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Preface

This book gathers the invited conferences presented at the Thirteenth Joint
European and National Astronomical Meeting (JENAM) organized by the Eu-
ropean Astronomical Society (EAS) and the Spanish Astronomical Society
(Sociedad Espafiola de Astronomia, SEA) and hosted by the Instituto de As-
trofisica de Andalucia (IAA - CSIC). The event, held from September 13 to
17, 2004 in Granada, was at the same time the Sixth Scientific Meeting of
the SEA. The proceedings of such national meetings are traditionally collected
in a series of books generically entitled Highlights of Spanish Astrophysics,
which will be momentarily interrupted in this occasion as the contributions
of the Spanish astronomers to the meeting share the present publication with
those of their colleagues from other European countries or, to be more exact,
from countries all over the world. The meeting brought together, indeed, more
than 450 participants from 30 different countries, making it one of the most
successful JENAMs ever celebrated. This success was undoubtedly due to the
fact that, as readily seen from the titles of the parallel sessions, the scientific
scope of this JENAM reached, for the fist time, all fields of astronomy and
astrophysics. In fact, there was still another parallel session opened to teach-
ers and professionals of popularisation in astronomy whose proceedings are
published elsewhere.

As members of the SOC we were aware about the risk that, in willing to
cover all fields of astronomy, no particular topic would be treated duly in depth,
which might make the meeting loose interest for potential attendants. For this
reason, a dozen of renowned specialists in different fields were invited to re-
view central aspects in the different domains of astrophysics. We want to thank
here all of them for the superb mise d jour they offered to the audience. These
main talks constitute the main body —the printed part— of the present book,
becoming in this way an excellent tool for astronomers to have a general up-
to-date look on the most exiting items of current astronomical research. The
papers are organized per sessions, per scales of the Universe indeed, according
to the structure of the meeting; the last session is devoted to instrumentation.
It would certainly be a pity not to preserve at the same time the remaining 150
short oral contributions and 324 posters presented at the meeting with interest-

X1



Xii THE MANY SCALES IN THE UNIVERSE

ing results on a variety of specific items. For this reason, attached to the book
is a CD including all these contributions in full format. We hope they will be
very useful for astronomers working on the corresponding domains.

The Editors
Granada, July 2005
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THE COSMIC MICROWAVE BACKGROUND
ANISOTROPIES: OPEN PROBLEMS

Enrique Martinez-Gonzalez and Patricio Vielva
Instituto de Fisica de Cantabria, CSIC-Universidad de Cantabria

martinez @ifca.unican.es,vielva@ifca.unican.es

Abstract

Keywords:

We present a review of some interesting theoretical and observational aspects
of the Cosmic Microwave Background anisotropies. The standard inflationary
model presents a simple scenario within which the homogeneity, isotropy and
flatness of the universe appear as natural outcomes and, in addition, fluctua-
tions in the energy density are originated during the inflationary phase. These
seminal density fluctuations give rise to fluctuations in the temperature of the
Cosmic Microwave Background (CMB) at the decoupling surface. Afterward,
the CMB photons propagate almost freely, with slight gravitational interactions
with the evolving gravitational field present in the large scale structure (LSS)
of the matter distribution and a low scattering rate with free electrons after the
universe becomes reionized by the first stars and QSOs. These secondary effects
slightly change the shape of the intensity and polarization angular power spectra
of the radiation, the so called Cy. The C contain very valuable information on
the parameters characterizing the background model of the universe and those
parametrising the power spectra of both matter density perturbations and grav-
itational waves. The extraction of this richness of information from the CY is
complicated by the superposition of the radiation coming from other Galactic
and extragalactic emissions at microwave frequencies. In spite of this, in the last
few years data from sensitive experiments have allowed a good determination
of the shape of the CY, providing for the first time a model of the universe very
close to spatially flat. In particular the WMAP first year data, together with other
CMB data at higher resolution and other cosmological data sets, have made pos-
sible to determine the cosmological parameters with a precision of a few percent.
The most striking aspect of the derived model of the universe is the unknown na-
ture of most of its energy contents. This and other open problems in cosmology
represent exciting challenges for the CMB community. The future ESA Planck
mission will undoubtely shed some light on these remaining questions.

Cosmic Microwave Background, Data Analysis, Cosmological Parameters

1

J. C. del Toro Iniesta (eds.), The Many Scales in the Universe, 1-23.
© 2006 Springer. Printed in the Netherlands.
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1. Introduction

In recent years there has been an explosion of cosmological data allowing a
strong progress in the characterization of the cosmological model of the uni-
verse. In particular, recent data of the temperature of the Cosmic Microwave
Background (CMB) have played a crucial role in the determination of the cos-
mological parameters. Many experiments aimed to map the temperature of
the CMB have been and are being carried out, and many others are now being
planned to extend present capabilities in resolution and sensitivity. From the
cosmological data already collected we know that the spatial geometry of the
universe is close to Euclidean, with most of the energy density in the form of
the so called "dark energy (DE)" (with an equation of state close to a cosmo-
logical constant) and most of the matter density in the form of the so called
"cold dark matter (CDM)" (weakly interactive matter with negligible veloc-
ity). About the primeval density perturbations we know that they were close
to the adiabatic type (constant ratio of the matter number density to photon
density for each matter component) and Gaussianly distributed with a nearly
scale-invariant power spectrum (i.e. the gravitational potential fluctuations are
the same at all scales). The generic predictions of inflation —a very brief
episode of drastic expansion in the very early history of the universe close to
the Planck time— are consistent with the characteristics of the model of the
universe and of the primeval density fluctuations just mentioned, the so called
"concordance model". Thus, inflation provides us with a plausible scenario
within which we can understand the horizon and flatness problems (i.e. why
causally disconnected regions appear statistically similar in the CMB sky and
why the density of the universe is so close to the critical one) and also the
origin of the density perturbations. Although a physical model of inflation is
still lacking, however, it provides us with a phenomenological scenario within
which we can conceptually understand some fundamental problems related to
the origin of the "special" properties of the universe —i.e. its homogeneity and
critical density— and its large scale structure (LSS) matter distribution which
otherwise will have to rely on ad hoc initial conditions. In the past decade two
of the experiments on-board of the NASA COBE satellite, FIRAS and DMR,
established unambiguously the black-body electromagnetic spectrum of this
radiation (Mather et al. 1994, 1999) and the level and approximate scale-
invariant shape of the spectrum of density fluctuations (Smoot et al. 1992).
The former data rebated some previous results which indicated possible dis-
tortions from the black-body spectrum, establishing the thermal origin of the
CMB with a high precision. The latter confirmed the gravitational instability
theory for the formation of the LSS and determined an initial spectrum of fluc-
tuations characterized by density fluctuations with approximately equal ampli-
tude when entering the horizon. These fundamental results set the basis for the
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later developments in our understanding of the universe and opened the era of
precision cosmology. At the end of the decade several experiments determined
that the universe is close to spatially flat (BOOMERANG, De Bernardis et al.
2000; MAXIMA, Hanany et al. 2000). More recently the NASA WMAP satel-
lite (Bennett et al. 2003) nicely confirmed this result and, together with other
higher resolution CMB experiments as well as the galaxy survey 2dFGRS (Per-
cival et al. 2001), determined the cosmological parameters with a few percent
errors. The combination of different cosmological data sets not only helps to
improve the precision of the cosmological parameters but, what is more im-
portant, shows the compatibility of the different data sets in the context of the
concordance model. The most important features of this model is the distribu-
tion of the energy content of the universe with about 70% of dark energy, 25%
of cold dark matter (CDM) and only 5% of baryons. The detection of the polar-
ization fluctuations by DASI (Kovac et al. 2002) and the later determination of
the temperature-polarization angular cross-power spectrum by WMAP (Kogut
et al. 2003) has strongly confirmed the concordance model. Very recently,
there have been several works finding evidences of positive cross-correlations
between the CMB temperature map and the LSS distribution of galaxies (see
e.g. Boughn and Crittenden 2004). These results represent an independent
piece of evidence of the existence and dominance of dark energy in the recent
history of the evolution of the universe (assuming that the universe is close
to flat). Although the concordance ACDM model represents a good fit to the
CMB data as well as to other cosmological data sets —namely LSS galaxy
surveys, primordial Big-Bang nucleosynthesis, measurements of the Hubble
constant, SN Ia magnitude-redshift diagram— there are however some prob-
lems related to the observations and also to their interpretation.

The aim of this paper is to review some of the most relevant theoretical and
observational results on the CMB field and to point out some open problems
associated to them. For more detailed discussions the reader is refereed to
the many good reviews written in the literature, some of them more oriented
to the theory (e.g. Hu and Dodelson 2002, Challinor 2004, 2005, Cabella
and Kamionkowski 2004) and others to the experiments (e.g. Barreiro 2000,
Bersanelli, Maino and Mennella 2002, Mennella et al. 2004).

The rest of this review is as follows. In Section 2 we describe the main
properties of the CMB temperature anisotropies and the physical effects that
originate them. In Section 3 the most relevant properties of the CMB polariza-
tion anisotropies are considered. The cosmological parameters are defined in
Section 4 and their values determined from recent CMB data and in combina-
tion with other cosmological data sets are presented in Section 5. Finally, open
problems in the CMB field are discussed in Section 6.
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WMAP ILC map

—4.00e-01 4.00e-01

Figure 1.  The CMB as seen by WMAP (data obtained from the LAMBDA wave page of
NASA).

2. CMB temperature anisotropies
Description

The anisotropies of the CMB —the fluctuations in the intensity of this radi-
ation as a function of the direction in the sky— are interpreted as a realization
of a random field on the sphere. Behind this interpretation is the idea that we
aim to understand and possibly explain the anisotropies in a statistical man-
ner. Because of the blackbody spectrum of the CMB, the anisotropies in the
intensity are generally given as temperature ones. Since the temperature fluc-
tuations are a function of the spherical coordinates it is convenient to expand
them in spherical harmonics,

AT
() = % o Yom (7), (1)

where ag,,, are the spherical harmonic coefficients. A very important quantity
is the CMB anisotropy angular power spectrum, Cy, the second order moment
of the ay,, defined as

< azmaz/m/ >= CyOppr Oppmy - )
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The null correlation of the harmonic coefficients for different ¢ or m is due to
the homogeneity and isotropy of the universe —i.e. the Cosmological Principle
assumed as a fundamental pillar in cosmology and consistent with all of our ob-
servations up to date. Here it is important to notice, however, that the previous
equation does not hold if the universe possesses a nontrivial topology. An im-
portant property of the CY is that if the anisotropies are Gaussian —as predicted
by Inflation— then all the statistical information is contained in it (reported
deviations from Gaussianity will be discussed in section 6). The correlation
function of the temperature fluctuations, C'(6) =< AT /T (7,)AT /T (f2) >
with 71172 = cos(0), is related to the Cy through the Legendre transform

20+ 1
co) =% %CKPK(COS 9). 3)

14

The isotropy of the field is now reflected in the independence of the correlation
from the direction. Although the two quantities C'(6) and Cy contain the same
information, however the null correlation of the Cy for different values of
¢ makes the latter quantity preferable for cosmological studies. The quantity
which is usually displayed is ¢(¢ + 1)Cy /27, i.e. the power per logarithmic
interval in ¢ for large ¢. Since the / = 1 moment is dominated by our motion
only moments with £ > 2 are considered.

There is a fundamental limitation in the accuracy with which the angular
power spectrum Cy can be determined due to the fact that we can only observe
one last-scattering surface —the error associated to it is called “cosmic vari-
ance”. Since there are 2¢ + 1 ay,, coefficients for a given ¢ then for Gaussian
temperature fluctuations the cosmic variance is easily calculated (from the dis-
persion of a chi-squared distribution with 2¢ + 1 degrees of freedom)

1 .
NET

There are other sources of error which should be added to the cosmic variance.
One is the fraction of the sky f,x, covered by an experiment, which increases

ACy, = “)

the error by a factor fs_k;/ 2 (Scott et al. 1994). Another one is the sensitivity of
the experiment whose noise power spectrum adds to the Cy of the cosmic sig-
nal in equation 4. Finally, there is a source of error coming from the process to
separate the cosmic signal from the other foregrounds, namely Galactic emis-
sions! (synchrotron, free-free and thermal dust), extragalactic sources, galaxy
clusters and the lensing effect from the LSS. This is usually a complex task to
perform which requires multifrequency observations and whose error is diffi-
cult to estimate a priori. Estimate of the errors assuming different situations

ISee e.g. Watson et al. (2005) for evidence of possible anomalous Galactic emission
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and methodology can be found in, e.g., Hobson et al. (1998), Tegmark et al.
(2000), Bouchet and Gispert (1999), Vielva et al. (2001), Maino et al. (2002),
Herranz et al. (2002), Martinez-Gonzélez et al. (2003), Delabrouille et al.
(2003).

In figure 1 the map of temperature anisotropies as measured by WMAP
is shown (Bennett et al. 2003). Although a large effort has been made to
eliminate all foreground contributions however some residuals from Galactic
foregrounds can still be seen in the central horizontal band of this map. In
order to avoid the introduction of this contamination in the data analysis a
mask covering that and other regions of the map is usually applied.

Physics

The CMB anisotropies are usually divided in primary and secondary, de-
pending if they are produced before or after the last-scattering surface. The
primary anisotropies are the most interesting ones to study the cosmological
parameters characterising the universe as well as its basic matter and energy
constituents. The secondary ones are produced by scattering of the CMB
photons from ionized matter —either generated after the reionization of the
universe or present as hot gas in the central regions of galaxy clusters and
whose interaction with the CMB photons is known as the Sunyaev-Zeldovich
effect (SZ, Sunyaev and Zeldovich 1972)—, and by gravitational interactions
acting on them during their travel from the last-scattering surface to the ob-
server —causing both redshift and lensing effects. They are expected to be
sub-dominant, at least in relation to the Cy, up to £ ~ 2500.

The main physical effects producing the primary anisotropies and observed
in the synchronous-comoving gauge (the observer’s gauge) can be summa-
rized in the following equation (Martinez-Gonzalez, Sanz and Silk 1990, Sanz
1997):

— o

Bl D[S+ (W), ®
The first two terms in the r.h.s. account for the gravitational redshift suffered
by the CMB photons in their travel toward us along the direction 7i. They are
called the Sachs-Wolfe (SW) and Integrated Sachs-Wolfe (ISW) effects, re-
spectively (Sachs and Wolfe 1967). The third term is a Doppler effect due to
the motion of the emitters at the last-scattering surface. Finally the fourth term
is the temperature fluctuation at that surface.

Since the gravitational field has a large scale of interaction the SWand ISW
effects dominate the angular power spectrum at the largest angular scales (¢
smaller than a few tens) producing an approximate plateau (see figure 2). No-
tice also that these scales are the most affected by the cosmic variance (see
equation 4). The ISW effect has two contributions: an early one before recom-
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6000 - q

5000 - Acoustic Peaks

4000 -

Damping

3000

I(+1)C, 12z (u K?)

Sachs-Wolfe

2000

1000

Figure 2. C| for the best fit model given in Bennett et al. (2003) (see also table 2). The range
of ¢ where the different physical effects dominate is indicated. The gray band envolving the C;
is the unavoidable error due to the cosmic variance (see text). The spectrum has been computed
using the CMBFAST code (Seljak and Zaldarriaga 1996).

bination produced by the imperfect coupling of photons and baryons causing
variations in the gravitational potential with time, and a late one after recom-
bination due to changes in the gravitational potential with time. The late ISW
effect is produced by the linear evolution of the large-scale matter distribution
at later times if the universe is different form Einstein-de Sitter. As we will
see at the end of Section 5 this is an independent test from the standard one
(involving usually CMB, SN Ia or LSS data sets) about the existence of a dark
energy component dominating the dynamics of the universe at recent cosmic
times.

The Doppler effect plus the temperature fluctuations at the last-scattering
surface dominate the shape of the angular power spectrum at ¢ larger than a
few tens. At multipoles above a hundred, the angular power spectrum exhibits
a sequence of oscillations called acoustic peaks. They are driven by the balance
between the gravitational force pulling to compress over-dense regions and ra-
diation pressure pushing in the opposite direction. The position and amplitude
of these oscillations are very much determined by the total energy content of
the universe (or equivalently its geometry) and the nature and amount of the
different components.
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Scalar Tensor

‘ /A
10 ¢ TE/ o / I/

I0+1)C /2w (uK?)
/
I0+1)C /2n  (uK?)

Figure 3. Temperature and polarization angular power spectra for scalar and tensor perturba-
tions. The ratio tensor/scalar has been chosen to be » = 0.01. Apart from this parameter, the
vlues for the rest of the parameters have been fixed to the values of the best fit model given in
Bennett et al. 2003 (see also table 2). All the spectra have been computed using the CMBFAST
code.

Finally, at large ¢ (< 1000) the C, power starts to decrease due to the
width of the last-scattering surface and the imperfections of the coupling of
the photon-baryon fluid (Silk effect, Silk 1968).

In Figure 2 one can see the range of ¢ where the different effects dominate
the angular power spectrum.

3. Polarization

Thomson scattering of the radiation generates linear polarization at the end
of recombination when the growth of the mean free path of the photons allow
anisotropies to grow (for a detailed description of the physics of polarization
see, e.g., Challinor 2005). The expected level of polarization is only of ~ 5%.
From the Stokes parameters (), U two rotationally invariant quantities can be
constructed F/, B (often referred to as the E-mode and B-mode, see Zaldar-
riaga and Seljak 1997, Kamionkowski et al. 1997). Under parity transforma-
tions E remains unchanged and B changes sign, and therefore the cross-power
< afma'ﬁ; >=< afmafnj >= 0. It is for these parity properties that only
three angular power spectra are required to characterise CMB polarization:
CE,CB,CTE.

An important property of the E,B decomposition is that whereas the E-mode
polarization can be generated by both density perturbations and gravitational
waves the B-mode can only be generated by the second ones. Therefore the de-

tection of B-mode polarization is a unique proof of the existence of primordial



The Cosmic Microwave Background Anisotropies: Open Problems 9

gravitational waves, opening the door to new areas of physics. In particular,
it can also be used to impose strong constraints on the energy scale of infla-
tion and on the shape of the inflaton potential. A complication comes from the
lensing effect due to the gravitational potential of the LSS which converts part
of the E-mode polarization in B-mode. Fortunately, this effect dominates over
the primary one only at £ & 100 leaving the rest of the spectrum unaltered. All
the temperature and polarization angular power spectra for scalar and tensor
perturbations are plotted in figure 3.

As for the temperature angular power spectrum, the accuracy in the determi-
nation of the polarization angular power spectra has also a fundamental limit
imposed by the cosmic variance. For Gaussian distributed anisotropies the
errors in Cf ) C’f , CETE are given by:

B 1 E,B e 1 T B | ~TE2\?
ACHT = SO, ACTT = m(q cF 1] ) . (6)

There are a number of Galactic and extragalactic foregrounds which com-
plicate the observation of the CMB polarization. Although their relevance
depends very much on the frequency they are expected to be very harmful,
specially for the B-mode due to its relatively small amplitude. For a recent es-
timate of the effect of foregrounds on the polarization observations see Tucci
et al. (2005).

Only recently the DASI experiment has been able, for the first time, to detect
anisotropies in polarization (Kovac et al. 2002). Afterward, the WMAP exper-
iment measured the TE angular cross-power spectrum with more precision and
covering a much wider range of scales (Kogut et al. 2003). More recently the
CBI experiment has measured the E angular power spectrum with more resolu-
tion than DASI allowing the detection of the second, third and fourth acoustic
peaks (Redhead et al. 2004b).

In addition to the temperature anisotropies, the anisotropies in polarization
contain very relevant and independent information. In particular, in the stan-
dard model the maxima in the E spectrum are out of phase with those in the T
spectrum due to the fact that polarized radiation is sensitive to the velocity of
the fluid, and the velocity and density are out of phase in an acoustic wave. This
shift is precisely what has been recently reported by Readhead et al. (2004b)
based on CBI data (see figure 7 below). As we will see later, anisotropies in
the polarization are very relevant to confirm the best fit model given by the
temperature data and to constrain specific parameters as the optical depth to
which they are very sensitive.

4. Cosmological parameters

There are a number of cosmological parameters that account for very dif-
ferent fundamental physical properties of the universe and that influence the
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radiation angular power spectrum in many ways. These parameters character-
ize the background model of the universe (assumed to be the homogeneous and
isotropic Friedmann-Robertson-Walker model), the primordial scalar and ten-
sor fluctuations and the reionisation history. At present around 12 parameters
are considered for the data analysis.

The parameters characterizing the background model of the universe are the
following:

Physical baryonic density, wy: wy, = Qyh?.

Physical matter density, wy,: W, = Qnh®. Q,, is given by the sum
of the baryonic density €2, the CDM density Q2opas and the neutrino
density €2,,.

Physical neutrino density, w,: w, = O, h? (up to now only upper limits
are found for this parameter).

Dark energy equation of state parameter, w: w = ppg/ppE-

Dark energy density, Qpp: In case w were constant and took the value
—1 then the dark energy takes the form of a cosmological constant and
its energy contribution is represented by 2.

Hubble constant, h: h = Hy/100km s~ Mpc~1.

The reionisation history of the universe influences the CMB by a single
parameter:

Optical depth, T: T = o ftto ne(t)dt, where o is the Thompson cross-
section and n.(t) is the electron number density as a function of time.

The cosmological parameters that characterize the matter and gravitational
waves primordial power spectra are:

Amplitude of the primordial scalar power spectrum, As:

Py(k) = As(k/ko)™, where ko = 0.05Mpc~1.
Scalar spectral index, n.

Running index, ov: « = dng/dInk. It accounts for the deviations from
a pure power-law. Its value is normally determined at the scale ky =
0.05Mpc 1.

Tensor-to-scalar ratio, r: v = A/ As.

Tensor spectral index, n;: from the consistency relation of inflation it is
normally assumed that n; = —r/8.
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Figure 4. Dependence of Cy on some relevant cosmological parameters (The C; has been
produced with the CMBFAST code.

Besides those parameters there are two possible types of primordial mat-
ter density fluctuations: adiabatic (the entropy per particle is preserved) and
isocurvature (matter fluctuations compensate those of the radiation conserving
total energy density). As commented in the Introduction the standard model of
inflation predicts fluctuations of the adiabatic type.

Analyses that combine CMB with LSS require an additional parameter ac-
counting for the bias b of the galaxy density respect to the matter density.

In figure 4 we show the changes in Cy produced by the variation of some of
the most relevant cosmological parameters. The many different ways in which
the Cy can vary with the parameters produces degeneracies complicating their
accurate determination. In particular, there is a well known geometric degen-
eracy involving the matter and dark energy densities. This is shown in figure
5 where almost identical angular power spectra are obtained for three different
values of the curvature (2 = 1 — Q,,, — Qpg). This example illustrates the
need of including in the analysis additional cosmological data sets (like SN Ia,
LSS, cluster density, CMB polarization, ...) to break the degeneracies.

S. Cosmological constraints

In recent years there has been an explosion of cosmological data which have
made possible a strong advance in the determination of the cosmological para-
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Figure 5.  Geometric degeneracy for three values of the curvature 2. Apart from the para-
meters given in the figure the rest of the parameters have been fixed to the best fit model given
in Bennett et al. (2003). The three spectra have been computed using the CMBFAST code.

meters. Below we summarize the main results for CMB data alone and when
combined with other cosmological data sets.

WMAP and higher resolution CMB experiments

The WMAP data alone is able to put strong constraints on some cosmo-
logical parameters when some priors are assumed in the analysis (Spergel et
al. 2003). Table 1 summarizes the results when a flat universe is assumed,
the prior 7 < 0.3 is imposed on the optical depth and only 6 parameters are
considered. It is interesting to notice that the Einstein-de Sitter universe (i.e.
a spatially flat universe with null dark energy) is rejected at a very high confi-
dence level. Besides, the value of the optical depth parameter 7 is essentially
determined by the TE angular cross-power spectrum.

The WMAP data also test the type of the primordial fluctuations. The clear
detection of the first acoustic peaks as well as the detection of the TE cross-
correlation imply that the fluctuations were primarily adiabatic, in agreement
with the standard inflationary model.



The Cosmic Microwave Background Anisotropies: Open Problems 13

Table 1. Cosmological parameters using only WMAP data. In the fit the universe is assumed
to be spatially flat and the value of the optical depth is constrained to 7 < 0.3 (from Spergel et
al. 2003)

Parameter  Values (68% CL)

wy 0.024+0.001
W, 0.14+0.02
h 0.72+0.05
As 09+0.1
T 0.1661 007
N 0.99+0.04
10000
9000 B
8000 —
% 7000 * ACBAR E
=
=~ 000 X cBl E
13
N s000 4’ o VSA 7
% 40001 7 ; WMAP —
o 46 {
= 3000 F \ —
ZOOO*é %% —
R | | | Z\ e %

500 1000 1500 2000 2500 3000
|

Figure 6.  C; measured by WMAP, ACBAR, CBI and VSA, together with the best fit model
given by Bennett et al. (2003). The values of the parameters are listed in table 2.

The situation is improved if temperature data from high resolution CMB
experiments is included in the analysis (Spergel et al. 2003, Dickinson et al.
2004). In figure 6 the Cy obtained from the experiments WMAP (Hinshaw et
al. 2003), ACBAR (Kuo et al. 2004), CBI (Readhead et al. 2004a) and VSA
(Dickinson et al. 2004) is shown. Although the polarization measurements are
not yet sensitive enough to significantly improve the constraints already de-
rived from the temperature one (except for 7), however the measured peaks in
the E-mode C', which are out of phase with the temperature C; ones, suppose
an independent evidence of the standard model and, more specifically of the
adiabatic type of the primordial matter density fluctuations. The TE angular
cross-power spectrum from DASI (Leitch et al. 2004), WMAP (Kogut et al.
2003) and CBI (Readhead et al. 2004b) as well as the E-mode polarization
angular power spectrum from DASI and CBI are shown in figure 7.
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Figure 7. TE and E angular power spectra measured by DASI, WMAP and CBI (TE) and
DASI and CBI (E). Also plotted is the best fit model given by Bennett et al. (2003). The values
of the parameters are listed in 2.

