSION. Most modern
catalogs ignore the constellation name and
number purely by right ascension.

stellar planetaries /plan-ĕ-tair-eez/ See
planetary nebula.

stellar populations See population I,
population II.

stellar statistics The use of statistical
methods in the study of spatial and tempo-
ral distributions and motions of celestial
objects within a galaxy, region of the Uni-
verse, etc., and of spatial and temporal dis-
tributions of certain features or of certain
categories of these objects. The number of
stars in a galaxy can be of the order of 1011

and the number of galaxies runs into
countless millions. Only a very small num-
ber of stars, galaxies, radio sources, etc.,
can be examined in any detail and from
this sample, analyzed statistically, a more
general picture emerges. Much of the data
that is used comes from STAR CATALOGS,
SOURCE COUNTS, or detailed studies of se-

lected areas. Almost all the information
concerning the shape and structure of our
Galaxy and the spatial distribution of
other galaxies and of clusters of galaxies
has been determined statistically.

stellar structure The interior constitu-
tion of a star, defining the run of tem-
perature, pressure, density, chemical
composition, energy flow, and energy pro-
duction from the center to the surface. The
structure of MAIN-SEQUENCE STARS, initially
of uniform composition, is relatively sim-
ple: only very near the center are the tem-
perature and pressure high enough for
nuclear reactions to occur. In stars more
than about twice the Sun’s mass, convec-
tion currents in the core enlarge this zone
and keep it mixed; less massive stars in
contrast have a convective layer near the
surface and an unmixed core.

Changes in structure as stars evolve can
be calculated by following changes in
chemical composition resulting from nu-
clear reactions, and recalculating the struc-
ture for the new composition. After the star
has passed the SCHÖNBERG–CHAN-
DRASEKHAR LIMIT, the structure changes to
that of a GIANT, with an inert helium core
surrounded by a hydrogen fusion shell and
an extended envelope. Further core reac-
tions in a very massive star will give it an
onionlike shell structure, culminating in an
iron core surrounded by successive shells
of silicon, neon and oxygen, carbon, he-
lium, and outermost, the hydrogen-rich en-
velope.

In principle, from an assumed composi-
tion, structure, and total mass, the other
parameters of a stellar interior are derived
by solving four differential equations:

(1) dP/dr = –GMρ/r2

(2) dM/dr = 4πr2ρ
(3) dL/dr = 4πr2ρε
(4) dT/dr = 3κLρ/16πacr2T3

Equation 1 is that of HYDROSTATIC EQUILIB-
RIUM, 2 is that of continuity of mass, 3 is
that of energy generation, and 4 is that of
radiative transport (see energy transport).
Accurate solutions require a large com-
puter since the pressure (P), opacity (κ),
and energy generation rate (ε), also depend
on the density (ρ), the temperature (T), and
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the chemical composition; in addition in
some parts of the star energy may be trans-
ported by convection rather than by radia-
tion. Of the other symbols, r is the radius,
M the mass within that radius, G the grav-
itational constant, L the luminosity at ra-
dius r, a the radiation density constant, and
c the speed of light.

stellar temperature See surface temper-
ature.

stellar wind The steady stream of mat-
ter ejected from many types of stars, in-
cluding the Sun (see solar wind). Although
the mass loss is small in sunlike stars, it has
been found to be very considerable in RED

GIANTS and in hot luminous ULTRAVIOLET

STARS, particularly in OF STARS and WOLF-
RAYET STARS. This large mass loss could
have a substantial effect on the final evolu-
tion of the stars into either white dwarfs or
into more massive neutron stars (or black
holes). In hot stars the stellar winds are
thought to be produced by RADIATION PRES-
SURE of the intense ultraviolet radiation
acting on the atoms in the stars’ atmos-
pheres. In red giants with hot coronae and
low gravity the winds may simply be the
expansion of the coronal gases into space.
See also T Tauri wind.

STEP Abbrev. for Solar/Terrestrial En-
ergy Programme.

Stephan’s quintet /steff-ănz/ A COM-
PACT GROUP of four galaxies, with a bright
foreground galaxy in close proximity, first
observed by M.E. Stephan in 1877. Three
of the group members have a distorted
morphology, indicating that they are IN-
TERACTING GALAXIES.

STEREO abbrev. for Solar/Terrestrial
Relations Observatory. A NASA mission
for the agency’s Office of Space Science
Solar Terrestrial Probes Program that is set
to provide revolutionary views of the
Sun–Earth system and in particular solar
eruptions and their effects on the Earth.
The mission is due for launch in Feb. 2006
aboard a Delta 2 7925 rocket from Cape
Canaveral. The STEREO mission is set to

accomplish its task by imaging coronal
mass ejections (see coronal transients) and
background events simultaneously from
two spaceborne observatories. The twin
spacecraft are to be placed into solar orbit,
one ahead of the Earth, the other behind it.
The configuration should allow the obser-
vatories to obtain stereoscopic, or 3-D, im-
ages of the phenomena concerned.

stereocomparator /ste-ree-oh-kom-pă-
ray-ter, -kom-pa-ră-ter, steer-ee-oh-/ See
comparator.

Steward Observatory /stew-erd/ The
observatory of the University of Arizona at
Tucson, whose main instruments are at the
KITT PEAK NATIONAL OBSERVATORY, includ-
ing a 2.3-meter reflector. A number of tele-
scopes are under construction or at the
design stage at the Steward Observatory.
Of these, one of the most important is the
Large Binocular Telescope (LBT), due to
become operational on Mount Graham,
Arizona, in 2005. Equipped with twin 8.4-
meter lightweight honeycomb mirrors sit-
ting on the same mount and fitted with
ADAPTIVE OPTICS, the LBT will arguably be
the most advanced groundbased telescope
in the world. Its configuration will provide
an effective aperture of 22 meters, enabling
it to be used in the search for Earth-sized
extrasolar planets. The Steward Observa-
tory Mirror Laboratory operates at the
forefront of optical technology. It cast and
polished the new 6.5-meter mirror that re-
placed the smaller mirrors of the MULTIPLE

MIRROR TELESCOPE, operated jointly by the
University and the SMITHSONIAN ASTRO-
PHYSICAL OBSERVATORY. The Steward Ob-
servatory has also participated in several
current and planned NASA space observa-
tories, for example by making components
for the HUBBLE SPACE TELESCOPE, the SPITZER

SPACE TELESCOPE, and the JAMES WEBB SPACE

TELESCOPE.

Stickney /stik-nee/ See Phobos.

Stokes parameters /stohks/ See polar-
ization.

stone Short for stony meteorite.

stellar temperature
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stony-iron meteorite Any of a rela-
tively small group of METEORITES contain-
ing on average 50% nickel-iron and 50%
stony (mainly silicate) material. Stony
irons can be subdivided into pallasites,
which are composed of abundant grains of
olivine (a magnesium silicate mineral) en-
closed in metal, and mesosiderites, which
are agglomerates of metal and silicates. See
also S-type asteroids.

stony meteorite (stone) A type of METE-
ORITE that consists of silicate minerals gen-
erally with some nickel-iron. The two main
subgroups are termed CHONDRITES and
ACHONDRITES, depending on the presence
or absence of CHONDRULES. The great ma-
jority (about 95%) of meteorites seen to
fall to Earth are stony meteorites, and most
of these are chondrites.

stop (diaphragm) A circular opening
that sets the effective aperture (diameter) of
a lens, mirror, EYEPIECE, etc., and also re-
duces stray light in an optical system.

stratigraphy /stră-tig-ră-fee/ The study
of rock layers (strata). Younger geological
units overlie, embay, or intrude older 
units. It is therefore possible to produce ge-
ological maps of the surface of a planet or
satellite, and to form a stratigraphic classi-
fication to help to understand its history.
Lunar stratigraphic systems include the
COPERNICAN, IMBRIAN, and NECTARIAN SYS-
TEMS.

stratosphere, stratopause /strat-ŏ-sfeer
strat-ŏ-pawz/ See atmospheric layers.

Stratospheric Observatory for Infra-
red Astronomy /strat-ŏ-sfe-rik/ (SOFIA)
A large-aperture telescope system to be in-
stalled in a Boeing 747SP aircraft, allowing
infrared (especially far-IR) and submillime-
ter observations to be made from altitudes
of over 41 000 feet, i.e. above most of the
absorbing atmosphere (see atmospheric
windows). Under study by both NASA and
the German Space Agency DASA, it will re-
place the KUIPER AIRBORNE OBSERVATORY.
The planned telescope diameter is 2.5 me-
ters and the spatial resolution 1–2 arc sec-

onds. The expected lifetime is 20 years.
SOFIA will provide a platform from which
follow-up observations can be made on a
short timescale for projects such as IRAS,
ISO, and SIRTF. It is expected to be opera-
tional in 2001.

streaming motion The PECULIAR MO-
TION of a galaxy or cluster of galaxies.

strewn field See tektites.

string theory A theory of ELEMENTARY

PARTICLES based on the idea that the funda-
mental entities are not pointlike particles
but finite lines, known as strings, or closed
loops formed by strings (see also cosmic
strings). Incorporating the concept of
strings into SUPERSYMMETRY has led to su-
perstring theory, in which all the FUNDA-
MENTAL FORCES are unified at the PLANCK

TIME using a multidimensional framework
called a superstring; this is still a highly
speculative theory.

Strömgren sphere /strohm-grĕn/ An ap-
proximately spherical region of ionized
gas, mainly ionized hydrogen (H II), that
surrounds a hot O or B star. If a hot star
were embedded in very low-density gas of
uniform distribution, the ultraviolet radia-
tion from the star would almost completely
ionize the gas out to a particular radius –
the Strömgren radius. Equilibrium is estab-
lished within this volume when the rate of
ionization is balanced by the rate of re-
combination of ions with electrons. Out-
side this volume lies an ionization front – a
thin transition zone between ionized gas
and much cooler neutral gas. When the star
‘turns on’, the ionization front expands
outward at about 10 km s–1 until the
Strömgren radius is reached. If the gas
cloud is relatively small and of low density,
the entire cloud can be ionized. The Ström-
gren radius depends on the gas density and
on the flux of ionizing radiation, i.e. of ul-
traviolet photons. The flux is dependent
mainly on the star’s temperature. See also
emission nebula.

strong force, interaction See funda-
mental forces.
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structure formation The formation of
large-scale structure such as galaxies, clus-
ters of galaxies, etc. in the Universe. Most
theories of structure formation are based
on the JEANS INSTABILITY in the context of
general relativity theory, with the large-
scale structure emerging from the inhomo-
geneity of matter in the Universe. It is
thought that quantum fluctuations in the
EARLY UNIVERSE were responsible for the
necessary inhomogeneities, with INFLATION

expanding these fluctuations. Evidence
that this theory is correct comes from the
small variations in the cosmic microwave
background radiation found by COBE. At
present none of the detailed quantitative
theories of structure formation can be re-
garded as definitive. One of the difficulties
is that the nature of DARK MATTER is not
known.

STScI See Space Telescope Science Insti-
tute.

STSP See Solar/Terrestrial Energy Pro-
gramme.

S-type asteroids A common ASTEROID

type found in the inner asteroid belt, hav-
ing moderate albedos (0.1 to 0.2) and red-
dish spectra. Given their composition
(metallic nickel-iron, combined with iron
and magnesium silicates), they could be the
parent bodies of the STONY-IRON METE-
ORITES. (433) Eros is a prome example of
an S-type asteroid.

Subaru Telescope /soo-bă-roo/ An 8-
meter Ritchey–Chrétien telescope of the
Japan National Astronomy Observatory
sited on MAUNA KEA, Hawaii. Its meniscus
PRIMARY MIRROR (f/1.8) is controlled by AC-
TIVE OPTICS.

subdwarf /sub-dworf/ A star that is
smaller and about 1.5–2 magnitudes
fainter than normal dwarf (main-sequence)
stars of the same SPECTRAL TYPE. The subd-
warfs are mainly old (halo population II)
objects that lie just beneath the main se-
quence on the HERTZSPRUNG–RUSSELL DIA-
GRAM. Their anomalous position is due to
their low metal content, which affects their

apparent temperature and hence their spec-
tral type. They are usually denoted by the
prefix sd, as in sdK4 or given the luminos-
ity class VI.

subgiant /sub-jÿ-ănt/ A GIANT STAR of
smaller size and lower luminosity than
normal giants of the same SPECTRAL

TYPE, Alpha Crucis being an example. Sub-
giants form luminosity class IV, lying be-
tween the main-sequence stars and the
giants on the HERTZSPRUNG–RUSSELL DIA-
GRAM.

subluminous stars /sub-loo-mă-nŭs/
Types of stars, such as WHITE DWARFS, SUB-
DWARFS, and HIGH-VELOCITY STARS, that are
fainter than main-sequence stars. Most are
old (population II) stars.

sublunar point /sub-loo-ner/ See sub-
stellar point.

submillimeter astronomy /sub-mil-ă-
mee-ter/ A branch of astronomy covering
the wavelength range from 0.3 to 1 mil-
limeter approximately. It is the highest fre-
quency range, 300–1000 gigahertz, in
which radio astronomy can be carried 
out, and is particularly important be-
cause of the large number of molecular
emission lines to be found in the range (see
molecular-line radio astronomy). These
originate primarily from giant MOLECULAR

CLOUDS.
Submillimeter astronomy usually in-

volves a hybrid of radio and infrared tech-
niques. A parabolic radio DISH plus a LINE

RECEIVER is normally used. The receiver can
be at the prime focus of the dish but is
more usually at the Cassegrain focus be-
hind the dish, to which radio waves are re-
flected by a small subreflector surface. The
receiver is cooled to a very low temperature
using liquid helium. To maintain SENSITIV-
ITY the dish must be more accurately
shaped and smooth than dishes for longer-
wavelength studies, and must keep its
shape under different orientations and
weather conditions. Observations have to
be made at high-altitude sites where there
is very little atmospheric attenuation and
absorption by water vapor. Submillimeter

structure formation
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telescopes include JCMT, CSO, SMTO and
SEST. See also FIRST; millimeter astron-
omy; SWAS.

Submillimeter Wave Astronomy Satel-
lite See SWAS.

suborbital /sub-or-bă-tăl/ Denoting in-
struments, experiments, etc., on rockets,
balloons, and aircraft rather than on
Earth-orbiting spacecraft.

subsolar point /sub-soh-ler/ See substel-
lar point.

substellar point /sub-stell-er/ The point
on the Earth’s surface that lies directly be-
neath a star on the line connecting the cen-
ter of Earth and star. The star would thus
lie at the zenith of an observer at that
point, the terrestrial latitude of which
would equal the star’s DECLINATION. The
sublunar point and subsolar point are the
equivalent points for the Moon and Sun,
respectively.

Suisei /soo-ee-say-ee/ See Sakigake.

sulcus /sul-kŭs/ (plural: sulci) An area of
subparallel furrows and ridges on the sur-
face of a planet or satellite. The word is
used in the approved name of such a fea-
ture.

summer triangle The large distinctive
triangle formed by the three bright stars
VEGA, ALTAIR, and DENEB. The stars are the
first ones visible on northern summer
evenings.

Sun The central body of the Solar Sys-
tem and nearest star to Earth, situated at
an average distance of 149 600 000 km. A
MAIN-SEQUENCE STAR of SPECTRAL TYPE

G2 V, mass 1.9891 × 1030 kg, diameter
1 392 000 km, luminosity 3.83 × 1026

watts, and absolute visual magnitude +4.8,
the Sun is a representative yellow dwarf. It
is the only star whose surface and outer
layers can be examined in detail.

The Sun is composed predominantly of
hydrogen and helium (about 70% by mass
hydrogen, 28% by mass helium), with

about 2% of HEAVY ELEMENTS. It generates
its energy by nuclear fusion processes, the
most important of which is the PROTON-
PROTON CHAIN REACTION, and is losing
mass as a result, at a rate of about
4 000 000 tonnes per second. The genera-
tion of energy takes place in a central core,
which has a temperature of around
15 000 000 K, is about 400 000 km in di-
ameter and contains about 60% of the
Sun’s mass (in barely 2% of its volume).
Outside the core is the radiative zone, an
envelope of unevolved material through
which energy from the core is transported
by successive absorption and emission of
radiation in collisions between the atomic
particles (see energy transport). The indi-
vidual particles proceed outward in a ‘ran-
dom walk’, in which their direction of
travel and energy change with each colli-
sion. It has been estimated that it may take
as long as 20 million years for the energy
generated in the core to reach the surface.
The radiative zone extends to within about
200 000 km of the surface, where, the 
temperature having fallen to around
1 000 000 K, convection becomes the
more important mode of energy transport
(see convective zone).

The surface of the Sun, or PHOTO-
SPHERE, represents the boundary between
the opaque convective zone and the trans-
parent solar atmosphere. It is a stratum
several hundred kilometers thick, from
which almost all the energy emitted by the
Sun is radiated into space. A permanent
feature of the photosphere is the GRANULA-
TION, which gives it a mottled appearance.
More striking are the SUNSPOTS and their
associated FACULAE, the numbers of which
fluctuate over an average period of ap-
proximately 11 years – the so-called
SUNSPOT CYCLE.

Observation of the transit of sunspots
across the Sun’s disk discloses a DIFFEREN-
TIAL ROTATION, the SYNODIC PERIOD of
which increases with HELIOGRAPHIC LATI-
TUDE from 26.87 days at the equator to
29.65 days at ±40° (beyond which
sunspots are seldom seen). The mean syn-
odic period is taken to be 27.2753 days,
which is equivalent to a SIDEREAL PERIOD of
approximately 25.38 days (and corre-
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sponds to the actual period at around ±15°
latitude). Spectroscopic measurements
show that the rotation period continues to
increase right up to the polar regions and
that at any given latitude it decreases with
height above the photosphere, except at
the equator where the periods are approx-
imately equal. The reason for this differen-
tial rotation is unknown, although it has
been suggested that it may be caused by
rapid rotation of the Sun’s core. From the
base to the top of the photosphere the tem-
perature falls from about 6000 K to about
4000 K.

Immediately above the photosphere is
the CHROMOSPHERE, a stratum a few thou-
sand kilometers thick, in which the tem-
perature rises from about 4000 K to
around 50 000 K as the density decreases
exponentially with height. Between this
and the exceedingly rarified CORONA is the
transition region, a stratum several hun-
dred kilometers thick, in which the temper-
ature rises further to around 500 000 K.
The corona itself attains a temperature of
around 2 000 000 K at a height of about
75 000 km. It extends for many million
kilometers into the INTERPLANETARY

MEDIUM, where the SOLAR WIND carries a
stream of atomic particles to the depths of
the Solar System.

The Sun is thought to possess a weak
general magnetic field, although this has
yet to be distinguished from the transient
polar fields resulting from the dispersal of
the intense localized fields of sunspots (see
sunspot cycle).

The age of the Sun is at least 4.6 billion
(109) years and it may be regarded as a
middle-aged star. After a similar period it is
expected to expand to a RED GIANT and
then to collapse to a WHITE DWARF (see stel-
lar evolution).

See also active Sun; neutrino astron-
omy; quiet Sun; solar activity.

sun dogs (mock suns) Two bright, dif-
fuse patches of light occasionally seen in
the daytime sky, one each side of the Sun,
and caused by refraction of the Sun’s light
by hexagonal ice crystals in the atmos-
phere. Each one is tinged red on the side
near the Sun and blue on the other side.

Sun dogs often appear on the fringe of a
halo around the Sun, each one being sepa-
rated from the Sun by an angular distance
of 22°.

sungrazing comets /sun-grayz-ing/
Comets whose PERIHELION points are very
close to the Sun’s surface. They actually
pass through the solar corona. Comet
1882 II, for example, passed within 1.2
solar radii of the Sun’s center. Sungrazing
comets tend to be exceptionally bright.
1843 I, for example, was seen in broad
daylight when it was only 4° from the Sun
in the sky. Quite often, sungrazers are torn
apart by tidal forces.

sunrise, sunset The times at which the
apparent upper limb of the Sun is on the
horizon. The true ZENITH DISTANCE (re-
ferred to the Earth’s center) of the center of
the disk is then 90°50′, the Sun’s semidi-
ameter being 16′ and horizontal ATMOS-
PHERIC REFRACTION being 34′. See also
twilight.

sunrise, sunset terminator See termi-
nator.

Sun’s longitude A measure of the
Earth’s position around its orbit and more
specifically the point in this orbit at which
a METEOR SHOWER has its maximum inten-
sity. It is the angle between the Earth–Sun
line when the Sun is at the vernal EQUINOX

and the Earth–Sun line at any other time,
measured in the direction of the Earth’s
motion.

sunspot cycle The semiregular fluc-
tuation of the number of SUNSPOTS over 
an average period of approximately 11
years – or 22 years if the respective mag-
netic polarities of the p- and f-spots are
considered, because these reverse at
sunspot minimum for the groups of the
new cycle (see sunspots). The nature of the
cycle is shown in the graph, where the
index of sunspot activity is the RELATIVE

SUNSPOT NUMBER. It can be seen that the rise
to sunspot maximum usually occupies a
shorter time than the fall to minimum and
that the amount of activity may vary con-

sun dogs
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siderably between two consecutive cycles.
There is some evidence for a modulation of
the amplitude of the cycle over a period of
around 80 years, but more data are re-

quired before the reality of this can be es-
tablished.

The phase of the sunspot cycle also de-
termines the mean HELIOGRAPHIC LATITUDE
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of all groups. At minimum the first groups
of the new cycle appear at ±30–35°. There-
after the latitude range moves progres-
sively toward the equator, until by the next
minimum the mean latitude is around ±7°.
Then, while the equatorial groups are pe-
tering out, those of the next cycle begin to
appear in their characteristic higher lati-
tudes. This latitudinal progression is
known as Spörer’s law. At any one time
there may be a considerable spread in lati-
tude, but groups are seldom seen farther
than 35° or closer than 5° from the equa-
tor. The butterfly diagram is a graphical
representation of Spörer’s law obtained by
plotting the mean HELIOGRAPHIC LATITUDE

of individual groups against time (see
graph). Its appearance has been likened to
successive pairs of butterfly wings, hence
the name.

The underlying cause of the sunspot
cycle is thought to be the interplay between
a large-scale relatively weak poloidal mag-
netic field beneath the PHOTOSPHERE, DIF-
FERENTIAL ROTATION, and CONVECTION.
The poloidal field, which is constrained to
move with the ionized solar material, be-
comes increasingly distorted by differential
rotation until an intense toroidal field is
produced. The strength of this field is fur-
ther enhanced by the perturbing effect of
convection, which twists the field lines into
ropelike configurations that may penetrate
through the surface to form sunspots. This
will occur first in intermediate latitudes,
where the field’s rate of shearing is great-
est, and thereafter in increasingly low lati-
tudes.

The inclination to the equator of the
fields of opposite polarity associated with
the p- and f-spots is such that they may
drift apart in both longitude and lati-
tude, as a result of differential rotation and
the cyclonic rotation of individual super-
granular cells (see supergranulation). The
latitudinal drift is responsible for an accu-
mulation in the polar regions of magnetic
flux of the same polarity as the f-spots in
the respective hemispheres. Thus the in-
tense (0.2–0.4 tesla) localized fields of
sunspots are gradually dispersed to form
weak (1–2 × 10–4 tesla) polar fields, which
reverse polarity (not necessarily synchro-

nously) around sunspot maximum. When
this happens differential rotation no longer
intensifies the subphotospheric toroidal
field but rather weakens it and reestab-
lishes a poloidal field of opposite direction
to its predecessor.

The sunspot cycle may therefore be re-
garded (if this model is correct) as a relax-
ation process that is continually repeating
itself. There is reason to believe, however,
that at least some of the features of recent
cycles may be transitory. In particular, a
prolonged minimum, termed the Maunder
minimum, from about 1645 to 1715, sug-
gests that there is more than one circula-
tory mode available to the solar dynamo.

Sunspots are the most obvious but by
no means the only manifestation of SOLAR

ACTIVITY to undergo a cyclical change over
a period of around 11 years. It is therefore
proper to restrict the use of the term
sunspot cycle to consideration of the fluc-
tuation of the number of sunspots and to
use the more general term solar cycle when
considering the variation in the level of
solar activity as a whole.

sunspot maximum, minimum See
sunspot cycle.

sunspots /sun-spots/   Comparatively dark
markings in the GRANULATION of the solar
PHOTOSPHERE, ranging in size from pores,
which are no larger than individual gran-
ules, to complex structures covering sev-
eral thousand million square kilometers.
All but the smallest spots consist of two
distinct regions: a dark core or umbra and
a lighter periphery or penumbra. The
umbra usually appears featureless, while
the penumbra – which can account for as
much as 80% of the total area of a spot –
may be resolved into delicate filaments,
aligned radially in the case of regular spots.
Most spots do not occur singly but tend to
cluster in groups. The formation, develop-
ment, and decay of large groups may oc-
cupy several weeks, or even months in
exceptional cases, but the majority of
groups are small, having lifetimes of not
more than a couple of weeks.

Sunspots are the centers of intense lo-
calized magnetic fields, which are thought

sunspot maximum, minimum
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to suppress the currents bringing hot gases
from the CONVECTIVE ZONE before they
reach the photosphere. In the umbra,
where the field is strongest (0.2–0.4 tesla),
convection is almost completely inhibited;
in the penumbra, where the field is more
horizontal, a radial flow of material takes
place (see Evershed effect). The umbra is
therefore much cooler than the penumbra,
which is in turn cooler than the surround-
ing granulation, their temperatures being
of the order of 4000, 5600, and 6000 K re-
spectively. An alternative explanation for
the lower temperature of sunspots suggests
that far from inhibiting the flow of heat the
magnetic field actually enhances it, con-
verting at least three-quarters of the flux
into magnetohydrodynamic waves (ALFVÉN

WAVES) that propagate rapidly along the
field lines without dissipation.

Sunspot groups exhibit a great diversity
of structure and are most conveniently
classified according to the configuration of
their magnetic field as unipolar, bipolar, or
complex. Bipolar groups are by far the
most common. In their simplest form they
consist of two main spots of opposite mag-
netic polarity, termed (with respect to the
direction of the Sun’s rotation) the preced-
ing (p-) and following (f-) spots, of which
the p-spot usually lies slightly closer to the
equator. The line of inversion separating
the regions of opposite polarity (where the
vertical component of the magnetic field is
zero) is often the location of a relatively
stable FILAMENT and the scene of violent
FLARES, both of which occur above the
sunspot group in the upper CHROMO-
SPHERE/inner CORONA.

The number of sunspots fluctuates over
an average period of approximately 11
years – the so-called SUNSPOT CYCLE – dur-
ing which time there is a corresponding
variation in the mean heliographic latitude
of all groups. Moreover the respective po-
larities of the p- and f-spots, which are con-
sistent within a particular hemisphere but
opposite on the other side of the equator,
reverse at sunspot minimum for the groups
of the new cycle.

Sunspots are the most obvious manifes-
tation of SOLAR ACTIVITY. Together with
their associated FACULAEPLAGES, filaments

(or PROMINENCES), and flares, they consti-
tute ACTIVE REGIONS, whose influence ex-
tends from the photosphere through the
chromosphere to the corona.

Sunyaev–Zel’dovich effect /sûn-yah-yeff
zyel-dŏ-vich/ (S–Z effect) The apparent
change in temperature of the MICROWAVE

BACKGROUND in the direction of very hot
(108 K) plasma clouds, such as those
around rich CLUSTERS OF GALAXIES. It is
caused by inverse COMPTON SCATTERING of
microwave background photons from
highly energetic electrons in the plasma.
When looked at with a radio telescope, the
number of radio-frequency photons is de-
pleted so the radiation appears cooler. The
effect shows that the photons truly origi-
nated from behind the cluster (i.e. in the
background) and can also be used to deter-
mine the distance to the cluster. The value
of the HUBBLE CONSTANT can be measured
by comparison of the X-ray luminosity of
the galaxy to its microwave decrement.

supercluster /soo-per-klus-ter/ A loosely
bound aggregate of several CLUSTERS OF

GALAXIES, about 100 megaparsecs in ex-
tent. As seen in the sky, different super-
clusters overlap; their members can be
distinguished only after the distances of the
constituent galaxies have been determined
from a REDSHIFT SURVEY. Over a dozen su-
perclusters have been identified, the near-
est of which include the LOCAL

SUPERCLUSTER, the PISCES–PERSEUS SUPER-
CLUSTER, the SHAPLEY SUPERCLUSTER, and
Hydra–Centaurus. Superclusters, contain
between 2 and 15 rich clusters and have
total masses of up to 1016 solar masses. Al-
though the galaxies within each cluster are
tightly bound, the clusters’ gravitational ef-
fect on each other is not sufficient to over-
come the expansion of the Universe. Each
supercluster is thus growing in extent, al-
though more slowly than the space be-
tween the superclusters. The larger
superclusters appear to be elongated with
no central concentration or axial symme-
try, and form parts of filaments that sur-
round empty voids (see large-scale
structure).

471

supercluster



supergalactic plane /soo-per-gă-lak-tik/
The dominant plane of the greatest con-
centration of nearby galaxy clusters in the
sky, which passes through the VIRGO CLUS-
TER.

supergiant /soo-per-jÿ-ănt/ The largest
and most luminous type of star, lying
above both the MAIN SEQUENCE and the
GIANT region in the HERTZSPRUNG–RUSSELL

DIAGRAM. They are grouped in luminosity
classes Ia and Ib (see spectral types) and
generally have absolute bolometric MAGNI-
TUDES between –5 and –12. Only the most
massive stars can become supergiants and
consequently they are very rare. They are
so bright, however, that they stand out in
external galaxies. There is an upper limit to
the absolute bolometric magnitude of cool
red supergiants (–9.7), so the brightest su-
pergiants can be used as approximate dis-
tance indicators. Examples of supergiant
stars are Rigel and Betelgeuse in Orion,
Antares in Scorpius, and CEPHEID VARIABLE

stars. See also luminous blue variables.

supergiant elliptical Another name for
cD galaxy. See clusters of galaxies; galax-
ies.

supergranulation /soo-per-gran-yŭ-lay-
shŏn/ A network of large-scale (30 000
km diameter) convective cells in the solar
PHOTOSPHERE. The individual cells have an
upward velocity of about 0.1 km s–1 and
exhibit a horizontal flow of material, out-
ward from the center, with a velocity of
about 0.4 km s–1; their average lifetime is
about one day (compare granulation). The
space between adjacent cells is the pre-
ferred birthplace of SUNSPOTS, whose in-
tense localized magnetic fields are
dispersed by differential rotation and a cy-
clonic rotation of the cells, to form a weak
polar field in both hemispheres.