Combination with other cosmological data sets

The present richness of data is not exclusive of the CMB. Also large galaxy
surveys covering a large fraction of the sky and measuring the three-dimensio-
nal power spectrum using ~ 200000 redshifts, like the 2dFGRS (Percival et
al. 2001) or SDSS (Tegmark et al. 2004a), have been recently achieved. If the
initial fluctuations are Gaussian, all the information is included in the power
spectrum P(k) and thus this is the quantity normally used for the analysis.
The cosmological parameters determine the matter power spectrum at present
through the initial amplitude and the spectral index Ag,ns and the transfer
function connecting linearly the present and initial P(k). An additional bias
parameter b, assumed to be scale-independent and linear, is needed to relate
galaxy and matter density. Moreover, non-linear evolution of the matter den-
sity power spectrum should be also considered in the comparison with obser-
vations. The present matter density power spectrum as well as the luminosity
distance-redshift diagram determined with SN Ia depend on the cosmologi-
cal parameters in a very different way from the Cy, and so the combined data
sets can potentially impose much more severe constraints. Results of com-
bining CMB data with LSS galaxy surveys (Percival et al. 2001, Tegmark
et al. 2004a), HST key project value of Hj (Freedman et al. 2001), SN Ia
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magnitude-redshift data (Riess et al. 2001, Tonry et al. 2003), Ly« forest
power spectrum (Croft et al. 2002, McDonald et al. 2004) are given in Ben-
nett et al. (2003), Spergel et al. 2003, Tegmark et al. (2004b) and Seljak et
al. (2004). As it is shown in these papers, the constraints on the cosmological
parameters are greatly improved when combining all those cosmological data
sets and, what is even more important, the best fit model is an acceptable fit
for all of them. Table 2 shows the best fit cosmological parameters given in
Bennett et al. (2003) for the combination WMAP+CBI+ACBAR+2dFGRS.
Alternative combinations include WMAP, high redshift SN Ia and abundances
of rich clusters of galaxies (see e.g. Rapetti, Steven and Weller 2005 and Jas-
sal, Bagla and Padmanabhan 2005 for a detailed analysis of the constraints
imposed by these data sets on the dark energy equation of state). In figure 8
confidence contours are given for the (£2,,,, 2pr) plane combining WMAP, SN
Ia (Knop et al. 2003) and galaxy cluster abundance (Allen et al. 2002). The
complementarity of the three data sets is clearly noticed by the reduction of the
contours of the combined data set compared to the individual ones.

Table 2. Cosmological parameters from WMAP, CBI, ACBAR and 2dFGRS combined data
(from Bennett et al. 2003)

Parameter Values (68% CL)

wy 0.022440.0009
wy <0.0076 (95% CL)
w <-0.78 (95% CL)
QpE 0.73+0.04
h 0.717005
T 0.1740.04
As 0.83370055
N 0.9340.03
aY -0.03115:019
r <0.90 (95% CL)

Integrated Sachs-Wolfe effect

There are strong evidences that the universe today is dominated by the dark
energy density {2pg. The evidences came first from measurements of the lu-
minosity curve and redshift of distance SN Ia, and later from surveys of the
CMB anisotropy and LSS distribution of galaxies. More recently there have
been independent tests that confirm this result. They come from the cross-
correlation of the CMB map with LSS surveys which span a wide range in
redshift. From the late ISW effect a non null signal is expected due to the fact
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Figure 8.  Confidence contours for the plane (£2,,, {24) using SN Ia, CMB and cluster density
data (taken from the Supernova Cosmology Project).

that the same gravitational potential created by the LSS at late times is also
leaving an imprint on the CMB anisotropies. The amplitude and sign of the
effect are determined by (2pp, 2 and h. If the universe is close to spatially
flat, as found in a consistent way by very different cosmological data sets, then
a positive LSS-CMB cross-correlation would be an unambiguous indication of
the presence of dark energy.

This is what has been recently found by a number of authors using different
surveys and methods (Boughn and Crittenden 2004; Fosalba, Gaztafiaga and
Castander 2004; Nolta et al. 2004; Afshordi, Loh and Strauss 2004; Vielva,
Martinez-Gonzalez and Tucci 2004). The maximum amplitude for the signal
has been obtained in the latter paper by cross-correlating the radio galaxy sur-
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Figure 9. Detection of the ISW effect, above 3o level, applying spherical wavelets to the
NVSS and WMAP maps and computing the covariance of the wavelet coefficients as a function

of the wavelet scale. The contours are 1, 2 and 3 o (from Vielva, Martinez-Gonzélez and Tucci
2004).

vey NRAO VLA Sky Survey (NVSS, Condon et al. 1998) with the WMAP
data. It represents a detection > 3o (see figure 9).

6. Open problems

Looking at table 2 and considering the situation only ten years ago, the
progress in the determination of the cosmological parameters has been spec-
tacular. However, what is even more impressive is the concordance among all
cosmological data sets available at present. This agreement in the results has
made possible to build a well specified model of the universe, the so called
concordance model. Nevertheless there are still pending problems related to
the data fitting as well as the interpretation of the values of some of the para-
meters, whose solutions will need to wait for future more sensitive experiments
(at least for some of them, see below).

In spite of the very precise overall fit of the theoretical C; to the WMAP
data (Spergel et el. 2003), there are some significant discrepancies. There
are also significant deviations from the assumed isotropic Gaussian random
field hypothesis, property which is also assumed in the parameter estimation.
Moreover, some parameters take uncomfortably high values and the nature of
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others is completely unknown. More specifically, some of the most relevant
open problems are:

m  Anomalies at the lowest multipoles (¢ = 2,3). deficit of power and
the coincidence of orientations of the quadrupole and octopole in the
WMAP data (Bennett et al. 2003, de Oliveira-Costa et al. 2004, Ef-
stathiou et al. 2004). A better removal of the Galactic contamination
narrowing the mask used for the analysis (as expected from the future
Planck mission, see below) can help to clarify this situation. An attempt
to solve this problem invokes a global non-trivial topology for the uni-
verse (Luminet et al. 2003).

®  Anomalies at intermediate multipoles (¢ = 22,40,210): glitches have
been found around those multipoles in the WMAP data (Bennett et al.
2003). It is not clear if they are just statistical fluctuations, foreground
contamination or represent real features. Some of them might be related
to the asymmetries discussed below (Hansen et al. 2004).

m  Asymmetries and non-Gaussianity: a number of authors have found sig-
nificant deviations from isotropy and Gaussianity in the WMAP data. In
particular asymmetries along the sky and/or non-Gaussianity have been
found in the genus (Park 2004), low-order moments (Eriksen et al. 2004,
Hansen et al. 2004), wavelets (Vielva et al. 2004, Mukherjee and Wang
2004), phases (Chiang et al. 2003), extrema (Larson and Wandelt 2004),
directional wavelets (McEwen et al. 2005) and local curvature (Cabella
et al. 2005). In addition a very cold spot has been detected and local-
ized (Cruz et al. 2005). Although some of these results could be due
to foregrounds others seem to be very difficult to explain in that way.
Anisotropic models for the universe of the type Bianchi VII;, with very
small vorticity and shear seem to provide a good fit to all those features
(Jaffe et al. 2005); however they require a total 2 = 0.5, which deviates
significantly from the value of the concordance model.

m  Power excess at high multipoles (£ > 2000): several high resolution ex-
periments have found excess of power at multipoles 2000 < ¢ < 3000
(CBI, DASI, ACBAR). This excess can be associated, at least partially,
to SZ emission from galaxy clusters (Bond et al. 2005) or to extra-
galactic sources (Toffolatti et al. 2005). Diego et al. (2004) suggested a
sensitive way to separate between those possibilities using the skewness
and kurtosis of the Mexican Hat wavelet coefficients.

m  High value of the optical depth: from the WMAP data a high value of
the Thompson optical depth is derived (7 ~ 0.17, see tables 1 and 2),
implying a high redshift for the reionization of the inter-galactic medium
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of the universe z ~ 20 and, thus, that non-linear structures were already
formed at these high redshifts. This result heavily relies on the high
value of the TE angular cross-power spectrum at low multipoles mea-
sured by WMAP, and so a confirmation with the second and other years
of data —particularly with the E-mode angular power spectrum— would
be crucial. Again, sensitive polarization data covering a large fraction of
the sky (as expected from Planck) would represent an important step
forward to solve this problem.

m  Non-zero running index c: WMAP data combined with other cosmo-
logical data sets slightly favours a running index different from zero (see
table 2. This result is heavily supported by the data at small scales pro-
vided by the Ly« forest power spectrum (Croft et al. 2002). However,
new analyses of the matter power spectrum from the Ly« forest find
values of « perfectly consistent with zero (Seljak et al. 2005).

m [socurvature fluctuations: Although the WMAP temperature and polar-
ization data imply that the primordial density fluctuations were primarily
adiabatic (also confirmed by the recent polarization measurements from
CBI), however at the 20 CL up to ~ 50% of the C, power can still be due
to isocurvature fluctuations (Crotty, Lesbourgues and Pastor 2003). In
addition, considering all possible combinations of adiabatic and isocur-
vature modes for each matter component will significantly lower the
constraints in the parameters (Bucher, Moodley and Turok 2001). Fu-
ture sensitive experiments like Planck will be able to further constraint
the type of the fluctuations and their relative amounts.

m  Topological defects: the acoustic oscillations measured in the Cy by
WMAP and other CMB experiments strongly reduce the possible role
of topological defects in the universe. Recently, Bevis, Hindmarsh and
Kunz (2004) and Fraisse (2005) have limited the contribution of topo-
logical defects (textures and cosmic strings) to the Cy to be < 20%.
However, a fine determination of their possible sub-dominant contribu-
tion will probably have to wait for future more precise data.

m  Nature of dark matter and dark energy: probably the most challeng-
ing problem in cosmology is to understand the nature of the dark en-
ergy and the dark matter which completely dominates the dynamics of
the universe. For the former, a cosmological constant (with equation of
state w = —1) seems to be in acceptable agreement with many different
data sets. This situation is particularly embarrassing since a natural ex-
planation in terms of the vacuum energy, given by quantum zero-point
fluctuations of fundamental fields, implies a value around 100 orders of
magnitude above the observed one. Regarding the dark matter, although
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several candidates have been proposed within particle physics theories,
neither its nature nor its evolutionary history are known.

m  B-mode polarization: detection of this mode would unambiguously indi-
cate the existence of a primordial background of gravitational waves and
thus would allow to constrain theories of the early universe. Due to its
expected weak signal respect to the temperature, the E-mode anisotropies
(see figure 3) and to the emission from the Galactic and extragalactic
foregrounds (Tucci et al. 2005), its detection and precise determination
will necessarily require the development of new very sensitive experi-
ments.

On top of these problems there are others, more fundamental ones, related to
the origin of inflation and to its dynamics: which is the particle physics frame-
work for inflation?, how the universe started to inflate in the early universe?,
which is the specific model of inflation within, e.g., the simple classification by
Kinney (2002)? The ESA Planck mission, the third space mission after COBE
and WMAP, scheduled for launch in 2007, will measure the temperature of the
CMB over the whole sky with high sensitivity (few pK), resolution (down to 5
arcmin) and wide frequency coverage (30 — 850 GHz), allowing a good sep-
aration between CMB and foregrounds and thus providing an angular power
spectrum with unprecedented precision limited only by cosmic variance. It
will also provide a map of polarization with sensitivity beyond the one reached
by previous experiments. These new measurements will certainly have a pro-
found impact on our understanding of the origin and evolution of our universe
(for more details on the Planck mission see the web page address given in the
references). An open issue which may remain even after Planck is the detection
of the B-mode polarisation. As stated above, the determination of this mode
would have a tremendous impact on the theories of the early universe. There
are now many plans to build experiments capable to reach the demanding sen-
sitivities needed to search for the B-mode including space missions from ESA
and NASA.

Finally, from the previous discussion we can state that the role played by the
CMB on our understanding of the universe has been very relevant in the past
and is expected to continue being so in the future.
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THE GRAVITATIONAL LENSING EFFECT
IN COSMOLOGY
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Abstract In this paper, I review some recent developments in the framework of gravita-
tional lensing, mainly devoted to clusters of galaxies and large scale structures.
Used as a powerfull tool in observational cosmology, gravitational lensing al-
lows to assess both the questions of mass determination in clusters of galaxies
and the study of background sources thanks to the magnification effect. Some
cosmological implications will be reviewed.

Keywords:  Cosmology, Observations, Gravitational lensing, Clusters of galaxies

1. Basics of gravitational lensing
General formalism

The general formalism of gravitational lensing has been presented in many
review papers (Schneider, Ehler & Falco 1995; Mellier 1999) and is only sum-
marized here. First, gravitational lensing is sensitive to gravity, which means
all kind of matter, whatever its nature. In addition, under general assumptions
(listed below), gravity is traced by the newtonian potential and there is no need
for a full knowledge of General Relativity to address astrophysical issues with
gravitational lensing.

So I remind the main assumptions used in this review, valid in most lensing
configurations, especially those related to clusters of galaxies: the lens is “thin”
compared to the cosmological distances between the source and the observer, it
is stationary so the gravitational potentiel does not vary while the light travels
along it. Morevoer lensing is acromatic and the distances in use are the angular-
diameter distances.

Following these preliminaries, the basic lens equation, which relates the
position of the source on the sky plane to its corresponding image is simply
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written as

3= ”—&:5—61@(*
1/; =
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where () is the 2D newtonian gravitational potential of the lens projected

—

on the sky plane. The reduced potential ¢(#) is also written in terms of the
convergence £ as
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Figure 1. Usual gravitational lens configuration and the relation between the source and

image positions.

The lens equation is a mapping of the source plane on the image plane, and
the relation between the source size and the image size defines the magnifica-
tion matrix, under the property of surface brightness conservation:

(o) (. 0w(®)\ (. 0%w(0)
A= (539*) B <5” 06, ) B (5” a 89i69j>

This magnification matrix can be written in terms of the complex shear (v =
1 + #y2) and convergence k as

l—rk—m -2
A=
( —72 l—k+m )
kK = %tw,zj =111+ 22)

M o= 511 —122)
Y2 = Ya2=1Y2

The effect of the convergence on a circular source is an isotropic magnification
while the anisotropic distorsion is directly represented by the shear term.
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Image formation and lensing regimes
There are 3 lensing regimes which act differently on the image formation:

m  The strong lensing regime corresponds to the regime of large deforma-
tions and possible image splittings. The images appear like giant arcs
with very distorted shapes. They lie close to the critical lines of the lens.

m  The intermediate regime corresponds to the regions of formation of the
so-called arclets, i.e. distorted but single images, located outside the Ein-
stein radius. The relations between source and image properties are still
non-linear. In these regions, one can also observe the magnification bias,
with usually a depletion of background sources, related to the intensity
of the local magnification.

m  The weak lensing regime acts when individual distorsion of the sources
is not detectable because it is smaller than the intrinsic ellipticity of the
galaxies. Only statistical shear can be detected by averaging the shape
properties of background sources. This also corresponds to the linear
regime of the source-image relation.

2. Strong lensing in clusters of galaxies

In this section we focus on some important scientific results issued from the
analysis of the strong lensing effect in clusters of galaxies. This effect was
highlighted by some spectacular images obtained with the HST. However it is
out of the scope of this review to present a complete and up-to-date listing of
all the observations and lensing models performed in clusters of galaxies. Only
a few illustrative examples are presented below, trying to be representative of
what can be done in a cosmological context.

The major use of gravitational lensing in clusters of galaxies is the modeling
of the lensing configurations in order to constrain the mass distribution. The
general scheme of any lens model is to first identify one or several families
of multiple images, and build a model of the gravitational potential (or the
equivalently the mass distribution) by minimizing the source distances between
different positions corresponding to the multiple images. This minimisation is
done by adjusting the lens potential. For illustration I present below the cluster
of galaxies Abell 2218 (z = 0.17) observed first with the HST/WFPC2 camera
( Kneib et al. 1996) and more recently with the ACS. This is a rich cluster of
galaxies and a strong X-ray emitter. All these properties point to a massive
cluster and a very favorable configuration for gravitational lensing. Presently
at least 4 families of multiple images are clearly identified, with measured
redshifts ranging from 0.702 to 5.576 ( Ebbels et al. 1996; Ellis et al. 2001).

The mass modeling was built with 2 main cluster components centered on
the two brightest galaxies of the cluster and adding the individual mass of the
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17 brightest cluster galaxies located in the center of the cluster. For numerical
simplicity, the potential was represented by a pseudo-isothermal elliptical mass
distribution (PIEMD) ( Kassiola & Kovner 1993) and caracterized by 3 main
parameters: the central velocity dispersion o, a core radius 6. and a truncature
radius 60, plus geometrical parameters like the position of the center or the
ellipticity and position angle of the potential.

Recovering the mass distribution

Figure 2. Model of the gravitational potential in Abell 2218, from the constraints of 4
multiple-images configuration.

The best fit results of this modeling show several significant tendancies,
common to most lens models of clusters: the main massive components follow
quite closely the light distribution. But in the case of A2218, the ellipticity of
the main component is much smaller than that of the c¢D light distribution while
for the secondary massive component, it is larger its optical counter-part. This
may be interpreted in terms of a possible signature of a recent merger between
the two components, with a dark matter distribution not yet re-adjusted to the
luminous one. This conclusion is confirmed by recent X-ray observations with
Chandra, also interpreted in terms of a sub-cluster merging with the main clus-
ter. In addition to the constraints derived on the two main components, adding
the individual contribution of the galaxies improves significantly the results of
the models. The best fit parameters give standard values for the galaxy masses,
with a slight increase of the M/L ratio with L (Soucail, Kneib & Golse 2004).
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Constraining the cosmological parameters

The mass distribution models of some well studied cluster lenses are so well
constrained that gravitational lenses start to be considered as potential tools to
constrain the geometrical cosmological parameters, independantly from more
classical tests. Indeed, lensing depends on the ratio Dy,s/Dog for each source
(or each set of multiple images) multiplied by a term which depnds only on
the gravitational potential. Provided the redshifts of the sources are mea-
sured accurately with spectroscopy, the ratio Dyg/Dog will depend only on
the geometrical cosmological parameters (2,7, €2y) or (237, w) for a flat uni-
verse with dark energy. A typical degeneracy in the (2,7, €2)) plane is ex-
pected ( Golse, Kneib & Soucail 2002) with a caracteristic shape different
from the degeneracies obtained by CMB anisotropies measurements or Su-
pernovae fittings. A first and preliminary attempt was proposed recently on
the well constrained cluster-lens Abell 2218 (Soucail, Kneib & Golse 2004),
where the expected degeneracy was observed (Fig. 3). However, recent simu-
lations ( Dalal, Hennawi & Bode 2004) show that the uncertainties in the lens
modeling, mainly due to density fluctuations from large-scale structures, pre-
clude the use of individual clusters to infer cosmological parameters. More
work is needed in order to fully explore the potentialities of this method. The
combination of a large dataset of cluster lenses will be crucial.

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 08 1.0

Figure 3. (left) Evolution of the ratio Drs/Dos for two sources at different redshifts in the
(Qar,2,) plane. (right) Results of the x* analysis after the modeling of the cluster A2218. The
expected degeneracy is nicely recovered.

Looking at magnified galaxies

Clusters of galaxies act as giant gravitational telescopes. This idea has been
extensively used to benefit from the magnification effect and to detect very
faint objects which would be un-observable out of the lens.
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A recent and spectacular breakthrough was the detection of very high red-
shift galaxies behind cluster lenses. Presently most of the highest redshift
galaxies are magnified by cluster lenses. As an illustration, we can mention
two pairs of high redshift galaxies identified behind the cluster Abell 2218:
z = 5.67 (Ellis et al. 2001) and z ~ 7 (Kneib et al. 2004). Searched on pur-
pose in the area close to the critical lines at high redshift, they are magnified by
large factors, from 10 to 25! Although still controversial, the highest redshift
source identified at a redshift of 10 is also magnified by 25 to 100 (Pello et al.
2004). At the limit of detectability of all the existing facilities, these sources
would have been un-observable without magnification. The observing window
behind cluster lenses is a unique opportunity to increase our understanding of
the very early stages of galaxy formation up to the epoch of reionisation.
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Figure 4.  Extension of the faint differential number counts of mid-IR sources observed at 15
pm behind the cluster-lens Abell 2390 (from Metcalfe et al. 2003).

For illustration I also mention an interesting project developped with ISO, in
which ultra-deep imaging was performed on the cluster-lens Abell 2390 with
ISOCAM. The correction from the lens magnification was applied and allowed
to derive the deepest counts obtained at 7 and 15 pm with ISO (Metcalfe et
al. 2003). The average gain in flux was about 2 in an area of a few square
arcmintues, decreasing the intrinsic flux limit to less than 0.05 mJy at 15 pm.

3. From weak lensing to masses

Outside the cluster centers, where the gravitational lensing effects are the
strongest and the most spectacular, lensing is still present only slightly distorts
the images of background sources. Due to the instrinsic shape of these galax-
ies, it is impossible to measure directly and individually the small additional
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shear and only statistical lensing is measured. The modeling of the image ellip-
ticities is obtained from the 2nd order moments of the light distribution. Then
it is related to the gravitational reduced shear, a complex quantity defined as

A ()

9(9) = 1 _H(e—’)

The source and image ellipticities are related by Seitz & Schneider (1995)

€—9g
1—g*¢

lgl <1

(8 —
1—ge*

p— lgl >1

In the weak lensing approximation (i.e. K < 1), ¢ ~ &) + g. Assuming
a random distribution of the intrinsic orientation of the galaxies, we have the
basic relation of weak lensing: < & >~< v >.

Applying this formalism to real observations is more complex because of
the PSF smearing on the shape of the galaxies. To correct from this smearing,
acting like a convolution of the intrinsic light distribution, several methods
were developped. The local modeling of the PSF is obtained by interpolation
of the shapes of nearby stars. Then the PSF correction is applied following
several prescriptions: the most popular one, described by Kaiser & Squires
(1993) consists in a decomposition of the total distorsion in an anisotropic PSF
term + an anisotropic one + the shear term. Another approach more recently
developped compute the real galaxy shape parameters after the deconvolution
by the PSF (Bridle et al. 2001).

From the corrected shape parameters of the background galaxies, one then
needs to reconstruct the mass profile of clusters of galaxies. Generally a x>
minimization on the shear profile is applied to contrain the mass distribution
up to large radii (a maximum radius of 1 to 3 Mpc can easily be acheived with
present-day reconstruction techniques). Another tool is to use the so-called (-
statistics or the aperture mass, i.e. the integration of the total mass up to a given
radius (Fahlman et al. 1994). This gives an underestimate of the total mass, but
avoids the difficulty induced by the mass-sheet degeneracy effect (Schneider &
Seitz 1995): any shear pattern obtained from a given lensing distribution (x, )
is equally reproduced by any distribution (x’,7’) such as

K@) =A@ +(1-X)  7(6) =16

where ) is an arbitrary constant. This degeneracy is difficult to break and re-
quires either more than one set of multiple images with known redshift (strong
+ weak lensing) or redshift information on all the background sources, al-
though with lower accuracy (Bradac, Lombardi & Schneider 2004).
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In conclusion, recovering the mass distribution from weak lensing is very
promising although additional work is still necessary to fully understand the
residual systematics which may bias the mass measurements in clusters of
galaxies. The comparison between these mass distributions and the light dis-
tribution of the galaxies is a direct estimate of the cosmological bias. It is still
not clear wether the mass-to-light ratio in clusters varies from the densest cen-
tral regions towards the external ones. In principle weak lensing techniques
are able to address this question although quantitative estimates require further
developments.
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Figure 5.  Example of a measured shear profile at large radius, and the reconstructed mass
profile, in the cluster Abell 1689 (from Bardeau et al. 2004).

4. The cosmic shear or lensing by large scale structures

Extending the weak lensing phenomenon over the outskirts of clusters of
galaxies has revealed a very powerfull tool to study the mass distribution of
large scale structures. The formalism used in that case is slightly different,
and one usually considers the global power spectrum of the mass distribution
instead of individual mass over-densities. The usefull quantity is the 2-point
shear correlation function which is related to the mass fluctuations power spec-
trum P, (k). Recent results from several teams lead to concordant results and
significant constraints on the degenrate product oy Q%}Iﬁ (Van Waerbeke et al.
2002 and references therein). Breaking this degeneracy with additional con-
straints seem to point to a high value of og and 25, < 0.5 (Pen et al. 2003).

The future of such measurements is expected from large dedicated imaging
surveys. The CFHT Legacy Survey is already on-going and preliminary re-
sults will be available soon. It covers an area larger than 150 square degrees,
with high quality imaging and multi-color photometry (allowing photomet-
ric redshift information on the background sources). With such a wide area,
the expected accuracy on the cosmological parameters should be better than
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Figure 6.  Degeneracy on the constraints on {25 and og from cosmic shear measurements in
the VIRMOS-DESCART survey (Van Waerbeke et al. 2002).

10%. Other ambitious projects are under development, like the PAN-STARRS
project or the LSST on the ground or space projects like SNAP-JDEM. The
next decade will be very challenging, indeed!

5. Conclusions

I hope to have convinced the reader that gravitational lensing offers a lot
of potentialities for Cosmology. It allows a direct determination of the mass
distribution in clusters at different scales and is a complementary approach to
the study of the X-ray gas distribution or the dynamics of the galaxies. The
detailed modeling of some well-defined lenses confirm that in most clusters
the dark matter is centrally concentrated, with a distribution characterized by
a small core radius. Moreover, the magnification gain in strong lensing is used
to extend the limits of available instruments and to explore the very distant
Universe: high amplification events led to the discovery of some spectacular
galaxies at the frontier our visible universe. Finally there are some good hopes
to use gravitational lensing to get better geometrical constraints on the struc-
ture of the Universe, although this is clearly a difficult task and the expected
performances are well below those achieved by other means. But it remains
totally independant from other methods and is an alternative to be considered.

All these topics will be developped in the near future, thanks to new observ-
ing facilities. Extending the wavelength domain where gravitational lensing is
used to the mid-IR or the sub-mm domains is possible with Spitzer and soon
with ALMA. The very weak lensing regime will also be explored, thanks to the
panoramic camera which start to be available on some large telescopes. Note
that the study of the cosmic shear is one of the 3 core programes of the CFHT
Legacy Survey. Finally one can expect that imaging from space will allow to
extend the range of masses addressed by the effect of lensing (either in the very
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weak lensing regime by large scale structures or in the strong regime by low
mass galaxies at very small angular scale).
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J.A. Tauber*
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Abstract We present an overview of the European Space Agency’s Planck mission, its
scientific objectives and the main elements of its technical design. The current
programmatic status of Planck within ESA’s Scientific Programme, implemen-
tation plans, and near-term milestones are also outlined.

1. Introduction

Planck (http://www.rssd.esa.int/Planck) is a space observatory designed to
image the temperature anisotropies of the Cosmic Microwave Background
(CMB) over the whole sky, with unprecedented sensitivity (AT /T ~ 2x 1079)
and angular resolution (better than 10 arcminutes). Planck will provide a ma-
jor source of information relevant to several cosmological and astrophysical
issues, such as testing theories of the early universe and the origin of cosmic
structure.

The ability to measure to high accuracy the angular power spectrum of the
CMB fluctuations will allow the determination of fundamental cosmological
parameters such as the density parameter ({)y), and the Hubble constant Hp,
with an uncertainty of order a few percent (e.g. Bersanelli et al. 1996, Bond et
al. 1997, Efstathiou & Bond, 1999). Planck will not only measure the tempera-
ture fluctuations of the CMB, but also its polarisation state. This measurement
(e.g. Seljak, 1997) will not only yield new scientific results, but will also help
to analyze the CMB temperature anisotropies (in particular by resolving de-
generacies in the estimation of some cosmological parameters; see Zaldarriaga
et al. 1997; Kamionkowski & Kosowsky, 1998).

In addition to the main cosmological goals of the mission, the Planck sky
survey will be used to study in detail the very sources of emission which “con-

*On behalf of ESA and the Planck Scientific Collaboration.
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taminate" the signal due to the CMB, and will result in a wealth of information
on the properties of extragalactic sources, and on the dust and gas in our own
galaxy (e.g. De Zotti et al. 1999). One specific notable result will be the
measurement of the Sunyaev-Zeldovich effect in many thousands of galaxy
clusters (Aghanim et al. 1997; Pointecouteau et al. 1998).

2. Payload

The scientific prescription which will allow Planck to meet its ambitious
objectives calls for:

= an offset telescope with a physical aperture of size ~1.5 m. to achieve
the angular resolution

m state-of-the-art broadband detectors covering the range ~25 to ~1000
GHz, to achieve the required sensitivity and the ability to remove fore-
ground sources of emission

m asurvey with all-sky coverage carried out from a far-Earth orbit
m extreme attention to rejection of unwanted systematic effects.

To achieve this prescription a payload was conceived for Planck (Bersanelli
et al. 1996) consisting of three basic components: (1) a telescope and baffling
system, providing the angular resolution and rejection of straylight; (2) a Low
Frequency Instrument (or LFI) — an array of tuned radio receivers, based on
HEMT amplifiers, covering the frequency range 25 — 80 GHz, and operated at a
temperature of 20 K; and (3) a High Frequency Instrument (or HFI), consisting
of an array of bolometers operated at 0.1 K and covering the frequency range
90 — 1000 GHz.

The major elements of the Planck payload and their disposition on the space-
craft can be seen in Fig. 1.

3. Programmatic aspects

Planck was selected as the third Medium-Sized Mission (M3) of ESA’s
Horizon 2000 Scientific Programme and is now part of its Cosmic Vision
programme. Planck was formerly called COBRAS/SAMBA. After the mis-
sion was selected and approved (in late 1996), it was renamed in honor of the
German scientist Max Planck (1858-1947), Nobel Prize for Physics in 1918.
Planck will be launched together with ESA’s Herschel Far-Infrared and Sub-
millimetre Space Observatory in August of 2007.

Starting in 1993, a number of technical studies laid the basis for the issue
in September 2000 of an Invitation to Tender (ITT) to European industry for
the procurement of the Herschel and Planck spacecraft. From the submitted
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Figure 1. A conceptual view of the arrangement of the main elements of the Planck payload.
The instrument focal plane unit contains both low and high frequency detectors. The function
of the large shield surrounding the telescope is to control the far sidelobe level of the radiation
pattern as seen from the detectors. Specular cones thermally decouple the Service Module
(located below the payload) from the Payload Module, and allow the payload environment to
reach its nominal temperature of ~50 K. The satellite’s spin axis is indicated; the Sun is always
kept in the anti-spin direction (perpendicular to the solar array). The satellite views are courtesy
of Alcatel Space (Cannes).

proposals, a single prime contractor, Alcatel Space (France), was selected in
early 2001 to develop both Herschel and Planck spacecrafts. Alcatel Space is
supported by two major subcontractors: Alenia Spazio (Torino) for the Service
Module, and Astrium GmbH (Friedrichshafen) for the Herschel Payload Mod-
ule; and by many other industrial sub-contractors from all ESA member states.
The detailed definition work began in June 2001, and at the time of writing a
full qualification model of the satellite is being integrated for test. A view of
the current design of Planck is shown in Fig. 1.

Planck is a survey-type project which is being developed and operated as
a Principal Investigator mission. In early 1999, ESA selected two Consortia
of scientific institutes to provide the two Planck instruments: the Low Fre-
quency Instrument will be developed and delivered to ESA by a Consortium
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led by Reno Mandolesi of the Istituto di Astrofisica Spaziale e Fisica Cos-
mica (CNR) in Bologna (Italy); similarly, the High Frequency Instrument will
be provided to ESA by a Consortium led by Jean-Loup Puget of the Institut
d’ Astrophysique Spatiale (CNRS) in Orsay (France). More than forty Euro-
pean institutes, and some from the USA, are collaborating on the development,
testing, and operation of these instruments, as well as the ensuing data analysis
and exploitation. The capabilities of the instruments are described in Table 1.

In early 2000, ESA and the Danish Space Research Institute (DSRI, Copen-
hagen) signed an Agreement for the provision of the two reflectors that consti-
tute the Planck telescope. DSRI leads a Consortium of Danish institutes, and
together with ESA has subcontracted the development of the Planck reflectors
to Astrium GmbH (Friedrichshafen), who will manufacture the reflectors using
state-of-the-art carbon fibre technology.

In parallel, the instrument development has proceeded largely according to
schedule. Qualification models are manufactured and being tested. The deliv-
eries to ESA of instrument flight models are expected in mid-2005.

4. Scientific performance

The principal objective of Planck is to produce maps of the whole sky
in ten frequency channels. The currently foreseen characteristics of the two
Planck instruments (see Fig. 2) are summarized in Table 1; these characteris-
tics largely drive the quality of the final maps.

These maps will not only include the CMB itself, but also all other astro-
physical foregrounds, whether galactic (free-free, synchrotron or dust) or ex-
tragalactic in origin. All ten Planck sky maps will be used to produce a single
map of the Cosmic Microwave Background anisotropies. The key that allows
to reach this objective is the wide spectral coverage achieved by Planck. Each
astrophysical foreground has a distinct (albeit at present poorly known) spec-
tral characteristic. Specialized data processing algorithms (e.g. Tegmark 1997;
Hobson et al. 1998; Bouchet & Gispert, 1999) will use this information to it-
eratively extract the signal due to each foreground component, until only the
CMB signal remains. Instrumental systematic effects (e.g. Delabrouille 1998;
Burigana et al. 1998; Maino et al. 1999), as well as uncertainties in the recov-
ery of parameters characterizing the foregrounds will degrade the final noise
level in the CMB maps.

Therefore the final scientific performance of the mission depends not only
on the instrumental behavior, but also on the detailed nature of the various
astrophysical foregrounds, the behavior of many systematic effects which pro-
duce spurious signals (such as straylight), and the ability to remove these sig-
nals from the measured data by means of data processing algorithms. Current
estimates of the performance of Planck are based on simulations of the mea-
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Table 1. Characteristics of the Planck Payload

Telescope 1.5 m. (proj. apert.); Aplanatic;Temp. ~50 K; €5ystem ~ 1%

Shared focal plane, viewing direction offset 85° from spin axis

Instrument LFI HFI

Center Fre- || 30 44 70 100 143 217 353 545 857
quency (GHz)

Detector Tech- || HEMT receiver arrays Bolometer arrays
nology

Detector Tem- ~20 K 0.1K
perature

Cooling  Re- Ha sorption cooler H; sorption + 4K J-T stage + Dilution
quirements

Number of
unpolarized - - - - 4 4 4 4 4
Detectors

Number of Lin.
Polarised 4 6 12 8 8 8 8 - -
Detectors

Bandwidth 0.2 0.2 0.2 0.33 | 0.33 | 0.33 | 0.33 | 0.33 0.33
(Av/v)

Angular Reso- || 33 24 14 9.2 7.1 5.0 5.0 5.0 0.5
lution (arcmin)

Average AT /T
per pixel
(Stokes I) 2.0 2.7 4.7 2.0 22 4.8 14.7 | 147.0| 6700
(14 mos., lo,
1075 units)

Average AT /T
per pixel
(Stokes U, Q) 2.8 39 6.7 4.0 42 9.8 298 | - -
(14 mos., lo,
1075 units)

surement process (e.g. Bersanelli et al. 1996; Bouchet and Gispert, 1999;
Knox, 1999; Tegmark et al. 2000), which include such effects to the best of
available knowledge, as well as of the signal extraction process. These simula-
tions suggest that the ability to extract the CMB signal from the measurements
will be limited mainly by the background of noise originating in unresolved
structure in the various foregrounds.

The Planck instruments are also designed to provide information on the po-
larisation state of the CMB. Although simulations of the extraction of polarisa-
tion from Planck are at a less sophisticated level than those dealing with tem-
perature anisotropies, it is expected that Planck will be able to measure with
good accuracy the angular power spectrum of the “E-component” of CMB po-
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larisation (Hu & White, 1997), with the consequent improved estimation of
cosmological parameters (Bouchet et al. 1999; Prunet et al. 2000).

Naturally, as a by-product of the extraction of the CMB, Planck will also
yield all-sky maps of all the major sources of microwave to far-infrared emis-
sion, opening a broad expanse of astrophysical topics to scrutiny. In particular,
the physics of dust at long wavelengths and the relative distribution of interstel-
lar matter (neutral and ionized) and magnetic fields will be investigated using
dust, free-free and synchrotron maps. In the field of star formation, Planck will
provide a systematic search of the sky for dense, cold condensations which are
the first stage in the star formation process. One specific and local distortion
of the CMB which will be mapped by Planck is the Sunyaev-Zeldovich (SZ)
effect arising from the Compton interaction of CMB photons with the hot gas
of clusters of galaxies. The very well defined spectral shape of the SZ effect
allows it to be cleanly separated from the primordial anisotropy. The physics
of gas condensation in cluster-size potential wells is an important element in
the quest to understand the physics of structure formation and ultimately of
galaxy formation.

Therefore, even though that is not its primary scientific objective, Planck
will deliver high quality all-sky maps of all extended foreground emission
components between cm and submm wavelengths. These maps will consti-
tute a scientific product which is comparable to the IRAS and COBE-DIRBE
maps at shorter wavelengths. The high-resolution all-sky nature of the maps,
coupled with the broad spectral coverage and highly accurate calibration, will
present a unique opportunity to explore in a global sense all the extended emis-
sion components of our own as well as external galaxies.

S. Mission profile

Planck will be launched together with Herschel in August of 2007 by an Ar-
iane 5 rocket from the European spaceport in Kourou (French Guiana). Planck
and Herschel will separate immediately after launch, and each will proceed
independently to different orbits around the L2 point of the Earth-Sun system.
At this location, the payload can be continuously pointed in the anti-Sun direc-
tion, thus minimizing potentially confusing signals due to thermal fluctuations
and straylight entering the detectors through the far sidelobes.

The transit time for Planck will be between 3 and 4 months; this period will
be used for commissioning of the spacecraft and instruments. The spacecraft
(S/C) will be placed into a Lissajous orbit around L2 characterised by a ~6
month period and a maximum elongation from L2 of about 380000 km, such
that the Sun-S/C-Earth angle will not exceed 15°. From this orbit, Planck will
carry out two complete surveys of the full sky, for which it requires between
12 and 14 months of observing time.
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Figure 2. On the right (top) is shown the combined focal plane unit formed by the LFI and
HFI (see also Note 1 on pg 2); the colors on each horn correspond to frequency channels. The
HFI focal plane is inserted into the ring formed by the LFI horns, and includes thermal stages
at 20 K, 4 K, 2 K and 0.1 K.The LFI horns and detectors are cooled to 20 K, and are attached
by waveguides to a lower unit containing back-end amplifiers; a complex mechanical structure
stiffens the assembly. On the left is shown the manner in which the various instrument units
are distributed throughout the Payload and Service Modules. In general all cryogenic units
are located in the Payload Module and all warm units (electronics, coolers) are located in the
Service Module. The figures are courtesy of Alcatel Space (Cannes) and Laben (Milano).

The satellite will rotate at 1 rpm around a spin axis pointed within 10° of
the Sun. The payload will always remain in the shadow of the Sun. The solar
array ensures this as long as it is inclined with respect to the Sun-S/C line by
less than 10°. The Planck telescope and focal plane define a sparsely sampled
field of view (FOV) approximately 8° in diametre around a reference line-of-
sight which is inclined by 85° with respect to the spin axis. As the satellite
rotates, the FOV will thus trace a circle of diametre 170° on the sky.

In order to carry out its two consecutive full-sky surveys and maintain the
payload in the solar shadow, the spin axis of Planck must be displaced on the
average by 1° per day in the direction defined by the orbital motion of the
Earth around the Sun. This is achieved by spin axis depointing manoeuvers at
regular intervals. As the spin axis is displaced, the observed circle also moves
and gradually covers a large fraction of the sky.



42 THE MANY SCALES IN THE UNIVERSE

Planck will dump each day to Earth within a period of 3 hours the data ac-
quired during 24 hours. Observations will not be interrupted during the down-
link period, and the S/C will not be reoriented towards the Earth. The telemetry
antenna is designed to have adequate gain within a 15° half-cone from the spin
axis, ensuring that even at the extremes of its orbit the Planck telemetry can
achieve full bandwidth.

6. Operations and data processing

The Planck spacecraft will be controlled from a dedicated Mission Opera-
tions Centre developed and operated by ESOC in Darmstadt (Germany). From
there, the scientific data produced by Planck will be piped daily to two Data
Processing Centres (DPCs), which will be developed and operated by the two
Consortia selected to provide the Planck instruments.

In particular, the two DPCs will be responsible for: (a) daily and long term
analysis of instrument health and performance; (b) daily analysis of science
data; (c) all levels of processing of Planck data, from raw telemetry to deliver-
able scientific products.

The two DPCs will share a basic information management infrastructure,
the Planck Integrated Data and Information System (IDIS, Bennett et al. 2000).
IDIS is being conceived from an object-oriented point of view, and is planned
to contain five different components: (a) a Document Management Compo-
nent, containing all relevant documentation; (b) a Software Management Com-
ponent, encompassing the software in common between the two Consortia; (c)
a Process Coordinator Component, providing a single software environment
for data processing (e.g. a data pipeline manager); (d) a Data Management
Component, allowing the ingestion, efficient management and extraction of
the data (or subsets thereof) produced by Planck activities; (e) a Federation
layer, providing inter-connection among IDIS components (e.g. relating ob-
jects controlled by each component).

The main scientific products of the mission will be produced by the two
DPC:s jointly, and will consist of all-sky maps in ten frequency bands, which
will be made publicly available one year after completion of the mission (i.e. in
mid-2011), together with a first generation set of maps of the CMB, Sunyaev-
Zeldovich effect, galactic emission (dust, free-free, and synchrotron), and point-
source catalogs. The time series of observations (after calibration and position
reconstruction) will also eventually be made available as an on-line archive.
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Abstract Although the primary goal of ESA’s PLANCK mission is to produce high reso-
lution maps of the temperature and polarization anisotropies of the Cosmic Mi-
crowave Background (CMB), its high-sensitivity all-sky surveys of extragalactic
sources at 9 frequencies in the range 30-860 GHz will constitute a major aspect
of its science products. In particular, PLANCK surveys will provide key informa-
tion on several highly interesting radio source populations, such as Flat Spectrum
Radio Quasars (FSRQs), BL Lac objects, and, especially, extreme GHz Peaked
Spectrum (GPS) sources, thought to correspond to the very earliest phases of the
evolution of radio sources. Above 100 GHz, PLANCK will provide the first all-
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sky surveys, that are expected to supply rich samples of highly gravitationally
amplified dusty proto-galaxies and large samples of candidate proto-clusters at
z =~ 2-3, thus shedding light on the evolution of large scale structure across the
cosmic epoch when dark energy should start dominating the cosmic dynamics.

Keywords:  Cosmology, Galaxy evolution, Radio galaxies

1. Introduction

The PLANCK satellite will carry our high sensitivity all sky surveys at 9
frequencies in the poorly explored range 30-860 GHz (see the contribution by
J. Tauber, this volume). At low frequencies, PLANCK will go several times
deeper (and will detect about ten times more sources) than WMAP, that has
provided the first all-sky surveys at frequencies of tens of GHz, comprising
about 200 objects (Bennett et al. 2003).

Above 100 GHz, PLANCK surveys will be the first and will remain the
only all sky surveys available for many years to come. They will fill an order
of magnitude gap in our knowledge of the spectrum of bright extragalactic
sources and may discover new populations, not represented, or not recognized,
in lower or higher frequencies surveys.

Rather than presenting a comprehensive review of the expected scientific
results from PLANCK measurements of extragalactic sources (see, e.g., De
Zotti et al. 1999) we will focus on a couple of frequencies, one of the Low
Frequency Instrument, namely 30 GHz, and one of the High Frequency Instru-
ment, namely 350 GHz. The relatively shallow but all-sky PLANCK surveys
will be ideal to study populations which are both very powerful at mm/sub-mm
wavelengths, and very rare, such as radio sources with inverted spectra up to
> 30 GHz [extreme GHz Peaked Spectrum (GPS) sources or High Frequency
Peakers (HFP)], thought to be the most recently formed and among the most
luminous radio sources, and ultra-luminous dusty proto-spheroidal galaxies,
undergoing their main and huge episode of star formation at typical redshifts
> 2 (Granato et al. 2001, 2004). And PLANCK will observe such sources with
an unprecedented frequency coverage.

To estimate the detection limit, and the number of detectable sources, we
need to take into account, in addition to the instrument noise, the fluctuations
due to Galactic emissions, to the Cosmic Microwave Background (CMB),
and to extragalactic sources themselves. These fluctuations will be briefly re-
viewed in Sect. 2, while in Sects. 3 and 4 we will discuss the expected impact
of PLANCK data on our understanding of HFPs and of ultra-luminous proto-
spheroidal galaxies, respectively. Our main conclusions are summarized in
Sect. 5.
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Figure 1.  Galactic (dot-dashed) and extragalactic (dashed) contributions to the power spec-
trum of foreground fluctuations, compared with the CMB (dotted horizontal line) for three
values of the multipole number ¢. The solid lines show the sum, in quadrature, of the two con-
tributions. At ¢ = 100 the dot-dashed line essentially coincides with the solid line; the two
lines largely overlap at high frequencies also for higher ¢’s. The Galactic contributions are aver-
ages for |b| > 20°, after having applied the KpO mask which include the point source removal,
and comprise synchrotron, free-free and thermal dust emissions, whose power spectra are nor-
malized to the K-band (22.8 GHz), V-band (60.8 GHz), and W-band (93.5 GHz) WMAP data,
respectively (where each component is best measured). The extrapolation in frequency has been
done adopting, for free-free, the antenna temperature spectral index (T4 o %) fg = —2.15,
and for synchrotron the expression proposed by Jackson & Wall (2002) for low-luminosity radio
sources (log S, = const — 0.6424 log(v) — 0.0692(log(v)?), with v in GHz); this formula,
which allows for the high-frequency steepening of the synchrotron spectrum due to electron en-
ergy losses, is consistent with the steepening observed in WMAP data (Fig. 9 of Bennett et al.
2003). As for thermal dust we have considered two cases: B4 = 2.2, the best fit value of Bennett
et al. (2003), and the more usual value 34 = 2. With these spectra, an additional component
(spinning dust?) is necessary to account for the foreground signal detected by WMAP particu-
larly in the Q-band (40.7 GHz); the solid lines include this component. Power spectra at ¢ = 100
were derived directly from WMAP data. At higher £’s we assume Cy = C100(£/100)~" with
v = 2 or v = 3. The upper dot-dashed curve corresponds to v = 2 and 8q = 2.2, the lower
one to v = 3 and B4 = 2. The dashed curve includes, summed in quadrature, the contributions
of all classes of extragalactic sources, based on models by De Zotti et al. (2004), including
canonical radio sources, starburst galaxies, proto-spheroidal galaxies and Sunyaev-Zeldovich
effects. The effect of clustering of proto-spheroidal galaxies has been taken into account as in
Negrello et al. (2004a).

2. Power spectra of foreground emissions

For a very high sensitivity experiment, like PLANCK, the main limitation to
the capability of mapping the CMB is set by contamination by astrophysical
sources (“foregrounds”), while CMB fluctuations may be the highest “noise”
source for the study of astrophysical emissions at mm wavelengths. The most
intense foreground source is our own Galaxy. Because of the different power
spectra of the various emission components, the frequency of minimum fore-
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Figure 2. Predicted 30 GHz differential counts. The left-hand panel shows the counts of
all the main populations (see De Zotti et al. 2004 for details). The right-hand panel details
the contributions of three sub-classes of canonical radio sources: FSRQs, BL Lac objects, and
steep-spectrum sources.

ground fluctuations depends to some extent on the angular scale (see Fig. 1,
where §7" are fluctuations of the CMB thermodynamic temperature, in uK, re-
lated to the power spectrum Cy by 6T = [((£+1)Cyp/(2m)]0(e* —1)2/(x2€"),
with x = hv/kTcuvp). So long as diffuse Galactic emissions dominate the f-
luctuations (6 2 30/; see De Zotti et al. 1999), they have a minimum in the 60—
80 GHz range (depending also on Galactic latitude; cf. Bennett et al. 2003).

But the power spectra of diffuse Galactic emissions decline rather steeply
with increasing multipole number (or decreasing angular scale). Thus, on small
scales, fluctuations due to extragalactic sources, whose Poisson contribution
has a white-noise power spectrum (on top of which we may have a, sometimes
large, clustering contribution) take over, even though their integrated emission
is below the Galactic one. At high frequencies, however, Galactic dust may
dominate fluctuations up to ¢ values of several thousands. Unlike the relatively
quiescent Milky Way, the relevant classes of extragalactic sources have strong
nuclear radio activity or very intense star formation, or both. Thus, although
in many cases their SEDs are qualitatively similar to that of the Milky Way,
there are important quantitative differences. In particular, dust in active star
forming galaxies is significantly hotter and the radio to far-IR intensity ratio
of the extragalactic background is much higher than that of the Milky Way.
Both factors, but primarily the effect of radio sources, cooperate to move the
minimum of the SED to 100-150 GHz.

3. 30 GHz counts

Figure 2 provides a synoptic view of the contributions of different source
classes to the global counts of extragalactic sources. Shallow surveys, such
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Figure 3. Redshift distributions of WMAP FSRQs (left-hand panel) and BL Lacs (right-hand
panel) compared with the model by De Zotti et al. (2004, solid line).

as those by WMAP and PLANCK, mostly detect canonical radio sources. As
shown by the right-hand panel of Fig. 2, detected sources will be mostly flat-
spectrum radio quasars (FSRQs), while the second more numerous popula-
tion are BL Lac objects. PLANCK will detect about ten times more sources
than WMAP, thus allowing a substantial leap forward in the understanding of
evolutionary properties of both populations at high frequencies, only weakly
constrained by WMAP data (Fig. 3).

PraNck will also provide substantial complete samples of sources not (yet)
represented in the WMAP catalog, such as Sunyaev-Zeldovich (1972) signals
and extreme GPS sources or HFPs (Dallacasa et al. 2000).

GPS sources are powerful (log Py 4 g, 2 25 WHz 1), compact ( < 1kpc)

radio sources with a convex spectrum peaking at GHz frequencies. It is now
widely agreed that they correspond to the early stages of the evolution of pow-
erful radio sources, when the radio emitting region grows and expands within
the interstellar medium of the host galaxy, before plunging in the intergalactic
medium and becoming an extended radio source (Fanti et al. 1995, Readhead
et al. 1996, Begelman 1996, Snellen et al. 2000). Conclusive evidence that
these sources are young came from measurements of propagation velocities.
Velocities of up to ~ 0.4c were measured, implying dynamical ages ~ 103
years (Polatidis et al. 1999, Taylor et al. 2000, Tschager et al. 2000). The
identification and investigation of these sources is therefore a key element in
the study of the early evolution of radio-loud AGNss.