Supergranulation is not readily visible
but may be detected in velocity-canceled
SPECTROHELIOGRAMS. (These are obtained
by the photographic cancellation of two
spectroheliograms taken simultaneously in
the wings, i.e. on either side of the core, of
a strong FRAUNHOFER LINE.) It is seen as al-
ternate bright–dark elements away from

the center of the Sun’s disk, corresponding
to a predominantly horizontal flow of ma-
terial in the line of sight that has been ren-
dered visible by its doubled DOPPLER SHIFT.
See also chromospheric network; spicules.

supergravity /soo-per-grav-ă-tee/ Any
of a number of theories seeking to unify the
gravitational force with the three other
FUNDAMENTAL FORCES of nature, the elec-
tromagnetic, strong, and weak forces.
They involve SUPERSYMMETRY encompass-
ing all four forces. Many theorists now be-
lieve that a unified theory to include
gravity must be based on superstrings (see
string theory).

superheterodyne receiver /soo-per-het-ĕ-
roh-dÿn/ See receiver.

superior conjunction See conjunction.

superior planets The planets Mars,
Jupiter, Saturn, Uranus, Neptune, and
Pluto, which orbit the Sun at distances
greater than that of the Earth.

superlight source /soo-per-lÿt/ See su-
perluminal source.

superluminal source /soo-per-loo-mănăl/
(superlight source) A RADIO SOURCE in
which components appear to be moving at
velocities greater than the speed of light.
Physical motion faster than light is impos-
sible according to the special theory of REL-
ATIVITY. It is possible, however, to explain
such apparent superluminal velocities in
terms of geometrical effects involving ob-
jects moving more slowly than light.

supermassive black hole /soo-per-mass-
iv/ See black hole.

supermassive stars Hypothetical very
rare stars with masses of up to 1000 solar
masses or more. The most massive of nor-
mal stars, such as ETA CARINAE and OF

STARS, are about 100 solar masses, but it is
not certain whether there is an actual upper
limit to STELLAR MASS.

supernova /soo-per-noh-vă/ A star that

supergalactic plane
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has exploded violently and is observed to
brighten temporarily to an absolute MAG-
NITUDE brighter than about –15, over a
hundred times more luminous than an or-
dinary NOVA. A supernova explosion blows
off all or most of the star’s material at high
velocity, as a result of the final uncon-
trolled nuclear reactions in the small pro-
portion of stars that reach an unstable state
late in their evolution (see stellar evolu-
tion). The debris consists of an expanding
gas shell (the SUPERNOVA REMNANT), and
possibly a compact stellar object (a NEU-
TRON STAR or a BLACK HOLE), which is the
original star’s collapsed core. Supernovae
are important in the NUCLEOSYNTHESIS of
heavy elements.

Supernova searches, organized on a reg-
ular basis since 1936, have discovered
more than 800 extragalactic supernovae.
SUPERNOVA 1987A was a recent naked-eye
supernova. In addition, past supernovae in
our GALAXY have been recorded in Western
Europe (TYCHO’S STAR of 1572 and KE-
PLER’S STAR of 1604) and in China and
Korea (AD 185, 386?, 393, 1006, 1054,
and 1181). The total supernova produc-
tion rate in the Galaxy is currently esti-
mated as two or three per century.

Theoretically, two different explosion
mechanisms can be distinguished: ther-
monuclear explosions and core collapse su-
pernovae. Thermonuclear explosions
probably occur when a WHITE DWARF or the
degenerate core of a moderately massive
star is pushed over the CHANDRASEKHAR

LIMIT. The DEGENERATE MATTER containing
mainly carbon and oxygen nuclei then ig-
nites explosively, leading to a thermonu-
clear runaway and probably the complete
disruption of the star. The ejecta will con-
tain a large amount of radioactive nickel,
produced in the nuclear runaway, whose
decay to cobalt and then iron may explain
the exponential decay observed in many
supernova LIGHT CURVES. Supernovae of
this type are probably a major source of
iron in the Galaxy.

Core collapse supernovae occur when
all the material in the core of a massive star
has been completely burned to iron. Be-
cause an iron core is incapable of generat-
ing any more energy by NUCLEAR FUSION, it

has to collapse (if its mass exceeds the
Chandrasekhar mass) to become a neutron
star; if the star is extremely massive it may
collapse completely to a black hole. The
link between the core’s implosion and the
explosion of the outer layers is still uncer-
tain. One possibility is that, when the core
reaches neutron-star densities, the newly
formed neutron-star core suddenly pre-
sents a rigid surface to the infalling gas and
the collapse stops, driving a shock wave
into the overlying material that may blow
off the star’s outer layers. The high pres-
sures and temperatures suddenly created in
the layer just above the neutron star cause
a spate of nuclear reactions; neutrons from
these reactions build up very heavy nuclei
by the R-PROCESS.

Observationally, supernovae have tra-
ditionally been divided into two main
types, based on the absence (type I) or
presence (type II) of hydrogen in their spec-
tra. Recent observations have revealed a
large diversity of supernova types and the
need for further subclassification (e.g. type
Ia, Ib, Ic; type II-P, II-L, IIb). This classifi-
cation is further complicated by the fact
that there is no simple one-to-one relation-
ship between the theoretical explosion
mechanisms and the two main observa-
tional types. Recently a more energetic
type of supernova, called a hypernova, has
been observed, possibly related to gamma-
ray bursts.

Type Ia supernovae occur in both ellip-
tical and spiral galaxies (but without no-
table preference for spiral arms); most of
them have very similar light curves and ab-
solute magnitudes (–19) at maximum.
Contrary to earlier beliefs, type Ia super-
novae are not perfect standard candles.
However, observationally there appears to
be a tight correlation between the shape of
the supernova distances to fairly large red-
shifts (z ∼ 1). In recent years, high-z super-
nova searches have found a large number
of distant type Ia supernovae. These can be
used to measure the expansion rate of the
Universe when it was much younger. At
face value, the results suggest that the ex-
pansion of the Universe if accelerating
rather than decelerating – as it would in the
standard cosmology. However, an alterna-
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tive explanation might be that type Ia su-
pernovae were systematically different at
an earlier cosmological epoch than the pre-
sent one. Their spectra reveal very broad
absorption lines (for example, of silicon),
but generally show no evidence for hydro-
gen in the ejected gas, which has a mass of
roughly a solar mass and a velocity around
10 000 km s–1; the total energy is about
1044 joules. The pre-supernova of a type Ia
supernova is still uncertain, but a popular
theory is that it is a white dwarf that ac-
cretes enough matter from a companion
star or that merges with another lighter
white dwarf to be pushed above the Chan-
drasekhar mass, leading to a thermonu-
clear explosion.

Type Ib/Ic supernovae, which unlike
type Ia supernovae show no evidence for
silicon in their spectra, probably make up
the bulk of type I supernovae. They are less
luminous than type Ia supernovae, indicat-
ing that they produce less radioactive ma-
terial, and they are probably intrinsically
related to type II supernovae. Their prog-
enitors may be massive stars that have lost
all of their hydrogen-rich envelopes in a
stellar wind (see Wolf–Rayet stars) or by
MASS TRANSFER in a binary (see helium
star). Unlike type Ia supernovae, they
probably experience core collapse and
leave neutron-star or black-hole remnants.

Type II supernovae occur mainly in the
spiral arms of spiral galaxies. They show
more diversity in light curves and absolute
magnitude than type I, although many of
them reach a maximum of around –17.
Their early spectra show a normal abun-
dance of the elements and indicate that sev-
eral solar masses are ejected at around
5000 km s–1. The pre-supernova, in most
cases (but not in the case of SUPERNOVA

1987A), is a red supergiant with a diameter
of about 10 AU. The mass in its hydrogen-
rich envelope may vary from a few tenths
of a solar mass to several tens of solar
masses. This large range in envelope
masses is probably the main reason for the
large diversity of type II light curves. The
explosion mechanism in most cases is be-
lieved to be core collapse, but some type II
supernovae may be caused by thermonu-
clear explosions.

supernova 1987A (SN 1987A) The
first naked-eye supernova since 1604 (see
Kepler’s star). It occurred in the Large
MAGELLANIC CLOUD (LMC) on Feb. 23,
1987, and reached a visual magnitude of
2.9 by 18 May 1987. It belonged to the
class of type II SUPERNOVAE, but because its
progenitor (Sanduleak –69°202) was a
blue supergiant rather than a red super-
giant, as is typical for type II supernovae,
its peak luminosity was significantly lower
and its spectral evolution much more rapid
than expected. Initially it was suggested
that the unusual color of the progenitor
had to do with the lower METALLICITY of
the LMC. However, it now appears more
likely that this is a direct consequence of
the binary nature of the progenitor system.
In this model, the system initially consisted
of two massive stars that merged some
30 000 years before the explosion to form
a single, but unusual, star at the time of the
explosion. This would also help explain
the complex nebula surrounding the super-
nova, detected with the NTT and HST, con-
sisting of three rings (interlocking in
projection). The supernova is located at the
center of the inner ring (which has a radius
of 0.7 light-years). The outer rings are dis-
placed above and below the plane of the
inner ring at roughly twice the distance.
This material was ejected by the supernova
progenitor, presumably as a by-product of
the merger event. The supernova blast
wave is about to collide with the inner ring
and will ultimately destroy it.

The detection of a burst of NEUTRINOS

from the supernova has provided direct
confirmation of the long-held belief that
type II supernovae are triggered by the col-
lapse of stellar cores. In addition, the de-
tection of gamma-ray lines from the
radioactive decay of cobalt (56Co), the
decay product of nickel (56Ni), to iron
(56Fe) has provided evidence for explosive
NUCLEOSYNTHESIS, i.e. the synthesis of iron-
peak elements and other heavy nuclei dur-
ing the supernova explosion.

supernova remnant (SNR) The ex-
panding shell of gas from a supernova ex-
plosion, consisting of the supernova ejecta
and ‘swept-up’ interstellar gas. Young

supernova 1987A
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(< 1000 year old) supernova remnants are
generally optically faint but are fairly
strong radio and X-ray sources; the CRAB

NEBULA is exceptionally bright because it is
energized by a central PULSAR. Older super-
nova remnants appear as rings of bright fil-
aments, again with associated radio and
X-ray emission. Supernova remnants that
have been observed at sufficiently high res-
olution can be loosely classified into two
types. In shell SNRs, which constitute
about 90% of all SNRs (including Tycho
and Kepler), most of the observed radia-
tion comes from a filamentary, often
spherical shell; they seem to have no cen-
tral power source and their luminosity is
exclusively derived from the interaction of
the supernova shell with the external
medium. Plerions (or filled or filled-center
SNRs) are now widely thought to be pow-
ered by a central pulsar – the Crab nebula
is the archetypal example – and the ob-
served radiation originates from the whole
of the remnant. Compression by an ex-
panding supernova remnant can trigger
STAR FORMATION in interstellar clouds. See
also emission nebula.

super Schmidt See Schmidt telescope.

superstring theory /soo-per-string/ See
string theory.

supersymmetry /soo-per-sim-ĕ-tree/
(SUSY) An extension of the theories
(GUTs) seeking to unify the four FUNDA-
MENTAL FORCES of nature. It unifies the par-
ticles called fermions (with half-integral
spin) and the force particles, the bosons
(with integral spin). In the simplest SUSY
models, this leads to a new family of parti-
cles as every fermion has a supersymmetric
boson partner and every boson has a
supersymmetric fermion partner; for ex-
ample, photinos and gravitinos are the hy-
pothesized partners of the photon and
graviton. Adding supersymmetric particles
to the standard model of elementary parti-
cles remedies some of its discrepancies, but
there is no experimental evidence for them.
See also dark matter.

surface brightness Luminosity per unit

area on the sky, usually expressed for opti-
cal data as magnitudes per square arc sec-
ond. It is a useful distance-independent
property to use in the comparison of low-
redshift galaxies (where relativistic correc-
tions are unimportant) because the angular
area subtended and the luminosity both de-
crease with the inverse square of the dis-
tance.

surface gravity Symbol: g. The ACCEL-
ERATION OF GRAVITY experienced by an ob-
ject when it falls freely towards the surface
of a planet or star.

surface temperature The temperature
of the radiating layers of a star at which its
continuous spectrum is produced. The star
is assumed to be a perfect radiator, i.e. a
BLACK BODY, and its temperature is usually
expressed as its EFFECTIVE TEMPERATURE or
its COLOR TEMPERATURE. Surface tempera-
ture is very much lower than the tempera-
ture at the center of a star.

surges Impulsive events on the Sun that
are characterized by the ejection of chro-
mospheric material into the inner CORONA

with velocities of 100–200 km s–1. They
occur in ACTIVE REGIONS, where they often
accompany FLARES but more generally stem
from small flarelike brightenings (termed
moustaches or Ellerman bombs) at the
outer edge of the penumbra of SUNSPOTS.
The surge material, which is usually di-
rected radially away from the spot, may
reach a height of a couple of hundred thou-
sand kilometers before fading or returning
to the CHROMOSPHERE along either a curved
trajectory or, more frequently, the trajec-
tory of its ascent. Surges typically have a
lifetime of 10–20 minutes and show a
strong tendency to recur. See also promi-
nences.

survey catalog See star catalog.

Surveyor An American unpiloted space
program of the late 1960s that was de-
signed to investigate the bearing strength,
physical structure, and chemistry of the
lunar REGOLITH by means of trenching de-
vices and alpha-scattering analysis (see
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table). The spacecraft were soft-landed by
retrorockets. Each was equipped with a
television camera, powered by solar cells,
for panoramic photography. The MARIA

were shown to have a basaltic composi-
tion, whereas the HIGHLANDS were found to
be richer in calcium and aluminum. See
also Luna probes; Lunar Orbiter probes;
Ranger; Zond probes.

SUSI Abbrev. for Sydney University
Stellar Interferometer. An optical INTER-
FEROMETER sited at Culgoora, New South
Wales, Australia, in operation since 1991.
It has 12 small mirrors located along a
baseline 640 meters long. The effects of
atmospheric turbulence are minimized
firstly by using small apertures to gather a
relatively clear fraction of the incoming
light. In addition, rapid adjustments can be
made to small mirrors within each tele-
scope to counterbalance any remaining
atmospheric distortion (see adaptive op-
tics).

SUSY Abbrev. for supersymmetry.

SU Ursae Majoris stars /er-see mă-jor-is/
(SU UMa stars) See dwarf novae.

Swan nebula See Omega nebula.

SWAS Abbrev. for Submillimeter Wave
Astronomy Satellite. A SMALL EXPLORER

payload consisting of a 1-meter class tele-

scope feeding two HETERODYNE DETECTORS.
Launched in 1997, SWAS conducted a sur-
vey of galactic MOLECULAR CLOUDS at high
spectral RESOLUTION by studying submil-
limeter emission from H2O, O2, C, and
13CO.

Sweden–ESO Submillimeter Telescope
(SEST) A Cassegrain DISH antenna of 15-
meter diameter for use at wavelengths as
short as 0.8 mm. SEST is situated at an al-
titude of 2300 meters at the European
Southern Observatory (ESO) site at La
Silla, Chile, and has been in operation since
1989. The reflecting surface is made up of
176 panels positioned to a mean accuracy
of 70 micrometers.

Swift Gamma-Ray Burst Explorer A
NASA space observatory launched by a
Boeing Delta 2 rocket from Cape
Canaveral, Florida, Nov. 2004. Its three
telescopes (one each operating in the
gamma-ray, X-ray, and ultraviolet/visible
wavelength ranges) will seek to discover
the position, brightness, and physical na-
ture of GAMMA-RAY BURSTS, the most pow-
erful but also the most mysterious
explosions in the Universe. What triggers
them and what their relationship may be to
black holes are also questions that Swift
will help to address. Swift is designed for
rapid pointing in order to home in on a de-
tected gamma-ray burst as soon as possible
after it has happened. Typically, the reac-

SUSI
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Spacecraft Launch date Comments*

Surveyor 1 1966, May 30 Soft-landed in Oc. Procellarum (11 150)
Surveyor 2 1966, Sept. 20 Struck moon in Oc. Procellarum
Surveyor 3 1967, Apr. 17 Tested soil in Oc. Procellarum 

(6315); later visited by Apollo 12
Surveyor 4 1967, July 14 Landed in Sinus Medii but radio 

contact lost
Surveyor 5 1967, Sept. 8 Analyzed soil in Mare Tranquillitatis

(18 006)
Surveyor 6 1967, Nov. 7 Analyzed soil in Sinus Medii (30 000)
Surveyor 7 1968, Jan. 7 Analyzed/tested soil near Tycho (21 000)

*Figures in brackets indicate the number of photographs transmitted.



tion time is expected to be within 20 and
70 seconds. The wide-field primary Burst
Alert Telescope, which can scan about
16% of the sky at a time, will look for
gamma-ray bursts and when it detects one
the entire Swift craft will turn to target the
explosion, bringing the other two telescope
to bear on it, Gamma-ray bursts happen at
least once a day, and one of Swift’s goals is
to acquire knowledge on at least 1000 of
them over its three-year mission. Much can
be learned from the afterglow of gamma-
ray bursts, which cascades rapidly down
through the wavelengths from gamma rays
to radio waves. Thus Swift’s three tele-
scopes, with their multi-wavelength capa-
bilities, represent a major advance in the
study of these phenomena.

Swift–Tuttle /swift tut-’l/ (1737 II,
1862 III, 1992 t) A major comet that
was independently discovered in 1862 by
Lewis Swift and Horace Tuttle. It is the
parent of the PERSEID meteoroid stream,
which has a mass of well over 1014 kg. The
comet has an orbital inclination of 113°
and a period of around 128 years.

Sword-Handle See h and Chi Persei.

Sycorax /sik-ŏ-raks/ See Uranus’s satel-
lites.

symbiotic star /sim-bÿ-ot-ik, -bee-/ A
variable ‘star’ whose spectrum shows lines
characteristic of gases at two very different
temperatures, typically of an M star (3500
K) and a B star (20 000 K) superimposed.
It is in fact a semidetached close BINARY

STAR: a RED GIANT component produces the
low-temperature spectrum whereas the
higher-temperature spectrum comes from
gas streams that are falling on to a com-
panion star, usually a WHITE DWARF or a
MAIN-SEQUENCE STAR, but sometimes possi-
bly a NEUTRON STAR. The mass loss is due
to the giant’s STELLAR WIND, and so is much
slower than the gravitational transfer in
the otherwise-similar RECURRENT NOVAE.
Symbiotic stars suffer smaller and more ir-
regular outbursts than other CATACLYSMIC

VARIABLES. An outburst in the R Aquarii
system has produced a narrow jet some

1500 AU in length, visible to optical and
radio telescopes. The gas in the jet is trav-
eling at 2000 km s–1, and is apparently a
milder version of the ejection found in
SS433. Some other well-studied symbiotic
stars are Z Andromedae, BF Cygni, RW
Hydrae, AG Pegasi, and AX Persei.

synchronous orbit /sink-rŏ-nŭs/ An
orbit made by an artificial satellite that has
a period equal to the period of rotation of
the orbited body. See also geosynchronous
orbit.

synchronous rotation 1. (captured ro-
tation) The rotation of a natural satellite
about its primary in which the period of ro-
tation of the satellite is equal to its orbital
period. The same hemisphere thus always
faces the primary. The Moon is in synchro-
nous rotation, although LIBRATION allows
slightly more than one hemisphere to be
seen from Earth. There are good dynamical
reasons for satellites fairly close to their
planet being locked in synchronous rota-
tion. See tidal force.
2. (synchronism) A situation in a close BI-
NARY STAR in which the rotation period of
a star is equal to the binary’s orbital period
(for circular orbits).

synchrotron emission /sink-rŏ-tron/
(synchrotron radiation; magnetobrem-
sstrahlung) ELECTROMAGNETIC RADIA-
TION from very high energy ELECTRONS

moving in a magnetic field. It is NONTHER-
MAL EMISSION and is also polarized (see po-
larization), usually strongly. It is the
mechanism most often invoked to explain
the radio emission from extragalactic
RADIO SOURCES and the emission from SU-
PERNOVA REMNANTS and PULSARS.

When an electron moves in a magnetic
field, it follows a circular path making
ν = eB/2πm revolutions per second, where
e and m are the electronic charge and mass
and B is the magnetic flux density; ν is the
gyrofrequency. The acceleration of the
electron in its circular path causes it to ra-
diate electromagnetic waves at frequency
ν. This emission is called cyclotron radia-
tion.

477

synchrotron emission



If the velocity of the electrons becomes
comparable with the speed of light, the
theory of RELATIVITY must be used to ex-
plain the observed phenomena. One effect
is relativistic beaming in which the radia-

tion is beamed forward in the direction of
motion of the relativistic electron (see illus-
tration (a)). The nature of the radiation
changes from the simple cyclotron case and
it becomes synchrotron emission. At low

synchrotron emission
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frequencies, the conditions in the source
may cause the synchrotron emission to be
reabsorbed before it can escape. The
RADIO-SOURCE SPECTRUM then exhibits a
turnover, as is often seen in extragalactic
radio sources (see illustration (b)). This is
called synchrotron self-absorption. See
also Razin effect.

syndynames /sin-dÿ-nă-meez/ See comet
tails.

synodic month /si-nod-ik/ (lunation;
lunar month) The interval of 29.530 59
days, on average, between two successive
new Moons.

synodic period The average time be-
tween successive CONJUNCTIONS of two
planets as seen from the Earth, or between
successive conjunctions of a satellite with
the Sun as seen from the satellite’s primary.
Synodic period, Ps, and SIDEREAL PERIOD,
P1, of an inferior or superior planet are re-
lated, respectively, by the equations 

1/Ps = 1/P1 – 1/P2
1/Ps = 1/P2 – 1/P1

P2 is the sidereal period of the Earth, i.e.
365.256 days or 1 year. For a satellite the
first equation applies, P2 being the sidereal
period of the primary.

synthesis telescope /sin-th’ĕ-siss/ A sys-
tem of radio telescopes that is used for
APERTURE SYNTHESIS.

synthesized aperture, synthesized

beam /sin-th’ĕ-sÿzd/ See aperture synthe-
sis; beam.

Syrtis Major /seer-tiss/ A dark triangu-
lar plateau near the Martian equator and
prominent to Earth-based observers. It
slopes downward to the east and is prone
to strong winds that move and remove
light-colored dust to expose the darker
rocks below. See also Mars, surface fea-
tures.

Syrtis Major Planum A dark triangu-
lar plateau near the Martian equator and
prominent to Earth-based observers. It is
centered on the aerographic coordinates
10° N latitude, 290° W longitude (see are-
ography). The plateau is a low-relief vol-
canic shield, apparently composed of
basaltic rock. It slopes downward to the
east and is prone to strong winds that move
and remove light-colored dust to expose
the darker rocks beneath. See also Mars,
surface features.

system noise See sensitivity.

system temperature (noise temperature)
See sensitivity.

syzygy /siz-ă-jee/ The configuration aris-
ing when the Sun, Earth, and either the
Moon or a planet lie approximately in line,
i.e. when the Moon or planet is at OPPOSI-
TION or CONJUNCTION.

S–Z effect See Sunyaev–Zel’dovich effect. 
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TAI Abbrev. (French) for International
Atomic Time.

tail Short for comet tail.

Tanegashima Space Center /tah-neg-ah-
shee-mah/ See NASDA.

tangential velocity /tan-jen-shăl/ (trans-
verse velocity) See proper motion.

Tarantula nebula /tă-ran-chŭ-lă/ See
30 Doradus.

T association See association; T Tauri
stars.

tau (ττ) The 19th letter of the Greek al-
phabet, used in STELLAR NOMENCLATURE

usually to designate the 19th-brightest star
in a constellation or sometimes to indicate
a star’s position in a group.

Tau Ceti /taw, t’ow see-tÿ, set-ee/ (ττ Cet)
An orange-red main-sequence dwarf star in
the constellation Cetus and one of the
Sun’s near neighbors. It is located in the
sky just northeast of Diphda (β Ceti). Tau
Ceti is comparable in size and mass with
the Sun but is only about three-fifths as lu-
minous. Dust has been detected around it
but there is no hard evidence that Tau Ceti
has a planetary or even a stellar compan-
ion. It appears, however, to be an optical
double, with a 13th-magnitude red dwarf
of spectral class M lying 90′ away from it.
mv: 3.5; Mv: 5.8; spectral type: G8 Vp; dis-
tance: 3.65 pc.

Taurids /tor-idz/ A minor METEOR

SHOWER with a double radiant, RA 57°, dec
+14° and +22°, that maximizes on Nov. 5.

The METEOROID STREAM is associated with
ENCKE’S COMET.

Taurus /tor-ŭs/ (Bull) A large zodiac
constellation in the northern hemisphere
near Orion, lying partly in the Milky Way.
The brightest stars are the zero-magnitude
ALDEBARAN, the 1st-magnitude ELNATH,
which was once part of the constellation
Auriga, and several of 2nd and 3rd magni-
tude. The area contains the prototypes of
the RV TAURI and T TAURI STARS, the HYADES

and PLEIADES, both beautiful open clusters,
and the supernova remnant the CRAB NEB-
ULA with its associated OPTICAL PULSAR. Ab-
brev.: Tau; genitive form: Tauri; approx.
position: RA 4.5h, dec +15°; area: 314 sq
deg.

Taurus A The RADIO SOURCE in the con-
stellation Taurus that is identified with the
CRAB NEBULA. It has a FLUX DENSITY at 178
megahertz of 1420 JANSKY, most of which
comes from SYNCHROTRON EMISSION in the
nebula, which is a SUPERNOVA REMNANT. A
small fraction of the radio flux is pulsed,
due to the PULSAR in the nebula rotating
about 30 times per second. Unlike other su-
pernova remnants, such as CASSIOPEIA A,
the Crab nebula does not have a regular
ringlike radio structure, probably because
of its internal energy source – the pulsar.

Taurus-Littrow /lit-roff/ A HIGHLAND

region on the Moon on the eastern borders
of Mare SERENITATIS. It was the target for
APOLLO 17.

Taurus X-1 The second X-ray source to
be discovered (1963) and the first to be op-
tically identified. It was found to coincide
with the CRAB NEBULA supernova remnant.
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TD-1 A satellite developed by the Euro-
pean Space Research Organization and
launched in March 1972. It made a sys-
tematic ultraviolet survey of the whole sky,
with one experiment on board recording
spectrophotometric data at 3.5 nanometer
resolution on thousands of stars in the
wavelength range 135–274 nm. All hot O
and B stars were recorded down to 9th
magnitude in addition to observations of
many of the brighter cooler stars of later
spectral types. A catalog of more than
30 000 ultraviolet sources has been com-
piled from the data. A second UV instru-
ment detected UV spectra, at about 0.2 nm
resolution, of brighter preselected stars and
a catalog of these data has also been pre-
pared.

TDB Abbrev. (French) for barycentric
dynamical time. See dynamical time.

TDRSS Abbrev. for tracking and data-
relay satellite system. A network of four
NASA satellites that transmits commands
from a ground station to NASA spacecraft
– including the HST – and returns their sci-
entific data to the ground.

TDT Abbrev. for terrestrial dynamical
time. See dynamical time.

technetium stars /tek-nee-shee-ŭm/ A
class of asymptotic GIANTS (usually S STARS

or CARBON STARS) that show absorption
lines of technetium in their spectra. Be-
cause technetium (99Tc) is an unstable
radioactive element decaying with a HALF-
LIFE of 2.1 × 105 years, it must have been
produced in the burning shell of the star in
which it is observed. See also radioactive
decay.

tectonics /tek-tonn-iks/  Large-scale move-
ments of the crust of a planet or satellite,
such as those that give rise to mountain
building, faulting, and folding.

Teide Observatory /tay-dee/ An obser-
vatory at Izaña, altitude 2400 meters, on
the island of Tenerife in the Canaries.
Facilities are shared by the Instituto de As-
trofísica de Canarias (Institute of Astro-

physics of the Canaries) with several Euro-
pean countries. There are some major
SOLAR TELESCOPES, including the German
Vacuum Tower Telescope, which has a 70-
cm aperture mirror, focal ratio f/76. The
observatory also has eight telescopes for
nocturnal use and three instruments or ar-
rays for observing the COSMIC MICROWAVE

BACKGROUND (see VSA). The observatory
began operating in 1964.See also Roque de
los Muchachos Observatory.

tektites /tek-tÿts/ Small glassy rounded
objects, about 0.1 to 3 cm in size, found
only in certain parts of the world, often in
vast strewn fields. They have shapes vary-
ing from spheroidal to pear-, lens-, and
disk-shaped with surface-flow structures
indicating that they were formed by rapid
cooling of molten material. The chemical
composition is that of silicic igneous rock
with high SiO2 content (70–80%) and
moderate Al2O3 content (11–15%). They
are named according to the place where
they are found, e.g. moldavites (Moldavia),
australites (Australia), etc. They were
probably formed by the fusion of terres-
trial material during the impact of giant
METEORITES; terrestrial and lunar volcanic
origins have also been proposed. They are
between 0.75–65 million years old. Small
tektitelike objects have been found in the
lunar regolith.

telecompressor /tel-ee-kŏm-press-er/
(rich-field adapter) A converging achro-
matic lens inserted inside the focus of a
telescope in order to reduce the effective
focal length and hence increase the tele-
scope’s field of view.

tele-extender /tel-ee-iks-ten-der/ An op-
tical device located in an extension tube on
a telescope and used with an eyepiece in
order to increase the effective focal length
of the telescope and hence increase the
image scale.

telemetry /tĕ-lem-ĕ-tree/ The transmis-
sion of data to or from a satellite, space sta-
tion, spaceprobe, etc., by means of radio
waves.
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telescope /tel-ĕ-skohp/ 1. An optical de-
vice for collecting light so as to form an
image of a distant object. The light is col-
lected and focused by an object lens in a RE-
FRACTING TELESCOPE or by a primary mirror
in a REFLECTING TELESCOPE. A telescope is
usually described in terms of its APERTURE:
LIGHT-GATHERING POWER, spatial RESOLU-
TION, and LIMITING MAGNITUDE all increase
as the aperture increases.
2. Any device by which radiation from a
particular spectral region can be collected
and focused on or brought to a suitable
recording system for analysis. See coded
mask telescope; grazing incidence; infrared
telescope; radio telescope.

telescopic object /tel-ĕ-skop-ik/ A star
or other celestial object that is less than 6th
apparent MAGNITUDE and cannot be seen
without a telescope.

Telescopium /tel-ĕ-skoh-pee-ŭm/ (Tele-
scope) An inconspicuous constellation in
the southern hemisphere near Scorpius, the
brightest stars being of 3rd and 4th magni-
tude. Abbrev.: Tel; genitive form: Tele-
scopii; approx. position: RA 19.5h, dec
–50°; area: 252 sq deg.

Telesto /tĕ-less-toh/ A small irregularly
shaped satellite of Saturn, discovered in
1981 from groundbased observations
made in 1980. It is a COORBITAL SATELLITE

with CALYPSO and TETHYS. See Table 2,
backmatter.

television camera An electronic instru-
ment that converts the optical image of a
scene into an electrical signal, termed a
video signal. This signal may then be trans-
mitted by means of radio waves or by cable
to a distant receiver. CCD cameras and VIDI-
CONS are small highly sensitive TV cameras
that are used in astronomy both in space
probes and satellites and also in combina-
tion with ground-based telescopes.

telluric lines /tĕ-loor-ik/ Absorption
lines seen in the spectrum of a celestial ob-
ject but due to components, such as water
vapor, oxygen, or carbon dioxide, in the
Earth’s atmosphere. Telluric lines can be

distinguished because they are generally
narrower than solar or stellar lines, etc. In
addition, they vary in strength with the po-
sition of the source and are strongest when
the source is on the horizon.