There is a clear anti-correlation between the peak (turnover) frequency and
the projected linear size of GPS sources. Although this anti-correlation does
not necessarily define the evolutionary track, a decrease of the peak frequency
as the emitting blob expands is indicated. Thus high-frequency surveys may
be able to detect these sources very close to the moment when they turn on.
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The self-similar evolution models by Fanti et al. (1995) and Begelman (1996)
imply that the radio power drops as the source expands, so that GPS’s evolve
into lower luminosity radio sources, while their luminosities are expected to
be very high during the earliest evolutionary phases, when they peak at high
frequencies. De Zotti et al. (2000) showed that, with a suitable choice of the
parameters, this kind of models may account for the observed counts, redshift
and peak frequency distributions of the samples then available. The models by
De Zotti et al. (2000) imply, for a maximum rest-frame peak frequency v}, ; =
200 GHz, about 10 GPS quasars with S3pgn, > 2Jy peaking at > 30 GHz
over the 10.4 sr at |b| > 10°.

Although the number of candidate GPS quasars (based on the spectral shape)
in the WMAP survey is consistent with such expectation, when data at addi-
tional frequencies (Trushkin 2003) are taken into account the GPS candidates
look more blazars caught during a flare optically thick up to high frequencies.
Furthermore, Tinti et al. (2004) have shown that most, perhaps two thirds, of
the quasars in the sample of HFP candidates selected by Dallacasa et al. (2000)
are likely blazars.

Thus, WMAP data are already providing strong constraints on the evolution
of HFPs. PLANCK will substantially tighten such constraints and may allow
us to directly probe the earliest phases (ages ~ 100yr) of the radio galaxy
evolution, hopefully providing hints on the still mysterious mechanisms that
trigger the radio activity.

We note, in passing, that contrary to some claims, we do not expect that
PLANCK can detect the late phases of the AGN evolution, characterized by
low accretion/radiative efficiency (ADAF/ADIOS sources).

At faint flux densities, other populations come out and are expected to domi-
nate the counts. In addition to SZ effects, we have active star-forming galaxies,
seen either through their radio emission, or through their dust emission, if they
are at substantial redshift. The latter is the case for the sub-mm sources de-
tected by the SCUBA surveys if they are indeed at high redshifts (see below).

Such sources may be relevant in connection with the interpretation of the
excess signal on arc-minute scales detected by CBI (Mason et al. 2003, Read-
head et al. 2004) and BIMA (Dawson et al. 2002) experiments at 30 GHz,
particularly if, as discussed below, they are highly clustered, so that their con-
tribution to fluctuations is strongly super-Poissonian (Toffolatti et al. 2004).
In fact, to abate the point source contamination of the measured signals, the
CBI and BIMA groups could only resort to existing or new low frequency sur-
veys. But the dust emission is undetectable at low frequencies. Although our
reference model (Granato et al. 2004), with its relatively warm dust temper-
atures yielded by the code GRASIL (Silva et al. 1998), imply dusty galaxy
contributions to small scale fluctuations well below the reported signals, the
(rest-frame) mm emission of such galaxies is essentially unknown and may be
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Figure 4. Left-hand panel: contributions of different populations to the 350 GHz counts. Cen-
tral panel: effect of lensing on counts of proto-spheroidal galaxies. Right-hand panel: estimated
counts of “clumps” of proto-spheroids observed with PLANCK resolution.

higher than predicted, e.g. in the presence of the extended distribution of cold
dust advocated by Kaviani et al. (2003) or of a widespread mm excess such as
that detected in several Galactic clouds (Dupac et al. 2003) and in NGC1569
(Galliano et al. 2003). This is another instance of the importance of a multi-
frequency approach, like PLANCK’s, capable of keeping under control all the
relevant emission components, with their different emission spectra.

4. 350 GHz counts

The 350 GHz counts of extragalactic sources have been determined in the
range from ~ 10mly to ~ 0.25mly by surveys with the SCUBA camera,
covering small areas of the sky (overall, a few tenths of a square degree).
These surveys have led to the discovery of very luminous high-z galaxies, with
star-formation rates ~ 10% M /yr, a result confirmed by 1.2mm surveys with
MAMBO on the IRAM 30m telescope. These data proved to be extremely
challenging for semi-analytic galaxy formation models, and have indeed forced
to reconsider the evolution of baryons in dark matter halos.

The bright portion of observed counts appears to be declining steeply with
increasing flux density, probably reflecting the exponential decline of the dark-
halo mass function at large masses implied by the Press & Schechter formula,
so that one would conclude that PLANCK cannot do much about these ob-
jects, but rather detect brighter sources such as blazars and relatively local
star-forming galaxies, or SZ signals. There are, however, two important ef-
fects to be taken into account, that may change this conclusion: gravitational
lensing and clustering.
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We refer here to the model by Granato et al. (2004) according to which
SCUBA sources are large spheroidal galaxies in the process of forming most
of their stars. Forming spheroidal galaxies, being located at relatively high red-
shift, have a substantial optical depth for gravitational lensing, and the effect
of lensing on their counts is strongly amplified by the steepness of the counts.
This is illustrated by the left-hand panel of Fig. 4, based on calculations by
Perrotta et al. (2003). Strong lensing is thus expected to bring a significant
number of high-z forming spheroids above the estimated PLANCK 50 detec-
tion limit.

If indeed SCUBA galaxies are massive spheroidal galaxies at high z, they
must be highly biased tracers of the matter distribution, and must therefore be
highly clustered. There are in fact several, although tentative, observational
indications of strong clustering with comoving radius 79 ~ 8h™! Mpc (Smail
et al. 2004, Blain et al. 2004, Peacock et al. 2000), consistent with theoretical
expectations.

But if massive spheroidal proto-galaxies live in strongly over-dense regions,
low resolution experiments like PLANCK unavoidably measure not the flux of
individual objects but the sum of fluxes of all physically related sources in a
resolution element.

This is an aspect of the “source confusion”" problem, whereby the observed
fluxes are affected by unresolved sources in each beam. The problem was
extensively investigated in the case of a Poisson distribution, particularly by
radio astronomers (Scheuer 1957, Murdoch et al. 1973, Condon 1974, Hogg
& Turner 1998). The general conclusion is that unbiased flux measurements
require a S/N > 5.

Not much has been done yet on confusion in the presence of clustering (see
however Hughes & Gaztanaga 2000). The key difference is that, for a Poisson
distribution, a bright source is observed on top of a background of unresolved
sources that may be either above or below the all-sky average, while in the case
of clustering, sources are preferentially found in over-dense regions.

Clearly, the excess signal (over the flux of the brightest source in the beam)
depends on the angular resolution. For a standard &(7) = (r/r9)~'® the mean
clustering contribution is o< ré'gré;m. The PLANCK beam at this frequency
corresponds to a substantial portion of the typical clustering radius at z ~ 2—
3, so that PLANCK will actually measure a significant fraction of the flux of
the clump, which may be substantially larger than the flux of any member
source. The effect on counts depends on the joint distribution of over-densities
and of M /L ratios. The former depends on both the two- and the three-point
correlation function, while the latter depends on the luminosity function.

Preliminary estimates of the distribution of excess luminosities due to clus-
tering around bright sources have been obtained by Negrello et al. (2004b).
The right-hand panel of Fig. 4 shows the estimated counts of clumps observed
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with PLANCK resolution for three models for the evolution of the coefficient
Q@ of the three-point correlation function. Obviously PLANCK can provide
information only on the brightest clumps, and, except in the extreme case of
@ = 1 at all cosmic times, the clumps will only show up as < 5o fluctuations.
On the other hand, such fluctuations will provide a rich catalogue of candidate
proto-clusters at substantial redshifts (typically at z ~ 2-3), very important to
investigate the formation of large scale structure and, particularly, to constrain
the evolution of the dark energy thought to control the dynamics of the present
day universe.

5. Conclusions

Although extragalactic surveys are not the primary goal of the mission,
PraNcK will provide unique data for several particularly interesting classes
of sources. Examples are the FSRQs, BL Lac objects, but especially extreme
GPS sources that may correspond to the earliest phases of the life of radio
sources, and proto-spheroidal galaxies. Thus PLANCK will investigate not
only the origin of the universe but also the origin of radio activity and of galax-
ies. Sub-mm surveys will provide large samples of candidate proto-clusters,
at z ~ 2-3, shedding light on the evolution of the large scale structure (and
in particular providing information on the elusive three-point correlation func-
tion) and of the dark energy, across the cosmic epoch when it is expected to
start dominating the cosmic dynamics.
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Abstract

Keywords:

The latest cosmological observables analyses seem to converge to a concordant
view of the cosmological model: namely the power law A-CDM. The recent
WMAP results comfort this new standard model. Nevertheless, some degen-
eracy in the CMB physics do not allow one to exclude alternative models. A
combined analysis with other cosmological observations is thus needed. An ex-
ample of such work is shown here, focusing on the abundance of local clusters.
The latter is a traditional way to derive the amplitude of matter fluctuations, but
which suffers from a lack of accurate knowledge of their masses. Here we show
that the mass temperature relation can be specified for any cosmological model
from consistency arguments, removing most of this uncertainty. This allows to
obtain an estimation of the amplitude of matter fluctuations with an accuracy
of 5%. Quite remarkably, this amplitude can be also tightly constrained from
existing CMB measurements. However, the amplitude inferred in this way in a
concordance model (A-CDM) is significantly larger than the value derived from
X-ray clusters. Such a discrepancy may reveal the existence of a new dark com-
ponent in the Universe. It may alternatively reveal a significant depletion of the
gas during the formation of clusters. In all cases, an essential element of clusters
formation history seems to be missing.

Cosmology, CMB, Clusters of galaxies, Parameter estimation

1. Introduction

The cosmological scenario seems more and more well defined. Recent cos-
mological analyses have lead to the so-called concordance model. The latter
passes a lot of cosmological tests. Nevertheless, some observations seem not
to be concordant. Furthermore, constraints on the concordance model are ob-
tained in some (well motivated) particular framework. Some alternatives are
thus still possible and the conclusions may be drawn with care. In a first section
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we will examine the concordance model through the constraints and degenera-
cies given by the study of CMB anisotropies on cosmological parameters. We
then show how some combined analyses of different cosmological observa-
tions could lead to a more precise view of the concordance model. After few
remarks on the dark matter candidates, we will focus on the amplitude of fluc-
tuations and the need for new physics (or dark matter component) to reconcile
clusters and CMB constraints.

2. The concordance model
From CMB

Constraints. The CMB anisotropies observations are used since their dis-
covery in the early nineties by COBE-DMR to put constraints of cosmological
parameters. The detection of the Sachs-Wolfe plateau in the angular power
spectrum (APS hereafter) in 1992 allows one to put constraints on the shape
of the initial power spectrum (IPS hereafter) of fluctuations by constraining its
amplitude and slope ( Gorski et al. 2004). Then the first hint for the pres-
ence of a first acoustic peak in the APS around the degree scale (multipole
moment ¢ ~ 200) was enough for excluding low density models (open mod-
els) and comforting inflationary predictions for a flat Universe (no curvature)
(Lineweaver et al. 1997). Then new observations were made from ground,
balloon and recently satellite again, with a large range of instruments, strate-
gies, frequencies, resolutions. All these data were used progressively to make
better and better constraints on cosmological parameters. Today around thirty
experiments have observed the microwave sky and the last one opens a new
generation of observation. WMAP 2003 release (first release) marked a step in
CMB anisotropies studies (WMAP). The APS derived from full sky maps both
in temperature and in cross-polarization helped in constructing a better con-
vergence to the new standard A-CDM model. WMAP becomes a reference by
constraining most of the cosmological parameter by itself. Such result, shown
in Table 1 and Fig. 1, was obtained in the following framework: a cosmic sce-
nario in which the anisotropies are due to some Gaussian random and adiabatic
fluctuations evolving in a cold dark matter and dark energy dominated (topo-
logically trivial) Universe, in which the initial power spectrum is a power law
caracterised by its amplitude (A) and slope (n). Further hypothesis (or priors
on the parameters) assumed are summarized in Table 1. In such (well moti-
vated) scenario, most of the errors on the cosmological parameters are smaller
than 10%.

Degeneracies.  Even in such well defined scenario some degeneracies re-
main. Some parameters have the property of changing the APS, when varying,
in an opposit manner from other (combinations of) parameters at first order.
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Figure 1.  Constraints from WMAP as 2 dimensional likelihood contours (from Fosalba &
Szapudi 2004).

Table 1. Parameters from WMAP

Parameter symbol Value with errors Hypothesis
Baryon density Qph? 0.024 4+ 0.001 T<0.3
Dark matter density Qph? 0.14 £ 0.02 h>0.5
Hubble constant h 0.72 +0.05 Qior = 1
Optical depth T 0.1669:9%¢ Py(k) oc k™
Spectral index n 0.99 £0.04

For example, an early reionisation will suppress power at smale scales in the
temperature APS, whereas a blue power spectrum (index n bigger than 1) will
enhance the power at small scale relative to the large scales. Even at WMAP
sensitivity, such effects are still visible (elongated ellipses in Fig. 1).

If some of the hypothesis made in the above scenario are relaxed more de-
generacies appear. That is the case for the one between the Hubble constant
Hy and the total density if the Universe (or curvature) €);,;. The Fig. 2 shows
in blue the confidence intervalls obtained with WMAP in the Hy, 2, plane
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without assumptions on these parameters. In red are the contours when a prior
Hy > 50 km/s/Mpc is assumed. Such example shows that the CMB by itself
do not prove the flatness of the Universe. Nevertheless the CMB data excluded
drastically open low density models.
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Figure 2. Curvature degeneracy: constraints in the (Ho, A) and (¢, A) planes. In blue,
analyses without priors on Ho nor Q0. In red, analyses with Ho > 50km/s/Mpc prior. In
green, analyses with {2, = 1 prior.

Another kind of degeneracies appear when more freedom is let to the initial
conditions. The APS is the result of the evolution in a particular cosmology of
some initial conditions such as the IPS. The APS could be written as follows:

dk
Cp= /Po(k)Az%kk (1)

where Py(k) is the IPS and A is the transfer function depending on the cos-
mological parameters such as the densities, the Hubble constant, etc. As we
have seen the “standard” scenario considers power law IPS. If such hypothesis
is relaxed, then the constraints on cosmological parameters weaken. Figure
3 shows an example from Blanchard et al. (2003) where two APS are drawn
over WMAP data. The dotted model is the best power law A-CDM model
obtained in (Spergel et al. 2003), whereas the blue solid line model in a pure
matter dominated flat model (2, = 0) with a IPS caracterised with two differ-
ent slopes at large and small scales. These two models are thus equiprobable
as seed of the WMAP observed APS.

As noted by the WMAP team, few outliers in the observed APS make some
strong contributions in the global x? which is consequently subsequently high.
These outliers, expected to be due to some experimental effects not well sub-
stracted could also have cosmic origin. Some features in the IPS could for ex-
ample produce such deviations from the theoretical APS. Under the assumption
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Figure 3. left: Angular power spectra from power law A-CDM and broken power law de
Sitter Universe. right: Angular power spectrum from the reconstructed initial power spectrum
shown in Fig. 4 (left).

that these outliers are cosmological signal, Tocchini—Valentini et al. (2004)
have inverted the relation in Equ. 1 to retrieve the IPS from the APS (by as-
suming concordance cosmological parameters). The results is plotted in Fig. 4
(left). The IPS derived from WMAP Cjs (in blue with error bars in green) ex-
hibit deviations from a simple power law (black ~ horizontal line). If such an
IPS is now evolved to present time one have the corresponding matter power
spectrum that can be confronted to observations. As shown in Fig. 4 (center),
the deviations in the IPS produce deviations in the matter power spectrum that
are in agreement with the features detected by the Sloan Digital Sly Survey
(SDSS, SDSS) comforting the idea of cosmological origin of the deviations
in the WMAP APS. The method used by Tocchini-Valentini et al. could be
applied whatever the cosmology is. Given the degeneracy illustrated by Equ.
1, one can retrieve an IPS able to fit WMAP Cs for a purely matter domi-
nated Universe. Figure 4 (right) shows the IPS retrieved in such a cosmology
Qp =0).

The CMB anisotropies studies can bring a lot of information on the cosmo-
logical scenario. Strong constraints could be put if a reasonable framework is
assumed. Nevertheless, degeneracies remain in more general approaches. The
physics of the CMB anisotropy imply degeneracies in the shape of the APS.
Moreover, the initial conditions remain degenerated with the evolution of the
Universe (see also Bucher et al. 2004).
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Figure 4. Reconstructed IPS (left) from WMAP APS under concordance prior and corre-
sponding matter power spectrum compared to SDSS data (middle). Example of reconstructed
IPS from WMAP with Qs = 1 prior (right).

From combined analysis

In order to break these degeneracies, one can combine constraints from dif-
ferent observations. Angular distances, shape of the matter power spectrum,
Hubble law are not sensitive to the cosmological parameters in the same way
as the APS of CMB anisotropies. This allows one to break degeneracies intrin-
sic to one of the observable. Figure 5 summarizes such a combination. Most
of studies implying this kind of combinations converge to the now standard
“concordant model” (Douspis et al. 2003; Tegmark et al. 2004; Spergel et
al. 2003). Some observations remain nevertheless inconsistent and combining
them may lead to other conclusions (Kochanek & Scechter 2004; Blanchard &
Douspis 2003; ). Such an example is given in the next sections.

3. Dark matter

Dark matter is now a major component of the cosmological model. We have
direct proofs of existence (rotation curves of galaxy, mass luminosity ratios, or
lensing of background galaxy by clusters). This dark matter is probably non
baryonic (massive compact halo objects search seems to indicate that such dark
matter could only contribute to 20% of the total mass of clusters Afonso et al.
2003; Yoo, Chanamé & Gould 2004) and may contribute to 25% of the total
density of the Universe (with 5% of baryons and 70% of dark energy in the
concordance model).

This dark matter could be cold (few GeV, and non relativistic at galaxy
formation), warm (few keV) or hot (few eV and relativistic at galaxy for-
mation). Few candidates can be classified as follows (Gondolo 2004): ex-
isting (light neutrinos),well motivated (heavy neutrinos, neutralinos, axions)
and other (self-interactive particles, wimpzillas, ...). Recent experiments have
put a lower limit on the mass of the neutrinos (Klapdor-Kleingrothaus et al.
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Figure 5.  Constraints ion the Hubble constant and matter density in combined analyses (from
Tegmark et al. 2003).

2004). On the other side, heavy neutrinos have not been detected in laboratory,
and the shape of the matter power spectrum from CMB and galaxy surveys
(Tegmark et al. 2004) sets an upper bound to the mass of such particles. From
these limits one can deduce the cosmological contribution of neutrinos in the
energy density budget:

0.0005 < Q,h% < 0.03

whereas the total dark matter contribution is Qpjsh? ~ 0.12. Neutrinos (light
or heavy) can not therefore explain the full dark matter content. The next
well motivated candidate is the neutralino (cold dark matter). It is the lightest
supersymetric particle. It has not been detected yet but recent experiments
(from cosmology or particle physics) could not exclude it. See (Gondolo 2004)
for a better an more complete review of non baryonic dark matter and (Boehm,
Fayet & Silk 2004) for alternatives to the supersymetric candidates.

4. The amplitude of fluctuations

The amplitude of matter fluctuations in the present-day universe is an im-
portant quantity of cosmological relevance. The abundance of clusters is an
efficient way to evaluate this quantity, commonly expressed by og, the rm.s.
amplitude of the matter fluctuations on the 8h~'Mpc scale. This quantity can
also be determined by the study of weak lensing shear or as a derived parame-
ter from CMB analysis. The determination of og has gained some tension be-
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cause the amplitude of matter obtained from clusters with hydrostatic equation
leads to low values og ~ 0.7 = 0.06 (Markevitch 1998; Reiprich & Bohringer
2002; Seljak 2002)while WMAP obtained recently g ~ 0.9 0.1 (Spergel et
al. 2003).

From CMB

WMAP team determination of cosmological parameter lead to the concor-
dance model. Such a model, normalized to CMB scales imply a value of the
amplitude of fluctuations og ~ 0.9 &£ 0.1. This quantity is related to the am-
plitude of the APS in temperature around ¢ ~ 1000, whatever the shape of
the IPS (Blanchard & Douspis 2003). However, some degeneracies may al-
ter this “first order” assumption. Some physical processes which lower the
power of fluctuations at small scale may lower the value of og. This is the
case of the reionisation of the Universe (or the presence of neutrinos). Figure
7 shows the degeneracy between the optical depth of reionisation (7) and the
amplitude of fluctuations (og) when only the temperature APS is considered
(which means no constraints on 7). For a Universe in a concordance model but
without reionisation, the amplitude of fluctuation can be as low as og ~ 0.65.
The cross power spectrum (temperature—polarisation E) of WMAP contains a
signature at large scale of an early reionisation. This suggests a value of quite
high leading to the value of og quoted by Spergel et al. (2003). This signature
is nevertheless weak because some galactic foregrounds contamination may
play a role at these scales. The full polarized spectrum (E-E), released soon,
may clarify this.

From weak lensing shear

Weak lensing shear is another way to derive the amplitude of fluctuations.
Recent observations have lead to an ensemble of consistent relations between
the matter content and the amplitude of fluctuations (Bacon et al. 2003; Brown
et al. 2003; Bucher et al. 2004; Hamana et al. 2003; Heymans et al. 2004;
Hoekstra, Yee & Gladders 2002; Jarvis et al. 2003; Massey et al. 2004; Re-
fregier 2003; Refregier, Rhodes & Groth 2002; Rhodes et al. 2004; Van Waer-

0.47
beke, Mellier & Hoekstra 2004) which can be averaged by: og <%) =
0.836 £ 0.035.

From clusters of galaxies

A statistical precision of few % on og is possible from existing samples of
x-ray clusters, but in practice the relation between mass and temperature is
needed for such evaluation:

T = App ML (Q(1+ A,)/179) /3023 (1 4 2) keV 2)
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Figure 6. Degeneracy between the amplitude of fluctuations and the optical depth from
WMAP temperature APS.

This value of Apjs has been estimated from x-ray properties of clusters by
different methods, essentially hydrostatic equation on one side and numerical
simulations on the other side, which lead to sensitively different normalizations
(from og ~ 0.6 to og ~ 1.).

We have shown in (Blanchard & Douspis 2004) a third way to derive the
value of A7), that we called self-consistent.

Clusters are useful cosmological probes in several important ways. Their
baryonic fraction f; can be inferred from observations: f, = ]\%Zt Under the
assumption that the baryonic and dark matter amounts are representative of
the universe, the baryon fraction can be related to the cosmological parameters
density €, and Q,,: f, = T(%L where T is a numerical factor that has to be
introduced in order to correct for the depletion of gas during cluster formation
and which can be determined only from numerical simulations (White et al.
1993). In practice a good working value, at least in the outer part of clusters,
is T = 0.925 (Frenk & White 1999). The baryonic content of the Universe
is now known quite accurately through WMAP and other CMB measurements
(wp = Qph? = 0.023 & 0.002, Spergel et al. 2003) the statistical uncertainty
being doubled in order to account for differences in various priors) essentially
consistent with the abundance of Deuterium (Kirkman et al. 2003) and with the
baryonic content of the IGM (Tytler et al. 2004). We can furthermore assume
the following relation given by the position of the first Doppler peak in the
CMB APS (Page et al. 2003): Q,,h3* = 0.086 & 0.006. Then, if we consider
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a sample of clusters around 4 keV from which we know the baryon mass
(Vikhlinin, Forman & Jones 1999) we can rewrite Eq. 2 as: Apy = f(Qar),
plotted in Fig. 7 (red solid line with error bars envelops). From there we
conclude that Ay, varies with 2, and is consistent with the baryon fraction
in clusters whatever the cosmology is, contrarily to the previous determinations
(horizontal shaded regions).

Ary (keV)

0.2 0.4 0.6 0.8 1.0
Qu

Figure 7. The red line is the central value of Aty which is the normalization of the mass
temperature relation Eq. 1. The WMAP relation between Hy and {2 has been used, as well as
the constraint on the baryon content of the Universe. One and two ¢ uncertainties arising from
uncertainty on €2 (= 0.023 4 0.002) are shown as blue and yellow areas. Horizontal areas
correspond to estimations of Aty from hydrostatic methods (light green) obtained by Roussel,
Sadat & Blanchard (2000) and Markevitch (1998) and from numerical simulations (light blue)
obtained from (Bryan & Norman 1998; Evrard, Metzler & Navarro 1996).

Knowing the mass-temperature relation and its uncertainty we can deter-
mine the amplitude of matter fluctuations by fitting the local temperature dis-
tribution function and assuming a I'-like spectrum with I' = 0.2. Here we use
the Sheth and Tormen (1999) mass function and a sample of x-ray selected
local clusters (f, < 2.2107!! erg/s/cm? and |b| < 20 deg, Blanchard et al.
2000, updated from BAX, Sadat et al. 2004). The result is shown as lines in
Fig. 8. As one can see, at a given value of {);; the amplitude of oy is well
constrained. Furthermore to the first order the best og is independent of €2,
(o8 ~ 0.63 = 4.5% for 2, = 0.7. interestingly close to the value obtained by
Viana, Nichol & Loddle 2002: og ~ 0.61 ). Our conclusion appears somewhat
surprising as it differs from standard analyzes based on a fixed normalization
Arpr, which cannot account simultaneously for the baryon fraction in a con-
sistent way for arbitrary {2;;.
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Figure 8. The amplitude of matter fluctuations from clusters abundance using the mass—
temperature relation found in the present analysis compared to the amplitude of matter fluc-
tuations derived from CMB data (Hinshaw et al. 2003; Grainge et al. 2004; Pearson et al.
2003; Ruhl et al. 2003; Kuo et al. 2004) grey area correspond to 1,2,3 ¢ contours on two
parameters, dashed lines are contours on one parameter. The one and two sigma amplitudes
obtained from an average of recent weak shear measurements are also shown as dashed regions
(see text for references).