Tellus /tell-ŭs/ Latin name for the
EARTH.

Tempel’s comets /tem-pĕl/ Two of the
comets discovered by Ernst W. L. Tempel
were named Tempel 1 (1879 III) and Tem-
pel 2 (1957 II). The first disappeared after
1879 but reappeared in 1967. His most fa-
mous comet, 1866 I, named Tempel-Tut-
tle, has a period of 33.176 years and an
orbit that is practically identical to that of
the LEONID meteor stream. The CHAMPOL-
LION mission is planned to reach Tempel 1
in late 2005.

temperature Symbol: T. A property of a
body or region that determines the direc-
tion of heat flow under thermal contact –
always from a higher-temperature to a
lower-temperature body or region. Numer-
ical values of temperature are assigned by
means of an internationally accepted scale
of temperature, and for scientific purposes
are now expressed in KELVIN (K) or degrees
Celsius (°C): a temperature difference of
1 K is equal to a temperature difference of
1 °C, and a Celsius temperature t and a
thermodynamic temperature T are related
by the formula t = T – 273.15.

Astronomical temperatures are usually
determined from spectroscopic measure-
ments. Since astronomical bodies do not
generally have a uniform temperature dis-
tribution and do not obey exactly the laws
determining temperature, there are several
different types of temperature; each char-
acterizes a particular property of the body
and has a slightly different value. They in-
clude EFFECTIVE, COLOR, BRIGHTNESS, ion-
ization, and excitation temperature. The
latter two are determined from the SAHA

IONIZATION EQUATION and the BOLTZMANN

EQUATION. See also thermodynamic tem-
perature scale.

temperature minimum See photo-
sphere.

telescope
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Tenma /ten-mă/ A Japanese X-RAY AS-
TRONOMY satellite launched in Feb. 1983.
Like its predecessor, the satellite HAKUCHO,
it was designed to study time variability
and spectra of the brighter galactic and ex-
tragalactic X-ray sources. A feature of the
satellite payload was a large area (∼800
cm2) gas scintillation PROPORTIONAL

COUNTER (SPC). This SPC had an energy
resolution a factor of two better than con-
ventional proportional counters in the
1–50 keV band and provided impressive
spectral data, particularly of the iron-line
complex and absorption edges seen in
many cosmic sources at 6–8 keV.

tera- Symbol: T. A prefix to a unit, indi-
cating a multiple of 1012 of that unit. For
example, one terajoule is 1012 joules.

terminator /ter-mă-may-ter/   The bound-
ary between the dark and sunlit hemi-
spheres of the Moon or a planet, the
rotation of which gives rise to a sunrise ter-
minator and a sunset terminator. The ap-
pearance of the terminator is affected by
topographic irregularities, such as moun-
tains, and by the presence of an atmos-
phere. See also phases, lunar.

terra /te-ră/ (plural: terrae) An upland
area on the surface of a planet or satellite,
for example the lunar HIGHLANDS. The
word is used in the approved name of such
a feature.

terraced walls See craters.

terrestrial /tĕ-ress-tree-ăl/ Of, relating
to, or similar to the planet Earth.

terrestrial dynamical time (TDT) See
dynamical time.

Terrestrial Planet Finder (TPF) A
NASA space observatory planned for
launch between 2014 and 2020. It will
consist of two observatory spacecraft: one,
a coronagraph, will be launched first, fol-
lowed by a mid-infrared formation-flying
interferometer. The observatory’s mission
is to survey nearby stars in a search for
Earth-size planets orbiting the ‘habitable

zone’ of their respective stars (the region
where water might be able to exist and life
night develop). The TPF will then follow
up the brightest candidates it detects by
subjecting them to spectroscopic analysis
(e.g., to detect the chemical makeup of a
possible atmosphere). In investigating at-
mospheric spectra, the craft may discover
habitable conditions or even life itself. In
addition, TPF is scheduled to conduct a
program of high spatial-resolution astro-
physics.

terrestrial planets The planets Mer-
cury, Venus, Earth, and Mars. They are
small rocky worlds with shallow atmos-
pheres in comparison with the mainly
gaseous GIANT PLANETS.

tesla /tess-lă/ Symbol: T. The SI unit of
MAGNETIC FLUX DENSITY, defined as one
weber of magnetic flux per meter squared.
One tesla is equal to 104 gauss.

tessera /tess-ĕ-ră/ (plural: tesserae) A
type of surface feature found on VENUS,
consisting of a rugged elevated track ex-
tending for several thousand kilometers.
The word is used in the approved name of
such a feature.

Tethys /teeth-iss/ The largest of the
inner satellites of Saturn, having a diameter
of 1050 km. It was discovered in 1684 by
Giovanni Domenico Cassini. In size it is
virtually the twin of the satellite Dione. Its
low density of 1.2 g cm–3 indicates that it is
probably made up mainly of water ice.
Tethys has a feature currently unique in the
Solar System: a huge canyon system, Ithaca
Chasma, extending around the globe from
near the north pole down to the equator
and extending farther to the south pole; its
average width is 100 km and its depth is
4–5 km. There is also an enormous crater,
Odysseus, 400 km in diameter at 30° N lat-
itude, 130° W longitude: its diameter is
40% that of the satellite and greater than
the diameter of Mimas. The remainder of
the surface is covered in craters of a range
of sizes up to 20–50 km, indicating that
Tethys has suffered intense bombardment
in its history. Two much smaller satellites
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are held in the same orbit as Tethys.
TELESTO travels about 60° ahead of it and
CALYPSO follows it at the same angular dis-
tance. Telesto and Calypso are known as
the Tethys Trojans. See also Table 2, back-
matter.

Thalassa /thă-lass-ă/ A small satellite of
Neptune, discovered by Voyager 2 in
1989. See Table 2, backmatter.

Tharsis Ridge /thar-siss/ The principal
area of volcanic activity on Mars, measur-
ing 5000 km in diameter and elevated by
up to 7 km from the average level of the
planet’s surface. It lies on the Martian
equator and includes three of the largest
Martian volcanoes: ASCRAEUS MONS, PAVO-
NIS MONS, and ARSIA MONS. The highest
Martian volcano, OLYMPUS MONS, lies sev-
eral hundred km to the NW. On the E
flank of the Tharsis Ridge is a vast maze of
interconnecting canyons, Noctis Laby-
rinthus, which in turn lie at the W end of
the VALLES MARINERIS. See also Mars, vol-
canoes.

thassaloid /thass-ă-loid/ See basin.

Thebe /th’ee-bee/ A small irregularly
shaped inner satellite of Jupiter, discovered
by Voyager 2 in 1979. See Jupiter’s satel-
lites; Table 2, backmatter.

Themis family /th’ee-miss/ A HIRAYAMA

FAMILY of asteroids located in the outer
main belt at a distance of 3.2 AU from the
Sun, most members having diameters less
than 60 km. They all have low albedos, are
of C-TYPE, and correspond to different
metamorphic grades of CARBONACEOUS

CHONDRITE material. These are thought to
have been produced by different layers of
the parent body suffering differing degrees
of heating. The different types of material
were then revealed when this body suffered
collisional fragmentation. The Themis
family is one of the most highly populated,
with more than 500 members known. It
takes its name from the asteroid Themis,
discovered in 1853 by the Italian as-
tronomer Annibale de Gasparis.

Themisto A small satellite of Jupiter,
discovered in 1975 by Charles T. Cowall.
See Jupiter’s satellites; Table 2, backmat-
ter.

Theophilus /th’ee-off-ă-lŭs/ See table at
craters.

theory of everything (TOE) A unified
theory of all the fundamental interactions,
elementary particles, and cosmology. A
theory of everything will involve a model
that accounts for both quantum mechanics
and gravity. It is hoped that SUPERSTRING

THEORY will be developed into such a
theory.

thermal black-body radiation /ther-
măl/ The electromagnetic emission from
a perfect radiatior – a BLACK BODY – whose
brightness follows Planck’s radiation law.

thermal emission (thermal radiation;
thermal bremsstrahlung) ELECTROMAG-
NETIC RADIATION resulting from interac-
tions between electrons and atoms or
molecules in a hot dense medium. The term
usually refers to thermal emission from
ionized gas (but see also thermal black-
body radiation). Free electrons in the ion-
ized gas radiate when they are deflected in
passing near PROTONS. The electrons are
unbound to a nucleus before and after each
encounter and the radiation is therefore
also known as free-free emission. The radi-
ation has a continuous spectrum, which at
low frequencies has the SPECTRAL INDEX, α,
of a thermal black-body radiator, i.e.

S ∝ ν–α; α = –2
where S is the FLUX DENSITY and ν the fre-
quency. At higher frequencies the spectrum
flattens to a spectral index of α = 0. The
emission measure of an ionized region of
length l containing a density ne of free elec-
trons is given by 

EM = ∫l0 ne
2 ds

where ds is an element of the path through
the region. Compare nonthermal emission.

thermal field theory Quantum field
theory at nonzero temperatures. Thermal
field theory is particularly useful in analyz-
ing the sequence of phase transitions that is

Thalassa

484



thought to have occurred in the EARLY UNI-
VERSE.

thermal noise See noise.

thermodynamic equilibrium /ther-moh-
dÿ-nam-ik/ A condition existing in a sys-
tem when all the atoms and molecules have
an equal share in the available heat energy.
The temperature is then the same in all
parts of the system by whatever method of
measurement. A system that is not in ther-
modynamic equilibrium is unstable and the
state of the system will change until equi-
librium is reached. When strict equilibrium
does not exist throughout a region, such as
a stellar atmosphere, each small volume of
gas may act as though in equilibrium even
though a neighboring volume may have a
slightly different temperature; this is a situ-
ation of local thermodynamic equilibrium
(LTE).

thermodynamic temperature scale A
temperature scale in which the tempera-
ture, T, is a function of the energy
possessed by matter. Thermodynamic tem-
perature is therefore a physical quantity
that can be expressed in units, termed
KELVIN. The zero of the scale is ABSOLUTE

ZERO. The temperature of the ice point
(0 °C) is 273.15 kelvin. Thermodynamic
temperature can be converted to Celsius
temperature by subtracting 273.15 from
the thermodynamic temperature.

thermoelectric generator /ther-moh-i-
lek-trik/ A device that converts heat di-
rectly into electric power. It consists
basically of two dissimilar metals or semi-
conductors joined at two junctions: if the
junctions are at different temperatures an
electromotive force (e.m.f.) develops be-
tween the junctions. An e.m.f. can also be
generated between two regions on one
piece of metal when a temperature differ-
ence exists between the regions. In both
cases the e.m.f. is proportional to the tem-
perature difference and is also dependent
on the materials used. The e.m.f. can be
used to power an external electric circuit.
Thermoelectric generators are used in
long-range planetary probes when SOLAR

CELLS are unable to produce sufficient
power. The hot junction or region of the
device is then often heated by means of the
decay of a radioactive substance; this is the
radioisotope thermoelectric generator
(RTG).

thermonuclear explosion /ther-moh-
new-klee-er/ See supernova.

thermonuclear reaction See nuclear
fusion.

thermosphere /ther-mŏ-sfeer/ See at-
mospheric layers.

theta (θθ) The eighth letter of the Greek
alphabet, used in STELLAR NOMENCLATURE

usually to designate the eighth brightest
star in a constellation or sometimes to in-
dicate a star’s position in a group.

third quarter Another name for last
quarter. See phases, lunar.

tholus /thoh-lŭs/ (plural: tholi) A hill or
dome on the surface of a planet or satellite.
The word is used in the approved name of
such a feature.

Thorne–Żytkow objects Red super-
giants with neutron cores (first investigated
by K. Thorne and A. Żytkow). Such objects
are predicted to form either in the merger
of a NEUTRON STAR with a massive com-
panion in a massive X-RAY BINARY or in the
collision of a neutron star with a low-mass
star in a GLOBULAR CLUSTER. Although no
Thorne–Żytkow has yet been identified,
SS433 may be on the verge of becoming
one. Thorne–Żytkow objects are expected
to lose their envelopes in strong stellar
winds and to ultimately become single
(possibly spun-up) PULSARS.

three-body problem A specific case of
the N-BODY PROBLEM in which the trajecto-
ries of three mutually interacting bodies
are considered. There is no general solu-
tion for the problem although solutions
exist for a few special instances. Thus the
orbits can be determined if one of the bod-
ies has negligible mass, as in the case of a
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planetary satellite, such as the Moon, sub-
ject to perturbations by the Sun or an as-
teroid whose motion is perturbed by
Jupiter.

three kiloparsec arm See galactic cen-
ter.

thrust See launch vehicle.

Thuban /thew-băn/ (αα Dra) A white
giant in the constellation Draco that was
the POLE STAR about 2700 BC when it lay
10′ from the north celestial pole. Now of
magnitude 3.6, its brightness has probably
decreased in the past few hundred years.
Because of PRECESSION, it will approach the
pole again in about 21,000 years’ time. De-
spite its designation as Alpha (α), it is in
fact the fourth brightest star in the constel-
lation. spectral type: A0 III; distance: 95
pc.

tidal bulge See tides; tidal force.

tidal capture A process by which a star
can capture a passing, initially unbound
star into a bound orbit. This is achieved by
dissipating some of the orbital energy by
raising TIDES in one or both stars. Since this
process is effective only when the smaller
star comes to within some three stellar
radii of the larger star, tidal capture can
only occur in very dense high-collision en-
vironments like GLOBULAR CLUSTERS. Low-
mass X-RAY BINARIES and BLUE STRAGGLERS

in globular clusters may be direct products
of tidal captures.

tidal force A force arising in a system of
one or more bodies as a result of differen-
tial gravitation: different parts of the sys-
tem experience different accelerations.
This can result in the production of TIDES

and in general terms elongates a body in
the direction of a nearby massive body,
producing a tidal bulge. The force can alter
a body’s rotation rate until it is equal to the
revolution period: this is true of most nat-
ural satellites of the planets, including the
Moon, and is the case in some close binary
stars, e.g. RS CANUM VENATICORUM STARS.
Tidal forces can lead to tidal heating of the

interior of a body, and in extreme cases can
lead to the disruption of a body.

tidal friction Energy dissipated by the
raising of TIDES. As with tidal heights, the
total energy dissipated on the Earth by
tidal friction depends on the topography of
coastlines and on the areal extent of adja-
cent continental shelves. Tidal friction is
currently slowing down the Earth’s rota-
tion rate (i.e. the length of the day) by 16
seconds every million years and is causing
the Moon to recede from the Earth by
about 3.7 meters per century at present.
See also secular acceleration.

tidal height See tides.

tidal lag See tides.

tidal tails See interacting galaxies.

tidal theories See encounter theories.

tides Distortions of a planet, star, etc.,
produced by the differential gravitational
attraction of other astronomical bodies on
parts of that planet, star, etc. The Sun and
Moon combine to generate two tidal
bulges in the Earth’s oceans, one directed
toward the Moon and the other diametri-
cally opposite. If the Earth is assumed to be
spherical and to be covered with water,
then the gravitational pull of the Moon will
have a different force at different points on
the Earth’s surface (see illustration (a)(i)).
The gravitational acceleration at the
Earth’s center is equal to the centripetal
acceleration of the Earth–Moon system. 
If this acceleration (which is a vector
quantity) is subtracted from the surface ac-
celerations, the differential (tidal) accelera-
tion is found (illustration (a)(ii)), showing
the two tidal bulges on the Earth–Moon
line.

The daily rotation of the Earth and the
slower eastward revolution of the Moon in
its orbit produce (usually) two high tides
and two low tides every 24 hours 50 min-
utes. The rotation and lunar revolution are
also responsible for a tidal lag between the
time when the Moon crosses the local
MERIDIAN and the time of high tide.

three kiloparsec arm
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The tidal pull of the Sun is less than half
that of the Moon but reinforces it at full
Moon and at new Moon to produce very

high, or spring tides; these tides are excep-
tionally high when the Earth is close to PERI-
HELION and the Moon is close to PERIGEE
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a = acceleration at Earth’s center
   = – (centripetal acceleration)

      vectors indicating direction and
      magnitude of force
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Earth Sun

Moon

Tides: (a) (i) gravitational acceleration on Earth due to Moon, (ii) differential (tidal) acceleration
found by subtracting a from other vectors on Fig. (i); (b) spring (top) and neap tides



(see illustration (b)). The lowest high tides,
or neap tides, occur when the Moon is at
QUADRATURE. The tidal height depends on
the topography of the coastline and on the
area of the adjacent continental shelf.
Tides are also generated in the Earth’s at-
mosphere and in the solid Earth.

Lunar tides are raised by the Earth as a
consequence of the Moon’s eccentric orbit.
They trigger MOONQUAKES and TRANSIENT

LUNAR PHENOMENA. See also tidal friction.

time The continuous and nonreversible
passage of existence, or some interval in
this continuum. It is also a quantity meas-
uring the duration of such an interval or of
some process, etc. The unit of time in the SI
system is the SECOND. The astronomical
unit of time is often the interval of one day
of 86 400 seconds. The time systems used
in astronomy are INTERNATIONAL ATOMIC

TIME, UNIVERSAL TIME, SIDEREAL TIME, and
DYNAMICAL TIME (which has replaced
EPHEMERIS TIME). See also spacetime.

time constant Symbol: τ. A measure of
the speed with which an electronic system
can respond to a sudden change at its
input.

time dilation See relativity, special
theory.

time of flight The time taken for light to
travel a specified distance.

time zone See standard time.

Titan /tÿ-tăn/ The largest satellite of Sat-
urn, discovered in 1655 by Christiaan
Huygens. It orbits the planet at a mean dis-
tance of 1 221 900 km in a period of 15.95
days. It is in synchronous rotation with
Saturn. With a diameter of 5150 km Titan
is the second largest satellite in the Solar
System, after Jupiter’s Ganymede and, like
Ganymede, it is somewhat larger but much
less massive than the planet Mercury. The
satellite appears reddish or orange in color
but the two hemispheres are not identical.
Titan has a thick, planetlike atmosphere
made up almost entirely of nitrogen, with
traces of argon, methane, ethane, acety-

lene, propane, diacetylene, methylacety-
lene, hydrogen cyanide, cyanoacetylene,
cyanogen, carbon dioxide, and carbon
monoxide. The surface pressure is 1.6
times that of the Earth and the surface tem-
perature is 94 K, so that it is warmed by a
small GREENHOUSE EFFECT. The coloration
of the atmosphere is due to photochemical
reactions and the production of fogs and
aerosol particles, which probably extend
nearly to the surface. Methane on Titan ap-
pears to play a similar role in the satellite’s
atmosphere to that of water on Earth, oc-
curring in the three states of solid, liquid,
and gas. The atoms and molecules of hy-
drogen that are produced by the photo-
chemical reactions can easily escape from
Titan and form a massive doughnut-
shaped torus in the orbit of Titan. The ma-
terial diffuses inward but is prevented from
extending much beyond the orbit of Titan
through the location of the boundary be-
tween the Saturn magnetosphere and the
solar wind. The density of Titan is approx-
imately 1.88 g cm–3, nearly twice that of
water. This suggests that the interior is
composed roughly of half rock and half
water ice. It has a surface that could be ei-
ther liquid or solid in part, with oceans of
methane. With no evidence of an intrinsic
magnetic field, there would not seem to be
an electrically conducting core. Voyager 1
in 1980 provided the first detailed images
of Titan, including radar scans. The satel-
lite became a major focus of the CASSINI

mission to Saturn, launched in 1997. In
January 2005 the European Space Agen-
cy’s Huygens probe, part of the CASSINI

mission, touched down on Titan, giving
scientists their first direct glimpses of its
surface. Thus Titan became only the sec-
ond planetary satellite to be the landing site
of a human-made spacecraft. See also
Table 2, backmatter.

Titania /ti-tah-nee-ă/ The largest satel-
lite of Uranus, discovered in 1787 by
William Herschel. Photographed by VOY-
AGER 2 in 1986, its icy surface shows many
small craters, a few large impact basins
such as Gertrude, which is more than 200
km in diameter, and an extensive network
of faults up to 5 km deep such as the

time
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Messina Chasma, which runs up to 1500
km. See also Uranus’ satellites; Table 2,
backmatter.

Titius–Bode law /tit-ee-ŭs boh-dĕ/ See
Bode’s law.

TLP Abbrev. for transient lunar phe-
nomenon.

TOE See theory of everything.

tonne /tun/ (metric ton) A unit of mass
equal to 1000 kilograms and close to the
long ton (1016 kg, 2240 lb).

top-down galaxy formation See dark
matter.

topocentric coordinates /top-ŏ-sen-trik/
The coordinates of a celestial body meas-
ured from the surface of the Earth. For a
star there is little or no detectable differ-
ence between topocentric coordinates and
those referring to the Earth’s center in a
GEOCENTRIC COORDINATE SYSTEM. For a
member of the Solar System the difference
can be significant and a correction must be
made.

topocentric zenith distance See zenith
distance.

total eclipse See eclipse.

totality /toh-tal-ă-tee/ See eclipse.

total magnitude (integrated magnitude)
A measure of the brightness of an extended
object, such as a galaxy or nebula, ob-
tained by summing the surface brightness
over the entire image area or by measuring
the amount of light received through a se-
ries of apertures of increasing diameter
with a photoelectric photometer. The read-
ings are found gradually to approach an
upper limiting magnitude, which, cor-
rected for night-sky brightness, gives the
total magnitude.

total-power receiver See receiver.

Toutatis ((4179) Toutatis) An APOLLO

asteroid discovered in Jan. 1989 by the
French astronomer Christian Pollas. It has
a chaotic 4.01-year orbit that carries it be-
tween 0.9 and 4.1 AU from the Sun. In
early Dec. 1992 Toutatis traveled within
3.5 million km of the Earth (10 times far-
ther away than the Moon). In radar images
the asteroid looked like a distorted peanut,
the irregular ends being 4 and 2.5 km
across. In 2004, it passed the Earth again at
only four times the Moon’s distance.

Toutatis–4179 /too-tah-tiss/ An Apollo
asteroid discovered in Jan. 1989. In early
Dec. 1992 Toutatis travelled within 3.5
million km of Earth (10 times farther away
than the Moon). In radar images the aster-
oid looked like a distorted peanut, the ir-
regular ends being 4 and 2.5 km across. It
will return in 2004, passing the Earth at
only four times the Moon’s distance.

tower telescope (solar tower) See solar
telescope.

trailing edge See preceding.

train 1. The faint glow sometimes left by
a brighter METEOR along its path. It is much
less conspicuous than the visible radiation
that comes from the immediate vicinity of
the ablating meteoroid. It is known as a
wake if it glows for less than a second and
a persistent train if the duration is longer.
Sudden and brief enhancements of light
during the meteor’s passage are termed
flares (or bursts).
2. The ionization and dust left along the
meteoroid path.

trajectory /tră-jek-tŏ-ree/ The curved
path followed by a moving spacecraft,
rocket, etc., under the forces of gravity, lift,
and/or drag.

Tranquillitatis, Mare /trang-kwil-ă-tah-
tiss/ (Sea of Tranquillity) An ancient ir-
regular MARE on the eastern NEARSIDE of
the Moon. It was the landing area for
RANGER 8, SURVEYOR 5, and Apollo 11
(Tranquillity Base was the first manned
landing point). The basaltic lavas in the
mare are 3900 to 3600 million years old.
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transfer orbit The trajectory followed
by a spacecraft moving from one orbit to
another, usually to the orbit of another
body, such as another planet. The trajec-
tory is generally part of an elongated ellipse
– a transfer ellipse – that intersects the new
orbit. The spacecraft would have to ma-
neuver into an orbit around the planet by
firing its rocket motors.

The transfer orbit requiring the mini-
mum expenditure of energy is an ellipse
that just touches the original (circular)
orbit and the new coplanar orbit. This is
called a Hohmann transfer, after the Ger-
man engineer Walter Hohmann, who de-
scribed it in 1925. Enough velocity is put in
at the PERIGEE (or equivalent point) of the
Hohmann transfer for the craft to reach the
new orbit at APOGEE; at apogee an addi-
tional velocity input injects the craft into
the desired orbit. Although requiring the
lowest possible energy, Hohmann transfers
between planets involve a long flight time.
The flight time can be much reduced by
using a somewhat greater velocity at
perigee than that needed for a Hohmann
transfer. See also gravity assist.

transient lunar phenomena /tran-see-
ĕnt, -zee-/ (TLP) Short-lived changes in
the appearance of lunar features, including
reddish glows and obscurations of surface
detail, that are triggered by lunar TIDES.
They often occur within lunar CRATERS and
around the perimeters of BASINS. A carbon
spectrum was obtained from a TLP in the
crater Alphonsus.

transit /tran-zit, -sit/ 1. The passage of
an inferior planet across the Sun’s disk.

Normally when Venus or Mercury move
between the Earth and Sun, at inferior
CONJUNCTION, they pass above or below
the Sun. A transit can occur only when the
planet is at or near one of its NODES at infe-
rior conjunction. Transits of Mercury take
place either about 7 May (descending
node) or 9 Nov. (ascending node) (see
table). Transits occur at intervals of 7 or 13
years or in combinations of these figures,
e.g. after 33 or 46 years. The much rarer
transits of Venus take place either about 7
June (descending node) or 8 Dec. (ascend-
ing node). They currently occur in pairs
with a separation of 8 years, the pairs
themselves being separated by 105.5 or
121.5 years.
2. The passage of a planetary satellite or its
shadow across the face of the planet.
3. (upper culmination) The passage of a ce-
lestial body, during its daily path, across an
observer’s meridian through the point
closer to the observer’s zenith. See also cul-
mination.

transit circle (meridian circle) An opti-
cal telescope mounted in such a way that it
can swing only in a vertical north–south
plane. It is used to measure the positions of
celestial bodies with great accuracy as they
cross the MERIDIAN of the telescope site (see
culmination). The ALTITUDE of a body as it
crosses the meridian is now usually meas-
ured very precisely by electronic devices;
earlier instruments used an accurately
graded circular scale set in the vertical
plane. The DECLINATION of the body can
then be determined using the latitude of the
observatory. Measurement of the precise
LOCAL SIDEREAL TIME at the meridian pas-

transfer orbit
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sage determines the RIGHT ASCENSION of the
body.

transition region /tran-zish-ŏn/ See
Sun. See also chromosphere.

transit telescope Any telescope that can
swing in only one direction, up and down
the north-south line in the sky, i.e. the ob-
server’s meridian. In optical astronomy a
TRANSIT CIRCLE can be used to determine
the positions of celestial bodies. In radio
astronomy a transit telescope can be used
to build up two-dimensional maps of radio
sources: the Earth’s daily rotation causes a
radio source to move through the beam of
the stationary telescope’s ANTENNA, pro-
viding information in the east–west direc-
tion, the direction in which the telescope
points being altered slightly each day.

transmission grating /trans-mish-ŏn,
tranz-/ See diffraction grating.

transmission line See feeder.

transverse velocity /trans-vers, tranz-,
trans-vers, tranz-/ Another name for tan-
gential velocity. See proper motion.

Trapezium /tră-pee-zee-ŭm/ A very
young OPEN CLUSTER of stars, protostars,
gas, and dust that lies in the ORION NEBULA

and is part of the ORION ASSOCIATION.
There are four prominent young main-se-
quence stars, which form the multiple star
θ1 Orionis and are of spectral class O6, B1,
B1, and B3. These stars excite and ionize
the nebula. They form a trapezium and are
visible with a small telescope.

Triangulum /trÿ-ang-gyŭ-lŭm/ (Triangle)
A small constellation in the northern hemi-
sphere near Perseus, the brightest stars
being of 3rd magnitude. It contains the TRI-
ANGULUM SPIRAL. Abbrev.: Tri; genitive
form: Trianguli; approx. position: RA 2h,
dec +30°; area: 132 sq deg.

Triangulum Australe /aws-tray-lee/
(Southern Triangle) A small constella-
tion in the southern hemisphere near Crux,
lying partly in the Milky Way. The bright-

est stars are the 1.9-magnitude orange
giant Atria (α TrA) and 2nd-magnitude
Beta (β) and Gamma (γ), which form a tri-
angle. The area contains several Cepheid
variables, such as R and S TrA and the
bright open cluster NGC 6025. Abbrev.:
TrA; genitive form: Trianguli Australis; ap-
prox. position: RA 16h, dec –65°; area:
110 sq deg.

Triangulum spiral (M33; NGC 598) A
spiral (Sc) galaxy in the constellation Tri-
angulum that is the third largest of the con-
firmed members of the LOCAL GROUP and is
about 800 kiloparsecs distant. Although it
is both smaller and more distant than the
ANDROMEDA GALAXY it can appear larger
because it is orientated face-on to us. The
spiral arms are more open than those in
our own Galaxy and the nucleus is rela-
tively small and faint. It has a large number
of young POPULATION I stars.

Trifid nebula /triff-id/ (M20;
NGC 6514) An EMISSION NEBULA about
2000 parsecs away in the direction of
Sagittarius. There is dark matter associated
with the nebula.

trigonometric parallax /trig-ŏ-nŏ-met-
rik/ See annual parallax.

triple alpha process (Salpeter process)
A nuclear reaction occurring in an evolved
star’s interior when all the hydrogen has
been used up and the core temperature has
reached about 108 kelvin. Three helium
nuclei (alpha particles) fuse together to
form carbon by the reaction 

34He → 12C + γ
This reaction gives out only 10% as much
energy per unit mass as hydrogen burning.

triple star A MULTIPLE STAR with three
components. See also binary star.

Triton /trÿ-ton/ The largest satellite of
Neptune, discovered in 1846 by William
Lassell. It has a retrograde orbit and is
gradually spiraling in toward Neptune. In
about 100 million years it will be inside
Neptune’s ROCHE LIMIT. Triton is very cold,
with a surface temperature of only 37 K,
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and possesses a tenuous atmosphere mostly
of nitrogen, but with some methane and
traces of carbon monoxide. It has a pinkish
south POLAR CAP, probably a layer of nitro-
gen snow and ice. Extensively photo-
graphed in 1989 by VOYAGER 2, Triton
shows an extremely complex surface. Its
largest crater is 27 km in diameter, it has
no mountains, but it has long cracks up to
80 km wide. It also has a ‘wrinkled’ terrain
resembling the skin of a cantaloupe melon,
and nitrogen geysers reaching 8 km high.
See also Neptune’s satellites; Table 2,
backmatter.