Evidence of new physics

In the following we use the constraint on og in a concordance model ob-
tained from the CMB fluctuations analysis including the temperature polar-
ization cross power spectrum (TE) by the WMAP team. The comparison of
the value of og from CMB data with the one from clusters is revealing a
critical discrepancy among the two measurements (Fig. 8). It is clear that
within any model with 25 ~ 0.7 the amplitude of g we derived from clusters
og = 0.63 £ 0.03 is significantly smaller than what is expected from the CMB
alone (og = 0.88 4+ 0.035).

As mentioned before, an accurate knowledge of 7 is critical to properly
evaluate the amplitude of matter fluctuations in the concordance model.

Here above, we have considered models in which the dark matter is only
made of cold dark matter, the dark energy being a pure cosmological constant
(in term of the equation of state of vacuum p = wp, this means w = —1), and
that X-ray gas and known stars are the only existing baryons in clusters.

A first possibility to investigate is to examine whether a different equation
of state for the vacuum, so-called quintessence, might solve this discrepancy.
We have therefore investigated flat models with arbitrary w and quintessence
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content {1g. Indeed combinations of CMB and clusters data are known to
provide tight constraints on such models (Douspis et al. 2003). With the ap-
proach developed here, models which were found to match CMB and clus-
ters were found to satisfy the following constraints: 0.46 < Qg < 0.54 and
—0.5 < w < —0.4. Such models are currently at odds with constraints on
quintessential models (Douspis et al. 2003; Tegmark et al. 2004; Riess et
al. 2004) resulting from combination of various data including the supernovae
type la data. We have therefore to turn toward more drastic paths to solve the
above issue.

In the following, we examine whether the introduction of an additional com-
ponent of the dark matter content of the universe would allow to remove the
above discrepancy. Neutrinos are known to exist and to be massive, so per-
haps the most natural massive component of the universe to be introduced is
in the form of a neutrino contribution. This solution has already been advo-
cated in order to solve this discrepancy in an Einstein de Sitter Universe
(Elgaroy & Lahav2003; Blanchard & Douspis 2003). Indeed the presence of
a light, but non-zero, component of the dark matter modifies significantly the
transfer function of primordial fluctuations which results in a lower amplitude
on small scales. Given existing measurements of mass differences we con-
sider only the case where the masses are equal. Within a concordance model
2p = 0.7, Q,, = 0.3) by combining the constraints from CMB and clus-
ters data, and marginalizing on (wy, Hg, n, 7) we found that a contribution of
Q, = 0.015 £ 0.01 is preferred with a significance level, well above 30 (see
Fig. 9a), improving the significance of such possible evidence compared to
Allen et al. (2003). This confirms that the presence of a small contribution
of neutrinos, with a typical mass of .25 eV, to the density of the universe al-
lows to reconcile the amplitude of matter fluctuations from clusters with the
one inferred from CMB data. We notice that such value is above the upper
limit inferred by the WMAP team using a combination of several astronomi-
cal data (Spergel et al. 2003). Finally, weak shear estimations have provided
measurements of the amplitude of matter fluctuations which not favor such a
solution.

We are therefore left with the conclusion that our initial assumption that
baryons in clusters are fairly representative of baryons in the Universe is un-
likely and therefore that the observed amount of baryon in clusters does not
reflect the actual primordial value (a possibility that has been advocated by
Ettori 2003). Several mechanisms could lead to this situation: the most di-
rect way could be the fact that a significant fraction of the baryons are in a
dark form, either in the Universe or in clusters (for instance either in the form
of Macho’s, or in a large gaseous unidentified component, Bonamente, Joy
& Lieu 2003), or that a significant fraction of the baryons has been expelled
from clusters during their formation process. In such cases, the observed My, is
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Figure 9. Constraints on €2, and Qgq.k bm«y(th from a combined analyses of CMB and
clusters, by fixing 24 = 0.7.

biased low. The actual mass of clusters can then be obtained assuming a deple-
tion factor 1 — f implying that f); represents the missing baryons. Again the
combination of CMB and clusters constraints allow to evaluate the amplitude
of f§,. From Fig. 9b, one can see such a component, €2 ~ 0.023 should
represent nearly half (Y ~ 0.5) of the primordial baryon in order to solve the
discrepancy. Although heating processes are advocated in order to account for
observed properties of X-ray clusters, they currently do not lead to such a high
level of depletion (Bialek, Evrard, & Mohr 2001).

S. Summary

We have seen how the concordance model seems to fit pretty well the CMB
power spectrum data, as well as a combination of other cosmological obser-
vations. But it is also noticeable how much some degeneracies may be unable
one to give strong constraints on cosmological parameters. Furthermore, all the
observations are not concordant. The determination of the amplitude of matter
fluctuations within pure cold dark matter models, using two methods, namely
the CMB and the local clusters abundance, leads to two surprising significantly
different values. There are several ways to solve out this discrepancy, although
each of them represents a noticeable difference with the standard concordance
model. The existence of a non-baryonic dark component, like a neutrino con-
tribution, would allow to solve this discrepancy, although such a solution leads
to a low value of og which is not favored by some other evidences. If the actual
value is actually larger, og ~ 0.8 — 0.9, the unavoidable conclusion is that the
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baryonic content of clusters is not representative of the Universe. In this case,
an astrophysical solution could be that baryons in clusters could be in a dark
form, or at least undetected until now. Alternatively, baryon in clusters could
have been severely depleted implying that the actual value Y is much smaller
than the value we used above, the apparent baryon fraction being biased low
compared to the actual primordial value. Finally, several observations might
help to clarify this issue: the above conclusion relies on the actual value of
the optical depth 7 found by WMAP. Other sources of informations on og will
also obviously put light on this issue: weak lensing can potentially allow to
measure directly the actual amplitude of matter fluctuations with a similar pre-
cision to what has been obtained here with clusters, provided that systematic
uncertainties are fully understood. Other direct measurements of the amplitude
of matter fluctuations like those derived from the Lyman—« forest power spec-
trum (Croft et al. 2004) could also bring light on this issue. It is remarkable
that some of these observations that are expected in the near future will poten-
tially bring fundamental informations on clusters physics or alternatively may
reveal the existence of a previously unidentified type of dark matter with Qp s
as low as 0.01.
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EMISSION LINE GALAXIES IN CLUSTERS
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Abstract At the present epoch, clusters of galaxies are known to be a hostile environment
for emission-line galaxies, which are more commonly found in low density re-
gions outside of clusters. In contrast, going to higher redshifts the population
of emission-line galaxies in clusters becomes progressively more conspicuous,
and large numbers of star-forming late-type galaxies are observed. I present an
overview of the observational findings and the theoretical expectations regard-
ing the evolution of emission-line galaxies in dense environments, discussing
the properties of these galaxies and the current evidence for environmental in-
fluences on their evolution.

Keywords:  Galaxy evolution, Star-forming galaxies, Clusters of galaxies

1. Introduction

This review focuses on galaxies with emission lines in their optical spectra.
In the great majority of cases, at least in clusters, an emission-line galaxy can
be assumed to be currently forming stars', thus the subject of this contribu-
tion is essentially the whole population of cluster galaxies with ongoing star
formation at any given epoch. One of the major goals of current studies of
galaxy formation and evolution is to understand when each galaxy formed or
will form its stars, and why. Naturally, star-forming galaxies are at the heart
of this investigative effort. Knowing their frequency and their evolution as a
function of the environment is fundamental to trace the evolution of the star
formation activity with redshift and to start gaining insight on the processes
that regulate such activity.

This is an area of research that really encompasses “many scales” of the
Universe, from the star formation on the scale of a single star-forming region
within a galaxy, to the integrated properties on a galaxy scale, to a galaxy-
cluster scale and to the evolution of the global star formation history on a

'In the following, any contribution to the emission originating from an eventual AGN will be disregarded.
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cosmic scale. I will briefly touch upon each of these scales and I will focus
on the following main questions: how many emission line galaxies are there in
clusters, at different redshifts? What are their properties (star formation rates,
Hubble types, gas content)? What is their fate? How do they evolve and why?
And, finally, what can they teach us about galaxy formation and evolution in
general?

2. High redshift
Star formation activity

At any given redshift, the properties of cluster galaxies display a large clus-
ter to cluster variance. The “average galaxy” in the Coma cluster looks quite
different from the “average galaxy” in the Virgo cluster, the first cluster being
dominated by passively evolving, early-type galaxies, and the second one hav-
ing a larger population of star-forming spirals. Moreover, clusters of galaxies,
far from being closed boxes, continuously “form” and evolve accreting single
galaxies, pairs, groups, or merging with other clusters. The galaxy content of
a cluster thus changes with redshift. Keeping these two things in mind, it is
possible to look for evolutionary trends with redshift.

Historically, the first evidence for a higher incidence of star-forming galax-
ies in distant clusters compared to nearby clusters came from photometric stud-
ies (Butcher & Oemler 1978, 1984, Ellingson et al. 2001, Kodama & Bower
2001). Spectroscopy is of course the most direct way to identify emission—line
galaxies. For distant galaxies, the Ho line is redshifted at optical wavelengths
that are severely affected by sky or in the near-IR, thus the feature most com-
monly used is the [O11]A3727 line.

In the MORPHS sample of 10 clusters at z ~ 0.4 — 0.5, the fraction of
emission—line galaxies is ~ 30% for galaxies brighter than My = —19 +
5logh~! (Dressler et al. 1999, Poggianti et al. 1999). In the CNOC cluster
sample, at an average redshift z ~ 0.3, this fraction is about 25% (Balogh et al.
1999). This incidence is much higher than it is observed in similarly rich clus-
ters at z = 0 (Dressler, Thompson & Shectman 1988). Significant numbers of
emission-line galaxies have been reported in virtually all spectroscopic surveys
of distant clusters (Couch & Sharples 1987, Fisher et al. 1998, Postman et al.
1998, 2001).

The importance of the [O11] emission can also be assessed from cluster
composite spectra, that are obtained summing up the light from all galaxies
in a given cluster to produce a sort of “cluster integrated spectrum” (Fig. 1,
Dressler et al. 2004). As expected, the strength of [O11] in these composite
spectra displays a large cluster—to—cluster variation at any redshift, but there is
a tendency for the z = 0.5 clusters to have on average a stronger composite
EW([O11]) than the clusters at z = 0.
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Figure 1. From Dressler et al. (2004). Left. Composite spectra of five clusters at z ~ 0.5
(top five) and five clusters at z ~ 0 (bottom five). The [O11] line is generally more prominent
in the high-z spectra. Right. Equivalent widths of [O11] versus Hé as measured from composite
spectra of clusters at z ~ 0.4 — 0.5 (crosses) and clusters at z ~ 0 (filled dots).

If numerous observations indicate that emission—line galaxies were more
prominent in clusters in the past than today, and if these results are unsurprising
given the evolution with z of the star formation activity in the general “field”,
quantifying this evolution in clusters has proved to be very hard. The fact
that the emission—line incidence varies strongly from a cluster to another at
all redshifts, and the relatively small samples of clusters studied in detail at
different redshifts, have so far hindered our progress in measuring how the
fraction of emission—line galaxies evolves with redshift as a function of the
cluster properties.

Discriminating between cosmic evolution and cluster—to—cluster variance is
a problem also for Ha cluster—wide studies. Using narrow—band imaging or
multiplex multislit capabilities, a handful of clusters have been studied to date
at z > 0.2 (Couch et al. 2001, Balogh et al. 2002a, Finn et al. 2004, and
submitted, Kodama et al. 2004, Umeda et al. 2004). These studies have con-
firmed that the fraction of emission-line (Ha—detected, in this case) galaxies
is lower in clusters than in the field at similar redshifts, and have shown that
the bright end of the Ha luminosity function does not seem to depend strongly
on environment. As shown in Fig. 2, the number of clusters studied is still
insufficient to pin down the star formation rate (SFR) per unit of cluster mass
as a function of redshift AND of global cluster properties such as the cluster
velocity dispersion.

A word of caution is compulsory when using emission—lines and assuming
they provide an unbiased view of the evolution of the star formation activity
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Figure 2. From Finn et al. (2004). Star formation rate per unit of cluster mass, as measured
from Ha narrow-band imaging, as a function of redshift (left) and cluster velocity dispersion
(right).

in cluster galaxies. There are several indications that dust extinction is in fact
important and strongly distorts our view of the star formation activity in at
least some cluster galaxies. Evidence for dust arises from optical spectroscopy
itself, which finds many dusty starbursting or star—forming galaxies with rel-
atively weak emission-lines both in distant clusters and in the field at similar
redshifts (Poggianti et al. 1999, Shioya et al. 2000, Poggianti et al. 2001,
Bekki et al. 2001). The radio—continuum detection of galaxies with no optical
emission lines (Smail et al. 1999, Miller & Owen 2002) and mid-IR estimates
of the star formation rate (Duc et al. 2002, Coia et al. 2004 submitted, Biviano
et al. 2004) indicate that even the majority or all of the star formation activity
of some cluster galaxies can be obscured at optical wavelengths. Whether tak-
ing into account dust obscuration changes significantly the evolutionary picture
inferred from emission lines is still a critical open question.

Finally, precious informations about emission—line galaxies can be obtained
from absorption—line spectra. In distant clusters, the presence of galaxies with
strong Balmer lines in absorption in their spectra, and no emission lines, testi-
fies that these are post-starburst/post-starforming galaxies observed soon after
their star formation activity was interrupted and observed within 1-1.5 Gyr
from the halting (Dressler & Gunn 1983, Couch & Sharples 1987, see Pog-
gianti 2004 for a review). These galaxies have been found to be proportion-
ally more numerous in distant clusters than in the field at comparable redshifts
(Dressler et al. 1999, Poggianti et al. 1999, Tran et al. 2003, 2004 ). Their
spectral characteristics and their different frequency as a function of the envi-
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ronment are a strong indication for a truncation of the star formation activity
related to the dense environment.

Galaxy morphologies

In this section I summarize the results concerning the morphologies of emis-
sion line galaxies in distant clusters obtained with the Wide Field and Planetary
Camera 2. At the time of writing, high—quality data of distant clusters have
been obtained with the Advanced Camera for Surveys by several groups, and
results should appear soon (Desai et al. in prep., Postman et al. in prep.).

The HST images have revealed the presence of large numbers of spiral
galaxies in all distant clusters observed. Comparing HST morphologies and
spectroscopy, it has been shown that emission—line galaxies in distant clusters
are for the great majority spirals (Dressler et al. 1999). The viceversa is not
always true: several of the cluster spirals, in fact, do not display any emission
line in their spectra, and both their spectra and their colors indicate a lack of
current star formation activity (Poggianti et al. 1999, Couch et al. 2001, Goto
et al. 2003).

These “passive spirals” might be an intermediate stage when star—forming
spirals are being transformed into passive SO galaxies. A strong reason to
believe that a significant fraction of the spirals in distant clusters evolve into
S0s comes from the evolution of the Morphology-Density (MD) relation. The
MD relation is the observed correlation between the frequency of the various
Hubble types and the local galaxy density, normally defined as the projected
number density of galaxies within an area including its closest neighbours. In
clusters in the local Universe, the existence of this relation has been known for
a long time: ellipticals are frequent in high density regions, while the fraction
of spirals is high in low density regions (Oemler 1974, Dressler et al. 1980).
At z = 0.4 — 0.5, an MD relation is already present, at least in concentrated
clusters, but it is quantitatively different from the relation at z = 0: the frac-
tion of SO galaxies at z = 0.5 is much lower, at all densities, than in clusters
at z = 0 (Dressler et al. 1997). The fraction of SOs in clusters appears to
increase towards lower redshifts, while the proportion of spirals correspond-
ingly decreases (Dressler et al. 1997, Fasano et al. 2000). Interestingly, el-
lipticals are already as abundant at z = 0.5 as at z = 0. Adopting a more
conservative distinction between “early-type” (Es+S0s) and late-type (spirals)
galaxies, a similar evolution is found, with the early-type fraction decreasing
at higher redshifts (van Dokkum et al. 2000, Lubin et al. 2002). First results at
z ~ 0.7 — 1.3 seem to indicate that between z = 0.5 and z = 1 what changes
in the MD relation is only the occurrence of early-type galaxies in the very
highest density regions (Smith et al. 2004).
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Alltogether, the findings described in this and the previous section suggest
that many galaxies have stopped forming stars in clusters quite recently, as
a consequence of environmental conditions switching off their star formation
activity, and that many galaxies have morphologically evolved from late to
early type galaxies. What can be the cause/causes for these changes?

3. Physical processes

The physical mechanisms that are usually considered when trying to assess
the influence of the environment on galaxy evolution can be grouped in four
main families:

1 Mergers and strong galaxy-galaxy interactions (Toomre & Toomre 1972,
Hernquist & Barnes 1991, see Mihos 2004 for a review). These are most
efficient when the relative velocities between the galaxies are low, thus
are expected to be especially efficient in galaxy groups.

2 Tidal forces due to the cumulative effect of many weaker encounters
(also known as “harassment”) (Richstone 1976, Moore et al. 1998).
These are expected to be especially important in clusters, and particu-
larly on smaller / lower mass galaxies.

3 Gas stripping - Interactions between the galaxy and the inter-galactic
medium (IGM) (Gunn & Gott 1972, Quilis et al. 2000). The interstellar
medium of a galaxy can be stripped via various mechanisms, including
viscous stripping, thermal evaporation and — the most famous member
of this family — ram pressure stripping. Ram pressure can be efficient
when the IGM gas density is high and the relative velocity between the
galaxy and the IGM is high, and such conditions are expected to be met
especially in the very central regions of cluster cores.

4 Strangulation (also known as starvation, or suffocation) (Larson, Tinsley
& Caldwell 1980, Bower & Balogh 2004). Assuming galaxies possess
an envelope of hot gas that can cool and feed the disk with fuel for star
formation, the removal of such reservoir of gas is destined to inhibit
further activity once the disk gas is exhausted. In semi-analytic models,
for example, the gas halo is assumed to be removed when a galaxy enters
as satellite in a more massive dark matter halo.

Note that while stripping gas from the disk induces a truncation of the star
formation activity on a short timescale (~ 107 yrs), strangulation is expected to
affect a galaxy star formation history on a long timescale (> 1 Gyr) provoking
a slowly declining activity which consumes the disk gas after the supply of
cooling gas has been removed.
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The former two of these families of processes affect the galaxy structure,
thus morphology, in a direct way: the merger of two spirals can produce an
elliptical galaxy, and repeated tidal encounters can change a late—type into an
early-type galaxy. The latter two families, instead, act on the gas content of
galaxies, hence their star formation activity, and can modify their morpholo-
gies in an indirect way: once star formation is halted in a disk, this can fade
significantly, the bulge-to-disk relative importance can change and the galaxy
appearance and morphology can appear significantly modified.

4. Low redshift

Numerous excellent works have been carried out on a single cluster or sam-
ples of clusters in the local Universe. Summarizing them is beyond the scope
of this paper, and the reader can find a comprehensive review in Gavazzi &
Boselli (in prep.). I have chosen to mention two low-redshift results here, to
compare and contrast them with the results at higher redshifts: the observed
trends of star formation with local environment, and the gas/SF distribution
within galaxies.

Trends of star formation with local environment

It has been known for a long time that in the nearby Universe also the aver-
age star formation activity correlates with the local density: in higher density
regions, the mean star formation rate per galaxy is lower. This is not surpris-
ing, given the existence of the MD relation: the highest density regions have
proportionally more early-type galaxies devoid of current star formation.

Interestingly, the correlation between mean SF and local density extends to
very low local densities, comparable to those found at the virial radius of clus-
ters, and such a correlation exists also outside of clusters (Lewis et al. 2002,
Gomez et al. 2003). Again, this seems to parallel the fact that an MD relation
is probably existing in all environments, and it has been observed in clusters of
all types (Dressler et al. 1980) and groups (Postman & Geller 1984) — though
the MD relation is not the same in all environments, e.g. in concentrated vs. ir-
regular, high- vs. low- Lx clusters (Dressler et al. 1980, Balogh et al. 2002b).

A variation in the mean SF/galaxy with density can be due either to a differ-
ence in the fraction of star-forming galaxies, or in the star formation rates of
the star-forming galaxies, or a combination of both. In a recent paper, Balogh
et al. (2004a) have shown that the distribution of Ha equivalent widths (EW)
in star-forming galaxies does not depend strongly on the local density, while
the fraction of star-forming galaxies is a steep function of the local density, in
all environments. Again, a dependence on the global environment is observed,
in the sense that, at a given local density, the fraction of emission-line galaxies
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is slightly lower in environments with high density on large scales (~ 5 Mpc)
(but see Kauffmann et al. 2004 for an opposite result).

The fact that a relation between star formation and density is observed also
outside of clusters has often been interpreted as a sign that the environment
starts affecting the star formation activity of galaxies (provoking a decline in
star formation in galaxies that if isolated would continue forming stars) at rel-
atively low densities, when a galaxy becomes part of a group. Personally, I
believe the existence of such a correlation is more probably the result of a
correlation between initial conditions (galaxy mass and/or local environment
very early on, at the time the first stars formed in galaxies) and type of galaxy
formed. The exact shape of the correlation, instead, is probably influenced by
transformations happening in galaxies when they enter a different environment.

Gas content and gas/SF distribution within galaxies

In order to understand what happens to galaxies in clusters, two crucial
pieces of information are 1) the gas content of cluster galaxies and 2) the spatial
distribution of the gas and of the star formation activity within each galaxy.

It has been several years since it became evident that many spirals in clusters
are deficient in HI gas compared to similar galaxies in the field (Giovanelli &
Haynes 1985, Cayatte et al. 1990, see van Gorkom 2004 for a review). Most
(but not all) of the HI deficient spirals are found at small distances from the
cluster centre. In the central regions of clusters, the sizes of the HI disks are
smaller than the optical disks, and a spatial displacement between the HI and
the optical occurs in several cases (Bravo-Alfaro et al. 2000). The fraction
of Hl-deficient spirals increases going towards the cluster centre, and a corre-
lation is observed between deficiency and orbital parameters: more deficient
galaxies tend to be on radial orbits (Solanes et al. 2001).

All of these findings strongly suggest that ram pressure stripping, or at least
gas stripping in general, plays an important role (see also Bravo-Alfaro and
Solanes contributions in these proceedings). On the other hand, the work from
Solanes et al. (2001) has unexpectedly shown that the HI deficiency is ob-
served out to 2 Abell radii. This result has raised the question whether the
origin of the HI deficiency in the cluster outskirts can be consistent with the
ram pressure scenario and whether can be simply due to effects such as large
distance errors or rebounding at large clustercentric distances of galaxies that
have gone through the cluster center (Balogh, Navarro & Morris 2000, Mamon
et al. 2004, Moore et al. 2004, Sanchis et al. 2004).

Recent works have yielded a census of the spatial distribution of the star for-
mation (as observed in Ha emission) within cluster galaxies. These works have
shown that the majority of the cluster galaxies have peculiar Hoa morphologies,
compared to field galaxies (Moss & Whittle 1993, 2000, Koopmann & Ken-
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Figure 3. From Koopmann & Kenney 2004. Median Ha radial profiles for galaxies grouped
in different classes according to their Ha distribution. The first two panels show profiles that
can be considered “normal” (reproduced also in other panels). Truncated, anemic, enhanced
classes are shown in all the other panels.

ney 2004, Vogt et al. 2004). More than half of the spirals in the Virgo cluster,
for example, have Ha radial profiles truncated from a certain radius on, while
others have Ha suppressed throughout the disk, and in some cases, enhanced
(Fig. 3) (Koopmann & Kenney 2004). On a sample of 18 nearby clusters, sim-
ilar classes of objects are observed: spirals with truncated Ha emission and
HI gas on the leading edge of the disk; spirals stripped of their HI with their
star formation confined to the inner regions; and quenched spirals, in which
the star formation is suppressed throughout the disk (Vogt et al. 2004). From
these works, gas stripping appears a very important factor in determining both
the gas content and the star formation activity of cluster spirals, though tidal
effects are also found to be significant (Moss & Whittle 2000, Koopmann &
Kenney 2004). Spirals in clusters thus appear to be heavily affected by the en-
vironment, and to be observed in different stages of their likely transformation
from infalling star-forming spirals to cluster SOs.

It is apparently hard to reconcile the peculiar Ho morphologies of spirals
in nearby clusters with the fact that the distribution of Ha equivalent widths
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(EWs) for blue galaxies in the 2dF and Sloan does not seem to vary signifi-
cantly in clusters, groups and field (Fig. 9 in Balogh et al. 2004). This apparent
contradiction still awaits an explanation.

5. Trends with galaxy mass and downsizing effect

How do the results described above depend on the galaxy mass? Does the
environmental dependence of galaxy properties change with galaxy mass?

It has always been known that fainter, lower mass galaxies on average are
bluer than higher mass galaxies, and on average have more active star forma-
tion. The references to old and new papers showing this could easily fill this
review.

Recently, the interest in this well established observational result has grown,
and its implications have been more and more appreciated. In all environments,
lower mass galaxies have on average a more protracted star formation history.
This implies that, on average, going to lower redshifts, the maximum lumi-
nosity/mass of galaxies with significant star formation activity progressively
decreases. This “downsizing effect”, observed in and outside of clusters, in-
dicates an ‘“anti-hierachical” history for the star formation in galaxies, which
parallels a similar effect observed for AGNs (Cristiani et al. 2004, Shankar
et al. 2004). The downsizing effect is thus another effect besides any envi-
ronmental effect (see e.g. Fig. 4, and Kauffmann et al. 2003, 2004), and the
dependence on the galaxy mass/luminosity cannot be ignored when trying to
trace evolutionary effects.

In clusters, innumerable results have shown the existence of a downsizing
effect (Smail et al. 1998, Gavazzi et al. 2002, De Propris et al. 2003, Tran et
al. 2003, De Lucia et al. 2004, Kodama et al. 2004, Poggianti et al. 2004, to
name a few). A direct observation of this effect at high redshift is shown in
Fig. 5 and illustrates the consequence of downsizing on the characteristics of
the color-magnitude red sequence in clusters. A deficiency of faint red galaxies
is observed compared to Coma in all four clusters studied, despite of the variety
of cluster properties. The red luminous galaxies are already in place on the red
sequence at z ~ 0.8, while a significant fraction of the faint galaxies must
have stopped forming stars and, consequently, moved on to the red sequence
at lower redshifts.

6. Conclusions and speculations

A number of important issues have not been considered here due to page
limits, but should be included in any complete review of emission-line galaxies
in clusters, in particular: a description of the IR and radio-continuum studies,
the Tully-Fisher relation of cluster versus field spirals, the spatial distribution
and kinematics of various types of galaxies, the link between the star-formation
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Figure 4.  From Balogh et al. 2004b. Galaxy color distribution from Sloan as a function of
luminosity and local density.

activity and cluster substructure, the luminosity function of emission— and
non—emission line galaxies as a function of the environment, and the line emis-
sion from AGNs.

By now, mostly thanks to the scientific debate of the latest years, it is wide-
spread wisdom that we are investigating a three-dimensional space, whose axis
are redshift, environment and galaxy mass. In fact, the evolutionary histories
and, in particular, the star formation activity of galaxies have similar (increas-
ing) trends as a function of (higher) redshift, (lower) galaxy mass and (lower)
density/mass of the environment. While observationally we are beginning to
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Figure 5. From De Lucia et al. 2004. Left. Color-magnitude diagrams of four clusters at
z = 0.7 — 0.8 from the ESO Distant Cluster Survey. Histograms represent the magnitude
distribution of galaxies within 3o from the red sequence. Right. The magnitude distribution of
red sequence galaxies at z ~ .75 (top) is compared with the one of red galaxies in the Coma
cluster (bottom). High-z clusters exhibit a clear deficit of low-luminosity passive red galaxies
compared to Coma and other nearby clusters.

fill this 3-parameter space, the great theoretical challenge is to help compre-
hend from a physical point of view why this is the history of our Universe.
The results mentioned above do not yet match together into one, coherent
picture, and in some cases they might be apparently clashing with each other.
The observational results in distant clusters, both those regarding the star for-
mation activity and the morphologies, point to a strong evolution. Many galax-
ies have stopped forming stars in clusters quite recently, and the morphology
of many disk galaxies must have changed. Dense environments seem to accel-
erate the transformation of star-forming late-type galaxies into passive early-
type galaxies. The local large redshift surveys have highlighted the existence
of trends of galaxy properties with local density that exist in all environments.
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This, as well as several other lines of evidence, suggests that whatever induces
the existence of a morphology-density and of a star-formation-density relation
is not effective solely in clusters. On the other hand, there is now solid evidence
(and the gas/star formation results in nearby clusters are most convincing in
this respect) that gas stripping is at work and affects most of the emission-line
galaxies in clusters, (or, at least, most of those galaxies in clusters that today
still have emission lines).

Twenty years ago, an expression often used in this field was “nature or nur-
ture?”. Nowadays, especially within the context of a hierarchically growing
Universe, the distinction between nature and nurture has become very subtle,
also from a philosophical point of view.

The example of the most massive ellipticals is instructive in this respect.
They are found in the cluster cores, and the current cosmological paradigm
tells us that they were in the highest density peaks of the primordial fluctu-
ations, thus have always been in the highest density regions, since very high
redshifts. Therefore, at least “part” of the morphology-density relation (and of
the star-formation density (SFD) relation, since their stars all formed very early
on) must have been in place at z > 3. Is it more correct to call this a “primor-
dial effect” — because established at very high redshift — or “environmental” —
because related to the local density of the environment? but the environment
of these ellipticals at z = 10 is strongly related to their environment today: can
we speak of “galaxy destiny”?

On the other hand, we know that the morphology-density relation in clusters
has evolved with redshift, at least as far as the disk galaxies are concerned,
and we can directly observe its evolution. Therefore, we know that while the
existence of a morphology-density relation can be traced back to the first epoch
of galaxy formation, its evolution, and thus its exact shape at any time, depends
on the subsequent evolution, likely strongly influenced by the environment.
Is the existence of the MD (and SFD) relation primordial, and its evolution
environmental?

Perhaps also we, as behavioural psychologists (Ridley, 2003), are coming to
realize that nature and nurture are so intertwined that they become, to a certain
extent, indistiguishable and unseparable.
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ACTIVE GALACTIC NUCLEI AND SURVEYS: THE
VIEW FROM THE NEW X-RAY OBSERVATORIES
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Abstract I review some of the most important advances in our knowledge and understand-
ing of the AGN phenomenon derived from the scientific exploitation of the new
X-ray missions Chandra and XMM-Newton, with special emphasis on the sur-
vey content of these missions. In particular I discuss Fe line diagnostics of the
inner accretion disk, the circumnuclear environment, challenges to the unified
AGN model, obscured accretion and the origin of the X-ray background.

Keywords:  X-rays: galaxies, Galaxies: active, Surveys: X-ray

1. Introduction

Active Galactic Nuclei (AGN) constitute a very important component of
the Universe. Aside from the Big-Bang itself (as mapped by the Cosmic Mi-
crowave Background) and star formation (which dominates the infrared back-
ground), AGN are the most important energy generators in the Universe, and
resposible for the peak in energy density of the extragalactic background radia-
tion at around 30 keV. It is now known that the formation of the super-massive
black holes residing in the centres of virtually all galaxies, is strongly linked to
the formation of the galaxies themselves and to the formation of stars in these
galaxies. Just what is the specific interplay between these phenomena is still
not know.

The X-ray view of AGN

X-ray observations are a major handle to study the AGN phenomenon. In
the standard model, the AGN central engine consists of a supermassive black
hole (with mass in the range 105~? M) surrounded by an accretion disk and
a jet perpendicular to it. The viscosity of the accretion disk is resposible for
both its heating and of transporting angular momentum outwards. Assuming
Eddington limited accretion, the disk temperature scales like 7' oc M~ /4 with
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the black hole mass M, peaking in the ultraviolet zone (I' ~ 10° K) for an
AGN-like black hole. Re-processing by energetic electrons in the disk corona,
upscatters UV photons into the X-ray regime. These X-rays are the basic X-ray
energy source in AGN.

The X-ray spectrum of a radio-quiet AGN or of a radio-loud AGN with the
jets oriented away from the line of sight has several components. The basic
disk coronal radiation is usually modeled as a power law with photon index
I' ~ 2. Whether that component rolls over at high energies or not, depends on
whether the disk corona has a thermal or non-thermal structure. If this break at
high energies is present (and there are evidences for that in some AGN)), it hap-
pens at photon energies &2 > 100 keV. A reflection component, whose strength
depends on the geometry of the X-ray emitting region and the accretion disk,
is also seen in AGN. It consists of fluorescence emission lines, most notably an
Fe Ka emission line, and a Compton reflection hump apparent above 20 keV
resulting from the combination of photoelectric absorption at low energies and
a drop at high energies produced by electron recoil. In addition to the reflec-
tion component, the tail of the quasi-thermal radiation from the accretion disk
is also seen sometimes at soft X-ray energies.

Absorption, produced either by neutral or partially ionised material, is also
often seen in AGN. In type-1 AGN, where we have a direct view of the Broad
Line Region (BLR) clouds, we should also have a direct view of the primary
X-ray source, and therefore little (if any) photoelectric absorption should be
detected in X-ray spectra of these AGN. On the contrary, if type-2 AGN contain
the same type of central engine, but with the line of sight to the BLR blocked by
obscuring material, we expect significant photoelectric absorption in the X-ray
spectrum. These are specific predictions of the AGN unified model (Antonucci
1993), which are on average seen to happen in X-ray observations of AGN.

New windows to the X-ray Universe opened by Chandra and
XMM-Newton

The new X-ray observatories, NASA’s Chandra and ESA’s XMM-Newton
have opened a new window into the X-ray Universe which has had a particu-
larly deep impact into our knowledge and understanding of AGN. New win-
dows opened by these two observatories include:

= The access to high photon energies. Although the USA-Japan mission
ASCA was sensitive to photons of energy up to ~ 8keV, Chandra and to
a larger extent XMM-Newton, have increased substantially the sensitivity
to hard X-rays (up to 12 keV) thanks to their much larger effective area
and improved spatial resolution. Fe-line diagnostics and the discovery
and study of absorbed AGN have become possible thanks to this new
window.
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m  High-resolution imaging over a large field of view. Chandra, with its on-
axis superb spatial resolution (< 1”) and XMM-Newton with its modest
~ 15" HEW resolution over a field of view as large as 30’ in diameter,
have revolutionised X-ray astronomy in many respects. Chandra has
been able to detect X-ray jets in AGN, as well as to resolve a binary
AGN in the centre of the same galaxy. XMM-Newton is a superb survey
instrument at medium and faint fluxes, delivering at the same time X-
ray spectra of the sources detected. Of course, Chandra is much more
sensitive at the very faint soft (0.5-2 keV) X-ray flux limit, where it is
photon counting limited up to exposures of many Msec, while XMM-
Newton is confusion limited in the same band at around 100 ksec.

= The access to moderate resolution dispersive spectroscopy. Both Chan-
dra and XMM-Newton are equipped with wavelength-dispersion grat-
ing spectrometers. The Chandra LETGS and HETGS spectrometers
have about twice higher resolution (~ 400) than the XMM-Newton RGS
(~ 200) and they cover also the high energy domain. The XMM-Newton
RGS spectra are, however, of average higher signal to noise. These in-
struments have revealed the complex structure of the absorbing material
that surrounds many AGN.

2. The inner disk: Fe line diagnostics

The Fe line emission from the AGN accretion disk comes from reflection
of the primary (coronal) X-ray radiation. X-ray photons are photoelectrically
absorbed by the K-shell electrons in heavy atoms/ions of the disk, and in some
cases fluorescence (i.e., decay of an upper shell electron into the ground shell,
with the corresponding emission of a monochromatic photon) is produced. Re-
flection from cold matter was studied in detail by George & Fabian (1991),
where they found that the Fe Ko line would be the strongest one, due to the
high value of its cosmic abundance times the fluorescence yield (as opposed to
Auger effect). Indeed, only the Fe Ko emission line, at 6.4 keV for neutral Fe,
is generally seen in X-ray spectra of AGN, with exceptions (e.g., the Circinus
galaxy where Fe Ko, Fe K3 and Ni Ko are detected, Molendi et al. 2003).

The strength and the profile of the line is modified by various processes
happening in the inner accretion disk. Line profiles can be used to diagnose
this environment.

The first effect to come into play is photoionisation by the central source.
For low ionisation parameters (log& < 3, where ¢ = L/(nR?), L being the
luminosity in ionising photons, n the particle density and R the distance to the
ionising source), a number of fluorescence lines from a variety of elements (not
fully ionised) should be seen (Ballantyne et al. 2001). For increasingly large
ionisation parameters, most of these elements are fully ionised and only the
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Fe K line survives. In addition the line centroid is shifted to higher energies:
the He-like Fe Ko line occurs at 6.7 keV. In the limit of very high ionisation
(log & ~ 4 — 5) even Fe can be fully ionised and there is no trace of emission
lines in the spectrum. This qualitatively explains the fact that Fe lines are
commonly detected and strong in Seyfert 1 galaxies (Pounds et al. 1990), but
are typically weaker and elusive in higher luminosity QSOs.

The most appealing effect on the Fe line profile is due to the presence of
the very strong gravitational field produced by the black hole in the inner part
of the accretion disk (see Fabian et al. 1989 for a comprehensive modeling of
the line). Since the Fe atoms/ions sit in a rotating accretion disk, Newtonian
kinematics predicts a double horned structure for the emission line (a blue-
shifted and a red-shifted component). Beaming makes the blue horn brighter
and the transverse Doppler effect mixes both components. Last, but not least,
all photons must lose some energy to escape the deep gravitational potential
well where they are emitted. This produces a red wing towards lower photon
energies.

The specific shape of the line depends very strongly on the black hole spin
parameter a = J/(Mc?), where J is the angular momentum. The basic idea is
that reflecting Fe atoms can only sit in stable orbits, and the minimum radius
(which drives the gravitational redshift) around a black hole is a decreasing
function of a. For a non-rotating Schwarzschild black hole, the innermost
stable orbit happens at a radius 3Rg, where Rs = 2G M /c?, while for a maxi-
mally rotating Kerr black hole (a = G'M /c?) the innermost stable circular orbit
occurs at Rg/2, enabling a much larger gravitational redshift effect. Figure 1
illustrates the different line profiles in two cases.

The presence of relativistic Fe line profiles in AGN was first reported by
Tanaka et al. (1995) using a long ASCA observation of the Seyfert 1 galaxy
MCG-6-30-15. Further study by Iwasawa et al. (1996) suggested that the Fe
line in the “low” state of that galaxy required an innermost radius of 0.6 Rg,
implying a rapidly rotating black hole.

With XMM-Newton it is now known that the structure of the Fe line is more
complex than in the case of MCG-6-30-15, with usually two components: an
ionized disk component (with a likely relativistic profile) plus a cold reflection
line. Mrk 205 is perhaps a prototypical case where the two components can be
seen (Reeves et al. 2001), but often the broad relativistic line is weak. While
other relativistic lines have been confirmed by XMM-Newton (e.g., MCG-5-
23-16 Dewangan 2003, NGC3516 Turner et al. 2002, PG 1211+143 Pounds
et al. 2003, IRAS 18325 Iwasawa et al. 2004) MCG-6-30-15 remains the
best studied case. Vaughan & Fabian (2004) performed a detailed spectral fit
of a long XMM-Newton exposure on that source, confirming the relativistic
disk profile of the Fe emission line which, at the same time, can explain the
presence of a strong Compton reflection hump in a simultaneous observation
with BeppoSAX extending to 80 keV (Ballantyne et al. 2003).
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Figure 1.  Examples of Fe line profiles for a non-rotating black hole (continuous line) and a
close to maximally rotating black hole (¢ = 0.998, dotted line), where the disk emissivity is
o R™2 (R is the radius in the disk plane) and inclination 30°.

The presence of other relativistically broadened emission lines in the soft
X-ray spectra of AGN is the subject of current debate. This was first claimed
by Branduardi-Raymont et al. (2001) for MCG-6-30-15 and Mrk 766 based
on XMM-Newton RGS spectroscopy. Lee et al. (2001), based on Chandra
LETGS, claimed on the contrary that the soft X-ray spectrum could be ex-
plained by the presence of a dusty warm absorber. The arguments have con-
tinued (Sako et al. 2003, Mason et al. 2003, Turner et al. 2003) but no clear
consensus about the reality of these lines is yet emerging.

What is certainly not yet fully understood is reverberation mapping. Rever-
beration can be used to define the geometry of the various componente respon-
sible for different spectral features, by measuring time lags among them. Since
the relativistic Fe emission line arises from reflection in the accretion disk, its
intensity should respond to variations in the continuum, but no such effect is
seen. In fact, XMM-Newton observations of MCG-6-30-15 show that the Fe
line varies very little and in a manner uncorrelated to the continuum (Fabian
& Vaughan 2003). Miniutti & Fabian (2004) suggest that strong light bending
effects can explain this behaviour, if continuum variability arises from changes
in the latitude of the X-ray source with respect to the plane of the disk. When



92 THE MANY SCALES IN THE UNIVERSE

the X-ray source is very close to the disk, we do not only detect radation from
the near side, but also from the back side thanks to the light bending effect. The
geometry then becomes complicated and there is a regime where the reflection
component is mostly independent on variations in the continuum. There is
clearly much more work to be done on this.

3. The circumnuclear environment
Ionised absorbers

The presence of partially ionised material around type 1 AGN was noted
early on by Halpern (1984) based on Einstein IPC data. ASCA represented a
major leap forward, as it showed that at least 50% of Seyfert 1 AGN displayed
some sort of signature related to ionized absorption, most often an OVII K-
edge at 0.74 keV or an OVIII K-edge at 0.87 keV (Reynolds 1997, George et
al. 1998). There is a systematic link between X-ray ionised absorbers and the
so-called “associated” absorbers detected in the UV via the CIV A\ 1548,1550
doublet.

The new view of ionised absorbers has come thanks to the much improved
spectral resolution delivered by dispersive spectrometers. Note that the imag-
ing capabilities are of limited use here, as only the brightest AGN can be ob-
served with the dispersive spectrographs and yield an acceptable S/N (a few
tens of objects in total). One of the first examples studied was the red QSO
IRAS 13349+2438 (Sako et al. 2001) which contains most of the general fea-
tures detected in other objects. First, the presence of a number of absorption
and a few emission lines, corresponding to (at least) two components appears
to be the rule rather than the exception (see, e.g, Krongold et al. 2003 for a
study of NGC 3783 with ~ 100 features detected). The different components
have different ionisation states and different velocities. Low ionisation compo-
nents display invariably an Unresolved Transition Array (UTA) due to a large
number of Fe M unresolved transitions. The shape of the UTA is similar to that
of a weak absorption edge and therefore care has to be taken when analysing
these low ionisation absorbers with CCD low spectral resolution data. The
current Chandra and XMM-Newton dispersive spectrometers are at the edge of
resolving the absorption features, whose turbulent velocities are of the order
~ 300kms~!. The general conclusion is that most the material appears to be
outflowing from the AGN, and that its structure is complex both kinematically
and in terms of ionisation.

Jets and Outflows

This is a new area in X-ray astronomy which has been opened by Chandra
thanks to its superb angular resolution and sensitivity to low surface bright-
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ness objetcts. It is remarkable that one of the first targets to be observed by
Chandra to demonstrate the sharpness of its point spread function (Pks 0637-
752) showed a very clear jet coincident with the brightest of the two radiojets.
Since then Chandra has shown that X-ray jets are common among AGN and
have been detected and studied in the majority of nearby objects that show ra-
dio jets. An example of the science that can be done with these observations
can be illustrated in the case of 3C273, where several knots in the X-ray jet
have been resolved and matched to optical and radio emission (Marshall et al.
2001). The spectral energy distributions of each knot demonstrate that syn-
chrotron is the dominant process in most cases, but that in others additional
processes might be needed.

Binary AGN in galactic centres

Another important contribution due to the high-resolution imaging capabil-
ity of Chandra has been the discovery of a binary AGN in the centre of the
same galaxy (Komossa et al. 2002). Ironically, this has occurred in NGC
6240, a dusty star-forming galaxy which was only demonstrated to host an
AGN thanks to X-ray observations and that might actually constitute a para-
digm of the heavily obscured AGN population that is supposed to dominate the
high redshift Universe.

The existence of binary supermassive black holes in the centres of galaxies
has been reviewed by Gaskell (1996) based on optical data. Binary black hole
mergers are expected to play a significant role in the triggering of the AGN
phenomenon and perhaps in the growth of supermassive black holes them-
selves (in addition to accretion). The possible implications in the X-ray band,
particularly in the shift of the blue edge of the Fe line due to disk precession,
has been discussed by Torres et al. (2003), but this will have to await to future
X-ray observatories to be observed.

4. Challenges to the unified AGN model

The simplest version of the AGN unified scheme predicts a direct relation
between the optical spectroscopic properties and X-ray absorption. Maiolino
(2001) compiled a sample of AGN selected by their [OIII] emission (a likely
isotropic property in the unified model), where the tendency of increasing spec-
tral type with increasing X-ray absorbing column was evident. There are, how-
ever, a number of exceptions along the lines of type 1 AGN displaying X-ray
absorption and type 1.8, 1.9 or 2 AGN displaying little or no absorption at
all. Studies with Chandra and XMM-Newton have both been instrumental in
evidencing these discrepancies and they are also paving the way for an expla-
nation.
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Surveys conducted with XMM-Newton (Piconcelli et al. 2002, Mateos et
al. 2004, Mateos et al. 2005), where detailed X-ray spectral information is
obtained, have shown that about 10% of type 1 AGN have absorbing columns,
typically below 10?2 cm~2. It is possible indeed that in these objects absorp-
tion happens so close to the central engine that sputtering destroys efficiently
any dust and therefore no reddening is expected in the optical lines, although
ionized absorption would be expected instead, as in the case of the (non-dusty)
warm absorbers. Alternative possibilities to explain this fact include the con-
tribution to absorption from the host galaxy or from some sort of weak Broad
Absorption Line material.

The same surveys indicate that at least 40-80% of the type 2 AGN show
absorption, the underlying power law being of similar shape to that of type 1
AGN. In the Lockman Hole observations, Mateos et al. (2005) report that 5 out
of 28 type 2 AGN do not display any amount of photoelectric absorption. Ex-
planations for this unusual behaviour, already detected in surveys with previous
X-ray missions (Pappa et al. 2002, Panessa & Bassani 2002), were thought to
be either due to the presence of a Compton-thick absorber (in which case only
scattered radiation would be seen), to a dusty warm absorber (so X-ray absorp-
tion would only be detected in absorption edges but not in the overall shape)
or to a genuine property of the BLR. Fortunately, the XMM-Newton data on
some bright examples of these mismatched cases rules out the first two options
(e.g. H1320+551, Barcons et al. 2003), as a Compton-thick AGN would pro-
duce a strong Fe line (not seen) and the high-quality X-ray spectra would be
enough to detect absorption edges from any warm absorber. A further possibil-
ity would be that non-simultaneous optical and X-ray spectroscopy could map
a perfectly standard but variable absorber. This has been recently ruled out in
at least one case (Mrk 993, Corral et al. 2004), where simultaneous X-ray and
optical spectroscopy shows that the type 1.8 character of this Seyfert galaxy is
already imprinted on its BLR, rather than arising as a result of absorption.

S. X-ray surveys, obscured accretion and the X-ray
background

The X-ray background, discovered in the very first astronomical X-ray ob-
servation (Giacconi et al. 1962), is now resolved to 94% in the 0.5-2 keV band
(Moretti et al. 2003) and to 90% in the 2-10 keV band (Cowie et al. 2002).
Above 50 keV the directly resolved fraction drops to ~ 50% (Worsely et al.
2004), probably due to the missing population of Compton-thick AGN at mod-
erate redshift.

Currently accepted models for the cosmic X-ray background (XRB) require
a mixture of absorbed and unabsorbed AGN to produce the right spectral shape
(Comastri et al. 1995, Gilli et al. 2001, Ueda et al. 2003). The variety of
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Figure 2. A type-2 QSO discovered by XMM-Newton at z = 2.978, with intrinsic 2-10 keV
X-ray luminosity 4 x 10** ergs ! and absorbed by a column density ~ 5 x 10?2 cm 2. Left:
XMM-Newton unfolded X-ray spectrum, right: AAT/2dF optical spectrum (obtained by Mat
Page).

models proposed rely upon our knowledge of the AGN luminosity function,
mostly based on unabsorbed AGN, its evolution, the fraction of absorbed to
unabsorbed AGN (usually large ~ 4) and the specific distribution of absorb-
ing columns as well as any possible redshift evolution. The large number of
parameters going into these ingredients means that detailed surveys at all flux
levels are needed to constrain them, besides the overall constraint of the XRB
spectral shape and intensity.

There are various generic predictions of these models. The first one is
that a large fraction of accretion onto super-massive black holes occurs in
obscured/absorbed objects. Since accretion is responsible for the growth of
supermassive black holes, once they are formed, there should be a link be-
tween the X-ray background and the local density of supermassive black holes
(Soltan 1982). For a standard 10% accretion efficiency, the local black hole
density inferred from the kinematics around the centres of galaxies (which is
~ 5 x 10° Moy Mpc™ for Hy = 70kms~! Mpc™!) is far too large to be
accounted for only by unobscured AGN (QSOs and Seyfert 1 galaxies), and
therefore obscured accretion is important (Marconi et al. 2004, Shankar et al.
2004).

The other prediction is the existence of genuine type 2 QSOs, the high lu-
minosity version of Seyfert 2 galaxies. Indeed both radio-loud and radio-quiet
type-2 QSOs are being found in medium and deep surveys, although it is un-
clear whether in large enough numbers as predicted by specific models (see
Fig. 2 for an example).

Surveys of the X-ray sky are being conducted with the new observatories
at various depths (Watson et al. 2001), from the Bright Source Survey (Della
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Ceca et al. 2004), through various medium sensitivity surveys (Barcons et al.
2002, Kim et al. 2004a, Kim et al. 2004b, Green et al. 2004), and the deep
surveys (Hasinger et al. 2001, Barger et al. 2003, Alexander et al. 2003). The
picture emerging from all of these surveys is that the high-galactic latitude X-
ray sky is dominated by AGN, and that the fraction of absorbed AGN appears
to increase towards lower fluxes. In the XMM-Newton deep surveys, type 1
and type 2 AGN are already detected in similar numbers and in the deeper
Chandra surveys a population of very faint starforming galaxies appears to
become increasingly important. Another general property is that the deeper
in X-rays, the redder the optical counterparts, with a significant fraction of
Extremely Red Objects (EROs). The redshift distribution of the type 2 AGN,
however, appears significantly different from that of type 1 AGNSs, as it peaks
at moderate redshifts (z ~ 0.8). This has changed our vision of the cosmic
history of accretion onto supermassive black holes, as about 50% of the cosmic
X-ray emissivity is now seen to arise at z < 1.