Trojan group /troh-jăn/ Either of two
groups of ASTEROIDS that lie in the vicinity
of one of the two LAGRANGIAN POINTS in the
orbit of Jupiter around the Sun: each group
occupies one corner of an equilateral trian-
gle with the Sun and Jupiter at the other
corners. Beginning with the first Trojan to
be discovered, (588) ACHILLES in 1906, most
have been named after heroes from the two
sides of the Trojan Wars. In fact, perturba-
tions by other planets mean that each
member of the group oscillates consider-
ably in position (mainly in longitude along
the orbit of Jupiter) from its stable La-
grangian point. It is likely that perturba-
tions and collisions between them cause
the total number of members of the group
to change with time. Recent surveys sug-
gest that more than 1000 Trojan group
members may be bright enough to be seen
from the Earth but fewer than 2% of these
have yet received official asteroid designa-
tions. They are all exceptionally dark bod-
ies.

tropical month The time of 27.321 58
days, on average, taken by the Moon to
complete one revolution around the Earth,
measured with respect to the vernal
EQUINOX.

tropical year The interval between two
successive passages of the Sun through the
vernal EQUINOX, i.e. the time taken by the
Sun, in its apparent annual motion, to
complete one revolution around the celes-
tial sphere relative to the vernal equinox. It
is equal to 365.242 19 days. If the vernal

equinox were a fixed point on the celestial
sphere the tropical year would be equal to
the SIDEREAL YEAR. PRECESSION however
produces an annual retrograde motion of
the equinoxes amounting to 50.28 seconds
of arc relative to the fixed stars. The tropi-
cal year is thus about 20 minutes shorter
than the sidereal year. Since the seasons
recur after one tropical year, the average
length of a CALENDAR YEAR should be as
close as is practicable to the tropical year.

The tropical year of 1900 was the pri-
mary unit of EPHEMERIS TIME. Use of
ephemeris time, and hence of the tropical
year, was discontinued in 1984.

troposphere, tropopause /trop-ŏ-sfeer
trop-ŏ-pawz/ See atmospheric layers.

true anomaly See anomaly.

true equator and equinox The coordi-
nate system determined by instantaneous
positions of CELESTIAL EQUATOR and ECLIP-
TIC. This reference system slowly changes as
a result of the progressive effects of PRECES-
SION and the short-term variations of NU-
TATION. See also mean equator and equinox.

Trumpler’s classification /trump-lerz/   A
method of classifying OPEN CLUSTERS ac-
cording to their appearance, using the
three criteria of stellar concentration to-
ward the center, range in brightness of the
member stars, and the total number of
stars in the cluster. The method was de-
vised by the Swiss-American astronomer
Robert Trumpler who also found a corre-
lation between this appearance classifica-
tion and the cluster diameter.

Tsiolkovsky /tsyol-koff-skee/ (or Tsiol-
kovskii) See table at craters.

T Tauri stars /tor-ÿ, -ee/ Variable stars
of spectral type G or later whose spectra
are dominated by strong emission lines,
usually attributed to CHROMOSPHERIC AC-
TIVITY and STELLAR WINDS in these stars.
They are invariably embedded in dense
patches of gas and dust that may require
observations in the infrared: the dust ab-
sorbs the visible light of the star and rera-

Trojan group
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diates it at longer wavelengths. The proto-
type is T Tauri. T Tauri stars are usually
found together in groups (T associations)
and are the youngest optically observable
stages in the life of a star of about the Sun’s
mass; more massive counterparts are ob-
served as AE and BE STARS. They are fre-
quently associated with HERBIG–HARO

OBJECTS.
There is much evidence that T Tauri

stars are young objects, for instance they
have a high abundance of lithium, an el-
ement destroyed fairly early in a star’s life,
and they are surrounded by gas and dust.
They are thought to be young PROTOSTARS

that have only recently contracted out of
the interstellar medium (see star forma-
tion). Lying above the main sequence in the
HERTZSPRUNG–RUSSELL DIAGRAM, they are
still contracting and losing mass (see
T Tauri wind). Their spectral lines reveal
that some are extremely rapid rotators,
throwing off material at speeds of up to
300 km s–1. The irregular light variations
are believed to arise partly from activity in
the chromospheres of these young stars,
and partly by the obscuring effect of the
patchy dust in the cocoon as it moves in
front of the star.

The original class of T Tauri stars, char-
acterized by strong hydrogen emission
lines, are often known as classical T Tauri
stars (CTTS) to distinguish them from
naked or weak-line T Tauri stars (WTTS);
the latter have very weak hydrogen emis-
sion lines, often discovered in X-rays, and
are much less active than the classical type.
WTTS may represent a later phase of pre-
main-sequence evolution than CTTS or a
different evolutionary channel, as may be
suggested by the apparently higher fre-
quency of binaries among WTTS than
among CTTS and main-sequence stars. See
also FU Orionis; YY Orionis stars.

T Tauri wind /tor-ÿ, -ee/ A continuous
flow of material from the surface of a
T TAURI star. Qualitatively this flux resem-
bles the SOLAR WIND but the amount of ma-
terial lost is far greater, approaching 10–7

solar masses per year in some cases. It is
possible that this outflow acts as a braking
mechanism for fast-spinning young stars.

In some T Tauri stars this wind is colli-
mated into a BIPOLAR OUTFLOW.

T-type asteroids A class of low-albedo
asteroid.

Tucana /too-kahn-ă/ (Toucan) A con-
stellation in the southern hemisphere near
Grus, the brightest stars being of 2nd and
3rd magnitude. The 3rd-magnitude double
star Beta (β) has components that are also
double. The area contains the Small MAG-
ELLANIC CLOUD and the globular clusters
47 Tucanae (NGC 104), of 4th magnitude
so easily visible, and NGC 362, just visible.
Abbrev.: Tuc; genitive form: Tucanae; ap-
prox. position: RA 0h, dec –65°; area: 295
sq deg.

Tully–Fisher method /tul-ee fish-er/   The
most accurate method for measuring the
distances to distant spiral galaxies; it uses a
relation between a galaxy’s absolute mag-
nitude and its rotation velocity that was
discovered by R.B. Tully and J.R. Fisher in
1977. Radio observations at 21 cm wave-
length give the rotation velocity; the
Tully–Fisher relation then indicates the ab-
solute magnitude, and a comparison with
the apparent magnitude gives the distance.
The Tully–Fisher relation must be cali-
brated by observations of nearby spirals,
whose distances are known from CEPHEID

VARIABLES, etc. (see distance determina-
tion). See also Faber–Jackson relation.

Tunguska event /tung-guss-kă/ A gi-
gantic explosion that occurred at about
7.17 a.m. on June 30, 1908 in the basin of
the River Podkamennaya in Tunguska,
Central Siberia. Devastation rained over an
area 80 km in diameter and eye witnesses
up to 500 km away saw in a cloudless sky
the flight and explosion of a blindingly
bright pale blue bolide. The sound of the
explosion reverberated thousands of kilo-
meters away, the explosion air wave
recorded on microbarographs going twice
round the world. The main explosion had
an energy of 5 × 1016 joules and occurred
at an altitude of 8.5 km. It was caused by
the disintegration of an incoming object,
most likely a Fragile Apollo asteroid or a
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small comet nucleus. When the object en-
countered the Earth it would have been
coming from a point in the dawn sky com-
paratively close to the Sun and would have
been difficult to detect and observe.

turnoff point The point on the
HERTZSPRUNG–RUSSELL DIAGRAM of a globu-
lar or open cluster at which stars are leav-
ing the MAIN SEQUENCE and entering a more
evolved phase (see illustration at globular
cluster). Assuming that all the stars in a
cluster contract out of a single gas cloud at
approximately the same time, the locations
of these stars on the H–R diagram depend
on the time elapsed since the initial con-
traction. The length of time spent on the
main sequence depends on stellar mass:
stars of about solar mass will remain there
for maybe 1010 years while more massive,
and hence more rapidly evolving stars will
turn off earlier. Since position on the main
sequence also depends on mass, the lower
the turnoff point, the older the cluster. The
turnoff point of a cluster is the most accu-
rate means of determining its age.

twenty-one cm line (hydrogen line) See
H I region.

twilight /twÿ-lÿt/ The time preceding
SUNRISE and following sunset when the sky
is partly illuminated. Civil twilight is the
interval when the true ZENITH DISTANCE (re-
ferred to the Earth’s center) of the center of
the Sun’s disk is between 90°50′ and 96°,
nautical twilight is the interval between
96° and 102°, and astronomical twilight is
that between 102° and 108°. During nauti-
cal twilight, the sea horizon can be seen
and the brightest stars are visible; during
astronomical twilight, 6th-magnitude stars
are just visible at the zenith in a clear sky.

twinkling See scintillation.

two-body problem A special case of
the N-BODY PROBLEM in which a general so-
lution can be found for the orbits of two
bodies under the influence of their mutual
gravitational attraction. The motion of a
planet around the Sun is an example as

long as the attractive forces of other plan-
ets are assumed to be negligible. 

two-color diagram A plot of the COLOR

INDICES B–V against U–B. Stars of different
luminosity classes (see spectral types) lie on
slightly different curves.

Tycho /tÿ-koh/ A very recent lunar
CRATER, possibly only about 100 million
years old; it is 100 km in diameter. RAYS

from the crater traverse much of the near-
side of the Moon and are particularly strik-
ing at full Moon. The EJECTA BLANKET was
sampled by SURVEYOR 7, the only Surveyor
to land in the HIGHLANDS; some craters in
the highland region of TAURUS-LITTROW

may be SECONDARIES of Tycho.

Tycho catalogue See Hipparcos.

Tychonic system /tÿ-kon-ik/ A model
of the Solar System proposed by Tycho
Brahe in the 1580s and based on observa-
tions he made in order to test the COPERNI-
CAN SYSTEM. He concluded that the Sun
and Moon revolved around the Earth,
which he maintained lay at the center of
the Solar System, but suggested that the
other planets orbited the Sun.

Tycho’s star A type I SUPERNOVA that
was observed in 1572 in the constellation
Cassiopeia and was studied by as-
tronomers in Europe, China, and Korea.
Tycho Brahe’s careful observations of its
position have allowed modern as-
tronomers to identify it with a known
radio and X-ray source, which is the ex-
panding supernova remnant. It was consid-
erably brighter than Kepler’s star of 1604,
reaching a magnitude of –4 and remaining
visible for about 18 months.

type I, type II Cepheids See Cepheid
variables.

type I, type II radio galaxies See FR I,
FR II.

type I, type II Seyferts See Seyfert galaxy.

type I, type II supernovae See supernova.

turnoff point
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U–B See color index.

UBC–Lavall Telescope /lă-val/ A ro-
tating liquid-mercury mirror, 2.7 meters in
diameter, on a fixed vertical mount. Oper-
ated by the University of British Columbia
and Lavall University and located in Van-
couver, it saw first light in 1992. It com-
prises a 2-mm-thick layer of mercury
spread out by rotation over a paraboloidal
support dish. It views a 21-arcmin field at
the local zenith (centered on 49°.1).

UBV, UBVRI systems Photometry
systems for determining magnitudes at var-
ious broad wavebands, devised originally
by H.L. Johnson and W.W. Morgan and
extended to five wavebands by Johnson.
See magnitude.

U Geminorum stars /jem-ă-nor-ŭm, -noh-
rŭm/ See dwarf novae.

Uhuru /oo-hoor-oo/ (‘Freedom’ in
Swahili) The first artificial Earth satellite
for X-RAY ASTRONOMY (SAS–1), launched
into a 500 km circular equatorial orbit in
December 1970 from the San Marco plat-
form off the coast of Kenya. Two sets of
proportional gas counters, each 840 cm2 in
area and mounted on opposite sides of the
slowly spinning spacecraft, scanned the sky
for X-ray sources. Uhuru provided the first
detailed X-ray sky map, leading to the 3U
catalog of 161 sources, published in 1974.
Its most important discoveries were of X-
RAY BINARIES (Cen X-3, Her X-1, etc.) and
of extended regions of X-ray emission as-
sociated with CLUSTERS OF GALAXIES. Uhuru
operated successfully until July 1971,
when its transmitter failed. The 3U catalog
is based on the data to that time. Subse-
quently the star sensors, used to determine

the precise attitude of the spacecraft and
hence the sky coordinates of each X-ray
source, also degraded; surveying recom-
menced in Dec. 1971, however, after par-
tial transmitter recovery. These later
observations, with the aid of a magne-
tometer attitude solution, continued until
Apr. 1973, when the Uhuru battery failed.
All the Uhuru observations were finally put
together to form the 4U catalog, issued in
1978 and containing 339 X-ray sources.

UK Infrared Telescope (UKIRT) The
British INFRARED TELESCOPE sited on MAUNA

KEA, Hawaii, at the very high altitude of
4200 meters. The site is well above the
main weather layers and the bulk of at-
mospheric water vapor, opaque to most in-
frared wavelengths; in addition there is
excellent SEEING for work at visible wave-
lengths. The telescope is funded by the UK
(by SERC), the Netherlands, and Canada,
and is run by the Royal Observatory, Edin-
burgh. It became operational in 1979. The
mirror is 3.8 meters (150 inches) in diame-
ter, making the instrument the world’s
largest infrared telescope. It is unusually
thin (29 cm) and weighs only 6.6 tonnes,
allowing an extremely lightweight support-
ing structure to be used. The mirror surface
has been ground sufficiently accurately
that it can also be used at visible wave-
lengths for short exposures.

A full range of cryogenic (very low tem-
perature) facilities is provided for cooling
the detectors in order to reduce spurious
signals generated by the warmth of the de-
tectors. There are also means for removing
spurious signals generated by the telescope
itself. The instruments mounted at
UKIRT’s Cassegrain focus include infrared
spectrometers and photometers; the latter
work at various wavebands – optical, in-
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frared (1–5 µm, 4–35 µm), and submil-
limeter (0.3–1 mm). Heavier instruments
are mounted at the coudé focus.

UK Schmidt Telescope (UKST) The
1.2-meter SCHMIDT TELESCOPE at the
ANGLO-AUSTRALIAN OBSERVATORY, Aus-
tralia. Since 1988 it has been run by the
Anglo–Australian Telescope Board, having
been originally administered by the ROYAL

OBSERVATORY, EDINBURGH (ROE). The
UKST began regular observation in 1973,
and was involved primarily in the produc-
tion of photographic plates for the
ESO/SERC SOUTHERN SKY SURVEY. It can
reach limiting magnitudes in exposures of
about an hour as a result of its low focal
ratio of f/2.5. Each photograph covers a
very wide area of the sky, amounting to 40
square degrees (in fact 6.6 × 6.6 degrees),
and gives images of arc-second resolution
over a wavelength range of 340–1000 nm.
Its photographs are held in the plate library
of the ROE. See also COSMOS.

ULIRG Abbrev. for ultraluminous
IRAS galaxy. See IRAS galaxies.

ultraluminous IRAS galaxies /ul-tră-
loo-mă-nŭs/ See IRAS galaxies.

ultraviolet astronomy /ul-tră-vÿ-ŏ-lĕt/
Astronomical observations in the wave-
band between the Lyman limit of atomic
hydrogen at 91.2 nm and the Earth’s at-
mospheric absorption cut-off at about 320
nm (see Lyman series; atmospheric win-
dows). The waveband between the Lyman
limit and the X-ray band starting at about
12 nm is called the extreme ultraviolet
(EUV or XUV – see XUV astronomy).
Strong atomic and molecular absorption in
the Earth’s atmosphere requires UV obser-
vations to be carried out at balloon alti-
tudes (about 30 km) for the 250–320 nm
waveband and on rockets or satellites, at
higher altitudes, for wavelengths below
250 nm. The UV band includes many of
the resonant absorption and emission lines
of most of the more abundant chemical el-
ements, including hydrogen in both its
atomic and molecular form. Such RESO-
NANCE TRANSITIONS (to and from atomic

ground states) are very important for the
determination of the physical and chemical
properties of astronomical sources, such as
the interstellar gas, the outer atmospheres
of stars, and the gaseous regions of active
galaxies, in which the excitation is such
that the electrons in atoms or molecules are
mainly in the ground state.

Most ultraviolet astronomy has been
carried out using satellite instrumentation
either to survey the sky at low spatial and
spectral resolution or to observe individual
preselected sources at high resolution. The
OAO–2 satellite, launched in 1968, carried
a telescope that made a partial sky survey
at 100–300 nm, while the TD-1 satellite
carried an experiment that surveyed the
whole sky between 135 and 274 nm, ob-
serving over 30 000 ULTRAVIOLET STARS.
OAO–3, renamed Copernicus after launch
in 1972, carried a reflecting telescope and
high-resolution (about 0.02 nm) grating
spectrometer that obtained spectra of
many stars and interstellar regions in the
wavelength range 90–300 nm over the fol-
lowing 8 years. Copernicus was restricted
to observations of hot stars brighter than
about 6th magnitude and concentrated on
studies of the interstellar gas and the STEL-
LAR WINDS of hot luminous stars. The AS-
TRONOMICAL NETHERLANDS SATELLITE

(ANS), launched in 1974, provided UV
photometric observations of many thou-
sands of stars in the waveband 155–320
nm.

In Jan. 1978 the INTERNATIONAL ULTRA-
VIOLET EXPLORER (IUE) satellite was
launched into a geosynchronous orbit over
the mid-Atlantic. This satellite is operated
like a ground-based observatory with as-
tronomers carrying out observations at
two stations in the USA and in Spain. IUE
carries a 45-cm aperture ultraviolet tele-
scope feeding two ECHELLE GRATING spec-
trographs, which cover the waveband
115–320 nm at about 0.01 nm resolution.
IUE is much more sensitive than any previ-
ous UV satellite and has allowed observa-
tions of stars and active galaxies as faint as
17th magnitude. It has provided important
data on a wide variety of astronomical
fields: there have been studies of the Solar
System, of stars and the interstellar

UK Schmidt Telescope
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medium in our own Galaxy and the Mag-
ellanic Clouds, and of external galaxies,
Seyfert galaxies, and quasars.

It has been found that an extensive hot
gaseous halo surrounds the Galaxy and the
Magellanic Clouds, and that the Sun is lo-
cated in a warm low-density ‘hole’ in the
interstellar medium. Extensive MASS LOSS

from hot stars, first studied in high-lumi-
nosity objects with Copernicus, has been
discovered to exist also in low-luminosity
hot stars such as O and B subdwarfs and
the central stars of planetary nebulae; in
many cases the mass loss rates are too high
to be accounted for by current theory.
Many stars have been found to show con-
siderable variations in their mass loss. The
outer chromospheres and coronae of the
cool stars have been observed in the UV
with IUE for the first time, allowing the
densities and temperature distributions in
these atmospheric regions to be mapped
and shedding light on their energy balance.
Because of the observatory nature of IUE it
has been possible to respond quickly to the
occurrence of transient events and the UV
spectra of several novae and supernovae
have been obtained. IUE observations of
SN 1987A in the LMC showed that the
star is surrounded by a nitrogen-rich cir-
cumstellar shell at a radius of 0.5 light-
years, providing the first direct evidence
for a supernova progenitor having gone
through the red giant evolutionary phase
prior to its explosion. IUE worked success-
fully for 18 years.

The NASA HUBBLE SPACE TELESCOPE

(HST), launched 1990, is providing exten-
sive new UV observations. It carries a 2.4-
meter primary telescope and several
cameras and spectrographs operating in
the UV waveband 115–330 nm (as well as
coverage at visible wavelengths) at greater
sensitivity than IUE. The spherical aberra-
tion of the HST primary mirror initially
limited its performance. Most of the scien-
tific programs originally envisaged were
carried out, however, with the satellite pro-
viding important new UV spectroscopy
and imaging of hot stars, late-type stellar
chromospheres and coronae, the interstel-
lar medium, galaxies and clusters of galax-
ies, quasars and active galactic nuclei, and

Solar System objects. The corrective optics
package COSTAR, emplaced in Dec. 1993,
brought the HST back to full capability.

ultraviolet radiation ELECTROMAGNETIC

RADIATION lying in the wavelength range
beyond the Earth’s atmospheric absorption
at about 320 nm to the hydrogen Lyman
limit at 91.2 nm (see hydrogen spectrum).
The gap between the X-ray and UV wave-
bands is the XUV region. Long-wavelength
ultraviolet radiation, i.e. with wavelengths
up to 350 nm, near that of LIGHT, is often
called near-ultraviolet with far-ultraviolet
(FUV) being applied to short wavelengths,
i.e. 91.2 nm up to about 200 nm.

ultraviolet stars Hot stars that have
considerable emission at ultraviolet and
XUV wavelengths, i.e. between about
12–320 nm; these include early-type O and
B STARS, WOLF-RAYET STARS, SUBDWARF O
and B stars, hot WHITE DWARFS, and the
central stars of most PLANETARY NEBULAE.
For an O star with a surface temperature of
about 30 000 K, over 80% of its radiation
lies in the ultraviolet. In comparison the
Sun, with a surface temperature of about
5800 K, emits most of its radiation in the
visible region of the spectrum (380–750
nm). Space observations have allowed the
UV energy distribution of such stars to be
measured, providing a more precise deter-
mination of their total radiated power. In
addition emission and absorption line
spectra have given information on the
structure and element abundances in the
stellar atmospheres, and have shown for
both luminous and subluminous hot stars
the presence of strong STELLAR WINDS. In
many cases such winds involve a rate of
mass loss that will substantially affect the
evolution of the star. Extensive regions of
ionized interstellar gas – the H II regions –
surround many such hot luminous stars.
See also ultraviolet astronomy.

Ulysses /yoo-liss-eez/ A joint ESA/
NASA mission to study for the first time
the properties of the INTERPLANETARY

MEDIUM and SOLAR WIND away from the
plane of the ecliptic and over the polar re-
gions of the Sun. The ESA spacecraft was
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launched by NASA in Oct. 1990, toward
Jupiter. It encountered Jupiter in Feb.
1992, approaching close over the north
pole then swinging under the south pole,
and the gravity of the massive planet accel-
erated the probe out of the ecliptic plane
into a polar orbit of the Sun; the inclination
of its orbit to the ecliptic is in fact 80°. (No
rocket has sufficient thrust to launch a
probe directly into such an orbit.) It passed
under the Sun’s south pole in May 1994
and over the north pole in May 1995,
crossing the ecliptic in Feb. 1995. Its nine
scientific instruments took measurements
throughout the mission. They measured
the solar wind from the Sun’s polar regions
at both solar maximum and minimum,
they studied the interplanetary magnetic
field and found that the magnetic flux em-
anating from the Sun is the same at all lat-
itudes, and they discovered ‘pools’ of
energetic particles surrounding the Sun.
Ulysses also discovered the presence of in-
terstellar dust in the Solar System, meas-
ured COSMIC RAYS flowing into the Solar
System, made the first measurement of in-
terstellar helium atoms in the Solar System,
and analyzed solar X-rays, radio waves
and plasma waves, and Jupiter’s magneto-
sphere. Ulysses’ mission continued
throughout the 1990s and early 2000s and
was extended several times; the latest ex-
tension, announced in 2004, continued
Ulysses’ operation up to 2008.

umbra /um-bră/ 1. The dark inner re-
gion of a shadow cast by an object illumi-
nated by a light of finite size rather than a
pinpoint of light. The less dark outer re-
gion of the shadow is the penumbra (see il-
lustration). The source of light is totally
obscured to someone in the umbral region

but only partly obscured in the penumbral
region. See eclipse.
2. See sunspots.

Umbriel /um-bree-ĕl/ A satellite of
Uranus, discovered in 1851 by William
Lassell. Photographed by VOYAGER 2 in
1986, it is very dark with an ALBEDO of
only 0.18. It is heavily cratered, its most
prominent feature being Skyund, a crater
100 km in diameter with a bright central
peak. See also Uranus’ satellites; Table 2,
backmatter.

unification schemes /yoo-nă-fă-kay-
shŏn/ See radio galaxy; Seyfert galaxy.

unit distance The astronomical unit of
length, i.e. the length for which the GAUSS-
IAN GRAVITATIONAL CONSTANT takes its
exact value when the units of measurement
are the astronomical units of length, mass,
and time. It is equal to the SPEED OF LIGHT,
c, times the LIGHT-TIME for unit distance,
τA, i.e. to 1.495 978 70 × 1011 meters.

United Kingdom Astronomy Technol-
ogy Centre (UK ATC) The United
Kingdom’s chief scientific establishment
dedicated to astronomical technology. Its
primary purpose is to provide a focus
within the UK for the design, production,
and promotion of cutting-edge advances in
the development of astronomical and as-
trophysical instruments and techniques. Its
scientists also carry out observational and
theoretical research into fundamental is-
sues in astronomy, such as the origins of
planets and of galaxies. The UK ATC is
funded and managed by the PARTICLE

PHYSICS AND ASTRONOMY RESEARCH COUN-
CIL (PPARC). The UK ATC was formally
established at the ROYAL OBSERVATORY, ED-

umbra

penumbralight rays

light source

Umbral and penumbral regions of a shadow



INBURGH (ROE) Apr. 1998, following
PPARC’s reorganization of its funding of
UK astronomy. Part of that reorganization
involved the closure of the ROYAL GREEN-
WICH OBSERVATORY and the transfer of
some of its functions, along with some of
the functions of the ROE, to the UK ATC.
The center collaborates with PPARC’s
overseas establishments–such as the ISAAC

NEWTON GROUP of telescopes and the James
Clerk Maxwell Telescope and the UK In-
frared Telescope, both at MAUNA KEA in
Hawaii–and international agencies such as
NASA and ESA on a contractor–customer
basis. It focuses its work around technolo-
gies for use in the optical, infrared and sub-
millimeter wavebands and is involved in
designing and making science instruments
for such organizations as the GEMINI TELE-
SCOPES, the EUROPEAN SOUTHERN OBSERVA-
TORY, and the planned JAMES WEBB SPACE

TELESCOPE project.

United States Naval Observatory
(USNO) The national observatory in
Washington D.C. concerned mainly with
astrometric measurements for the purposes
of timekeeping and navigation. The USNO
is a department of the US Navy, and part of
its mission is ‘to provide astronomical and
timing data required by the Navy and other
components of the Department of Defense
for navigation, precise positioning, and
command, control, and communications’
and to make such information publicly
available. The USNO was founded in 1830
as the Depot of Charts and Instruments.
The original observatory was built in
1833, but the site has since been moved
and expanded several times. In 1855, the
UNSO began publishing astronomical and
nautical almanacs, and in 1904 it broad-
cast the world’s first time signal. Today its
products include computer programs and
Web-based astronomy- and time-related
applications.

universal time (UT) The precise meas-
ure of time that forms the basis for all civil
timekeeping. It conforms closely to the
mean diurnal motion of the Sun.

UT is defined by a mathematical for-
mula relating UT to SIDEREAL TIME. It is

thus determined from observations of the
diurnal motions of stars. It is not a uniform
timescale, however, due to variations in the
Earth’s rotation. The timescale determined
directly from stellar observations is de-
pendent on the place of observation, and is
designated UT0. The timescale indepen-
dent of location is obtained by correcting
UT0 for the variation in the observer’s
meridian that arises from the irregular
varying motion of the Earth’s geographical
poles; it is designated UT1. This is the
timescale used by astronomers. It is
counted from 0 hours at midnight, and the
unit is the mean solar day.

Coordinated universal time (UTC) is
based on INTERNATIONAL ATOMIC TIME

(TAI). Since Jan. 1 1972 the time given by
broadcast time signals has been UTC. UTC
differs from TAI by an integral number of
seconds. UTC is kept within 0.90 seconds
of UT1 by the insertion (or deletion) of ex-
actly one second when necessary, usually
at the end of December or June; these step
adjustments are termed leap seconds. An
approximation (DUT1) to the value of
UT1 minus UTC is transmitted in code on
broadcast time signals. TAI and UTC are
recommended for the precise dating of ob-
servations. See also dynamical time.

Universe /yoo-nă-verss/ The sum total
of potentially knowable objects. The study
of the Universe on a grand scale is called
COSMOLOGY. Barriers between potentially
knowable and unknowable objects exist in
even a simple expanding Euclidian Uni-
verse with flat space (i.e. in which the sur-
face area of a sphere is 4πr2). More and
more distant objects are seen to recede at
faster and faster velocities. At a certain dis-
tance objects are receding at the speed of
light and suffer an infinite REDSHIFT; they
are then potentially unobservable.

Within the framework of general RELA-
TIVITY the space of the Universe can be
curved, and depending on the nature of the
curvature the Universe may be closed or
open. In a closed Universe gravitational
distortion of light would cause space to be
spherically curved: space would curve back
on itself to form a finite volume with no
boundary. The Universe would then be fi-
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nite and the gravitational attraction among
galaxies would be sufficient eventually to
halt and reverse the expansion of the Uni-
verse so that it would begin to contract. In
an open Universe space would still be
curved but would not turn back on itself:
the curvature would be hyperbolic rather
than spherical. The Universe would then be
infinite, with gravity too weak to halt the
Universe’s expansion. In a flat Universe
space is not curved: it can be described by
Euclidean geometry. The Universe would
then be infinite and would expand forever,
but less rapidly than an open Universe.

The dynamic behavior of the Universe,
i.e. whether it is closed, open, or flat, de-
pends on the value of the MEAN DENSITY OF

MATTER, and hence on the DECELERATION

PARAMETER q0: 
if q0 > ½, Universe is closed 
if q0 < ½, Universe is open 
if q0 = ½, Universe is flat

The Universe exists close to the dividing
line between the ever-expanding model
and the eventually contracting model, but
it is not yet certain which of these radically
different prospects will occur. If the Uni-
verse is closed it will collapse in upon itself
to form a final SINGULARITY known as the
big crunch. Some theories speculate that
there is an infinite cycle of OSCILLATING UNI-
VERSES where the end result of the collapse
could be regarded instead as a big bounce.
See also age of the Universe; Big Bang
theory; cosmological models.

unresolved source A source of radia-
tion whose angular size is too small for de-
tails of its structure to be revealed.

unsharp masking /un-sharp/ A process
for amplifying fine detail in the image on a
photographic plate. A positive contact
copy is made through the glass on low-con-
trast film. The copy is blurred, containing
only the large-scale features of the original
image; this is the unsharp mask. When
placed in contact with the back of the
plate, it effectively cancels out the large-
scale features, revealing the fine detail on
the plate.

upper culmination See culmination.

Uranometria 2000.0 /yoo-ră-noh-met-
ree-ă/ A computer-plotted star atlas by
W. Tirion et al, published 1987–88 in two
volumes, displaying all stars and many
other objects brighter than magnitude 9.5
in the northern and southern skies; the ob-
jects are precessed to the EPOCH 2000.0.
There is also an associated catalog. The
original Uranometria of Johann Bayer was
published in 1603.

Uranus /yû-ray-nŭs, yoor-ă-nŭs/ The
seventh planet of the Solar System and the
first to be discovered telescopically – by
William Herschel in 1781. The third
largest of the GIANT PLANETS, it has an
equatorial diameter of about 51 119 km, a
mass 14.5 times that of the Earth, and a
density 1.3 times that of water. Uranus or-
bits the Sun every 84.01 years, varying in
distance between 18.31 and 20.07 AU. At
OPPOSITIONS, which recur four days later
each year, it has a mean angular diameter
of 3.7 arc seconds and a magnitude of 5.6,
near the limit of naked eye visibility. Tele-
scopically Uranus shows a featureless
greenish disk making visual determination
of its rotation period impossible. The pe-
riod is about 16 hours and retrograde. Or-
bital and physical characteristics are given
in Table 1, backmatter.

Uranus’ equator is tilted by 98° with re-
spect to its orbit, making it unique in hav-
ing its rotation axis close to its orbital
plane. This means that the north and south
poles alternately point toward the Sun, giv-
ing highly exaggerated seasonal changes on
the planet.

VOYAGER 2 flew by Uranus in 1986, and
at this time its south pole was pointing al-
most directly at the Sun. Images of the
planet show a remarkably featureless sur-
face. Faint cloud markings determine that
winds on Uranus blow at 40–160 m s–1 in
the same direction as the planet rotates.
These Uranian winds arrange the planet’s
cloud features into east-west bands.