X-ray spectrosocpy of the most distant AGN, obtained with deep XMM-
Newton observations of the Lockman Hole, reveal that at least 50% of the
accretion occurs in obscured/absorbed objects (Mateos et al. 2005). The aver-
age stacked spectra of these AGN, exhibits a strong relativistic Fe line profile,
implying rapid black hole rotation both in type 1 and type 2 AGN spectra
(Streblyanska et al. 2004). This opens the possibility of measuring the redshift
and characterising the accretion mode for each individual AGN using X-ray
spectrosocpy with future high-throughput missions.

6. Outlook

Rather than summarizing what has already been said, I highlight a few ques-
tions that will be addressed in the future, most of them requiring the next gener-
ation of X-ray observatories (XEUS/Constellation-X). These include perform-
ing and understanding reverberation mapping on shorter timescales; test the
properties of individual supermassive black holes powering high-z AGN and
measure their mass, angular momentum and accretion rate; reach the “thermal
limit” in X-ray spectroscopy so all lines due to circumnuclear material can be
resolved; trace the cosmic evolution of obscured and unobscured accretion and
finally relate the formation of supermassive black holes to galaxy formation
itself.
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Abstract

Keywords:

Star complexes are the largest globular regions of star formation in galaxies. If
there is a spiral density wave, nuclear ring, tidal arm, or other well-defined stellar
structure, then gravitational instabilities in the gaseous component produce giant
cloud complexes with a spacing of about three times the width. These gas com-
plexes form star complexes, giving the familiar beads on a string of star forma-
tion along spiral arms, or nuclear hotspots in the case of a ring. Turbulence com-
pression, supernovae, and self-gravitational contraction inside the giant clouds
produce a nearly scale-free structure, including giant molecular clouds that form
OB associations and molecular cloud cores that form clusters. Without stel-
lar density waves or similar structures, random gravitational instabilities form
flocculent spirals and these fragment into star complexes, OB associations and
star clusters in the same way. In this case, all of the structure originates with
gravitational instabilities and turbulence compression, but the usual concept of
a star complex applies only to the largest globular object in the hierarchy, which
has a size defined by the flocculent arm width or galaxy thickness. The largest
coherent star-forming regions are the flocculent arms themselves. At the core
of the hierarchy are the very dense clumps in which individual and binary stars
form. The overall star formation rate in a galaxy appears to be regulated by
gravitational collapse on large scales, giving the Kennicutt/Schmidt law scaling
with density, but the efficiency factor in front of this scaling law depends on the
fraction of the gas that is in a dense form. Turbulence compression probably
contributes to this fraction, producing a universal efficiency on galactic scales
and the observed star formation rate in disk systems. The CO version of the
Schmidt law, recently derived by Heyer et al. (2004), follows from the turbulent
hierarchy as well, as do the local efficiencies of star formation in OB associa-
tions and clusters. The efficiency of star formation increases with cloud density,
and this is why most stars form in clusters that are initially self-bound.

Star formation, Star clusters, Star complexes, Galactic structure

1. Introduction to star complexes

Star complexes are the largest coherent groupings of young stars in galaxies.
Shapley (1931) first noted that they appear like “small irregular star clouds” up
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to 400 pc in size in the Large Magellanic Cloud (LMC). McKibben Nail &
Shapley (1953) later defined 12 “constellations” in the LMC. Baade (1963)
considered the most active examples of star complexes and called them “su-
perassociations,” such as 30 Dor in the LMC and NGC 206 in M31.

The definition of star complexes was broadened by Efremov (1979). He
considered complexes to be collections of Cepheid variables with similar peri-
ods and velocities, that is, within a narrow range of ages (e.g., ~ 50 My) and
moving as a group. This makes them distinct from “OB associations,” which
are collections of OB stars within a narrower range of ages (~ 10 My). Efre-
mov noted that the OB associations in M31 defined by van den Bergh (1981)
have an average size of 480 pc, which is much larger than local OB associa-
tions (80 pc). He concluded that the M31 associations are complexes, and that
star complexes generally contain OB associations as sub-parts. Battinelli et
al. (1996) quantitatively found stellar groupings in M31 and demonstrated this
2-component, or hierarchical, nature of associations and complexes.

Hierarchical structure in the LMC stars was first quantified by Feitzinger &
Galinski (1987). Most recently, Maragoudaki et al. (1998) measured stellar
groupings in the LMC using discrete magnitude limits in the U-band. They
noted that the smaller groupings in the hierarchy are rounder. Gouliermis et
al. (2000) did the same for B stars in LMC fields. Hierarchical structure as a
general property of interstellar gas was discussed much earlier than this (see
review in Scalo 1985). The observation that stellar groupings generally have
the same type of hierarchical structure as the gas is not surprising since the
stars form from the gas (e.g., see Bonnell, Bate & Vine 2003).

The definition of star complexes was broadened further by Elmegreen &
Efremov (1996) to mean the largest “globular” scale in a hierarchy of star
formation ranging from multiple stars to flocculent spiral arms. They showed
that bigger scales evolve slower, with ¢ oc LY, that all scales evolve on about
a dynamical crossing time, and that the largest globular scale for star formation
should be about the disk thickness (times ~ 7), at which point the shear time
becomes comparable to the crossing time. Bigger regions form the same way
and are part of the hierarchy, but they look like flocculent spiral arms instead
of roundish star complexes. Efremov & Elmegreen (1998) also found that
the size-duration correlation for star formation is about the same as the size-
crossing time correlation for molecular clouds, which suggests that turbulence
regulates star formation on scales comparable to or smaller than the ambient
ISM Jeans length.

The observation that star formation is somewhat scale-free, even up to ~ 0.1
times galactic scales, received considerable support after the gas was found to
be scale-free over similar lengths. Fractal structure in the gas on very small
scales had been observed for a long time (e.g., Falgarone, Phillips & Walker
1991 and references therein), but the first observations of fractal structure in
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whole galaxies was by Westpfahl et al. (1999) and Stanimirovic et al. (1999).
Westpfahl et al. found the fractal dimension for gas in M81 group galaxies
using area-perimeter relations and box counting techniques on HI maps, while
Stanimirovic et al. found that the power spectrum of HI emission from the
entire Small Magellanic Clouds is a scale-free power law. A similar power-law
was later found for the LMC (Elmegreen, Kim & Staveley-Smith 2001). In the
LMC, much of the gas also resembles shells rather than blobs, and these shells
are hierarchical too (ibid.). The exact relation between this shell structure,
turbulence, and star formation is not clear yet (Wada, Spaans, & Kim 2000).
Yamaguchi et al. (2001a,b) showed that some of the shells and other high-
pressure sources trigger star formation directly in the LMC. Gouliermis et al.
(2003) found that stellar systems line the edges of the supershells found by
Kim et al. (1999). Thus some of the stellar hierarchy could be the result of
high-pressure triggering in hierarchical shells.

The connection between the hierarchical structures of the gas and stars is
emphasized further by the power spectra of optical emission from galaxies.
Elmegreen et al. (2003a,b) found that power spectra of optical emission along
azimuthal cuts through several galaxies have the same near-power law form as
the power spectra of HI emission from the LMC. In one case, M81, a spiral
density wave contributes to the power spectrum at the lowest wavenumber, but
otherwise the power spectrum is the same as in a flocculent galaxy.

We might summarize these observations as follows: “Star complexes” are
the largest globular regions of star formation in galaxies. They include as-
sociations of Cepheid variables, red supergiants, WR stars, HII regions, and
OB-associations (e.g., Ivanov 2004). They could be the origin of moving
stellar groups (Asiain et al. 1999). They are part of a continuum of star-
formation scales between clusters and swing-amplified spirals. This continuum
has at least two characteristics of turbulence: power-law power spectra and a
velocity-size relation. We would like to know how star complexes form and
how stars form in them. Is there any evidence also for star complexes with a
characteristic scale, rather than an observationally selected scale among many
scales?

2. Formation of star complexes

Most galaxies with star formation have at least a few regions with sizes
comparable to the main stellar structures — spiral arms, tidal arms, resonance
rings, etc.. Comparable sizes means comparable to the minor dimensions, e.g.,
the widths of the arms or rings. These regions are star complexes. They are
probably the largest scale in a local hierarchy of scales beginning with some
instability length and extending down to OB associations and clusters. If this
is the case, then the complexes will have a characteristic length and mass.
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Galaxies without stellar spiral waves or rings would not have a characteristic
scale limited by these structures, so they could produce an even wider range
of scales in the hierarchy of star formation. For example, the optical structures
could range from flocculent arms, which are driven primarily by sheared grav-
itational instabilities, down to star complexes, OB associations, and clusters,
which are fragments produced by self-gravity and turbulence (e.g., Huber &
Pfenniger 2001). Recent CO observation of M33 (Engargiola et al. 2004),
combined with stellar complex data (Ivanov 2004) and older HI observations
(Deul & van der Hulst 1987) show star complexes associated with molecular
and atomic gas. They also show that most molecular clouds are inside giant HI
clouds, as observed locally (Grabelsky et al. 1987; Elmegreen & Elmegreen
1987) and in other galaxies (Lada et al. 1988). In addition, in M33, the CO
cloud spin axes are correlated up to scales of ~ 1 kpc, suggesting coherence
on this scale. This is also the scale of the giant HI clouds. Thus star forma-
tion proceeds first by forming giant HI clouds, and then by forming molecular
clouds inside of them and OB associations inside the molecular clouds. Each
collection of OB associations, aged by ~ 30 —100 My, is a star complex (Efre-
mov 1995). The Gould’s Belt region (e.g., Lallement et al. 2003) may be an
example. The regular distribution of giant HI clouds along spiral arms has been
known for many years, starting with the first HI observations of the Milky Way
(McGee & Milton 1964) and proceeding through the 1970’s and 1980’s when
HI was routinely mapped in nearby galaxies (e.g., Boulanger & Viallefond
1992). Regularity implies a characteristic scale, which is most likely the Jean
length (Elmegreen & Elmegreen 1983; Kuno et al. 1995). These observations
demonstrate that star complexes form in CO/HI cloud complexes. The stellar
parts are hierarchically clumped, but still coherent up to ~ 1 kpc in the main
disks of galaxies, while the gaseous parts can extend for two or three times this
distance. The primary objects formed by galactic processes are ~ 107 M, HI
clouds, while giant molecular clouds (GMCs) are their fragments. This 107
Mg mass is the Jeans mass in the ambient ISM, suggesting that the HI clouds
and ultimately the star complexes form by gravitational instabilities. The for-
mation of GMCs follows by a combination of self-gravitational contraction
and turbulence compression inside the 107 M, clouds, but GMCs are not spe-
cial, distinct objects. The CO/HI ratio depends primarily on self-shielding, not
cloud formation processes. Low pressures, low metallicities, or high radiation
fields imply low CO/HI ratios in each cloud. CO/HI varies with galactic radius
or galaxy type because of variations in pressure, radiation field and metallic-
ity, without any change in physical cloud structure or star formation properties
(Elmegreen & Elmegreen 1987; Elmegreen 1993; Honma, Sofue, & Arimoto
1995; Engargiola et al. 2004).

There are 2 basic dynamical phases and 2 basic chemical phases for neu-
tral clouds: atomic or molecular gas in a self-gravitating cloud, and atomic
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or molecular gas in a non-self-gravitating cloud. Usually the atomic phase
dominates at low density, the molecular phase at high density, the non-self-
gravitating phase at low column density, and the self-gravitating phase at high
column density (Elmegreen 1995). The virial theorem also plays a role: con-
sidering the presence of some external pressure, both diffuse and self-gravitat-
ing clouds occur at low mass but only self gravitating clouds occur at high
mass. In the general ISM, gravitating cloud complexes are evident mostly
from knots in spiral arms, spurs, and the presence of star formation (e.g., Kim
& Ostriker 2002). In accord with the virial theorem result above, the FCRAO
Outer Galaxy Survey (Heyer, Carpenter & Snell 2001) shows that self-gravity
is important only in the most massive CO clouds, M > 10* M. This is the
same mass at which the virial theorem suggests a transition from both diffuse
and self-gravitating clouds (at lower mass) to purely self-gravitating clouds
(at higher mass), given a near-constant diffuse cloud density of ~ 50 cm ™3
(Elmegreen 1995). This mass limit should depend on pressure and the mole-
cule detection threshold. Small self-gravitating cores are undoubtedly present
inside these FCRAO clouds (because stars are forming), but they have a higher
density threshold for detection and a smaller angular size, making their detec-
tion not as likely in large-scale CO surveys.

3. Characteristic size versus scale-free?

If a galaxy has a global spiral density wave in the stars, or if it has a stellar
ring, then gaseous gravitational instabilities in these structures have a size and
mass defined by the stellar geometry: i.e., the instability length is ~ 3x the
spiral arm (or ring) width. Examples are the well-known “beads on a string
of star formation” along spiral arms, and the “nuclear ring hotspots.” If a
galaxy has no spiral density wave, then the stars and gas become unstable
together, forming multiple spiral arms or flocculent arms that are made of old
stars, gas and star formation. The instability involved is the swing amplifier
(Toomre 1981), usually enhanced by magnetic fields (Kim, Ostriker & Stone
2002, 2003). The instability should also drive turbulence, producing scale-free
clouds and star formation as observed.

Stellar spirals define two characteristic scales: 2rGY./x2, which is the Too-
mre (1964) length for the separation between spiral arms, and 2¢? /G, which
is the Jeans length for pressure balance against self-gravity. Here,  is the
epicyclic frequency, X is the mass column density, and c is the gas velocity
dispersion. The Jeans mass is ¢*/G2X. Inside spiral arms, the Jeans instability
is one-dimensional, i.e., the collapse is parallel to the arms, and the character-
istic length is usually about 3 times the arm width (Elmegreen & Elmegreen
1983; Bastien et al. 1991). The condition for rapid instability in this case is
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not the Toomre @ condition, but the 1-dimensional analog: wGu/c? > 1 for
mass/length p (Elmegreen 1994).

Wada & Norman (2001) modeled 2D hydrodynamics of galaxy disks with-
out spiral density waves and found that gravitational instabilities drive turbu-
lence, giving a log-normal density pdf that is typical for isothermal compress-
ible turbulence (Vazquez-Semadeni 1994). Three-dimensional SPH models of
galaxy disks without spiral density waves get the Schmidt/Kennicutt laws of
star formation (Li et al. 2004).

4. Theory of the star formation rate
A sensible local SF law is (Elmegreen 2002b)

SFR/V = ep(Gp)'/?, (1)

which is the efficiency times the mass per unit volume, times the conversion
rate from gas into stars. Kennicutt (1998) observes

SFR/Area = 2.5 x 1074 (/Mg pc*2)1'4 Mg kpe ™2 yr! ~ 0.03320
(2)
for average mass column density ¥ in the whole disk and rotation rate in the
outer part ).
If we convert the global SFR/A into a local SFR/V using the local tidal
density for gas, p = 302 /27, a flat rotation curve, and an exponential disk
with scale length 7p /7c4ge = 0.25, then the average SFR/A converts to a local

SFR/V = 0.012p(Gp)"/?. (3)

Why is the efficiency e = 0.012, and is this the right star formation law?
Boissier et al. (2003) compared the star formation rates versus radii in 16
galaxies with three simple expressions, finding factor of 3 variations around
each law with no apparent cause, and no preferred law. Either we do not
know the “right” star formation law, or additional processes give big varia-
tions around one of the assumed laws. By the way, all of the Boissier et al.
laws, and that discussed by Hunter, Elmegreen, & Baker (1998) for dwarf ir-
regular galaxies, are consistent with a local star formation rate proportional to
the stellar surface density. Whether this is a cause or an effect of star forma-
tion is not clear. That is, one might expect the star formation rate to scale with
the existing stellar surface density if star formation is building up that surface
density and the exponential scale length does not change much with time. On
the other hand, the relationship might also exist if background stars trigger star
formation, as might be the case if supernova and HII regions directly compress
the gas to trigger star formation or if these pressures indirectly compress the
gas by driving supersonic turbulence.
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Let us proceed with equation (3) and ask what determines the star formation
efficiency, e. Assume that stars form in dense cores where the efficiency is
€. ~ 0.5 and p, ~ 10° cm™3, giving

SFR/Vcore = €cPc (GPC)1/2 . (4)
Then make a conversion:

SFR/V SFR/V e X (Veore/Vgat) = SFR/V o X (Meore /Mgar) X p/ pe,

)
where p. = Meore/Veore, p = Mgai/Vyals Meore and Viope are the summed
mass and volume of all cores, while M, and V,,; are the total gas mass and
gas volume of the galaxy. Now substitute from equation 4 and set SFR/V

gal —

gal
equal to the observed rate 0.012p(G p)l/ 2. Then we get the gas mass fraction
in star-forming cores:

fM = (Mcore/Mgal) = 0'012/60 X (p/pc>1/2 ~ 10—4. (6)

Thus the observed average efficiency of € = 0.012 (per dynamical time) re-
quires 10~% of the total ISM mass to be in star-forming cores if all regions
evolve on a dynamical timescale (Elmegreen 2002b). This is the same mass
fraction as in the Wada & Normal (2001) log-normal for p/pgpe > 105, as as-
sumed above with p. ~ 10° cm™3 and p ~ 1 cm~3. This result depends on the
density probability density function (pdf) for the ISM, which is not observed
yet, and it assumes a log-normal form for this pdf. In fact, the high density
portion may become a power-law after collapse starts (Klessen 2000). Nev-
ertheless, the agreement between the simple theory and the Kennicutt (1998)
star formation rate, which applies to essentially all late-type galaxy disks and
their nuclear regions, suggests that something universal like turbulence helps
partition the gas in a hierarchical fashion and that only the dense regions at the
bottom of the hierarchy form stars.

A turbulent ISM has a small fraction of its mass at a high enough density to
form stars. Most of the mass is either too low a density to form stars, or is not
self-gravitating enough to resist turbulent disruption. For a turbulent medium,
every structure forms on a local crossing time, but the progression to high den-
sity is not monotonic. The low-density clumps are destroyed easily and they
are smashed and sheared into smaller pieces by transient pressure bursts. The
progress toward high density is more like a random walk, with some inter-
actions making denser regions and some making lower densities. Eventually
the lucky ones that had a long succession of compressive interactions become
dense enough and massive enough to be strongly self-gravitating at the typi-
cal pressure in the cloud. Then they presumably produce stars quickly. The
delays from magnetic diffusion, disk formation, and turbulent energy dissipa-
tion are not nearly as time consuming as the fragmentation process on larger



106 THE MANY SCALES IN THE UNIVERSE

scales. Thus the largest scales control the overall rate. All that a microscopic
delay might do is change the form of the density pdf, producing a bump at
high density, for example, or a power-law instead of a log-normal, if the col-
lapse slows down. If only turbulence is involved, though, the random walk
in density produces a log-normal density pdf (Vazquez-Semadeni 1994). Our
integration over the pdf for densities p./p > 10° involves an assumption that
the collapse delays occur at higher densities, where the detailed shape of the
pdf will not affect the integral under it if there is a steady flow toward higher
density during the star formation process.

If we now denote the galactic average quantities by a subscript “0”, then the
efficiency at any density is given by:

copo(Gpo)/? = e(p)p(Gp) ' fu (p) = ecpe(Gpe) P fv(pe). (T
But pfv(p) = pofum(p), etc., so

e(p) = e (pe/p)"* 1far (pe) / far ()] - ®)

Here, fy(p) is the fraction of the volume having a density larger than p and
far(p) is the fraction of the mass having a density larger than p.
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Figure 1.  The mass fraction (downward-sloping curve) and efficiency of star formation as a
function of density, derived from the log-normal density pdf in Wada & Norman (2001). Ob-
served efficiencies in cloud cores and OB associations are shown as vertical lines. The increase
of efficiency with density suggests that star formation proceeds in a hierarchical medium.

Figure 1 shows as a decreasing line the mass fraction, f3;(p), versus density
p using the log-normal found by Wada & Norman (2001) for a 2D disk with
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star formation, turbulence, and self-gravity. The scale for fj; is on the left-
hand axis. The figure also shows as an increasing line the efficiency €(p),
using the right-hand axis. The efficiency increases with increasing average
density because the hierarchical nature of clouds gives them a higher filling
factor for dense gas at higher average density. The mass fraction decreases with
density because only a small fraction of the matter is dense. Several commonly
observed values for the efficiency are indicated: the average galactic value of
0.012, derived above, the range of ~ 1—5% for whole OB associations, and the
range of ~ 10—30% for the cores of OB associations, where most stars actually
form, producing clusters. Note that this efficiency is not the local efficiency
where single stars form; that is assumed to be the constant value of ¢, = 0.5
at p/pave = 10°. Rather, it is the efficiency inside a cloud whose boundary
density is p. OB associations form with an overall low efficiency because there
is a lot of inactive gas at low density. Only the cores, and in them, only the
small dense cores of these cores, form stars with high efficiency. This increase
of efficiency with cloud density is commonly observed and easily explained for
hierarchical stellar regions when all star formation occurs locally at the highest
density. Note that star formation in simulations (e.g., Mac Low & Klessen
2004) proceeds over some prolonged time as does dense core formation, but
the total time for this is still about the crossing time on the largest scale, making
equation 1 appropriate.

Figure 1 highlights the boundary between bound and unbound stellar re-
gions, which is where the average efficiency is greater than several tenths (Lada
& Lada 2003). Bound regions have high densities and may therefore be identi-
fied with clusters rather than OB associations or any other part of the hierarchy
on larger scales. The masses of the bound regions are not specified by this
derivation but may be anything, always distributed as dN/dM ~ M~2 for
hierarchical gas structures (Fleck 1996; Elmegreen & Efremov 1997). This is
the essential explanation for the formation of most stars in clusters. After ~ 10
My, most clusters dissolve and their stars fill in the region where they once
clustered together. This is an OB association. In another ~ 30 — 100 My, these
OB associations dissolve and fill in the region where they clustered together;
this makes a star complex. Star complexes are so big that their dispersal is rel-
atively slow and therefore accompanied by significant shear in normal galaxy
disks. Thus there is no globular-shaped super-collection of star complexes,
only flocculent spiral arms on larger scales.

Heyer et al. (2004) studied the star formation rate versus radius for mole-
cular gas in M33. Both the SFR and the column density increase toward the
center, with a mutual relationship

SFR = 3.2 (Sga/Mg pe2) " Mope ™2 Gy~ 9)
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This may be written as in Eq. (1), SFR ~ 0.6p2(Gpr2)'/?, assuming a disk
thickness of 150 pc. The efficiency is higher for the distributed CO density
(em2 ~ 0.6) than it is for the total gas density (eg ~ 0.012) because the average
density of Hy spread around a disk is lower than the total density by prra/po =
(eo/em2)?® = (0.012/0.6)%/% = 0.08 (i.c., 0.6 is not the ¢ inside a CO cloud).
This is the Mp2/Mgq, mass ratio actually obtained from Fig. 1 if the density
of CO-emitting material is taken to be ~ 300 cm ™3 (use the left-hand axis).
Thus the CO-Schmidt law follows from this hierarchical model too.

As mentioned briefly above, giant molecular clouds, OB associations, and
star clusters all get their mass distribution functions from the structure of a
compressibly turbulent medium. These mass functions are a property of frac-
tals, sampled in various ways (Elmegreen 2002a; also see Elmegreen 2004).
For a region sampled at low density, far from the peak, the mass function is ap-
proximately a power law with a shallow slope, ~ —1.5, as observed for GMCs.
When the same region is sampled at a higher density, the mass function has a
steeper slope, ~ —2, as observed for clusters. This explains how GMCs and
clusters can both form from the same gas distribution and yet have slightly
different mass functions. Note that this works because the the ratio of cluster
mass to cloud-core mass is about constant when there is a threshold efficiency
required for bound cluster formation.

5. Conclusions

Star complexes usually form in clouds that result from a gravitational insta-
bility in the ISM. If there is an imposed structure on the gas distribution, such
as a stellar spiral arm or ring, then the clouds can line up along this structure
with a semi-regular spacing, producing beads on a string in spiral arms, tidal
arm star-forming clumps, collisional ring star formation, nuclear ring hotspots,
dwarf galaxy hot spots, etc. The cloud typically has 10” M, of gas in the main
galaxy disk, and it makes a 10° M, star complex over a ~ 50 — 100 My pe-
riod. In galaxies with no imposed stellar structures, gaseous instabilities and
turbulence compression still make giant clouds and their fragments, but the star
complexes are usually selected to be the largest globular scale, excluding the
flocculent arms themselves. In both cases, star complexes appear as groupings
of intermediate-age stars, such as Cepheid variables and red supergiants.