The outer layers of Uranus are predom-
inantly hydrogen and helium in gaseous
state and with low density. The tempera-
ture in the upper atmosphere is around
60 K so methane and hydrogen condense
to form clouds of ice crystals. The methane
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forms at higher altitudes, giving Uranus its
blue-green color. Uranus’ outer atmos-
phere rotates differentially between 16.2
and 16.9 hours at cloud-surface level, de-
pending on latitude. Its internal rotation
rate is about 17.23 hours. It is thought it
has a rocky core, primarily iron and sili-
con, about the size of the Earth.

The equatorial region of Uranus re-
ceives little sunlight, but its effective tem-
perature is almost the same as the sunlit
pole. This implies that heat is efficiently
transported between the poles and the
equator.

Auroral activity noted before the Voy-
ager probes gave indications that Uranus
has a MAGNETOSPHERE. It is now known
that Uranus has a magnetic field about the
same as the Earth’s. The magnetic axis is
inclined by nearly 60° from its axis of rota-
tion and, like the other JOVIAN PLANETS, is
opposite in polarity to the Earth’s.

Uranus has 15 known satellites and a
ring system. See Uranus’ rings; Uranus’
satellites.

Uranus’ rings A system of planetary
rings. The first six were discovered in 1977
when the planet occulted a star. Three fur-
ther rings were found by Perth observa-
tory, and Voyager 2 discovered two more
rings in 1986. The 11 rings are narrow and
dark, unlike Saturn’s, which are broad and

bright (see table). Most of them are less
than 10 km wide and typical particles
within them can be compared with large
lumps of coal roughly 1 m in size. The
Uranian rings have a low ALBEDO of about
0.01. The most prominent, the Epsilon
ring, is gray in color and has segments that
are nearly 100 km wide. All the rings are
well within the ROCHE LIMIT. VOYAGER 2
found only two SHEPHERD SATELLITES –
Cordelia and Ophelia, which together con-
trol the Epsilon ring –although the rings
are confined to very narrow orbits.

Uranus’ satellites Prior to VOYAGER 2’S
flyby in 1986, five moderate-sized satellites
were known to exist. The two largest, TI-
TANIA and OBERON, are nearly the same size
with diameters about 1550 km. ARIEL and
UMBRIEL are also nearly the same size with
diameters about 1160 km, whereas MI-
RANDA is only 472 km across. Voyager 2
discovered 10 very small satellites in 1986,
most having diameters of less than 100 km.
In 1997 two further moons were discov-
ered by astronomers at Mount Palomar.
These, given the provisional names Cal-
iban (S/1997 U1) and Sycorax (S/1997
U2), were the first irregular satellites of
Uranus to be identified. Subsequently, in
1999, a further satellite was identified by
the Lunar and Planetary Lab at the Univer-
sity of Arizona from data collected by Voy-
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URANUS’S RINGS

Name Mean distance from planet center Radial Thickness Optical
(103 km) (planetary radii) width depth

(km)
1986U2R 38 1.49 2500 0.1? <0.001
6 42 1.60 1–3 0.1? 0.2–0.3
5 42 1.6 2–3 0.1? 0.5–0.6
4 43 1.63 2–3 0.1? 0.3
Alpha 45 1.71 7–12 0.1? 0.3–0.4
Beta 46 1.74 7–12 0.1? 0.2
Eta 47 1.80 0–2 0.1? 0.1–0.4
Gamma 48 1.82 1–4 0.1? 1.3–2.3
Delta 48 1.84 3–9 0.1? 0.3–0.4
1986U1R 50 1.91 1–2 0.1? 0.1
Epsilon 51 1.95 20–100 <0.15 0.5–2.1



ager 2. This is a regular satellite, so far un-
named (S/1986 U10). Also in 1999, three
more irregular satellites were discovered by
astronomers using the Canada–France–
Hawaii Telescope at Maunder Kea – Sete-
bos (S/1999 U1), Stephano (S/1999 U2),
and Prospero (S/1999 U3). Trinculo
(S/2001 U1) was discovered in August
2001 by M. Holman and others, along
with two other satellites as yet unnamed.
With a further three satellites discovered in
2003, this gives Uranus a total of 27 satel-
lites in all.

The average density of the Uranian
satellites is about 1.5 g cm–3, which is con-
sistent with all 27 being composed of a
mixture of rock and ice. Voyager data sug-
gests the larger satellites are 50% water ice,
20% carbon- and nitrogen-based ma-
terials, and 30% rock. In addition, Uranus’
satellites all have low ALBEDOS. Umbriel is
one of the darkest moons in the Solar Sys-
tem with an albedo of 0.18. The most re-
cent impact craters on Oberon and Titania
appear to have exposed fresh undarkened
ice, which implies the darkness is caused by
a coating of dark sootlike material. See also
Table 2, backmatter.

Ursa Major /er-să/ (Great Bear) An ex-
tensive very conspicuous constellation in
the northern hemisphere that can be used
to indicate the positions of brighter neigh-
boring stars (see illustration). The seven
brightest stars form the BIG DIPPER. Among
these, the three brightest stars are ALIOTH,
ALCAID, and DUBHE, all about magnitude
1.8. The area contains several double stars
including the naked-eye double MIZAR and
Alcor, the planetary OWL NEBULA, and the
close spiral galaxies M81 (NGC 3031) and
M82 (NGC 3034). M82 is a STARBURST

GALAXY. Abbrev.: UMa; genitive form:
Ursae Majoris; approx. position: RA
11.5h, dec +55°; area: 1280 sq deg.

Ursa Major cluster An OPEN CLUSTER

containing over 100 stars that are scattered
over an area of sky more than 1000 min-
utes of arc in diameter; its wide angular di-
ameter is due to its proximity to Earth. It
includes the stars Beta (β), Gamma (γ),
Delta (δ), Epsilon (ε), and Zeta (ζ) Ursae
Majoris in the BIG DIPPER, and also SIRIUS.

Ursa Minor (Little Bear) A constella-
tion in the northern hemisphere that in-

Ursa Major 
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uv-plane

cludes and surrounds the north celestial
pole. The two brightest stars, both of 2nd
magnitude, are POLARIS (α) (the present
POLE STAR) and the orange subgiant
Kochab (β), the star that marked the pole
around 1000 BC, and will do so again
about 23,000 years from now. Abbrev.:
UMi; genitive form: Ursae Minoris; ap-
prox. position: RA 0 – 24h, dec +80°; area:
256 sq deg.

Ursa Minor system A dwarf elliptical
galaxy that is a member of the LOCAL

GROUP.

Ursids /er-sidz/   A minor METEOR SHOWER,
radiant: RA 217°, dec +78°, maximizing
on Dec. 22. The METEOROID STREAM is as-
sociated with comet Tuttle.

UT, UT0, UT1, UTC See universal
time.

Utopia Planitia /yoo-toh-pee-ă/ A
smooth Martian plain located northwest of
the ELYSIUM PLANITIA volcanoes and cen-
tered on the coordinates 50° N latitude,
242° W longitude. It was chosen as the
landing site of the VIKING 2 Lander in 1976.

UTR-2 Abbrev. for Ukrainian T-shape
Radio telescope. The world’s largest
PHASED ARRAY operating at decametric
wavelengths. Located near Grakovo vil-
lage, about 80 km from Kharkov, north-
east Ukraine, UTR-2 has a collecting area
of 150 000 square meters and a resolution

of about 40 arcminutes at its center fre-
quency of 16.7 MHz.

UV Abbrev. for ultraviolet.

uvby system /yoo-vee-bee-wÿ/ A system
of photometry, devised by B. Strömgren, in
which photoelectric MAGNITUDES u, v, b,
and y are measured at four wavelength
bands: measurements of u (ultraviolet) are
centered on 350 nm, v (violet) on 410 nm,
b (blue) on 470 nm, and y (yellow) on 550
nm. The bandwidth (20–30 nm) is much
narrower than for the UBV system. The
uvby system can be used to measure
METALLICITY, temperature, and Balmer dis-
continuity of A, B, and F stars.

UV Ceti stars /see-tÿ, set-ee/ See flare
stars.

uv-plane /yoo-vee/ Unlike a conven-
tional telescope, a radio INTERFEROMETER

cannot produce an image of the sky di-
rectly. Instead it measures the FOURIER

TRANSFORM of the sky brightness distribu-
tion in a plane perpendicular to the direc-
tion of observation. A measurement on a
particular BASELINE corresponds to a point
on this plane with coordinates u and v, at a
distance from the origin equal to the pro-
jected length of the baseline measured in
wavelengths. The uv-plane is sometimes
called the aperture plane, and a good cov-
erage of points is essential for high-quality
APERTURE SYNTHESIS mapping. 



V404 Cygni /sig-nÿ, -nee/ The best can-
didate for a low-mass black hole known to
date. See black hole.

Vaca Muerta meteorite /vah-kah mwair-
tah/ A rare stony-iron (mesosiderite) ME-
TEORITE, many kilograms of which were
found in 1861 over an area of 12 × 2 km in
the Atacama Desert in Chile. The dark me-
teorites were easy to spot against the pale
sand of the desert. About 4 tonnes out of
an estimated initial mass of 6 tonnes have
now been recovered. The fall probably oc-
curred about 3000 years ago.

vacuum fluctuation A fluctuation in
the value of a quantity that is associated
with the vacuum state having ZERO-POINT

ENERGY. The existence of vacuum fluctua-
tions is a specifically quantum-mechanical
effect. It is thought that quantum fluctua-
tions in the EARLY UNIVERSE were responsi-
ble for the large-scale structure in the
Universe.

Vacuum Tower Telescope See Teide
Observatory.

vacuum tower telescopes See solar
telescope.

Valhalla Basin /val-hal-ă/ See Callisto.

Valles Marineris /val-eez ma-ră-nair-
iss/ A vast system of canyons on Mars
photographed by MARINER 9. The canyons
had long been recognized as a feature of
the Martian surface, subject to changes in
brightness, and known collectively as Co-
prates canyon. They were renamed Valles
Marineris in commemoration of the
Mariner project. The Valles Marineris are
located near the Martian equator and cen-

tered on the coordinates 14° S latitude and
59° W longitude (see areography). See
Mars, surface features.

valley, lunar (canyon) A radial fracture
on the Moon associated with an impact
basin or crater. See table at rille.

vallis /val-iss/ (plural: valles) Valley. The
word is used in the approved name of such
a surface feature on a planet or satellite.

Van Allen radiation belts /van al-ĕn/
Two regions within the Earth’s MAGNETOS-
PHERE in which charged particles become
trapped and oscillate backward and for-
ward between the magnetic poles as they
spiral around magnetic field lines. The
lower belt, which on average lies 5000 km
above the equator, contains protons and
electrons either captured from the SOLAR

WIND or derived from collisions between
upper atmosphere atoms and high-energy
COSMIC RAYS. The upper belt lies between
about 25 000 and 36 000 km or more
above the equator but curving downward
toward the magnetic poles; it contains
fewer and less-energetic particles than the
lower belt, mainly electrons from the solar
wind. The belts were discovered by James
Van Allen in the course of his analysis of
observations by early EXPLORER satellites in
1958.

Van de Graaff /van-dĕ-graf, -grahf/ See
table at craters.

Vanguard project Part of the US pro-
gram for the INTERNATIONAL GEOPHYSICAL

YEAR, in which three small satellites were
orbited. Vanguard 1, launched on Mar. 17
1958, was the first satellite powered by
SOLAR CELLS: it continued transmitting for
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six years and long-term tracking of it later
revealed the slight pear shape of the Earth.
Two other Vanguards launched in 1959
completed the program, which provided
information not only on the Earth’s shape
but on its surface and interior, its magnetic
field and radiation belts, and its space en-
vironment.

Van Maanen’s star See Pisces.

variable Short for variable star.

variable radio source A RADIO SOURCE

whose measured parameters change with
time, especially the FLUX DENSITY. Many
extragalactic radio sources have been ob-
served at frequencies above 400 megahertz
to vary over periods of weeks or months.
The time-scale of the variations imposes an
upper limit on the linear size of the varying
region since the conditions are unlikely to
change more quickly than the time it takes
for light to travel across the region.

variable star A star whose physical
properties, such as brightness, radial veloc-
ity, and spectral type, vary with time:
about 30 000 have been cataloged so far.
The variation in brightness is the easiest to
detect, occurring in almost all variables. It
can be seen on the LIGHT CURVE of the star
and may be regular – with a period given
by one complete cycle in brightness on the
light curve – or may be irregular or semi-
regular. The periods range from minutes to
years. The range between maximum and
minimum brightness – the AMPLITUDE – is
also very wide.

There are three major groups of vari-
ables: eclipsing, pulsating, and cataclysmic
variables. The eclipsing or geometric vari-
ables are systems of two or more stars
whose light varies as one star is periodi-
cally eclipsed by a companion star. These
ECLIPSING BINARIES can be subdivided into
ALGOL VARIABLES, W SERPENTIS STARS, and W
URSAE MAJORIS STARS. PULSATING VARIABLES,
such as the CEPHEID VARIABLES, periodically
brighten and fade as their surface layers ex-
pand and contract. CATACLYSMIC VARIABLES

are close BINARY STARS where one compo-
nent is a white dwarf to which mass is

being transferred from the other compo-
nent. This group includes NOVAE, RECUR-
RENT NOVAE, and DWARF NOVAE. Minor
groups of variables include FLARE STARS,
ROTATING VARIABLES, SPECTRUM VARIABLES;
and R CORONAE BOREALIS STARS.

These many types also fall into three
other main categories: with extrinsic vari-
ables the brightness variation results from
some process external to the star, as with
some eclipsing binaries; with intrinsic vari-
ables the variation results from some
change in the star itself, as with the pulsat-
ing variables; in other cases, such as W
Ursae Majoris stars, the variation can re-
sult from a combination of intrinsic and
extrinsic agencies.

Different types of variable can be dis-
tinguished by period and also by light-
curve shape: by amplitude of the variation,
depth of the minima, size and shape of the
maxima, characteristic irregularities, and
by the continuous or steplike changes in-
volved. Spectroscopic and photometric
measurements can be used to differentiate
between borderline cases and to investigate
changes in temperature, radial velocity,
and spectral type. See also stellar nomen-
clature.

variation The periodic INEQUALITY in
the Moon’s motion that results from the
combined gravitational attraction of the
Earth and Sun. Its period is half the SYN-
ODIC MONTH, i.e. 14.77 days, and the max-
imum longitude displacement is 39′29″.9.
See also annual equation; evection; paral-
lactic inequality; secular acceleration.

vastitas /vass-tă-tass/ (plural: vastitates)
An extensive lowland plain. The word is
used in the approved name of such a sur-
face feature on a planet or satellite.

Vega /vee-gă/ (αα Lyr) A conspicuous
white star, apparently blue in color, that is
the brightest star in the constellation Lyra.
It was the POLE STAR about 12 000 years
ago, at the end of the last Ice Age. Because
of PRECESSION, it will be the pole star again
around AD 14 000. Vega is the standard
A0 V star (B–V = U–B = 0) in the UBV sys-
tem. Observations of Vega by the satellite
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IRAS in 1983 revealed an INFRARED EXCESS

beyond 10 µm. The excess is attributed to
thermal radiation from particles more than
1mm in radius located about 85 AU from
Vega and heated by the star to a tempera-
ture of 85 K. It appears that the large par-
ticles have arisen from the residual
prenatal cloud of gas and dust and may
perhaps represent an embryonic and devel-
oping planetary system. Because Vega is a
bright A0 star with a short lifetime (3 × 108

years) a ‘solar system’ will not have suffi-
cient time to form around it. (The age of
our Solar System is 4.6 × 109 y.) mv: 0.03;
Mv: 0.6; spectral type: A0 Va; distance: 7.5
pc.

Vega mission Either of two spacecraft
missions, sponsored by the USSR, France,
Germany, Austria, Bulgaria, Hungary,
Poland, and Czechoslovakia. The main sci-
entific goals were to study Venus by means
of balloons and landers and to fly by HAL-
LEY’S COMET. Vega 1 and Vega 2 were
launched in 1984 (Dec. 15 and Dec. 21 re-
spectively), flew past Venus on June 11 and
June 15 1985, and used the gravitational
assistance of that maneuver to fly by Hal-
ley on Mar. 6 and Mar. 9 1986 at miss dis-
tances of 8890 and 8030 km. The massive
three-axis-stabilized TV systems on board
unfortunately produced rather blurred im-
ages of the comet’s nucleus. The dust mass
spectrometers and dust detectors were,
however, particularly successful. Results
from the Vega mission enabled ESA to tar-
get the GIOTTO mission more accurately.

Veil nebula See Cygnus Loop.

Vela /vee-lă/ (Sails) A constellation in the
southern hemisphere near Crux, lying
partly in the Milky Way. It was once part
of the large constellation ARGO. The four
brightest stars, Gamma (γ), Delta (δ),
Kappa (κ), and Lambda (λ) Velorum, are
of 2nd magnitude and form a quadrilat-
eral. The primary component of Gamma, a
remote multiple star, is the only conspicu-
ous WOLF-RAYET STAR. Delta and Kappa are
two of the stars forming the FALSE CROSS.
The 8th-magnitude planetary nebula
NGC 3132 is a fine sight in a small tele-

scope. The area also contains the VELA PUL-
SAR. Abbrev.: Vel; genitive form: Velorum;
approx. position: RA 9.5h, dec –50°; area:
500 sq deg.

Vela pulsar The second OPTICAL PULSAR

to be discovered, the optical flashes being
detected in 1977. With a brightness of only
about 26 magnitudes – one of the faintest
optical bodies to be detected – it is consid-
erably fainter than the optical pulsar in the
CRAB NEBULA, although at a distance of
about 500 parsecs it is four times nearer. It
was already known to emit pulses of radio
emission in a period of 0.089 seconds and
pulses of gamma rays twice every revolu-
tion. At gamma-ray wavelengths it is the
brightest object in the sky. The optical
pulses were found by sampling the light
from a field only five arc seconds across,
centered on the accurate radio position of
the pulsar, and folding the data to the pre-
cise radio period.

Like other pulsars, the Vela pulsar is
gradually slowing down in its rotation
rate. Several brief and temporary increases
in rotation rate – glitches – have however
been observed since 1969 (see pulsar). It is
a young pulsar, some 10 000 years old, and
(like the Crab pulsar) is one of the very few
to be associated with a SUPERNOVA REM-
NANT. The remnant, Vela-X, has been ob-
served at X-ray, XUV, optical, and radio
wavelengths.

velocity dispersion A measure of the
spread of velocities of members within a
CLUSTER OF GALAXIES or of stars. If both ra-
dius, R, and velocity dispersion, V, of a
cluster are measured, an estimate of mass,
V2R/G, is obtained.

velocity of light See speed of light.

Venera probes /ven-ĕ-ră/ (Venus probes)
A series of Soviet probes to Venus, first
launched in 1961. Veneras 1–3 were un-
successful. Veneras 4–8 ejected capsules
into Venus’ atmosphere to measure the at-
mospheric temperature, pressure, and
composition. The Venera 4 capsule trans-
mitted for 94 minutes on Oct. 18 1967
during its parachute descent, while the cap-

Vega mission
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sules from Veneras 5 and 6 returned data
for 53 and 51 minutes on May 16 and 17
1969 respectively; all were crushed by the
atmospheric pressure before they reached
the surface. The capsule from Venera 7 did
survive to reach the surface on Dec. 15
1970, becoming the first human-made ob-
ject to land on another planet. The Venera
7 capsule returned data for 23 minutes, in-
dicating a temperature of 750 K and a pres-
sure of 90 bar on the Venusian surface.
Venera 8’s capsule returned data from the
surface for 50 minutes on July 22 1972.

A new generation of Venera probes
traveled to Venus from 1975. Veneras 9
and 10 each consisted of a lander and an
orbiter through which signals from the lan-
der were relayed to Earth. On Oct. 22
1975, Venera 9’s lander sent the first
photograph from the surface of another
planet, showing sharp angular rocks near
the probe. Another panorama one day
later from the Venera 10 lander revealed an
apparently older more eroded landscape.
The landers operated for 53 and 65 min-
utes respectively on the Venusian surface.

Veneras 11 and 12 reached Venus on
Dec. 25 and Dec. 21 1978 respectively, and
landers were sent to the surface. As they
descended they transmitted information
concerning the atmosphere to the two
spacecraft, and continued relaying for
about 100 minutes from the surface. No
photographs were released. Veneras 13
and 14 reached Venus on Mar. 2 and Mar.
5 1982 and landers were sent to the sur-
face. Colored panoramas were taken of the
landing sites and soil analyses made, and
this information, together with atmos-
pheric data, was relayed back to the space-
craft.

Veneras 15 and 16 went into orbit
around Venus on Oct. 11 and Oct. 16
1983. They studied the atmosphere and
using radar mapped the mountains,
craters, and other features on the N hemi-
sphere of the planet’s surface, to within
about 20° of the equator and with a reso-
lution of a few kilometers. See also Venus.

Venus /vee-nŭs/ The second planet of the
Solar System in outward succession from
the Sun and the one that comes closest to

the Earth. It orbits the Sun every 224.7
days at a distance varying between 0.72
and 0.73 AU. It has a size (12 104 km
equatorial diameter), density, and, proba-
bly, internal constitution comparable with
those of the Earth, but measurements by
MARINER, PIONEER Venus, VENERA, VEGA,
MAGELLAN, and GALILEO spaceprobes have
revealed extremely hostile surface and at-
mospheric conditions. Orbital and physical
characteristics are given in Table 1, back-
matter.

Venus is never far from the Sun in the
sky, reaching its greatest ELONGATION of
45° to 47° about 72 days before and after
inferior conjunctions, which recur at inter-
vals of about 584 days. At greatest bril-
liancy the planet is near magnitude –4.4
and brighter than every other celestial ob-
ject except the Sun and the Moon; this oc-
curs at an elongation of 39° about 36 days
before and after inferior conjunction, while
Venus is an EVENING STAR or a MORNING

STAR.
Telescopically the planet shows a bril-

liant yellowish-white cloud-covered disk.
Because of its orbital position between Sun
and Earth, Venus exhibits PHASES: gibbous
and crescent phases occur between full at
superior conjunction, when the planet’s
apparent diameter is 10 arc seconds, and
new at inferior conjunction, when it has a
diameter of about 61 arc seconds. TRANSITS

of Venus across the Sun’s disk at inferior
conjunction are rare and currently come in
pairs: the next will occur in 2012 – this will
be the second of a pair, the first having
taken place in 2004. After 2012, there will
not be another until 2117.

The clouds never permit views of the
surface of Venus; it was not until 1961 that
radar established that Venus rotated in a
retrograde direction 243.01 days relative
to the stars, or 116.8 days in relation to the
Sun (the Venusian day). Features in the
clouds, seen indistinctly from the Earth but
observed in detail by ultraviolet photogra-
phy from Pioneer Venus and MARINER 10,
indicate a four-day east to west rotation
period for the upper atmosphere, corre-
sponding to 350 km/hour winds. The at-
mosphere thus rotates in the same
direction but about 60 times faster than the
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solid planet. The cloud patterns swirl from
the equator toward the poles and appear to
be driven by solar heating and convection
near the subsolar point in the middle of the
sunlit hemisphere.

Possibly because of the slow rotation of
its nickel-iron core, Venus has little or no
intrinsic magnetic field. A magnetic field is
however induced in the planet’s ionosphere
by the SOLAR WIND. The resulting bow
shock wave was found by one of the Pio-
neer Venus probes to be very strong and
can therefore buffer the outer atmosphere
of Venus from the solar wind.

The atmosphere extends to about 250
km above the surface. Pioneer Venus meas-
urements showed there to be a layered
structure to the Venusian clouds, which lie
between altitudes of roughly 45–60 km
within the troposphere of Venus (i.e. the
region in which the atmospheric tempera-
ture decreases with altitude). There is haze
above and below the clouds. Three cloud
layers have been distinguished, having dif-
ferent concentrations and sizes of sus-
pended particles; the particles are
identified as liquid droplets of sulfuric acid
with an admixture of water and solid and
liquid particles of sulfur.

The temperature increases from about
300 K at the cloud tops to about 730 K at
Venus’ surface, which experiences a crush-
ing atmospheric pressure 90 times that of
the Earth. The surface temperature, higher
than that of any other planet, is the result
of a GREENHOUSE EFFECT involving the
clouds and the large proportion of carbon
dioxide in the atmosphere. Pioneer Venus
showed that the atmosphere as a whole
consists of about 98% carbon dioxide,
1–3% nitrogen, with a few parts per mil-
lion (ppm) of helium, neon, krypton, and
argon. Although the amounts of neon,
krypton, and argon are small, they indicate
very much greater amounts of primordial
neon, krypton, and argon than those found
in the Earth’s atmosphere. This is currently
raising problems concerning the estab-
lished view of the origin of the Solar Sys-
tem. In the lower atmosphere, below the
clouds, trace amounts of water vapor
(0.1–0.4%) and free oxygen (60 ppm) were
detected. The high surface temperature

may have prevented any atmospheric
water vapor from condensing into oceans,
as occurred on Earth; it may also have pre-
vented carbon dioxide from combining
with the crustal material to form carbona-
ceous rocks. The upper atmospheric winds
moderate to only 10 km/hour or so at the
surface.

Photographs of the surface returned by
the Venera 9 and 10 landers in 1975
showed a stony desert landscape, while
tests for radioactive elements in the crust
implied a composition similar to that of
basalt or granite. Radar mapping of the
surface of Venus was done by the Pioneer
Venus, Venera 15 and 16, and Magellan
spacecraft. Magellan mapped 98% of the
surface, obtaining a resolution of 100 me-
ters in places.

Huge rolling plains cover 65% of the
surface, depressions cover 27%, and high-
land areas cover the remaining 8%, con-
centrated in two main areas – ISHTAR TERRA

and APHRODITE TERRA. Ishtar Terra, the
more northerly, is a flattish plateau
bounded on three sides by mountains.
MAXWELL MONTES, one of these mountain-
ous regions, is the highest range on Venus,
rising to more than 11 km above the mean
elevation of the surface.

Almost everywhere, the surface of
Venus displays evidence of volcanism. The
larger shield volcanoes are generally lo-
cated on top of the broad highland areas,
while small volcanoes of only a few km
across appear to exist over all the surface.
Scores of small volcanic domes, all less
than 15 km across, pepper the southern
flank of the highland area Tethus Regio.
The Eistla region has circular volcanic
domes (‘pancake’ domes), some up to 65
km in diameter, with broad flat tops less
than 1 km in height. These are formed
from viscous lava.

Magellan observed more than 900
craters on Venus. The planet does not have
impact craters less than a few km across
because its thick atmosphere causes
smaller objects to disintegrate totally be-
fore they reach the surface. Many craters
are surrounded by huge radar-dark halos,
the result of a shock wave that built up
ahead of the object in Venus’ atmosphere

Venus
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and pulverized the uppermost few meters
of rock to produce a smooth blanket of
material. The distribution of craters on
Venus is statistically uniform and very few
are altered by later volcanic activity.

Other features include wind streaks,
TESSERAE, CORONAE, and deep chasms.
Complex lava flows exist; the area of
Mylitta Fluctus in Lavinia Planitia covers
roughly 800 km by 400 km. Long narrow
channels meander for great distances; for
example Hildr Fossa extends for 6800 km
but is only 1–2 km wide over its entire
length with no lakes or tributaries. It may
have been formed by extremely fluid lava
flowing across a vast flat plain. It is clear
that Venus has had an active geological his-
tory; no evidence has been found, however,
for plate tectonics.

Venus, transits See transit.

Venus Express An ESA mission to
Venus, scheduled to be launched in Nov.
2005 from Baikonur Cosmodrome by a
Russian Soyuz/ST Fregat rocket. The mis-
sion is ESA’s first to Earth’s sister planet
and was selected from a number of pro-
posals for projects that would reuse the de-
sign first implemented for the Mars
Express mission. Immediately after launch,
the 1.27-tonne Venus Express spacecraft is
set to be placed into the transfer orbit
needed for its 153-day journey to Venus.
Once captured by the planet’s gravity, it is
scheduled to explore Venus from a polar
orbit for a nominal 500 days (just over two
Venusian rotations). Carrying some of the
instruments left over from the Mars Ex-
press and Rosetta missions, Venus Express
is to focus its investigations on the dense
Venusian atmosphere and to find out what
drives the planet’s high-speed winds.

Venus probes See Magellan; Mariner 2;
Mariner 5; Mariner 10; Pioneer Venus
probes; Venera probes; Venus Express.

vernal equinox /ver-năl/ (spring equinox)
See equinoxes.

vernier /ver-nee-er/ A short scale used to
increase the accuracy of the graduated

scale to which it is attached. If nine divi-
sions of the vernier correspond to 10 divi-
sions of the instrument scale, the latter can
be read to a further decimal place.

vertical circle A great circle on the ce-
lestial sphere that passes through an ob-
server’s zenith and cuts the HORIZON at
right angles.

Very Large Array See VLA.

Very Large Telescope (VLT) An opti-
cal telescope of the EUROPEAN SOUTHERN

OBSERVATORY sited on Cerro Paranal in
Chile, altitude 2600 meters. It consists of
four 8.2-meter telescopes, each with a thin
meniscus PRIMARY MIRROR mounted sepa-
rately on a N–S baseline on an ALTAZIMUTH

MOUNTING. The manufacture of the mir-
rors was completed between 1999 and
2001. The reflectors are usable in combi-
nation (equivalent to a 16-meter single
telescope), individually, or as an INTERFER-
OMETER.

Very Long Baseline Array See VLBA.

very long baseline interferometry See
VLBI.

Vesta /vess-tă/ ((4) Vesta) The fourth AS-
TEROID to be discovered, found in March
1807 by the German astronomer H.W.M.
Olbers. It is the second largest asteroid,
similar in volume to (2) Pallas but much
more massive. Although it is only 60% as
big as (1) Ceres, it has a much higher
ALBEDO (0.423) than any other large aster-
oid and is the only one bright enough to be
visible to the naked eye at favorable OPPO-
SITIONS, when it can reach magnitude 5.5.
Its unusual spectrum suggests that it has a
surface composed of basaltic minerals,
similar to eucritic ACHONDRITE meteorites.
It has a mass of about 3 × 1020 kg. Ejecta
from a large impact crater in Vesta’s south-
ern hemisphere are believed to be the ulti-
mate source of HED METEORITES. Vesta’s
path around the Sun is inclined 7.1? to the
ecliptic, and it takes 3.63 years to complete
one orbit. Its journey around the Sun car-
ries it from a perihelion of 2.161 AU to an

509

Vesta



aphelion of 2.572 AU from the Sun. It is an
oblate spheroid and its period of axial ro-
tation is only 5.342 hours. NASA’s DAWN

mission, set for launch in 2006, is sched-
uled to visit Vesta. See Table 3, backmat-
ter.

vidicon /vid-ă-kon/ A sensitive semicon-
ductor-based instrument derived from tele-
vision technology and used in astronomy
for detecting and measuring light, ultravio-
let, and near-infrared radiation. The target
area is photosensitive, responding to the
radiation falling on it by producing an elec-
tronic signal that varies linearly with the
intensity of the incident radiation. The
vidicon has been superseded by CCD detec-
tors.

vignetting /vin-yet-ing/ Uneven or re-
duced illumination over the image plane in
a telescope, camera, etc., leading for exam-
ple to an image that is dimmer at the edges.

Viking probes /vÿ-king/ Two identical
American spacecraft, each comprising an
Orbiter and a Lander, that were launched
in 1975 on a mission to search for life on
MARS. Each Orbiter weighed 2325 kg and
carried two television cameras to photo-
graph the surfaces of Mars and its satel-
lites, and instruments to map atmospheric
water vapor and surface temperature vari-
ations; 52 000 pictures were relayed to
Earth. After detaching from its Orbiter,
each Lander, weighing 1067 kg, made a
successful landing using a combination of
aerodynamic braking, parachute descent,
and retro-assisted touchdown. The
Viking 1 Lander set down on July 20 1976
in CHRYSE PLANITIA after a delay while Or-
biter photographs were searched for a
smooth landing area. Viking 2 landed on
Sept. 3 1976 in UTOPIA PLANITIA, 7420 km
northeast of the Viking 1 Lander.

Each Lander carried two television
cameras, a meteorological station, a seis-
mometer, and a set of soil-analysis experi-
ments serviced by a sampling arm. Only
the seismometer carried by Viking 1 failed
to function; that on Viking 2 registered
mainly wind vibrations and a few minor
Martian ‘earth’ tremors. The television

cameras returned views of a red rock-
strewn surface under a pink dusty sky.
Sand or dust dunes were evident at the
Viking 1 site but no life forms were seen.
The meteorology instruments reported
temperatures varying between 190 K and
240 K with mainly light winds gusting to
50 km per hour.

X-ray analysis of soil samples showed a
high proportion of silicon and iron, with
smaller amounts of magnesium, alu-
minum, sulfur, cerium, calcium, and
titanium. Gas chromatograph mass spec-
trometers carried by the Landers failed to
detect any biological compounds in the
Martian soil, but more ambiguous results
were returned by three experiments de-
signed to test for microorganisms in vari-
ous soil samples.

A labeled-release experiment tested for
radioactive gases that might have been ex-
pelled from organisms in a soil sample fed
with a radioactive nutrient. In a pyrolytic-
release experiment soil was placed with
gases containing the radioactive isotope
carbon-14. The idea was that Martian or-
ganisms might assimilate the isotope into
their cell structure in a process similar to
earthly photosynthesis. Later the soil was
baked and a test made for the carbon iso-
tope in gases driven off. Finally, a gas
exchange experiment monitored the com-
position of gases above a soil sample,
which might or might not have been fed
with a nutrient. If Martian organisms were
breathing the gases, a change in composi-
tion might be detected.

In practice, the pyrolytic release experi-
ment produced negative results, while the
gas exchange experiment gave a marginally
positive response, which could be ex-
plained in terms of a chemical reaction in-
volving the soil and nutrient. The positive
response of the labeled-release experiment
was marked but disappeared when the soil
was sterilized by preheating.

Detailed analysis of the Viking Lander
experiments led to the conclusion that
there is no form of life on Mars.

violent relaxation See dynamical relax-
ation.

vidicon
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Virgo /ver-goh/ (Virgin) An extensive
zodiac constellation straddling the equator
between Boötes and Leo. The brightest
stars are the 1st-magnitude SPICA (α) and
some of 2nd and 3rd magnitude, including
the binary PORRIMA (γ). The Mira-type
variable R Virginis, which varies between
magnitudes 6.2 and 12 over 145 days,
makes an interesting telescope object. The
area contains the CEPHEID VARIABLE W Vir-
ginis. The constellation is rich in faint
galaxies, which are members of the VIRGO

CLUSTER, and contains the first detected
QUASAR 3C–273. Abbrev.: Vir; genitive
form; Virginis; approx. position; RA
13.5h, dec –5°; area: 1294 sq deg.

Virgo A (3C274) An intense radio
source in the VIRGO CLUSTER that is associ-
ated with the galaxy M87. It is 16 mega-
parsecs distant and has a flux density of
198 jansky at a wavelength of 20 cm. M87
is a giant elliptical galaxy that is unusual in
possessing an optical JET extending from its
central regions. Jet and nucleus are both
sources of nonthermal radio and X-ray ra-
diation due to SYNCHROTRON EMISSION

from plasma as it is accelerated along the
jet. M87 is the nearest ACTIVE GALAXY. HUB-
BLE SPACE TELESCOPE observations of a disk
of hot gas in the core of M87 show it to be
rotating rapidly, a signature of a supermas-
sive black hole at the center of the galaxy,
with a mass more than three billion times
greater than that of our Sun.

The thermal X-ray emission in the
Virgo cluster is strongly concentrated to
the region around M87, and to bind this
gas gravitationally the galaxy must have a
total mass of more than 1013 solar masses.
A direct determination of the MASS-TO-LU-
MINOSITY RATIO in this galaxy requires it to
have a massive DARK HALO. The galaxy is
surrounded by over a hundred thousand
globular clusters.

virgocentric flow /ver-goh-sen-trik/ See
Local Supercluster.

Virgo cluster A giant irregular CLUSTER

OF GALAXIES lying near the north galactic
pole in the constellation Virgo. It is the
nearest large cluster: its distance is cur-

rently estimated as 15 megaparsecs. Some
2500 galaxies have been observed of which
about 75% are spirals, the remainder being
mainly ellipticals with a few irregulars. Its
second-brightest member, the giant ellipti-
cal galaxy M87, is both a radio source
(VIRGO A) and an X-ray source (Virgo X-1).
The X-ray halo around M87 is taking part
in a weak cooling flow of around 10 solar
masses a year. A second large elliptical
galaxy in Virgo, M86, is also an X-ray
source, with the X-ray emission forming a
plume directed away from the center of the
galaxy. This is due to the hot gas being
stripped from the galaxy by RAM PRESSURE

as it falls into the cluster. The Virgo cluster
is the center of the LOCAL SUPERCLUSTER,
which exerts a significant gravitational pull
on the LOCAL GROUP of galaxies, reducing
the measured recession velocity of the
Virgo cluster by some 250 km s–1 (to about
1000 km s–1).

virial equilibrium, temperature /vÿ-ree-
ăl/ See virial theorem.

virialization /vÿ-ree-ăl-i-zay-shŏn/ The
way in which dissipative physics intervenes
in the gravitational collapse of a body (e.g.
a CLUSTER OF GALAXIES) to convert the ki-
netic energy of the collapse into random
motions of the constituent members.

virial theorem The energy of a system
in equilibrium is distributed between the
KINETIC ENERGY EK and the POTENTIAL EN-
ERGY EP such that, when averaged over
time, 2EK = –EP. Application of the virial
theorem to a cluster of galaxies or stars al-
lows an evaluation of its total mass from
observations of its size and VELOCITY DIS-
PERSION. The mean temperature at which
the system would satisfy the virial theorem
is the virial temperature, and the system is
said to be in virial equilibrium.

visible radiation, spectrum See light.

Vision for Space Exploration NASA’s
main plan for its future and the future of
US space exploration in the early 21st cen-
tury. It emerged in a speech made by Presi-
dent George W. Bush on Jan. 14 2004, in
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which he ‘set a new course for America’s
space program.’ The Vision program out-
lined a ‘building-block’ strategy of human
and robotic missions, commencing with
the return of the SPACE SHUTTLE to regular
service following the loss of Columbia in
Feb. 2003 and the completion of the IN-
TERNATIONAL SPACE STATION. The program
calls for the return of humans to the Moon
by 2020 and seeks to pave the way for
human missions to explore Mars and be-
yond.

visual binary A BINARY STAR, such as
SIRIUS or Gamma Centauri, whose compo-
nents are sufficiently far apart to be seen
separately, either with the naked eye or
with a telescope. In most cases the compo-
nents differ in brightness: the brighter star
is designated the primary and the other is
the companion. Observations over a pe-
riod of time reveal the apparent orbit of the
companion relative to the primary, from
which the true orbit is derived by adjusting
for the inclination of the orbital plane. If
the distance is known the total mass of the
binary can be obtained from Kepler’s third
law: 

M1 + M2 = a3/p3P2

a is the semimajor axis of the true orbit, p
is the trigonometric parallax (both in arc
seconds), and P is the orbital period in
years; the total mass is obtained in terms of
the solar mass. It is sometimes possible to
measure the absolute orbit of each compo-
nent against the background of more dis-
tant stars. Then, if a1, a2 are the semimajor
axes of these orbits, the ratio of masses is
given by 

a1/a2 = M2/M1
and by applying both equations the indi-
vidual masses can be obtained. If the dis-
tance is unknown, both it and the total
mass can be found using the method of DY-
NAMICAL PARALLAX.

Visual binaries generally have long or-
bital periods and in some cases the period
is too long for any orbital motion to be de-
tected. Such pairs are called common
proper motion stars because, unlike OPTI-
CAL DOUBLE stars, they appear to stay to-
gether as they move across the sky.

visual magnitude See magnitude.

visual meteor See meteor.

VLA Abbrev. for Very Large Array. An
APERTURE SYNTHESIS radio telescope near
Socorro, New Mexico, and part of the NA-
TIONAL RADIO ASTRONOMY OBSERVATORY.
The VLA is the most effective instrument in
the world for general-purpose radio-astro-
nomical imaging. Its ANTENNAS are placed
on a Y-shaped track that allows for high-
resolution observations of sources over a
wide range of DECLINATIONS. The three
arms of the configuration are 21, 18.9, and
21 km long, and together hold 27 DISH an-
tennas that can be positioned at 72 differ-
ent observing locations. Each dish is 25
meters across, with a surface accuracy of
0.5 mm, and weighs 193 tonnes. The
dishes can be arranged in one of four prin-
cipal configurations, from ‘A’ (with a max-
imum BASELINE of 36.4 km) to ‘D’, which is
the most compact and has a minimum
baseline of 33 meters. Their scales vary by
the ratios 1:3.2:10:32. The VLA generates
351 simultaneous baselines and can there-
fore synthesize maps relatively quickly. It
has receivers for observing in six wave-
length bands centered near 90, 20, 6, 3.6,
2, and 1.3 cm.

VLBA Abbrev. for Very Long Baseline
Array. A dedicated VLBI array run by the
US NATIONAL RADIO ASTRONOMY OBSERVA-
TORY. It consists of ten identical DISHES,
each with a diameter of 25 meters, and a
20-station correlator (see correlation re-
ceiver); observations began in 1993. The
dishes are at St Croix, VI, Hancock, NH,
Liberty, IA, Fort Davis, TX, Los Alamos,
NM, Pie Town, NM, KITT PEAK, AZ,
OWENS VALLEY, CA, Brewster, WA, and
MAUNA KEA, HI, giving a maximum BASE-
LINE of 8600 km. The array is controlled
remotely from a joint VLBA and VLA
Array Operations Center in Socorro, New
Mexico. It can observe in nine frequency
bands between 327 MHz and 43 GHz, giv-
ing an angular RESOLUTION of up to 0.2 mil-
liarcseconds. The dishes themselves are
usable up to 86 GHz.

visual binary
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VLBI Abbrev. for very long baseline in-
terferometry. A method of using widely
separated RADIO TELESCOPES as parts of an
INTERFEROMETER without connecting them
directly. The very long baselines achieved
give the interferometer a high angular RES-
OLUTION and allow the study of fine struc-
ture in very distant RADIO SOURCES such as
QUASARS.

Broad-bandwidth signals from each
telescope are recorded on magnetic tape,
together with timing information from
high-precision clocks – usually based on
hydrogen masers. The tapes are then trans-
ported to a central site where they are re-
played to a VLBI correlator which
processes them to produce an image (see
aperture synthesis).

Telescopes at many observatories are
routinely diverted from their normal pro-
grammes to make VLBI observations, and
standard broad-bandwidth recording sys-
tems such as the ‘Mark III’ are used. Dedi-
cated networks also exist (see VLBA)
whose sole purpose is VLBI. Sometimes
telescopes from around the world are com-
bined to give intercontinental VLBI with
baselines of more than 10 000 km. Base-
lines greater than the diameter of the Earth
can be achieved by using a telescope
mounted on an orbiting satellite, as is sug-
gested for VSOP and RADIOASTRON.

VLBI can also be used to measure cer-
tain geodynamical phenomena, such as the
movements of tectonic plates, polar wob-
ble, and the rise and fall of Earth tides.

VLT Abbrev. for Very Large Telescope.

VMO Abbrev. for very massive object.
A hypothetical POPULATION III star.

Vogt–Russell theorem /fohkt russ-ĕl/   A
theorem proposed independently by H.N.
Russell and H. Vogt in 1926 stating that, if
the age, mass, and chemical composition of
a star are specified, then its temperature
and luminosity are (in almost all cases)
uniquely determined. Hence for a star
whose age, mass, and chemical composi-
tion are known, the equations of STELLAR

STRUCTURE will have only one solution.

void See large-scale structure.

Volans /voh-lanz/ (Flying Fish) A small
inconspicuous constellation in the south-
ern hemisphere near the Large Magellanic
Cloud, the brightest stars being of 3rd
magnitude. Abbrev.: Vol; genitive form:
Volantis; approx. position: RA 8h, dec
–70°; area: 141 sq deg.

volcanism /vol-kă-niz-ăm/ Any of vari-
ous processes whereby molten material,
produced by interior heating, rises along
with associated gases through the crust of
a planet or satellite and bursts out upon the
surface in the form of volcanic eruptions,
geysers, etc. Active volcanism, which pro-
duces new crustal material, occurs not only
on Earth but also on the satellites IO and
TRITON. Volcanism on the Moon produced
the lava of the MARIA but largely ceased
some three billion years ago. Evidence for
past volcanism has also been found on
Mars (see Mars, volcanoes), VENUS, and
several outer-planet satellites such as EU-
ROPA, GANYMEDE, ENCELADUS, TETHYS,
ARIEL, and TITANIA.

Voskhod /vos-kod/ Two Soviet piloted
spacecraft that followed the VOSTOK series.
Voskhod 1 was launched Oct. 12 1964 and
was the first multi-crewed spacecraft: three
cosmonauts were on board. Voskhod 2
was launched on Mar. 18 1965, and during
its flight one of the two-man crew, Alexsei
Leonov, made the first spacewalk.

Vostok /vos-tok/ A series of six Soviet
piloted spacecraft that were able to carry
one person into orbit. Vostok 1 was
launched on Apr. 12 1961. Its crew mem-
ber, Yuri Gagarin, became the first man in
space, the flight lasting 1.8 hours. In subse-
quent Vostok missions the flight duration
was extended up to 119 hours so that the
effects of prolonged weightlessness could
be studied. The double launching of Vos-
toks 3 and 4 in Aug. 1962 and their close
approach in orbit led to an appreciation of
rendezvous techniques.

Voyager probes Two 825-kg US probes
launched in 1977 toward the planets of the
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outer Solar System and making use of the
rare PLANETARY ALIGNMENT that occurred
at the beginning of the 1980s. Voyager 1,
launched on Sept. 5 1977, reached JUPITER

in Mar. 1979, moving in a path that took
it close to the satellites CALLISTO and
GANYMEDE, then quite near EUROPA, and
close to IO, before it made its closest ap-
proach (280 000 km) to Jupiter on Mar. 5;
it then passed AMALTHEA. Using the sling-
shot action of Jupiter, Voyager 1 was set
on a course for SATURN, which it reached in
Nov. 1980. It approached within 125 000
km of that planet on Nov. 12, dipping
below Saturn’s rings just after passing close
to the satellite TITAN. The spacecraft then
headed out of the Solar System with no fur-
ther planetary encounters.

Voyager 2, launched on Aug. 20, 1977,
reached Jupiter in July 1979. It passed
close to Callisto, Ganymede, and Europa,
then passed Amalthea before its closest ap-
proach (714 000 km) to the planet on July
9. Since Voyager 1’s encounter with Titan
was successful, Voyager 2 was set on a
path that took it past Saturn in Aug. 1981
and on toward Uranus and Neptune. It
passed closer to several of Saturn’s satel-
lites (in particular IAPETUS, HYPERION,
TETHYS, and ENCELADUS) than Voyager 1
had done, but farther from Titan. Moving
above the plane of Saturn’s rings it made its
closest approach (101 300 km) to the
planet on Aug. 25, 1981. Voyager 2
reached URANUS in Jan. 1986, making its
closest approach (107 000 km) on Jan. 24
and discovering many hitherto unknown
small satellites. It went on to NEPTUNE,
making its closest approach (5000 km) on
Aug. 25, 1989. Voyager 2 then also made
its way out of the Solar System.

The two spacecraft carried a variety of
instruments for scientific investigations,
and three engineering subsystems for on-
board control of spacecraft functions. Tra-
jectory correction maneuvers could be
enabled only from Earth. The science in-
struments for viewing the planets and their
satellites and ring systems were mounted
on a platform capable of being pointed
very precisely. The instruments included a
narrow-angle and a wide-angle TV camera
for high-resolution imaging of satellite sur-

faces, etc., an infrared spectrometer, inter-
ferometer, and radiometer, an ultraviolet
spectrometer, and instruments for studying
plasmas, low-energy charged particles, and
cosmic rays. In addition there were magne-
tometers mounted on an extendable boom
and two planetary radio astronomy and
plasma wave antennas. A 3.7-meter aper-
ture high-gain radio dish pointed continu-
ously toward Earth, allowing two-way
communications of commands and infor-
mation. Power was provided by three ra-
dioisotope thermoelectric generators, and
hot gas jets provided thrust for attitude sta-
bility and trajectory corrections. Not
everything ran smoothly with the Voyager
probes. During Voyager 2’s Saturn en-
counter, its camera and science instru-
ments platform became temporarily stuck.
Another problem was that its radio an-
tenna failed, and the team of Earth-based
scientists were forced to use a less efficient
backup system. Nevertheless, a. wealth of
information was returned to Earth from
the two Voyager craft, revealing many un-
expected aspects concerning the satellites
(especially the volcanic activity on Io), the
fine details of Saturn’s rings, and the exis-
tence of new satellites and planetary ring
systems. (Details are given at individual en-
tries in the Dictionary.)

After Voyager 2’s encounter with the
Neptune system, NASA redesignated the
continuing Voyager journeys as the Voy-
ager Interstellar Mission (VIM). Both Voy-
ager craft are still making and transmitting
observations on the outer HELIOSPHERE,
monitored by the DEEP SPACE NETWORK.
They are heading out of the Solar System in
opposite directions. Voyager 1 is now the
most distant human-made object in the
Universe. At the start of 2005 it was more
than 14 billion kilometers (93 AU) from
the Sun, traveling away from it at a veloc-
ity of about 17.184 km/s (3.5 AU per year)
and heading north at an angle of 35.55° to
the plane of the ecliptic. Voyager 2 is head-
ing out in a southerly direction at a veloc-
ity of 15.64 km/s (about 3.13 AU per year)
and at an angle to the ecliptic of 47.46°.
On their way out of the Solar System, both
spacecraft are likely to have to negotiate a
passage through the OORT CLOUD, which

Voyager probes
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could take as long as 20 000 years. In
about 40 000 years time, Voyager 1 will, if
it survives, pass within 0.49 parsec of the
red dwarf star AC+79 3888 in the constel-
lation of Camelopardalis. By about the
same time, Voyager 2 will pass within 0.52
parsec of another red dwarf, Ross 248 in
Andromeda, and in 296 000 years it will
pass Sirius at a distance of 1.32 parsecs.
Both craft carry disks containing informa-
tion about the Earth that an alien civiliza-
tion might someday access.

VSA Abbrev. for Very Small Array. 
A close-packed array of 14 small horn-
reflector antennas, mounted on a tip-table
and operating at frequencies between 26
and 36 GHz. The VSA is designed to 
make images of the COSMIC BACKGROUND

RADIATION on angular scales of about one
degree, and is located at the Teide Obser-
vatory in Tenerife. The project is a collab-
oration between MRAO, JODRELL BANK and
the Instituto de Astrofisica de Canarias
(Tenerife).

VSOP Abbrev. for VLBI Space Observa-
tory Program. An 8-meter Earth-orbiting
radio telescope, designed by the Japanese
Institute of Space and Astronautical Sci-
ence (ISAS) and launched into a highly el-
liptical orbit (apogee 21 000 km, perigee
560 km) in 1997. Renamed HALCA after
its successful launch, the spacecraft per-
forms VLBI observations, in collaboration
with ground-based telescopes, on baselines
up to three times longer than those achiev-
able on Earth and at frequencies of 1.6, 5
and 22 GHz. HALCA is both an acronym

for ‘Highly Advanced Laboratory for
Communications and Astronomy’ and a
Japanese pun for ‘far away’.

Vulcan /vul-kăn/ A hypothetical planet,
thought during the 19th century to orbit
the Sun within the orbit of Mercury.
Searches for it during total solar eclipses
and at suggested times of TRANSIT across
the Sun were all unsuccessful. It is now
known not to exist.

Vulpecula /vul-pek-yŭ-lă/ (Fox) A con-
stellation in the northern hemisphere near
Cygnus, lying in the Milky Way, the
brightest stars being of 4th magnitude. It
contains the DUMBBELL NEBULA. Abbrev.:
Vul; genitive form: Vulpeculae; approx.
position: RA 20h, dec +25°; area: 268 sq
deg.

VV Cephei stars /see-fee-ÿ/ A class of
massive interacting BINARY STARS, with or-
bital periods from somewhat less than a
year to several decades, in which a massive
supergiant (usually an M star) transfers
mass to a blue companion (typically a B
star). The mass donor appears to fill or al-
most fill its Roche lobe (see equipotential
surfaces). Because most VV Cephei stars
have very eccentric orbits, MASS TRANSFER

often appears to be strongest near the
phase of closest approach. VV Cephei sys-
tems are the more evolved counterparts of
ZETA AURIGAE systems. Some well-studied
examples include VV Cephei, AZ Cas-
siopeiae, and KQ Puppis.

V/Vm test See luminosity-volume test. 



walled plains See craters.

wandering stars See fixed stars.

Washington Visual Double-Star Cata-
log A whole-sky catalog of binary and
optical double stars prepared by Charles E.
Worley and Geoffrey G. Douglass and is-
sued by the US Naval Observatory, Wash-
ington D. C. The latest edition (1996) lists
78 100 objects, giving the position of each
double and the magnitude of the brighter
component. Multiple stars are split into
pairs. The positions given in the catalog are
those for 1900, as given in earlier catalogs,
such as the 1961 Index Catalog of Visual
Double stars (Jeffers and Van den Bos), but
have been precessed to epoch 2000.0.

watt /wot / Symbol: W. The SI unit of
power, defined as the power resulting from
the dissipation of one joule of energy in one
second.

waveband /wayv-band/ (band) A region
of the electromagnetic spectrum lying be-
tween frequency (or wavelength) limits
that are defined according to some prop-
erty of the radiation, or some requirement
or functional aspect of a detecting device or
system or transmission channel.

wavefront /wayv-frunt/ The imaginary
surface of a wave of light or other radia-
tion, connecting points of the same phase.
The advancing wavefront is normally per-
pendicular to the direction of travel and
may be plane, spherical, cylindrical, or
more complex.

waveguide /wayv-gÿd/ A metal tube,
usually of rectangular cross section, down
which traveling electromagnetic waves

may be propagated. In a more general
sense it is any system of material bound-
aries that fulfills the same purpose, such as
layers of plasma in the IONOSPHERE. Wave-
guides are used at microwave frequencies
where dielectric losses in radio cables be-
come excessive; they are therefore used as
FEEDERS in radio telescopes. The guided
waves may be radiated away at the end of
the waveguide by a horn antenna, which is
a flared metal device having the dimen-
sions of the waveguide at one end and
opening out to a large aperture at the other
end.

wavelength /wayv-length/ Symbol: λ.
The distance over which a periodic wave
motion goes through one complete cycle of
oscillation, i.e. the distance traveled during
one period. Thus for a sinusoidal wave mo-
tion, such as ELECTROMAGNETIC RADIATION,
it is the distance between two successive
peaks or troughs. For electromagnetic radi-
ation, wavelength is related to frequency,
ν, by νλ = c, where c is the speed of light.
Wavelength is measured in meters or in
multiples or submultiples of meters; for ex-
ample, the wavelength of light is usually
given in nanometers while that of infrared
radiation is usually quoted in micrometers.

waxing Moon The Moon as its illumi-
nated face increases in size during one half
of the synodic month. The illuminated face
then decreases in size, as the waning Moon,
for the remainder of the month. See phases,
lunar.

WC stars See Wolf-Rayet stars.

weak force See fundamental forces.
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weak-line T Tauri stars /tor-ÿ, -ee/ See
T Tauri stars.

weber /vay-ber/ Symbol: Wb. The SI unit
of magnetic flux.

weight The force experienced by a body
on the surface of a planet, natural satellite,
etc., that results from the gravitational
force (directed towards the center of the
planet, satellite, etc.) acting on the body. A
body of mass m has a weight mg, where g
is the acceleration of gravity.

weightlessness The condition associ-
ated with FREE FALL, i.e. the motion of an
unpropelled body in a gravitational field.
The acceleration of a person in a freely-
falling object, such as a spacecraft, is equal
to that of the freely-falling object. The per-
son thus experiences no sensation of
weight and floats freely. Many crew mem-
bers on the US space shuttles and the USSR
and US space stations have suffered a com-
bination of symptoms, akin to those of mo-
tion sickness, as they adapt to conditions of
weightlessness. It usually takes 1–3 days to
overcome the problem (known as space
adaptation syndrome or space sickness),
duties being performed more slowly than
scheduled. This can be serious on short-
term missions. Other effects observed are a
drop in activity of white blood cells, which
fight disease, and a reduction in red blood
cell count. The adaptation to conditions of
normal Earth gravity following periods of
weightlessness have been investigated by
both the USSR and the USA after space-
flights of ever-increasing duration. No
long-term effects have been observed to
date. See also microgravity.

West (1976 VI) A brilliant comet that
passed within 30 million km of the Sun in
Feb. 1976. The cometary nucleus broke
into at least four fragments, accompanied
by massive outbursts of gas and dust.

Westerbork Radio Observatory /vess-
ter-bork/ An observatory at Westerbork,
near Groningen in the northern Nether-
lands. It has a highly sensitive APERTURE

SYNTHESIS system (the Westerbork Synthe-

sis Radio Telescope, or WSRT), which went
into operation in 1970 and is run by the
Netherlands Foundation for Radio Astron-
omy. Fourteen 25-meter radio dishes lie on
a line running east-west and 2.8 km in
length. (Originally there were 12 dishes on
a 1.6-km baseline.) Four of the dishes are
movable: two at one end of the line and a
further two nearer the center of the line
and the ten fixed dishes. It can observe at
frequencies between 250 MHz and 8.65
GHz.

western elongation See elongation.

west point See cardinal points.

Wezen /wez-en/ See Canis Major.

Whipple model /hwip-ĕl/ See comet.

Whipple Observatory See Fred L.
Whipple Observatory.

Whipple’s comet A comet that started
life with a near-circular orbit, eccentricity
0.167, period 10.3 years, and has been per-
turbed by Jupiter so that it now has an ec-
centricity of 0.26 and a period of 8.5 years.
The comet seems to decrease in brightness
by one magnitude at each return.

Whirlpool galaxy (M51; NGC 5194)   A
well-defined type Sc spiral galaxy (see
Hubble classification) that is face-on to us.
It lies at a distance of 6 Mpc in the constel-
lation Canes Venatici, the nearest bright
star being Eta Ursae Majoris in the
PLOUGH. A small companion galaxy, NGC
5195, appears to be connected to it by an
extension of one of the spiral arms. Total
magnitude: 8.1.

white dwarf An extremely dense com-
pact star that has a mass below the CHAN-
DRASEKHAR LIMIT (about 1.4 solar masses)
and has undergone GRAVITATIONAL COL-
LAPSE. Having diameters only 1% that of
the Sun these stars are consequently very
faint, with absolute MAGNITUDES ranging
from +10 to +15. The description ‘white’ is
misleading because they display a range in
color as they cool down, through white,
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yellow, and red, until finally ending up as
cold black globes – called black dwarfs.
However, the white ones are the brightest
and were the first to be discovered.

White dwarfs are the final phase in the
evolution of a low-mass star. Their prog-
enitors are stars of up to 8 solar masses,
which lose up to 90% of their matter in the
form of PLANETARY NEBULAE. The core
shrinks to become a white dwarf following
the exhaustion of its nuclear fuel. Because
most of the matter in the core of the col-
lapsing star is in a DEGENERATE state – with
the electrons stripped from their nuclei and
packed tightly together – the star contracts
until its gravity is balanced by the degener-
acy pressure of the electrons, and the den-
sity rises to 107–1011 kg m–3. Because of
the peculiar behavior of degenerate ma-
terial (which is subject to the quantum me-
chanical uncertainty principle), the most
massive white dwarfs collapse to the small-
est diameters and highest densities. Stars
above the Chandrasekhar limit are too
massive to be supported in this way and
must collapse further to become NEUTRON

STARS or BLACK HOLES. In practice, the ad-
dition of extra matter to a carbon–oxygen
white dwarf at the Chandrasekhar limit
may alternatively produce a runaway ex-
plosion as a type Ia SUPERNOVA.

The light from white dwarfs does not
arise from internal nuclear reactions but in
a thin gaseous atmosphere that slowly
leaks away the star’s heat into space. The
spectral lines arising in this atmosphere are
broadened by the extremely high surface
gravity, and in extreme cases the light loses
enough energy to suffer a measurable
GRAVITATIONAL REDSHIFT. Over 75% of
white dwarfs have hydrogen-rich atmos-
pheres, and are designated DA (see below).
Some white dwarfs show no hydrogen at
all in their spectra, whereas others are en-
riched in helium, carbon, and calcium. A
few have strong magnetic fields (105 tesla)
and several have high rotational velocities.
Some are pulsating variables (see ZZ Ceti
stars). NOVAE, RECURRENT NOVAE, and
DWARF NOVAE are close binary stars in
which one component is a white dwarf (see
cataclysmic variable).

Spectroscopic classification of white
dwarfs by SPECTRAL TYPE is inadequate be-
cause of the variety of surface composition.
A classification scheme, introduced in
1983 by E. Sion and others, is based on the
following spectral characteristics and tem-
perature information:

DA  only lines of neutral hydrogen
(H I) 

DB  neutral helium (He I); no H or
metals 

DC  continuous spectrum 
DO  ionized helium (He II) strong; no

H or He 
DZ  metal lines only; no H or He 
DQ  carbon features
White dwarfs are further designated

with a temperature index from 0–9, and
with appropriate letters for magnetic
fields/polarization (H,P), variability (V),
and peculiar or unclassified spectra (X).

It has been estimated that there may be
1010 white dwarfs in our Galaxy, many
having by now cooled to become black
dwarfs. Best known of all white dwarfs is
Sirius B, companion to SIRIUS (αCMa),
which was discovered in 1862 by Alvan
Clark after F.W. Bessel had predicted its
existence (in 1844) from the unusual mo-
tion of Sirius. Sirius B has a radius of only
104 km, about twice that of the Earth, but
a mass similar to that of the Sun.

white hole The reverse of a BLACK HOLE:
a region where matter spontaneously ap-
pears. Early calculations on black holes in-
dicated that the extreme distortion of space
and time inside the EVENT HORIZON should
connect our Universe with another through
an Einstein–Rosen bridge (or wormhole).
Matter falling into the black hole should
then correspondingly appear in the other
Universe as outpouring of material
through a white hole. It now seems likely
that such links, and hence white holes, do
not exist.

white-light corona See corona.

white noise See noise.

wide field See field of view; eyepiece.

white hole
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Willstrop telescope

Widmanstätten figures /vid-măn-shtet-
ĕn/ Patterns of nickel-rich and nickel-
poor bands crossing one another in two,
three, or four directions that are revealed
when polished surfaces of most IRON METE-
ORITES are etched. They are lamellar inter-
growths of kamacite, taenite, and plessite.

Wien displacement law /veen/ See
black body.

Wild Duck See Scutum.

Wild’s Trio A group of three irregular
barred spiral galaxies that lies in the con-
stellation Virgo. The galaxies appear to be
connected by bridges of luminous material.
Their differing radial velocities, derived
from the REDSHIFTS in their spectra, suggest
that the group is rapidly disintegrating.

Wilkinson Microwave Anisotropy
Probe (WMAP) NASA probe investigat-
ing and mapping the fluctuations in the mi-
crowave background radiation that had
been discovered by COBE. It was launched
June 30 2001 into a halo orbit around the
Sun–Earth Lagrangian point L2, about 1.5
million km from the Earth. Originally
known as MAP, it was later renamed in
memory of the famous cosmologist David
Todd Wilkinson, who died in Sept. 2002.

William Herschel Telescope /her-shĕl/
A 4.2-meter reflecting telescope with an AL-
TAZIMUTH MOUNTING sited at the ROQUE DE

LOS MUCHACHOS OBSERVATORY in the Ca-
naries and forming part of the Isaac New-
ton Group. It is largely a UK telescope with
the Dutch and Spanish sharing observing
time. It began regular operations in 1987.
It has a glass–ceramic (Cer–Vit) primary
mirror of great thermal stability and a focal
ratio of f/2.4. The telescope can be used in
a CASSEGRAIN CONFIGURATION (there is also
an off-axis ‘broken Cassegrain’ focus). In
addition, light from the secondary mirror
can be diverted through the altitude bear-
ings of the Y-shaped fork mounting to two
NASMYTH foci, where heavy instruments
can be mounted. Sophisticated electronic
equipment detects and analyzes the light.
In 2000, the William Herschel Infrared
Camera (WHIRCAM) was replaced by the
Isaac Newton Group Red Imaging Device
(INGRID), a near-infrared camera for use
mainly at the telescope’s Cassegrain focus.
INGRID is optimized for a wide field of
view at relatively short wavelengths
(0.8–2.5 µm). Its 1024 × 1024 near-in-
frared detector array provides imaging at a
resolution of 0.25 arcseconds per pixel.

Willstrop telescope /wil-strop/ A com-
pact three-mirror telescope with a very
wide field of view, designed by Roderick

perforated
primary

Willstrop telescope



Willstrop (see illustration). The focal plane
lies at the center of the perforated primary
mirror, which is approximately parabo-
loidal. The convex secondary and concave
tertiary depart from sphericity. The system
produces a high-quality image with very
low image spread.

Wilson effect /wil-sŏn/ The apparent
displacement of the umbra of a SUNSPOT

relative to the penumbra as the spot is car-
ried by the Sun’s rotation from the east to
the west limb of the disk. For a symmetri-
cal sunspot, the side of the penumbra clos-
est to the center of the disk is more
foreshortened than that toward the limb.
This was first interpreted as implying that
the spot is a depression, but it is now
known that the OPACITY of the umbra is
less than that of the penumbra and that this
also contributes to the effect.

WIMP Abbrev. for weakly interacting
massive particle. A hypothetical ELEMEN-
TARY PARTICLE that is a candidate for DARK

MATTER. It is a stable neutral particle,
somewhat heavier than the neutron, that
interacts only weakly with ordinary mat-
ter. Theory indicates that sufficient
WIMPS could have formed in the early
Universe to account for the high propor-
tion of dark matter.

window See atmospheric windows;
launch window.

wing A broad feature occurring on one
side of the position of a spectral line or
band. The matter producing this feature is
traveling at much greater speeds than that
producing the main peak and thus has a
greater Doppler shift. A redshifted wing
(i.e. shifted to longer wavelengths) is pro-
duced by gas receding from us, a
blueshifted (shorter-wavelength) wing by
gas moving toward us.

WISE abbrev. for Wide-field Infrared
Survey Explorer. A NASA satellite planned
for a possible launch in 2008 that will scan
the whole sky in the wavelength range
from 3.5 to 23 microns in search of new
sources of infrared radiation, including

nearby cool stars and the most distant and
very luminous galaxies. Using a cryogeni-
cally cooled space telescope, the survey is
expected to be 1000 times as sensitive as
IRAS and should add considerably to the
catalog of known infrared sources by iden-
tifying millions of new objects. It is also
hoped that WISE will supply the JAMES

WEBB SPACE TELESCOPE with a full list of ob-
servational targets.

WIYN telescope A 3.5-meter telescope
on Kitt Peak, Arizona, completed in 1994.
It is a project of the University of Wiscon-
sin, Indiana University, Yale University,
and the NATIONAL OPTICAL ASTRONOMY OB-
SERVATORIES (NOAO). It has a lightweight
borosilicate PRIMARY MIRROR, RITCHEY–
CHRÉTIEN OPTICS, and an ALTAZIMUTH

MOUNTING.

WN stars See Wolf Rayet stars.

Wolf number See relative sunspot num-
ber.

Wolf–Rayet galaxies /wûlf ray-ĕt; volf
rah-yay/ A rare type of STARBURST

GALAXY, whose spectra contain emission
features that reveal the presence of hun-
dreds to thousands of WOLF-RAYET STARS.
Wolf-Rayet galaxies also show other indi-
cators of massive stars, such as a blue con-
tinuum and emission-lines typical of H II

REGIONS.

Wolf–Rayet stars A small group of
very luminous very hot stars, with temper-
atures possibly as high as 90 000 K, that
have anomalously strong and broad emis-
sion lines of ionized helium, carbon, oxy-
gen, and nitrogen but few absorption lines.
Since their discovery (by C.J.E. Wolf and
G. Rayet, 1867), more than 300 have been
found in our Galaxy and its neighbors. The
majority either have lines of He, C, and O
– WC stars – or He and N – WN stars; both
types have anomalously low abundances of
hydrogen. A further rare group, called WO
stars, have recently been identified with
very strong O emission lines. The emission
lines are thought to arise in an expanding
stellar atmosphere moving at very high

Wilson effect
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speeds of up to 3000 km s–1 so that the star
is continuously and rapidly losing mass.
The average mass for Wolf–Rayets is 10
solar masses. About half are known to be
binary stars, usually with O or B stars as
companions, an example being Gamma
Velorum (WC8 + O7).

These unusual properties provide clues
that Wolf–Rayets are the centers of very
massive OF STARS stripped of their outer en-
velopes with the products of interior nu-
clear burning being revealed. Because the
Wolf–Rayets are the more evolved mem-
bers of each binary, they must originally
have been the more massive partner, a star
of at least 20 solar masses. Half that mass
has thus been lost in their stellar winds,
whose high outflow rate would strip this
mass off the star in only 100 000 years.
This gas is in fact often visible as a ring
nebula surrounding the Wolf–Rayet star.
In a close binary the companion’s gravity
may assist the stripping, but for single stars
the cause of the high mass loss is still un-
certain, although RADIATION PRESSURE

probably plays a major role.

world line See spacetime.

world models See cosmological mod-
els.

wormhole /werm-hohl/ A theoretical
object bridging two regions of SPACETIME.
See also white hole.

WO stars See Wolf–Rayet stars.

wrinkle ridges Linear deformed and
folded lunar features that are confined to
the MARIA and may be elevated by several
hundred meters; they may however con-
tinue into the HIGHLANDS as scarps. Wrin-
kle ridges are frequently compound,
discontinuous, and associated with RILLES.
They often reflect underlying topography,
including BASIN ring structures beneath the
maria. They may result from fissure erup-
tions, faulting, or the contraction of a sur-
face crust following the draining away of
subsurface lavas. SURVEYOR 6 landed close
to a wrinkle ridge in Sinus Medii. See also
lobate ridge.

W Serpentis star /ser-pen-tiss/ (Beta Lyrae
star) A close BINARY STAR system where
matter is being transferred very rapidly
from one star to the other. This occurs
when the more massive member of a close
binary evolves to become a red giant (the
previous stage may be an RS CANUM VE-
NATICORUM STAR); the MASS TRANSFER can
be so efficient that 85% of the red giant’s
mass is transferred to the other star. The
system ends up as an ALGOL VARIABLE.

Observationally, W Ser stars are SPEC-
TROSCOPIC binaries characterized by emis-
sion lines from an extended gas envelope
that is hotter than either of the stars in the
system; the emission is thousands of times
brighter than the lines from a star’s CHRO-
MOSPHERE. This gas represents part of the
giant star’s mass that is lost to the system
during the rapid transfer. The bulk of the
gas forms an accretion dis around the gi-
ant’s companion, and as this gas spirals in-
ward the inner regions can heat up to
100 000 K and supply the radiation that
ionizes the extensive tenuous gas produc-
ing the emission lines.

The outer cooler regions of the accre-
tion disk can camouflage the accreting star
and make it look larger and cooler than it
actually is. This star will thus often have
the appearance of a giant rather than that
of the underlying main-sequence star.
When mass transfer is most rapid, as in
Beta Lyrae, the disk conceals this compo-
nent entirely. Thus in Beta Lyrae we detect
only the expanding giant star, a supergiant
of spectral type B8.5 that is elongated to-
wards its companion because it fills its
Roche lobe (see equipotential surfaces).
The companion is hidden by a disk about
twice as wide but only half as thick as the
supergiant’s diameter. The system is an
ECLIPSING BINARY, with disk and star alter-
nately eclipsing one another; the ellipsoidal
shape of the supergiant causes the light
curve to peak between eclipses, when the
maximum extent of the star is seen. The
B8.5 star is losing mass at a rate of about
10–5 solar masses per year, and this causes
an increase in the orbital period (13 days)
at a rate of 19 seconds per year.

WSRT Abbrev. for Westerbork Synthe-
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W Ursae Majoris stars
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sis Radio Telescope. See Westerbork Radio
Observatory.

W Ursae Majoris stars /er-see mă-jor-iss/
(W UMa stars) A class of contact ECLIPS-
ING BINARIES that have very short periods
amounting to only a few hours and com-
ponents that are so close that they are
grossly distorted by tidal forces into ellip-
soidal shapes. Mass transfer occurs be-
tween the stars (see equipotential surfaces).
The components are approximately equal
in brightness, as seen by the equal depths of
the minima of the light curves. As with W

SERPENTIS STARS the light curves show con-
tinuous variation resulting from the dis-
torted stellar shapes and variable surface
intensity. The two components are more
similar in luminosity than in mass (the

ratio of masses can be 12:1), so energy
from the more massive star’s core is being
fed to the companion’s photosphere. Re-
sulting chromospheric activity is thought
to be responsible for the unusually high X-
ray output of these stars.

About 0.1% of all main-sequence stars
should be born in close enough doubles to
become contact systems: the lower mass F,
G, and K stars are the W UMa class while
the rare more massive analogs are called
SV Centauri stars. In both cases as the
more massive component swells to become
a giant, its outer layers will surround both
stars to create a COMMON ENVELOPE STAR;
the final outcome will be a coalesced star.

W Virginis stars /ver-ji-niss/   See Cepheid
variables.



XEUS The X-ray Evolving Universe
Spectroscopy Mission, an advanced form
of X-ray space observatory that the Euro-
pean Space Agency (ESA) plans to launch
after 2010. The current probable launch
date is Jan. 2014. The proposed mission is
a long-lived observatory using cutting-edge
X-ray spectroscopy technology to investi-
gate the very hot young Universe, looking
back to a time when stars and galaxies
were developing through the gravitational
collapse of gas and dust clouds. XEUS will
also investigate the X-rays coming from
material falling into black holes and asso-
ciated with neutron stars and supernova
remnants. Among its stated goals will be a
better understanding of the largest col-
lapsed objects in the Universe, clusters of
galaxies, and how their properties can be
used to probe DARK MATTER and DARK EN-
ERGY, greater knowledge of the earliest
massive black holes and their connection
with the formation of galaxies, an investi-
gation of the nature of gravity, space, and
time around such massive black holes, and
a clearer picture of matter under extreme
conditions and the structure of highly col-
lapsed stars. Proposed as a follow-on mis-
sion to ESA’s successful XMM-NEWTON

OBSERVATORY, XEUS is expected to be
using cryogenically cooled X-ray detectors
that will have 200 times the sensitivity of
its predecessor. By using telescope barrels
made of silicon instead of nickel, XEUS
will be able to carry larger but lighter op-
tics. Its X-ray detectors and spectrometers
will deliver resolutions of unparalleled sen-
sitivity. It will also be isolated from most
extraneous background interference by
being placed far out in interplanetary
space, in a stable orbit around L2, one of
the Lagrangian points of the Sun–Earth
system.

XMM An X-ray mission, the second
‘cornerstone’ mission in the ESA HORIZON

2000 space science program launched into
an elliptical orbit (apogee 115 000 km,
perigee 7000 km, period 48 hr) by Ariane
5 in December 1999. Three identical nests
of GRAZING INCIDENCE telescopes, each of
7.5 meters focal length, provide effective
areas (1500 cm2 at 6 keV and 4000 cm2 at
1 keV) larger than on any previous or con-
temporary payload, making XMM partic-
ularly well-suited to the study of faint
galactic and extragalactic sources. The
telescopes feed a combination of X-ray-
sensitive CCDs and reflection gratings, with
spectroscopy and deep X-ray imaging
being primary observational goals. XMM
also carries a co-aligned optical telescope
which will be used to provide simultaneous
visible and UV fluxes of the observed X-ray
sources and is intended to operate in orbit
for up to 10 years.

XMM-Newton Observatory An im-
portant X-RAY ASTRONOMY satellite
launched on top of an Ariane 5 rocket by
the European Space Agency (ESA) Dec.
1999 from Kourou, French Guiana.
Named officially the High-Throughput X-
ray Spectroscopy Mission, it became better
known as XMM-Newton from the facts
that it is an X-ray multi-mirror (XMM)
space observatory and it commemorates
the great English physicist Sir Isaac New-
ton, the ‘father’ of spectroscopy. Its mis-
sion was nominally to last two years but it
was designed to function for a decade and
was still operating smoothly at the end of
2004.

Launched less than six months after
NASA’s CHANDRA X-RAY OBSERVATORY,
XMM-Newton rivals Chandra in techno-
logical sophistication. At the time of its
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launch, the 10-meter-long, 3.8-tonne
XMM-Newton was the largest science
satellite ever built by ESA. Like Chandra, it
observes the hot, high-energy phenomena
of the Universe with unprecedented sensi-
tivity, revealing thousands of hitherto
unknown X-ray sources. Its observing pro-
gram is set to include monitoring of the hot
regions surrounding black holes and the
centers of galaxies, examining the X-ray
output of SUPERNOVA REMNANTS, investi-
gating the X-ray component of the cosmic
background radiation, and analyzing the
results of GAMMA-RAY BURSTS. It is also
seeking to discover the true nature of the
matter making up an ultradense NEUTRON

STAR.
As its official name suggests, X-ray

spectroscopy is a central element in XMM-
Newton’s mission program, and it carries
scientific instruments designed to reveal
the chemical makeup, temperature and
velocity of the new X-ray sources it discov-
ers. Its high-technology design consists of
three huge coaligned X-ray telescope bar-
rels made of nickel, each holding 58 wafer-
thin cylindrical grazing-incidence mirrors
nested inside each other, occupying an area
the size of a tennis court. Each mirror has
a coating of gold less than a millimeter
thick to reflect X-rays that would normally
pass right through. In the focal plane of
each of the three X-ray telescopes lies a
CCD camera providing imaging spec-
troscopy at a resolution of E/∆E ≅ 100 at 6
keV over a 30 arc-minute-diameter field of
view. Two of the telescopes also carry re-
flection-grating spectrometers delivering a
resolution of between 100 and 600 in the
energy range 0.35–2.5 keV. XMM-New-
ton also carries a small optical and ultravi-
olet telescope. Four small thrusters using
hydrazine gas and four momentum wheels
mounted on the spacecraft allow its atti-
tude to be altered when aiming at a source.
XMM-Newton’s highly elliptical orbital
path around the Earth (apogee 114 000
km, perigee 7000 km) takes it almost a
third of the way to the Moon, and one
orbit takes 48 hours to complete, so that
astronomers can enjoy long, uninterrupted
views of celestial objects and long exposure
times unhindered by Earth shadowing.

X-ray astronomy The study of objects
lying beyond the Solar System in the pho-
ton energy band 100 to 100 000 electron-
volts (corresponding to wavelengths from
12 nanometers (nm) to 0.012 nm). X-ray
observations are now an integral part of as-
tronomy, relating particularly to galactic
and extragalactic systems where violent or
energetic phenomena give rise to copious
high-energy particles or super-hot gas.

Opacity of the terrestrial atmosphere
throughout the X-ray band requires that
observations be made above about 150 km
and hence X-ray astronomy could begin
only after high-altitude rockets became
available. The first detection of a cosmic X-
ray source was made by Riccardo Giacconi
and colleagues in July 1962, during an ex-
ploratory rocket launch equipped with an
X-ray detector to search for lunar fluores-
cence. Confirmation of this source (SCOR-
PIUS X-1) and the discovery of a second
source (Taurus X-1) in 1963 began an ac-
tive period of rocket and balloon observa-
tions that, by 1970, had yielded 25–30
sources spread throughout the Galaxy;
there was also one likely extragalactic
source, apparently associated with the
powerful radio galaxy VIRGO A (M87). The
first optical identification was of Taurus
X-1, which was found to coincide with the
CRAB NEBULA supernova remnant in a clas-
sical lunar occultation observation by Her-
bert Friedman and his colleagues in the
USA.

The launch of the first X-ray astronomy
satellite, UHURU, in Dec. 1970 accelerated
the development of the subject, yielding
many new sources including a large num-
ber at high galactic latitude. In particular,
Uhuru discovered X-RAY BINARIES and
showed these to be the most common form
of galactic X-ray source. A second major
discovery was of powerful X-ray emission
from CLUSTERS OF GALAXIES, with evidence
that this emission arose in an extended re-
gion comparable in size (about 0.5 mega-
parsecs) to the cluster.

The launch of other X-ray astronomy
satellite experiments continued the rapid
expansion of the subject. The ARIEL V sky
survey extended the Uhuru catalog and led
to the establishment of a second major

X-ray astronomy
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class of extragalactic source: the X-ray
SEYFERT GALAXIES. Observations by COPER-
NICUS and Ariel V, followed by SAS-3,
found the slow X-RAY PULSATORS, periodi-
cally variable X-ray sources with periods
of a few minutes, substantially longer than
those of CENTAURUS X-3, HERCULES X-1, etc.
Ariel V, followed by the satellite OSO-8,
discovered an emission line near 7 keV in
the spectra of several SUPERNOVA REMNANTS

and many of the rich CLUSTERS OF GALAXIES,
showing the X-rays to be of thermal origin,
arising from hot gas at temperatures of 106

to 108 kelvin and containing an abundance
of iron similar to that found in the Solar
System. X-RAY TRANSIENTS and X-RAY BURST

SOURCES were detected by several of the
satellites. Optical identifications of a few
of these have shown them to be most prob-
ably X-ray binaries in which the MASS

TRANSFER or accretion rate is highly vari-
able. Further major advances were made
by the EINSTEIN OBSERVATORY, whose
greater sensitivity revealed substantial X-
ray emission from a wide range of normal
stars. This emission comes from the stars’
hot CORONAE.

More recent X-ray satellites, particu-
larly EXOSAT, GINGA, ROSAT and ASCA,
have continued to extend the scope of X-
ray observations to the point where it is
now the major observational branch of
high-energy astrophysics. Thus, for exam-
ple, stellar activity, the form and evolution
of young supernova remnants, the gravita-
tional mass distribution and evolution of
clusters of galaxies, the dynamics and en-
ergy processes in the centers of active
galactic nuclei, as well as the study of ac-
cretion in the wide variety of compact-ob-
ject binary-star systems, are most directly
observed by their X-ray emission. This sit-
uation seems certain to continue with the
diagnostic power of higher-resolution X-
ray spectroscopy on future missions, such
as AXAF, XMM, ASTRO-E and SPECTRUM-X.

X-ray background radiation A dif-
fuse sky background radiation that was
one of the first discoveries in X-RAY AS-
TRONOMY. It is detected over 4 decades in
frequency, and its origin varies across this
band; most of the energy in the back-

ground is concentrated at 20–40keV. At
very low energies the background is from
hot gas in a ‘Local Bubble’. In the
0.5–2keV energy band the ROSAT satellite
has successfully identified the source as
being mostly due to ACTIVE GALAXIES at
moderate redshift. The ‘hard’ background
above 3keV has a different spectrum and is
thought to be due to the integrated emis-
sion from many heavily absorbed quasars
at a range of redshifts.

X-ray binary The most common type of
luminous galactic X-ray source, involving
a close binary system in which gas flows
(via the inner LAGRANGIAN POINT) or blows
(by a strong STELLAR WIND) from a normal
nondegenerate star on to a compact com-
panion (see mass transfer; binary star). For
the most luminous sources such as CENTAU-
RUS X-3 and CYGNUS X-1, radiating X-rays
at 1029–1031 watts, this companion is
probably a NEUTRON STAR or BLACK HOLE;
in less luminous cases, such as SS Cygni
and AM Herculis, it is more likely to be a
WHITE DWARF. Gravitational energy powers
these sources and both the luminosity (L)
and temperature (T) are proportional to
the mass-to-radius ratio (M/R) of the ac-
creting star: 

L ∝ (M/R)Gm′
where G is the gravitational constant and
m′ is the rate of mass accretion, and 

T ∝ (M/R)Gε
where ε depends on the efficiency of the gas
heating, being high for shocks and low for
viscous heating.

Two main types of X-ray binary are
distinguished: in high-mass binaries
(HMXBs), such as Centaurus X-3 and
Cygnus X-1, the nondegenerate star is a
giant or supergiant of early spectral type
(O, B, or A); in low-mass binaries
(LMXBs) such as HERCULES X-1, the visible
star is a middle or late main-sequence star
of near solar mass. Several binaries contain
a pulsating X-ray source, probably involv-
ing a rotating magnetized neutron star;
these binaries, which include Centaurus X-
3 and Hercules X-1, are among the best-de-
termined of all binary systems.

The most luminous X-ray binaries, in-
cluding Cygnus X-3, Scorpius X-1, and
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Circinus X-1, are also strong variable radio
sources, sometimes also emitting radio
flares.

X-ray burst sources (X-ray bursters)
Sources of intense flashes of cosmic X-rays,
discovered in 1975. The bursts, seen pri-
marily in the 1–30 keV energy band, are
characterized by a rapid onset, often less
than one second, followed by an exponen-
tial decay with a time constant of a few sec-
onds to a minute. They are located in our
Galaxy, mostly within 40° of the galactic
center. Two types have been distinguished:
type I repeat on timescales of hours or
days; type II emit bursts every few minutes
or less for a period of several days. It is
widely believed that X-ray bursts arise in
X-RAY BINARY systems and are due to ther-
monuclear flashes when material accreted
on to the surface of a neutron star exceeds
a critical temperature and pressure (type I)
and to spasmodic mass accretion on to a
neutron star (type II).

X-ray catalogs These have been pub-
lished following successive (and increas-
ingly sensitive) all-sky surveys. The first
sky-survey mission was UHURU, which led
finally to the 4U catalog published in 1978.
The ARIEL V survey yielded the 3A catalog
in 1981, followed by the more sensitive
HEAO-1 catalog in 1984. ROSAT was the
next spacecraft to carry out an all-sky X-
ray survey, in 1990–91, yielding over
60 000 source detections (not yet pub-
lished). ROSAT was also responsible for
the first all-sky survey in the XUV wave-
band: the Bright Source Catalog, contain-
ing 384 XUV sources, was published in
1993, with a more extensive version of 479
XUV sources following in 1995.

X-ray nova See X-ray transients.

X-ray pulsars See X-ray pulsators.

X-ray pulsators /pul-say-terz/ Regu-
larly variable X-RAY BINARIES that have pe-
riods of a few seconds or in the case of the
slow pulsators of a few minutes. This pul-
sation is widely interpreted as being associ-
ated with the rotation of a magnetized

neutron star, so that these objects may be
regarded as X-ray pulsars. The X-ray pul-
sations are believed to arise from channel-
ing of the accreting gas onto the magnetic
poles of the neutron star. The gas flow af-
fects the neutron star’s spin and as a result
all X-ray pulsars (unlike other PULSARS) are
gradually speeding up. Examples include
CENTAURUS X-3, CYGNUS X-3, and HERCULES

X-1.

X-rays High-energy ELECTROMAGNETIC

RADIATION lying between gamma rays and
ultraviolet radiation in the electromagnetic
spectrum. The XUV region bridges the gap
between the X-ray and ultraviolet bands.
X-rays, unlike light and radio waves, are
usually considered in terms of photon en-
ergy, hν, where ν is the frequency of the ra-
diation and h is the Planck constant. X-ray
energies range from about 100 electron-
volts (eV) up to about 100 000 eV, corre-
sponding to a wavelength range of about
12 nanometers (nm) to about 0.012 nm.
Low-energy X-rays are sometimes called
soft X-rays to distinguish them from high-
energy or hard X-rays. In astronomy, ther-
mal X-rays are produced from very high
temperature gas (∼106–108 K), with non-
thermal X-rays arising from the interaction
of high-energy electrons with a magnetic
field (SYNCHROTRON EMISSION) or with low-
energy photons (inverse Compton emission
– see Compton scattering). See also non-
thermal emission; thermal emission.

X-ray satellites Artificial Earth satel-
lites devoted to cosmic X-ray observations,
the first of which was NASA’s UHURU,
launched in Dec. 1970. Up to this date, i.e.
throughout the period 1962–70, X-RAY AS-
TRONOMY was carried out exclusively with
sounding rockets and balloon experiments.
Uhuru produced the first all-sky survey for
cosmic X-ray sources and increased the
catalog of known sources to 161 by 1974.
The second X-ray astronomy satellite was
the British satellite ARIEL V, which was
launched in Oct. 1974 and occupied a sim-
ilar 500-km circular equatorial orbit to
Uhuru. It successfully extended the Uhuru
sky map and made detailed spectral and
temporal studies of individual sources.

X-ray burst sources
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Although X-ray experiments were also
carried on other satellites principally de-
voted to the research fields (Copernicus,
OSO-7, ANS, OSO-8), the next two dedi-
cated X-ray astronomy satellites were SAS-
3 and HEAO-1, launched respectively in
1975 and 1977. Both included modulation
collimator experiments in their payloads
and these provided the first accurate posi-
tions of many X-ray sources, leading to ad-
ditional and more reliable optical
identifications. In Nov. 1978 HEA0-2 (the
EINSTEIN OBSERVATORY) was launched; its
large GRAZING-INCIDENCE telescope pro-
duced major advances. After the Einstein
Observatory ceased operation in Apr.
1981 only two small satellites, ARIEL VI and
HAKUCHO, remained before the launch in
1983 of the Japanese TENMA and the Euro-
pean EXOSAT spacecraft. Subsequent X-ray
satellites, of increasing sophistication, were
the Japanese GINGA (launched 1987), Ger-
man ROSAT (1990), and Japanese ASCA

(1993), with still larger missions in prepa-
ration, including the Russian SPECTRUM–X

(1995), NASA’s XTE (1997) and AXAF

(1998/99), and ESA’s XMM (1999).

X-ray sources Luminous sources of X-
ray emission lying well beyond the Solar
System. More than 120 000 are now
known, the majority from the ROSAT all-
sky survey and deep pointing observations.
Optical counterparts include a wide range
of astronomical objects, from high-redshift
quasars to nearby stars, and even comets.
The brightest sources lie in our Galaxy and
are identified principally as X-RAY BINARIES

(e.g. SCORPIUS X-1, CYGNUS X-1, CYGNUS X-
3, CENTAURUS X-3, HERCULES X-1), many
having an X-ray power 100 to 1000 times
the power of the Sun. A smaller subset of
bright galactic X-ray sources are identified
with young supernova remnants, such as
the CRAB NEBULA and the remnant of TY-
CHO’S STAR. Fainter but intrinsically much
more powerful X-ray emission is detected
from many extragalactic objects, especially
rich CLUSTERS OF GALAXIES and ACTIVE

GALAXIES – such as SEYFERT GALAXIES,
QUASARS, and powerful RADIO GALAXIES, in-
cluding Virgo A (M87) and Centaurus A.

X-ray telescope An instrument carried
above the Earth’s atmosphere by an X-RAY

SATELLITE, etc., and by means of which X-
rays from space can be detected and
recorded. See also CCD; grazing incidence;
microchannel plate detector; proportional
counter.

X-ray Timing Explorer See XTE.

X-ray transients Bright novalike cos-
mic X-ray sources that develop rapidly
over a few days and remain visible for sev-
eral weeks or months. ARIEL V observa-
tions, supported by simultaneous
ground-based studies, led to the first opti-
cal identification of an X-ray transient
source.. This was A0620–00 (Nova Mon
1975), for a time in 1975 the brightest cos-
mic X-ray source ever seen, and found in
the visible as a NOVA of about 11th magni-
tude. Both X-ray and optical stars then
faded rapidly, to disappear by mid-1976.
Subsequently, a star of 18th magnitude has
been identified as the quiescent state of
Nova Mon. Optical spectroscopy has
shown the compact companion to be very
probably a BLACK HOLE of at least 3 solar
masses.

The sky distribution of X-ray transients
shows them to be galactic, typically at dis-
tances of 1–10 kiloparsecs. Several have
been found to have recurrent outbursts,
usually on a timescale of several months or
years. It is believed that X-ray transients
represent close binary systems in which the
MASS TRANSFER is highly variable. The qual-
itative difference from most optical novae
(e.g. Nova Cygni 1975, which had no de-
tectable X-ray emission) may be due to the
compact star being a NEUTRON STAR or
BLACK HOLE, rather than a WHITE DWARF as
in the optical novae.

XTE Abbrev. for X-ray Timing Ex-
plorer, a NASA satellite launched in De-
cember 1995 and designed to study
variability and broad-band spectra of the
brighter cosmic X-ray sources. The main
payload consists of a large (6250 cm2)
array of PROPORTIONAL COUNTERS, sensitive
over the 2–60 keV band. Other instru-
ments extend coverage to 200 keV and
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provide an all-sky search for transient X-
ray sources. All spacecraft systems remain
operational up to the end of 1999 and the
mission has yielded unique data on both
short-term (e.g. kHz QPOs) and long-term
variability of many X-ray binary sources
and AGN.

XUV Short for extreme ultraviolet.

XUV astronomy The study of objects
beyond the Solar System that emit radia-
tion bridging the gap between X-rays and
ultraviolet radiation (the XUV region), i.e.
from about 12 nm to the hydrogen Lyman
limit at 91.2 nm (see Lyman series). The
high opacity of the interstellar gas at these
wavelengths prevents observations beyond
about 10 parsecs from 91.2 to about 50
nm, extending to about 200 parsecs at 12
nm. The first partial sky survey in the XUV
was carried out in the APOLLO-SOYUZ mis-
sion in 1975, in which were found a num-

ber of intense sources, including HZ43 and
Feige 24 (both hot WHITE DWARF stars) and
PROXIMA CENTAURI.

The first deep all-sky survey in the XUV
band was carried out by the UK Wide Field
Camera (WFC) on the ROSAT satellite,
launched in 1990. The WFC provided sky-
survey observations into two photometric
bands covering the range 6–30 nm, yield-
ing over a thousand sources. A further
XUV sky-survey was conducted by the
NASA EUVE satellite, launched in 1992,
providing observations in the waveband
7–76 nm. Most of the XUV sources found
in these surveys are nearby hot WHITE

DWARFS, late-type stellar chromospheres/
coronae, and active stars. A few extra-
galactic sources have also been detected.
Later EUVE observations provided the first
resolved XUV spectra of a number of
bright cosmic sources. See also X-ray cata-
logs. 



529

Yagi /yah-gee/ A directional ANTENNA

comprising three or more parallel elements
mounted on a straight beam and at right
angles to it. The elements are a DIPOLE, to
which the FEEDER is attached, behind which
is a reflector and in front of which is one or
more directors. Named after Hidetsugu
Yagi, this type of aerial is commonly used
for television reception although it is also
used as an element in some radio tele-
scopes.

year 1. The period of the Earth’s revolu-
tion around the Sun or the period of the
Sun’s apparent motion around the celestial
sphere, both periods being measured rela-
tive to a given point of reference. The
choice of reference point determines the
exact length of the year (see table). See also
Julian year.
2. Short for calendar year.

Yerkes Observatory /yer-keez/ An as-
tronomical station of the University of
Chicago, located at Williams Bay, south-
east Wisconsin, and operated by the uni-
versity’s Department of Astronomy and

Astrophysics. It was endowed by Charles
Tyson Yerkes, a Chicago businessman, at
the suggestion of George Ellery Hale. It has
five telescopes, including the world’s
largest refracting telescope, 40 inches (102
cm) in diameter, completed in 1897, the
year the observatory opened.

yoke mounting (English mounting) See
equatorial mounting.

YSO Abbrev. for young stellar object.
Any object in an early stage of STAR FOR-
MATION, ranging from a protostar through
to a deeply embedded main-sequence star.
The generality of the term reflects the diffi-
culty in assigning a precise evolutionary
state to these heavily obscured objects.

YY Orionis stars /o-rÿ-ŏ-niss, oh-, or-ee-
oh-niss/ Variable stars that appear to
form a subclass of T TAURI stars. However,
their spectra reveal that matter is falling on
to them rather than being ejected and so
they could represent an earlier stage of evo-
lution.

Y

YEAR

Year Reference point Length (days)
tropical equinox to equinox 365.242 19
sidereal fixed star to fixed star 365.256 36
anomalistic apse to apse 365.259 64
eclipse Moon’s node to Moon’s node 346.620 07
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z Symbol for redshift.

ZAMS Abbrev. for zero-age main se-
quence. See main sequence.

Z Camelopardalis stars See dwarf
novae.

Zeeman effect /zay-mahn/ An effect
that occurs when atoms emit or absorb ra-
diation in the presence of a magnetic field:
the field modifies the energy configuration
of the atom with the result that a spectral
line is split into two, three, or more closely
spaced components, each of which is po-
larized. (In some cases the components
cannot be resolved and the effect appears
as a broadening of the spectral line.) This
Zeeman splitting can be used to study the
magnetism of stars, including the Sun,
since the spacing of the components is a
measure of the magnetic field strength.

Zelenchukskaya Observatory /zay-len-
chook-skÿ-yă/ The optical observatory
of the SPECIAL ASTROPHYSICAL OBSERVA-
TORY, sited on Mount Pastukhov, near Ze-
lenchukskaya, in the Caucasus at an
altitude of 2100 meters. The chief instru-
ment is the 6-meter Bolshoi Teleskop Az-
imutalnyi (Big Altazimuth Telescope,
BTA), which was the first large optical tele-
scope to have an ALTAZIMUTH MOUNTING.
Instruments can be placed at the prime
focus (f/4) and the NASMYTH foci (f/30) of

the primary mirror. The original Pyrex pri-
mary was replaced in 1984 by a glass–ce-
ramic mirror, and a third one made of
Sitall glass was installed in 1992. This re-
duces distortion of the image arising from
temperature fluctuations. Stress-relieving
systems have reduced changes in mirror
shape arising from weight. The telescope
was finally operational in 1977 after a long
and difficult development period. Today it
is mostly used for SPECKLE INTERFEROMETRY

and SPECTROSCOPY. See also RATAN 600.

zenith /zee-nith/ The point on the CELES-
TIAL SPHERE that lies vertically above an ob-
server and 90° from all points on that
person’s horizon. It lies on the observer’s
celestial meridian. The geocentric zenith
lies at the point where the line connecting
the Earth’s center with the observer’s posi-
tion would meet the celestial sphere. Be-
cause the Earth is not spherical the two
points rarely coincide. Compare nadir.

zenithal hourly rate /zee-nith-ăl/ (ZHR)
The probable number of METEORS observed
per hour from a METEOR SHOWER that has
its RADIANT in the observer’s zenith.
Shower rates vary as the zenith distance of
the radiant changes. To obtain the normal-
ized ZHR the observed rate must be multi-
plied by a factor, F, which varies for
different values, A, of radiant altitude (see
table).

Z

NORMALIZED ZENITHAL HOURLY RATE

A 90° 52° 35° 27° 8.6° 2.6°
F 1 1.25 1.67 2 5 10



zenith attraction The corrections that
must be subtracted from the observed ve-
locity and direction of a meteoric body to
give the true values. The gravitational at-
traction of the Earth on the body will in-
crease the METEOROID’S impact velocity, the
effect being greatest for bodies with low
initial values of geocentric velocity (i.e. me-
teoroids just catching up with the Earth).
The path of the meteoroid will also change,
the new RADIANT appearing to be closer to
the observer’s zenith than the original true
radiant.

zenith distance (coaltitude) Symbol ζ.
The angular distance of a celestial body
from an observer’s zenith measured along
the vertical circle through the body. It is
therefore the complement of the altitude
(90° – h) of the body. The topocentric
zenith distance is the zenith distance meas-
ured at the observation point; it differs
from the true value due to ATMOSPHERIC RE-
FRACTION, the difference being termed the
angle of refraction. See also diurnal paral-
lax.

zenith stars Stars that come to CULMI-
NATION on the observer’s zenith.

zenith tube A telescope mounted in a
vertical plane so that stars at or near the
zenith are observed. Atmospheric distur-
bance is minimal in this direction. See also
photographic zenith tube.

zero-age main-sequence (ZAMS) See
main sequence.

Zerodur /tsay-roh-d’oor/ Trademark A
glass-ceramic material that alters very little
in size or shape when heated over normal
temperature ranges. It is used in telescope
mirrors.

zeta /zay-tă, zee-/ (ζζ) The sixth letter in
the Greek alphabet, used in STELLAR

NOMENCLATURE usually to designate the
sixth-brightest star in a constellation.

Zeta Aurigae /ô-rÿ-jee, -ree-/ (ζζ Aur) An
ECLIPSING BINARY in the constellation Au-
riga (period 972 days, magnitude range

5.0–5.7). The brighter component is a hot
blue B8 main-sequence star and the sec-
ondary is a cool K4 supergiant 35 times the
size of its companion. During the partial
eclipse of the brighter star its light shines
through the rarefied atmosphere of the
supergiant and the spectral changes give in-
formation about the atmosphere’s compo-
sition.

Zeta Aurigae stars are eclipsing binaries
composed of a cool giant or supergiant and
a hot companion, exhibiting atmospheric
eclipses. The period often amounts to sev-
eral years. See also VV Cephei stars.

ZHR Abbrev. for zenithal hourly rate.

zirconium stars /zer-koh-nee-ŭm/ See S
stars.

zodiac /zoh-dee-ak/ A band of sky pass-
ing around the CELESTIAL SPHERE and ex-
tending about 9° on each side of the
ECLIPTIC. It thus includes the apparent an-
nual path of the Sun as seen from Earth
and also the orbits of the Moon and the
principal planets apart from Pluto. In the
5th century BC, this band was divided by
the ancient Babylonians into 12 parts, each
30° wide, known as the signs of the zodiac.
The Greeks borrowed this scheme and re-
defined the boundaries of the signs so that
the vernal equinox was included in the con-
stellation Aries the Ram (their version of
the Babylonian constellation of the Hired
Man) – see First point of Aries). Aries thus
became the starting point of the zodiac,
with each successive sign originally corre-
sponding in name and position to each one
of the 12 constellations lying along the
path of the zodiac – the zodiac constella-
tions. These signs and constellation names
were given their final form by the Romans.
Eventually, the names and signs were used
simply to identify the 30° zones. PRECES-
SION OF THE EQUINOXES has since shifted the
zodiac constellations eastward by over 30°;
so that the constellations through which
the Sun now passes include Ophiuchus,
which is not considered a zodiac constella-
tion.

zodiacal dust cloud /zoh-dÿ-ă-kăl/ The
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dust cloud that is mainly responsible for
the ZODIACAL LIGHT. It is symmetrical
about the ecliptic plane and is conical, hav-
ing its maximum thickness at the Sun. The
density then decreases as about r–1.5 where
r is the distance from the Sun. Most of the
particles that can be seen have sizes in the
range 10–100 micrometers. They are pro-
duced by decaying comets and are spi-
ralling slowly in towards the solar surface.

zodiacal light A permanent phenome-
non that can be seen as a faint glow, espe-
cially at tropical latitudes, on a clear
moonless night in the west after sunset and
in the east before sunrise. It is shaped like a
slanting cone and extends from the hori-
zon, tapering along the direction of the
ECLIPTIC, and visible for maybe 20°. The
zodiacal light has been shown, spectro-
scopically, to be sunlight scattered by
minute dust particles in the interplanetary
medium in the inner Solar System, mainly
in the ZODIACAL DUST CLOUD. The zodiacal
light can be detected right round the zo-
diac, there being a slight increase in size
and brightness – the GEGENSCHEIN – di-
rectly opposite the Sun’s position. See also
infrared background radiation.

zodiac constellations See zodiac.

Zond probes /zond/ A series of Soviet
interplanetary and lunar probes. Zonds 1
and 2 passed Venus and Mars in 1964 and
1965 respectively but did not return data.
Zond 3 photographed the farside of the
Moon in 1965, obtaining the first high-
quality pictures, while Zonds 5 and 6 (in
1968), 7 (1969), and 8 (1970) made cir-
cumlunar flights and were recovered on

Earth. Zond 4, in 1968, may have been an
unsuccessful attempt at a circumlunar
flight.

zone A portion of a spherical surface
lying between two parallel circles.

zone of avoidance A region of sky,
which roughly coincides with the belt of
the MILKY WAY, where no galaxies are seen
at optical wavelengths. The apparent ab-
sence of galaxies is due to the presence of
light-absorbing clouds of dust in the galac-
tic plane.

zone of totality Another name for path
of totality. See eclipse.

Zürich relative sunspot number /zoor-
ik/ See relative sunspot number.

Zwicky catalog /zwik-ee/ A multivol-
ume catalog of galaxies and clusters of
galaxies compiled from optical plates and
published by Zwicky and collaborators
during the 1960s. In the case of clusters,
the criteria for inclusion in the catalog are
less strict than those of the ABELL CATALOG,
so there is a wider range of clusters, in-
cluding larger lower-density systems with
significant substructure.

ZZ Ceti stars /see-tÿ, set-ee/ A group of
DA WHITE DWARFS that are PULSATING VARI-
ABLES with multiperiod luminosity varia-
tions in the range 2–20 minutes and surface
temperatures near 12 000 K; their proto-
type is ZZ Ceti. Two other groups of pul-
sating white dwarfs have been found with
higher surface temperatures. 
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Table 2: Planetary Satellites

PLANET Year Diameter Orbital Eccentricity Orbital Incli-
& of (km) radius period nation
satellite discovery (103 km) (days) (°)

EARTH
Moon - 3476 384.4 0.055 27.32 18.3-28.6

MARS
Phobos 1877 27 × 22 × 19 9.38 0.015 0.32 1.0
Deimos 1877 15 × 12 × 11 23.46 0.001 1.26 1.8

JUPITER 
Metis 1979 40 128 0 0.29 0
Adrastea 1979 25 × 20 × 15 129 0 0.30 0
Amalthea 1892 270 × 166 × 150 181 0.003 0.50 0.40
Thebe 1979 110 × 90 222 0.015 0.67 0.8
Io 1610 3643 422 0.004 1.77 0.04
Europa 1610 3122 671 0.010 3.55 0.47
Ganymede 1610 5262 1070 0.002 7.15 0.21
Callisto 1610 4823 1883 0.007 16.69 0.51
Thermisto 2000 9 7507 0.242 130.0 43.08
Leda 1974 16 11 094 0.148 238.72 26.07
Himalia 1904 186 11 480 0.158 250.57 27.63
Lysithea 1938 36 11 720 0.107 259.22 29.02
Elara 1905 76 11 737 0.207 259.65 24.77
Ananke 1951 30 21 200 0.169 631 R 147
Carme 1938 40 22 600 0.207 692 R 164
Pasiphae 1908 50 23 500 0.378 735 R 145
Sinope 1914 36 23 700 0.275 758 R 153

SATURN
Pan 1991 20 134 low 0.58 low
Atlas 1980 37 × 34 × 27 138 0.002 0.60 0.3
Prometheus 1980 148 × 100 × 68 139 0.003 0.61 0.0
Pandora 1980 110 × 88 × 62 142 0.004 0.63 0.1
Epimetheus 1978 194 × 190 × 154 151 0.009 0.69 0.34
Janus 1978 276 × 220 × 160 151 0.007 0.69 0.14
Mimas 1789 421 × 395 × 385 186 0.020 0.94 1.5
Enceladus 1789 512 × 495 × 488 238 0.005 1.37 0.02
Tethys 1684 1050 295 0.000 1.89 1.86
Telesto 1980 34 × 28 × 26 295 0.0 1.89 2
Calypso 1980 34 × 22 × 22 295 0.0 1.89 2
Dione 1684 1120 377 0.002 2.74 0.02
Helene 1980 36 × 32 × 30 377 0.005 2.74 0.2
Rhea 1672 1530 527 0.001 4.52 0.35
Titan 1655 5150 1222 0.029 15.95 0.33
Hyperion 1848 405 × 260 × 220 1481 0.104 21.28 0.43
Iapetus 1671 1440 3561 0.028 79.33 14.72
Kiving 2000 16 11 110 0.334 449.2 46.16
Ijiraq 2000 12 11 125 0.332 451.5 46.74
Phoebe 1898 230 × 220 × 210 12 952 0.163 550.48 R 175.3
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Table 2: Planetary Satellites (cont.)

PLANET Year Diameter Orbital Eccentricity Orbital Incli-
& of (km) radius period nation
satellite discovery (103 km) (days) (°)

URANUS
Cordelia 1986 40 50 < 0.001 0.34 0.1
Ophelia 1986 42 54 0.010 0.38 0.1
Bianca 1986 51 59 < 0.001 0.43 0.2
Cressida 1986 80 62 < 0.001 0.46 0.0
Desdemona 1986 64 63 < 0.001 0.47 0.2
Juliet 1986 93 64 0.001 0.49 0.1
Portia 1986 135 66 < 0.001 0.51 0.1
Rosalind 1986 72 70 < 0.001 0.56 0.3
Cupid 2003 10 75 < 0.001 0.62 -
Belinda 1986 80 75 < 0.001 0.62 0.0
Perdita 1986 20 76 < 0.001 0.64 -
Puck 1985 162 86 < 0.001 0.76 0.31
Mab 2003 10 98 < 0.001 0.92 -
Miranda 1948 471 129 0.001 1.41 4.34
Ariel 1851 1158 191 0.001 2.52 0.04
Umbriel 1851 1169 266 0.004 4.14 0.13
Titania 1787 1578 436 0.001 8.71 0.08
Oberon 1787 1522 583 0.001 13.46 0.07
Francisco 2001 22 4276 0.146 266.6 145.2
Caliban 1997 72 7231 0.159 579.7 R 139.2
Stephano 1999 32 8004 0.229 677.4 R 144.1
Trinculo 2001 18 8504 0.220 759.0 R 167.1
Sycorax 1997 150 12 179 0.509 1284.3 R 252.7
Margaret 2003 20 14 345 0.661 1694.8 56.6
Prospero 1999 50 16 256 0.445 1977.3 R 152.0
Setebos 1999 47 17 418 0.591 2243.8 R 158.2
Ferdinand 2003 21 20 901 0.368 2823.4 169.8

NEPTUNE
Naiad 1989 96 × 60 × 52 48 < 0.001 0.29 4.74
Thalassa 1989 108 × 100 × 52 50 < 0.001 0.31 0.21
Despina 1989 180 × 148 × 128 53 < 0.001 0.33 0.07
Galatea 1989 204 × 184 × 144 62 < 0.001 0.43 0.05
Larissa 1989 216 × 204 × 168 74 0.001 0.55 0.20
Proteus 1989 436 × 416 × 402 118 < 0.001 1.12 0.04
Triton 1846 2707 355 0.000 5.88 R 157.35
Nereid 1949 340 5513 0.751 360.14 7.23

PLUTO
Charon 1978 1186 20 < 0.001 6.39 98.8

Note: Only named planets are included. Neptune has four extra planets S2002 N1-N4 and Jupiter
and Saturn have a large number of small satellites. The orbits of the outer satellites of Jupiter vary
considerably with time.The distances refer to the center of the parent planet and the inclinations to
the plane of the equator of the planet. R indicates retrograde motion.
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Table 4: Meteor Showers

Shower Normal limits ZHR at max.

Quadrantids Jan. 1–6 90
Corona Australids Mar. 14–18 5
April Lyrids Apr. 19–24 12
η-Aquarids May 1–8 45
June Lyrids June 10–21 9
Ophiuchids June 17–26 4
Capricornids July 10–Aug. 15 6
δ-Aquarids July 15–Aug. 15 19, 10
Pisces Australids July 15–Aug. 20 5
α-Capricornids July 15–Aug. 25 4
Perseids July 25–Aug. 18 80
Cygnids Aug. 19–22 3
Orionids Oct. 16–26 25
Taurids Oct. 20–Nov. 30 8
Cepheids Nov. 7–11 8
Leonids Nov. 15–19 10
Phoenicids Dec. 4–5 6
Geminids Dec. 7–15 80
Ursids Dec. 17–24 9
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Table 5: Constellations

(a)
Andromeda And Cygnus Cyg Pavo Pav

Antlia Ant Delphinus Del Pegasus Peg
Apus Aps Dorado Dor Perseus Per
Aquarius Aqr Draco Dra Phoenix Phe
Aquila Aql Equuleus Equ Pictor Pic
Ara Ara Eridanus Eri Pisces Psc
Aries Ari Fornax For Piscis PsA
Auriga Aur Gemini Gem Austrinus
Boötes Boo Grus Gru Puppis Pup
Caelum Cae Hercules Her Pyxis Pyx
Camelopardalis Cam Horologium Hor Reticulum Ret
Cancer Cnc Hydra Hya Sagitta Sge
Canes Venatici CVn Hydrus Hyi Sagittarius Sgr
Canis Major CMa Indus Ind Scorpius Sco
Canis Minor CMi Lacerta Lac Sculptor Scl
Capricornus Cap Leo Leo Scutum Sct
Carina Car Leo Minor LMi Serpens Ser
Cassiopeia Cas Lepus Lep Sextans Sex
Centaurus Cen Libra Lib Taurus Tau
Cepheus Cep Lupus Lup Telescopium Tel
Cetus Cet Lynx Lyn Triangulum Tri
Chamaeleon Cha Lyra Lyr Triangulum TrA
Circinus Cir Mensa Men Australe
Columba Col Microscopium Mic Tucana Tuc
Coma Berenices Com Monoceros Mon Ursa Major UMa
Corona Australis CrA Musca Mus Ursa Minor UMi
Corona Borealis CrB Norma Nor Vela Vel
Corvus Crv Octans Oct Virgo Vir
Crater Crt Ophiuchus Oph Volans Vol
Crux Cru Orion Ori Vulpecula Vul
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Table 8: Messier Numbers plus Equivalent NGC, IC Numbers

Messier NGC Type* Const. Messier NGC Type* Const.
no. IC no. IC

M1 1952 n Tau M36 1960 o.c. Aur
2 7089 g.c. Aqr 37 2099 o.c. Aur
3 5272 g.c. CVn 38 1912 o.c. Aur
4 6121 g.c. Sco 39 7092 o.c. Cyg
5 5904 g.c. Ser 40 — d UMa

6 6405 o.c. Sco 41 2287 o.c CMa
7 6475 o.c. Sco 42 1976 n Ori
8 6523 n Sgr 43 1982 n Ori
9 6333 g.c. Oph 44 2632 o.c. Cnc
10 6254 g.c. Oph 45 — o.c. Tau

11 6705 o.c. Sct 46 2437 o.c. Pup
12 6218 g.c. Oph 47 2422 o.c. Pup
13 6205 g.c. Her 48 2548 o.c. Hya
14 6402 g.c. Oph 49 4472 G E Vir
15 7078 g.c. Peg 50 2323 o.c. Mon

16 6611 o.c. Ser 51 5195 G Sc CVn
17 6618 n Sgr 52 7654 o.c. Cas
18 6613 o.c. Sgr 53 5024 g.c. Com
19 6273 g.c. Oph 54 6715 g.c. Sgr
20 6514 n Sgr 55 6809 g.c. Sgr

21 6531 o.c. Sgr 56 6779 g.c. Lyr
22 6656 g.c. Sgr 57 6720 p.n. Lyr
23 6194 o.c. Sgr 58 4579 G SBb Vir
24 6603 o.c. Sgr 59 4621 G E Vir
25 IC4725 o.c. Sgr 60 4649 G E Vir

26 6694 o.c. Sct 61 4303 G Sc Vir
27 6853 p.n. Vul 62 6266 g.c. Oph
28 6626 g.c. Sgr 63 5055 G Sb CVn
29 6913 o.c. Cyg 64 4826 G Sb Com
30 7099 g.c. Cap 65 3623 G Sa Leo

31 224 G Sb And 66 3627 G Sb Leo
32 221 G E And 67 2682 o.c. Cnc
33 598 G Sc Tri 68 4590 g.c. Hya
34 1039 o.c. Per 69 6637 g.c. Sgr
35 2168 o.c. Gem 70 6681 g.c. Sgr

* n: nebula; p.n.: planetary nebula; o.c.: open cluster; g.c.: globular cluster; G: galaxy and
classification (E: elliptical, S: spiral, Sb: barred spiral); d: double star. 
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Table 8: Messier Numbers (cont.)

Messier NGC Type* Const. Messier NGC Type* Const.
no. IC no. IC

M71 6838 g.c. Sge M91 4548 G S Com
72 6981 g.c. Aqr 92 6341 g.c. Her
73 6994 s.g. Aqr 93 2447 o.c. Pup
74 628 G Sc Psc 94 4736 G Sb CVn
75 6864 g.c. Sgr 95 3351 G Sb Leo
76 651 p.n. Per 96 3368 G Sa Leo
77 1068 G Sb Cet 97 3587 p.n. UMa
78 2068 n Ori 98 4192 G Sb Com
79 1904 g.c. Lep 99 4254 G Sc Com
80 6093 g.c. Sco 100 4321 G Sc Com
81 3031 G Sb UMa 101 5457 G Sc UMa
82 3034 G Irr UMa 102**
83 5236 G Sc Hya 103 581 o.c. Cas
84 4374 G E Vir 104 4594 G Sa Vir
85 4382 G S0 Com 105 3379 G E Leo
86 4406 G E Vir 106 4258 G Sb CVn
87 4488 G E Vir 107 6171 g.c. Oph
88 4501 G S Com 108 3556 G Sb UMa
89 4552 G E Vir 109 3992 G SBc UMa
90 4569 G Sb Vir 110 205 G E And

* n: nebula; p.n.: planetary nebula; o.c.: open cluster; g.c.: globular cluster; G: galaxy and
classification; s.g. stellar group.

**M102 was a duplication of M101. 
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Table 9: Astronomical and Physical Constants

astronomical unit, AU 149.597 870 × 10–6 km
speed of light in vacuum, c 2.997 924 58 × 105 km s–1

light-time for 1 AU 499.004 78 s
gravitational constant, G 6.672 × 10–11 N m2 kg–2

standard acceleration of free fall, g 9.806 65 m s–2

mass of Earth 5.9742 × 1024 kg
Earth’s equatorial radius 6378.140 km
Earth’s polar radius 6356.775 km
mean density of Earth 5.517 g cm–3

mean distance to Moon 384 403 km
lunar mass 7.35 × 1022 kg
lunar radius 1738 km
solar mass, M� 1.9891 × 1030 kg
solar radius, R� 696 000 km
solar luminosity, L� 4 × 1026 W
solar parallax 8″.794 148
constant of sine parallax for Moon 3422″.451
constant of aberration (2000) 20″.495 52
obliquity of ecliptic (2000) 23°26′21″.4
general precession in longitude 5029″.0966
per Julian century (2000)

constant of nutation (2000) 9″.2025
Gaussian gravitational constant, k 0.017 202 098 95 N½ m kg–1

Planck constant, h 6.626 076 × 10–34 J s
Boltzmann constant, k 1.380 658 × 10–23 J K–1

Stefan’s constant, σ 5.6705 × 10–8 W m–2 K–4
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Table 10: Famous People in the Field of Astronomy

Adams, John Couch 1819–92 English
Airy, Sir George Biddell 1801–92 English
Albategnius (or Al-Battani) 858–929 AD Arabian
Aristarchus of Samos c. 320–250 BC Greek
Baade, Walter 1893–1960 German–American
Barnard, Edward Emerson 1857–1923 American
Bessel, Friedrich Wilhelm 1784–1846 German
Bradley, James 1693–1762 English
Brahe, Tycho 1546–1601 Danish
Cassini, Giovanni Domenico 1625–1712 Italian–French
Chandrasekhar, Subrahmanyan 1910–95 Indian–American
Clark, Alvan Graham 1832–97 American
Copernicus, Nicolas 1473–1543 Polish
Eddington, Sir Arthur Stanley 1882–1944 English
Einstein, Albert 1879–1955 German–American
Eratosthenes c. 276–196 BC Greek
Flamsteed, John 1646–1719 English
Fraunhofer, Joseph von 1787–1826 German
Galileo Galilei 1564–1642 Italian
Gamow, George 1904–68 Russian–American
Hale, George Ellery 1868–1938 American
Halley, Edmond 1656–1742 English
Hawking, Stephen 1942– English
Herschel, Caroline 1750–1848 German–English
Herschel, Sir John 1792–1871 English
Herschel, Sir William 1738–1822 German–English
Hertzsprung, Ejnar 1873–1967 Danish
Hipparchus c. 170–120 BC Greek
Hoyle, Sir Fred 1915–2001 English
Hubble, Edwin Powell 1889–1953 American
Huggins, Sir William 1824–1910 English
Huygens, Christiaan 1629–95 Dutch
Jeans, Sir James 1877–1946 English
Kepler, Johann 1571–1630 German
Kuiper, Gerard Peter 1905–73 Dutch–American
Laplace, Pierre Simon, Marquis de 1749–1827 French
Leavitt, Henrietta 1868–1921 American
Lovell, Sir Bernard 1913– English
Lowell, Percival 1855–1916 American
Morgan, William Wilson 1906–94 American
Newton, Sir Isaac 1642–1727 English
Pickering, Edward Charles 1846–1919 American
Ptolemy (Claudius Ptolemaeus) c. 100–170 AD Greek
Russell, Henry Norris 1877–1957 American
Ryle, Sir Martin 1918–84 English
Sandage, Allan 1926– American
Schmidt, Bernhard 1879–1935 Estonian
Schmidt, Maarten 1929– Dutch–American
Schwarzschild, Karl 1873–1916 German
Shapley, Harlow 1885–1972 American
Struve, Otto 1897–1963 Russian–American
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A α alpha
B β beta
Γ γ gamma
∆ δ delta
E ε epsilon
Z ζ zeta
H η eta
Θ θ theta
I ι iota
K κ kappa
Λ λ lambda
M µ mu

N ν nu
Ξ ξ xi
O ο omikron
Π π pi
P ρ rho
Σ σ sigma
T τ tau
Υ υ upsilon
Φ φ phi
X χ chi
Ψ ψ psi
Ω ω omega
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Arecibo Observatory www.naic.edu

Australia Telescope National Facility www.atnf.csiro.au

European Southern Observatory www.eso.org

Gemini Telescopes www.gemini.edu
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Particle Physics and Astronomy Research www.pparc.ac.uk
Council

Roque de los Muchachos Observatory www.iac.es/gabinete/orm/indice.html

Royal Greenwich Observatory www.rog.nmm.ac.uk

Royal Observatory, Edinburgh www.roe.ac.uk

Smithsonian Astrophysical Observatory http://www.harvard.edu/saohome.html

United Kingdom Astronomy www.roe.ac.uk/ukatc
Technology Centre

Pulkovo Main Astronomical Observatory www.gao.spb.ru

Spitzer Space Telescope www.spitzer.caltech.edu

United States Naval Observatory www.usno.navy.mil

Zelenchukskaya Observatory www.sao.ru/Doc-en/index.html
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Other useful sites

American Association of Variable Star www.aavso.org
Observers

Astronomical World Wide Web resources www.ifa.hawaii.edu/~sheppard/satellites

BBC - Science and Nature - Space www.bbc.co.uk/science/space

The Electronic Sky www.glyphweb.com/esky

Mira Field Trips to the Stars www.mira.org/fts0/text/txt001z.htm

JPL Solar System Dynamics http://ssd.jpl.nasa.gov

Jupiter Satellite Page www.ifa.hawaii.edu/~sheppard/satellites

The Kuiper belt page www.ifa.hawaii.edu/~jewitt/kb.html

The Messier Catalog - online http://seds.lpl.arizona.edu/messier

The NGC/IC Project www.ngcic.org

The Nine Planets www.ex.ac.uk/Mirrors/nineplanets

SIMBAD Astronomical Database http://simbad.u-strasbg.fr/Simbad

SolStation www.solstation.com

Space Now www.spacenow.org.uk/index.cfm

United States Geological Survey http://planetarynames.wr.usgs.gov
Astrogeology Program 

Views of the Solar System www.solarviews.com
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