For a turbulent self-gravitating medium, star formation should operate on
about the local dynamical time over a wide range of scales. Turbulence struc-
tures the gas, placing only a small fraction of the mass at a high enough density
to form stars. The resulting hierarchical structure is somewhat continuous from
the scale of the disk thickness to individual pre-stellar condensations. Stars
form in the turbulent structures, making a hierarchy of stellar complexes, asso-
ciations, clusters, multiple stars, and binaries. The efficiency of star formation
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increases with density in such a hierarchical medium. Only high density re-
gions have high enough efficiencies to form bound clusters.
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Abstract The relationship between star formation and infrared emission in galaxies will be
investigated. If galaxies were simple objects and young stars were completely
covered with dust, then all the absorbed light of the young stars would be re-
emitted in the infrared and from the infrared emission of galaxies we would
infer the star formation rate (SFR) in them accurately. To show the complexities
involved in real galaxies, we will use as a case study the late-type spiral galax-
ies. We will show that the heating of the dust is done mainly by the UV radiation
of the young stars and therefore the infrared emission reveals the SFR in them.
With a realistic model and its application to a number of galaxies, tight correla-
tions are derived between SFR and total far infrared luminosity on one hand, and
dust mass and 850 micron flux on the other. Other diagnostics of the SFR are
examined and it is shown that there is consistency among them. Thus, the SFR
for galaxies of all Hubble types has been determined as well as for interacting
starburst galaxies. Combining different methods, the star-formation history of
the universe has been determined and will be shown. Finally, some early results
from the Spitzer Space Telescope will be presented.

Keywords:  Star formation, Infrared emission, Galaxies

1. Introduction

We will start by asking the naive and rhetoric question of why should star
formation and infrared emission in galaxies be connected.

If galaxies were simple objects, consisting of young stars surrounded by
optically thick dust, then practically all the luminosity of the young stars would
be absorbed by the dust and it would be re-emitted in the infrared (IR) part of
the spectrum. Then, observation of the IR luminosity of a galaxy would give
us, with the use of an initial mass function, the star formation rate (SFR) in the
galaxy.

However, real galaxies are more complicated objects for the following rea-
sons: 1) They consist mainly of old stars, which may also contribute to the
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heating of the dust. 2) The dust is distributed throughout a galaxy and not
around its stars. 3) The optical depth of the dust in a galaxy varies significantly
with position in the galaxy and direction. Therefore, detailed modeling of the
stars (young and old) and the dust in a galaxy is needed before trustworthy
conclusions are drawn.

In what follows, we will treat late-type spiral galaxies as a case study. Then
we will extend our discussion to all types of galaxies.

2. Model for late-type spiral galaxies
Modeling of the optical light

NGC 891

Observation
. . K-band

V-band

-
= =
——
e
———
-
-

Figure 1. Images of NGC 891 in the K, J, I, V, and B bands and the corresponding models.

A successful model for late-type spiral galaxies has been applied to a num-
ber of galaxies by Xilouris et al. (1999). This model includes the old stellar
population in the form of an exponential (both in radius and height) disk and a
de Vaucouleurs (1953) spheroid.

The dust is distributed in another exponential disk (with scales different than
those of the stars). Comparison of model images with optical and near infrared
(NIR) images of galaxies reveals the total amount of dust (warm and cold)
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Figure 2.  Histograms of the relative errors between the pixels of the K, J, I, V, and B band
observations and the corresponding models.

in them and its distribution. Figure 1 shows NGC 891 in five bands and the
corresponding model images (Xilouris et al. 1998). The agreement between
the model and the observations is very good. This is seen more clearly in
Fig. 2, where the residuals between the model and the observations are shown
(Xilouris et al. 1998). The main conclusions of Xilouris et al. (1999) are:

1) The scale height of the dust is about half that of the stars.

2) The radial scale length of the dust is about 1.4 times that of the stars.
Furthermore, the dust extends beyond the optical disk.

3) The average gas-to-dust ratio of seven spiral galaxies is about 400, i.e.
comparable to that of our Galaxy.

4) The extinction coefficient in the optical and NIR parts of the spectrum
is the same as in our Galaxy, indicating common dust properties among spiral
galaxies.

5) The central, face-on optical depth in the B-band of all seven galaxies is
less than one. This means that, if all the dust has been accounted for in these
galaxies, then late-type spiral galaxies are transparent.
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Similar conclusions have been reached by Alton et al. (1998) and Davies
et al. (1999). The effects of spiral structure have been shown to be negligible
(Misiriotis et al. 2000) and similarly for the effects of clumpiness in the dust
(Misiriotis and Bianchi 2002).

Modeling of the infrared emission

100.0F UV-opticol-NIR 100.04 100.0F

A
10.0F 10.0y

Flux [Jy]
IS
o

. .
Q.1 1.0 100 1000 100 1000
wavelength [micron] wavelength [micron]

Figure 3. One- and two-dust-disk models of NGC 891.

In order to model the IR emission of late-type spiral galaxies, one has to
take into account the heating of the dust not only by the old stars but also
by the young ones. This was done by Popescu et al. (2000) for NGC 891
and by Misiriotis et al. (2001) for four more galaxies. The model utilizes the
dust distribution derived from the optical images and assumes that the young
stars (and therefore the UV emission) are distributed in an exponential disk
with a small scale height (90 pc) and scale length equal to the B-band scale
length of the old stellar population. Part of the UV luminosity is absorbed by
local sources (HII complexes) and the rest is diffuse. The far infrared (FIR)
emissivity of the dust was taken to be the same as the one thought appropriate
for our Galaxy (Laor & Draine 1993).

It was found that model fluxes in the submillimeter (submm) part of the
spectrum are significantly lower than the observed ones (Fig. 3, left). In order
to account for the “missing” submm flux, Popescu et al. (2000) proposed that
there is a second dust disk, not visible in the optical images, with scale height
90 pc (equal to that of the young stars). The mass in the second dust disk is
about the same as that of the first. The model accounts (Fig. 3, right) not
only for the spectral energy distribution (SED) of NGC 891 in the FIR/submm
regime (Popescu et al. 2000), but also for its observed surface brightness at
170 and 200 pm (Popescu et al. 2004). Furthermore, the model showed that
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the heating of the dust is done mainly by the UV. Thus, the star formation rate
in NGC 891 is directly connected to its infrared emission.

It is, however, possible that the FIR/submm dust emissivity value used for
our Galaxy (e.g. Draine & Lee 1984) has been underestimated. Alton et al.
(2004), using a simple but reliable model, studied the edge-on galaxies NGC
891, NGC 4013, and NGC 5907 and concluded that the emissivity at 850 ym is
about four times the widely adopted value of Draine & Lee (1984). A detailed
model by Dasyra et al. (2004) arrived at the same conclusion.

At the moment, the above degeneracy (i.e., more dust or higher emissivity)
is not lifted, but the higher emissivity seems to be a real possibility (Dasyra et
al. 2004).

3. Correlation between star formation and infrared
emission

10°

108

7

10

Dust Mass (Mg)

102" 10°? 10

30°

23

Lgso (W/Hz/sr)

Figure 4. Dust mass as a function of luminosity at 850 um. The solid line shows the best
linear fit (in log-log space).

As we saw above, in order for one to fit the SED of a late-type spiral galaxy,
a SFR must be assumed. The question then is: Can a correlation be found
between SFR and infrared emission for a sample of late-type spiral galaxies?
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Figure 5.  Star formation rate plotted as a function of L1go. The solid line is the best linear fit
(in log-log space).

The answer is yes and it was given by Misiriotis et al. (2004). They studied
62 bright IRAS galaxies from the SCUBA Local Universe Galaxy Survey of
Dunne et al. (2000). Figure 4 shows the derived dust mass of the galaxies
as a function of their 850 pm luminosity. The correlation is linear and quite
impressive. This is not surprising, because most of the dust in these galaxies
(as in the galaxies studied by Xilouris et al. 1999) is cold (~ 15 K). In Fig. 5,
the derived SFR is shown as a function of the 100 pm luminosity. Since the
peak of the SED of these galaxies is near 100 pm, it is again not surprising that
the correlation is linear and quite tight. In Fig. 6, the sought after correlation
between SFR and IR luminosity is shown. The solid line is a linear fit to
the data, while the dashed one is the correlation of Kennicutt (1998; see also
Buat & Xu 1996). The dot-dashed line shows the Kennicutt correlation if
one assumes that the UV to IR transformation efficiency is not 100% (as in
starbursts) but 50%.
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Figure 6. Star formation rate as a function of total FIR luminosity. The solid line is the best
linear fit (in log-log space). The dashed line is drawn according to the SFR-L 1 relation of
Kennicutt (1998) for starburst galaxies. The dash-dotted line is Kennicut’s relation if one 50%
rather than 100% transformation efficiency of UV into FIR.

4. Other star formation diagnostics

Several other SFR diagnostics have been used over the years and the ques-
tion is how well they agree among themselves. The answer now is quite well,
though this was not the case a few years ago.

Kewley et al. (2002) showed that the SFR derived from the IR luminosity
and that derived from Ha (properly corrected for extinction) are in excellent
agreement for all types of galaxies (from elliptical, to spiral, to peculiar) and
for SFR ranging over four orders of magnitude. The reader is also referred to
the work of Buat et al. (2002), Hirashita et al. (2003), Panuzzo et al. (2003),
and Flores et al. (2004).

The forbidden lines of [OII] have also been used as a measure of SFR. Kew-
ley et al. (2004) showed that the SFR derived from [OII] and that derived from
Ha are in excellent agreement for all types of galaxies and for four orders of
magnitude of the SFR.

Not surprisingly, the SFR determined from UV observations is in excellent
agreement with the SFR determined from the IR (Iglesias-Paramo et al. 2004).
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On the other hand, what is somewhat surprising is the fact that the 1.4 GHz
luminosity is a good indicator of the SFR. For an explanation of this, the reader
is referred to Bressan et al. (2002), but the explanation is not widely accepted
(Bell 2003; Pierini et al. 2003). Afonso et al. (2003) showed that the SFR
determined from the 1.4 GHz luminosity is in good agreement with the SFR
determined from Ha or [OII].

It is remarkable that even for interacting starburst galaxies there is a good
correlation between the SFR derived from the Ha flux and the SFR derived
from the FIR continuum (Dopita et al. 2002).

Last but not least, we want to mention the work of Forster Schreiber et al.
(2004), who used a sample of galaxies containing a) quiescent spiral galaxies,
b) spiral galaxies with active circumnuclear regions, c) starburst galaxies, d)
LIRGs, and e) ULIRGs and showed that the monochromatic 15 pgm continuum
and the 5 - 8.5 pm emission constitute excellent indicators of SFR.

We believe that the above are more than convincing that the determination
of the SFR in galaxies is a mature subject. Significant progress has also been
made in the determination of the SFR history. The most recent work in this
subject is that of Heavens et al. (2004), who did an analysis of the ‘fossil
record’ of the current stellar populations of 96,545 nearby galaxies, from which
they obtained a complete star-formation history. They found that the peak of
star formation was at about five billion years ago, i.e. more recently than other
studies had found. They also found that the bigger the stellar mass of the
galaxy, the earlier the stars were formed, which indicates that high- and low-
mass galaxies have very different histories.

S. Instead of a summary

Instead of a summary, we want to mention just three of the recently reported
very exciting results from the Spitzer Space Telescope.

Appleton et al. (2004) reported that the FIR - radio correlation is valid to at
least z = 1 and similarly for the mid-infrared - radio correlation.

Higdon et al. (2004; see also Charmandaris et al. 2004) reported that the
redshift of high-z, faint galaxies can be determined from the 14 - 38 ym spec-
trum! This opens up tremendous possibilities for the determination of z of
faint galaxies.

Houck et al. (2004) reported that the blue compact dwarf galaxy SBS 0335-
052, which has very low metallicity (Z ~ Zg/41), has a featureless mid-
infrared spectrum with a peak at ~ 28 ym! Taken at face value, this means
that there is no cold dust in this galaxy.

The reader is referred to the Special Issue of ApJS (Volume 154) for addi-
tional exciting results from Spitzer.
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Abstract The Solar neighbourhood is where the physical basis for models of the evolu-
tion of spiral galaxy disks can be tested most stringently. A new survey has
provided full space motions, metallicities, ages, and duplicity information for
over 14,000 nearby F and G dwarfs. The sample is magnitude-limited, volume
complete to 40 pc, and without significant bias as regards age, metallicity, and
kinematics, and thus complements a variety of detailed spectroscopic studies of
selected subsamples of stars. The results show that the local hydrodynamics of
star formation and chemical enrichment are far more prominent in the disk than
accounted for by traditional chemical evolution models.

Keywords:  Galactic disk, Galactic evolution, Galactic dynamics, nearby stars.

1. Introduction

Galaxies are the building blocks of the universe, and an important fraction
of them are spirals like the Milky Way. The most significant feature of a spiral
galaxy is a disk, and we live right in the middle of the disk of the Milky Way it-
self. From this position we can study the stellar content of a typical galaxy disk
more accurately and completely than in any other galaxy — best, of course, in
our neighbourhood where the stars are bright and accurate data can be obtained
efficiently.

But not all nearby stars took part in the evolution of our neighbourhood;
many of them originate elsewhere and just happen to transit through our neigh-
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bourhood right now. Thus, the velocities of the nearby stars are as important as
their ages and chemical composition for our efforts to understand the chemical
enrichment history of the Galaxy - and, further, of the universe.

Classical diagnostics for models of the evolution of the disk are the metallic-
ity distribution function for long-lived stars, and the age-metallicity and age-
velocity relations (AMR and AVR) for the Solar neighbourhood, and much
observational effort has gone into populating these diagrams with the best pos-
sible data. More recently, additional insight has resulted from detailed studies
of the evolution of individual element ratios (e.g., Edvardsson et al. 1993 or
Fuhrmann 1998).

Ever since the pioneering work of Twarog (1980), the discussion has fo-
cused on the shape of the mean relation, assuming any scatter around it to be
purely due to observational errors. From the mean trends, deductions were
made on key features of the evolution (monolithic collapse or mergers, closed
system or large-scale in- and outflow of gas; contributions and timescales of
supernovae of different types, perturbation of stellar orbits by massive objects
in the disk, etc.).

Two caveats must be observed in such work, however: (i): Statistical se-
lection biases in the stellar samples, or in the computation of metallicity, age,
etc., from the observations, may distort the mean relations and lead to wrong
conclusions; and (ii): If the scatter of the data points cannot be explained
by observational errors alone, the evolution is not described adequately by
mean relations alone, and far more complex models are needed. The Geneva-
Copenhagen Survey of the Solar Neighbourhood (Nordstrom et al. 2004) was
conducted to address these two key issues, in tandem with the more detailed
spectroscopic analysis of a small subsample of the stars by Edvardsson et al.
(1993).

2. Stellar sample and observational data

Full details of our sample selection, observational material, and derivation
of metallicities, ages, space motions, and Galactic orbits have been published
(Nordstrom et al. 2004), so only a brief summary is given here.

Stellar sample

In order to study the evolution of the disk through its history, we need stars
which are frequent, can become as old as the disk itself and whose ages can
be determined observationally with useful accuracy, whose atmospheres reflect
their initial chemical composition, and for which space motions can be deter-
mined efficiently. Only F and G dwarf stars fulfil these requirements, but the
selection of stars must avoid introducing spurious correlations between age,
metallicity, and kinematics, which could bias the conclusions of the analysis.
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Figure 1. Distribution of the
sample on the sky (note the
Hyades cluster).

These considerations led us to define an initial sample of all HD stars brighter
than apparent magnitude V' ~ 8.5 and within a generous range of spectral
types. For all of these (~30,000) stars Olsen (1994 and earlier papers) obtained
uvby B photometry, from which our final apparent-magnitude limited sample
of 16,682 F and G dwarf stars was defined. In the southern hemisphere, spec-
tral types extend to K2 V so as to include any old, metal-poor stars. The sample
is shown projected on the sky and in the HR diagram in Figs. 2 - 2.

Figure 2. Distribution of the
U '3'135' — '3!8' — '3"75' — '3!7' T sample in the HR diagram.
log Ty

A key feature of our sample is the absence of any significant metallicity or
kinematic selection biases. Limiting it by apparent magnitude does introduce
a strong absolute-magnitude (i.e. mass and/or age) bias, as young, intrinsi-
cally bright stars are included from a much larger volume than the fainter stars.
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However, the sample is designed to be volume complete to a distance of 40 pc
for all stellar types, while the brighter stars reach distances of 100-300 pc.

The new observational data

The uwwvby3 photometry also allows us to determine metallicities and ages
for the stars. The missing information is then the space motions. Hippar-
cos (ESA 1997) did provide accurate distances and tangential velocities for
~85% of our stars, but the radial component of their space velocities — the
radial velocity — was missing. Filling this gap was the main motivation for the
Geneva-Copenhagen Survey.

During more than 1,000 observing nights in both hemispheres, repeated
radial-velocity observations were made of the ~14,000 stars in the sample
which also had Hipparcos data. The mean radial velocities, based on an av-
erage of 4 observations per star over 1-3 years, have typical mean errors of
0.25 km s—!. The multiple observations also allow us to detect most of the
spectroscopic binaries in the sample; if these, or the many visual binaries (also
identified), are treated as single, the derived ages, metallicities, and space mo-
tions will be unreliable.

3. Derived astrophysical parameters

Here we briefly discuss the transformation from observational data to quan-
tities that can be directly compared with models. Note in particular the new
methodology introduced in the age computation.

Metallicities and effective temperatures

Overall metal abundances were derived from the m; index, using updated
uvby calibrations based on accurate spectroscopic analyses. The resulting
values of [Fe/H] have typical mean errors of 0.1 dex.

Effective temperatures were determined from the reddening-corrected uvby3
indices and the calibration by Alonso et al. (1996). Estimated errors from both
photometry and calibration are about 150 K (0.01 dex in log T¢.f ¢).

Distances, space motions, and galactic orbits

From the subset of stars with Hipparcos distances better than 3%, we find
distances determined from the uvby3 photometry to be accurate to 13%. Ac-
cordingly, whenever the error of the Hipparcos parallax exceeds 13%, we use
the photometric distance instead. Thus, our stars have absolute magnitudes
with errors of 0.26 mag or less.

TYCHO-2 proper motions (Hgg et al. 2000) exist for essentially all our stars
and correspond to typical errors in the tangential velocities of only 0.7 km s™';



Evolution of the Milky Way Disk 125

typical radial-velocity errors are even smaller. The total uncertainty of the
space motion is then dominated by the parallaxes, but still averages only ~1.5
km s~! in each of U, V, and W.

From their present locations and space motions, we have integrated the
Galactic orbits of all the stars backward in time for several orbital revolutions,
assuming a smooth, axisymmetric gravitational potential satisfying the usual
constraints (the rotation curve and mass density of the disk). Average orbital
elements are given in the catalogue.

Ages

Computing ages free of systematic error and with reliably determined un-
certainties for disk stars of all ages is a highly non-trivial task. The principle is
shown in Fig. 3. Briefly, adopting the Padova stellar evolution models (Girardi
et al. 2000, Salasnich et al. 2000) and assuming Gaussian errors in log Te,
M/, and [Fe/H], we compute for every point in the three-dimensional "HR
cube’ (Fig. 3a) the probability that the observed stars could be located there
and have the age of the isochrone passing through that point. Integrating these
probabilities over the whole isochrone set yields the likelihood distribution
function (or ’G function’) for the age, shown in Fig. 3b. The peak of the G
function indicates the most probable age of the star, and its width at 0.6 of
maximum gives the 10 error limits for the age.
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Figure 3a.  The "HR cube’ and cuts in Figure 3b. The G-function resulting
the 1-o error ellipsoid. from integrating over the cube.

In the computations, we have accounted for the average a-enhancement
of disk stars as a function of [Fe/H] (e.g. Edvardsson et al. 1993). We also
checked the temperature scale of the models against the unevolved stars in our
sample (i.e. those with My > 45.5). Agreement is good for stars of Solar
or very low metallicity, but we find — and correct - a significant temperature
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mismatch at intermediate metallicity. Neglecting them would have produced a
spurious age-metallicity relation of conventional shape in the just metallicity
range comprising most disk stars.

The varying speed of evolution of a star through the HR diagram, the higher
frequency of low-mass stars (the IMF), and the metallicity distribution of disk
stars tend to introduce biases in the resulting ages; our computational technique
corrects for all these effects in a fully Bayesian manner (see Jgrgensen & Lin-
degren 2005 for details). Simulations of artificial stellar samples show that
we recover both the ages and their errors correctly, while traditional simplified
methods lead to biased mean ages and substantially underestimated errors.

4. The key diagnostic relations

With this new data base, much larger and statistically better defined than
ever before, we can reconsider the classical diagnostic relations for models of
the evolution of the Solar neighbourhood. In particular, the ~34% of the stars
that are binary or multiple systems can, for the first time, be excluded from
consideration when necessary.

Metallicity distribution of long-lived stars

The metallicity distribution of stars with lifetimes exceeding the age of the
Milky Way disk is a record of the heavy-element production preceding the
formation of those stars. The observed lack of the metal-poor dwarfs that, in
a closed-box model, should have accompanied the massive stars that produced
the heavy elements we see in later generations is commonly known as “The
G dwarf problem” (Van den Bergh 1962). It was exhaustively rediscussed,
based on our data, by Jgrgensen (2000), who concluded that when kinematic
selection biases are eliminated, the “G dwarf problem” is even more marked
than before; the *Solar circle’ in the disk certainly did not evolve in isolation.

The age-velocity relation

The velocity dispersion of disk stars as a function of time records, on the
one hand, the kinematics and shapes of the disk at various epochs, and on the
other, the "kinematic heating’ of the disk as its stars are continuously scattered
by local mass concentrations while orbiting the Galactic centre.

The age-velocity relation as determined from our sample is shown in Fig. 4.
Its slope is large enough to rule out such known scattering agents as stationary
spiral arms or giant molecular clouds, but may correspond to heating by sto-
chastic spiral arms (De Simone et al. 2004). The heating effect is also large
enough that no traces of very early galaxy mergers in the disk should survive
today (Freeman & Bland-Hawthorn 2002), yet too small to explain the scatter
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in the age-metallicity relation by migration of stellar orbits in the disk (Wielen
etal. 1996).

The age-metallicity relation

The age-metallicity diagram summarises the heavy-element enrichment in
stars over the lifetime of the disk, and the mean age-metallicity relation (AMR)
is one of the most important classical constraints on models of the chemical
evolution of galaxies.

Our volume-complete subsample of single stars within 40 pc is ideal for
determining the AMR from an unbiased sample. The resulting diagram (Fig.
4a) is arguably our most far-reaching and controversial result: It shows no
change in mean metallicity over the past ~10 Gyr (large dots show means in
bins of equal numbers of stars), but a scatter in [Fe/H] at all ages which greatly
exceeds the observational errors.

The crucial differences between our results and such classical studies as
Twarog (1980) or Edvardsson et al. (1993; Fig. 4b) are our colour cuts and age
determination techniques. By limiting their samples to F and early G dwarfs,
these earlier studies excluded a priori any old, metal-rich stars which might
hide among the cooler stars that we deliberately sought to include. And such
stars do in fact exist, as shown e.g. by the old, metal-rich open cluster NGC
6791 (Sandage et al. 2003). As a by-product, the cool dwarfs allowed us to
detect temperature errors in the stellar models which, if uncorrected, would
have produced a spurious correlation between metallicity and age (the more
massive, evolved stars studied by Edvardsson et al. did not allow this test).
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Figure 5a.  Age-metallicity diagram for Figure 5b.  The corresponding diagram
462 single stars within 40 pc and with well- from Edvardsson et al. (1993).
defined ages.
S. Discussion

The new data from the Geneva-Copenhagen Survey provide a much better
basis for many classical investigations of the evolution of the Galactic disk than
available before. Paradoxically, they also show the limits of the underlying
paradigm: All classical models predict some form of gradual heavy-element
enrichment over the life-time of the disk. Additional model parameters such
as pre-enrichment or infall of metal-poor gas may flatten the relation, but still
leave some slope and are poorly constrained from independent data.

However, the models confront another, more fundamental obstacle: If the
range in metallicity seen at all ages greatly exceeds the change in the mean
during the lifetime of the disk, and radial migration of stars cannot be invoked
as an explanation, the assumptions of axial symmetry and approximate syn-
chronisation of the chemical evolution in the disk must be abandoned. The
real picture of the evolution of the disk of our Galaxy — and thus other spiral
galaxies as well — seems to be a far more complex one, with far greater local
variations in the rates of star formation and chemical enrichment than have
been assumed so far.

Interestingly, this situation is reminiscent of what is found in QSO absorp-
tion line systems, where the mean metallicity is uncorrelated with redshift (i.e.
time), but depends on the depth of the gravitational potential in which the
absorbing clouds are located (Pettini 2004). One wonders if the underlying
physics may be similar to that operating in the Milky Way disk.
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The demise of another popular paradigm is shown in Fig. 5, which bears
little resemblance to the superposition of two Gaussian velocity distributions
commonly assumed when assigning stars to the thin or thick disk (e.g. Bensby
et al. 2003). The bands of stars crossing the diagram do not correspond to clas-
sical moving groups, as the stars show a wide range in both age and metallicity,
but more likely result from kinematic focusing by spiral arms or a bar structure
in the Galaxy. As a consequence, smooth, axisymmetric potentials cannot be
used to pursue stellar orbits far back in time (see also Famaey et al. 2004).

6. Summary

Understanding the evolution of the Milky Way disk begins at home. While
local in nature and planned on the basis of the classical paradigms for galac-
tic chemical evolution models, the Geneva-Copenhagen Survey of the Solar
Neighbourhood has highlighted a fundamental limitation in the classical mod-
els: The complex details of localised star formation, supernova explosions, and
chemical enrichment must be taken into account, not only when studying the
halo (e.g. Argast et al. 2000), but also for the disk. Twenty years of work have
not made the picture simpler, but certainly much more realistic and interesting!
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Abstract We review quantitative spectroscopic studies of massive stars in the Galactic
Center clusters. Thanks to the impressive evolution of IR detectors an the new
generation of line blanketed models for the extended atmospheres of hot stars we
are able to accurately derive the physical properties of the massive stars in these
clusters. Our analysis of the Luminous Blue Variables (LBVs) in the Quintuplet
cluster provides, for the first time, a direct estimate of a-elements and Fe chemi-
cal abundances in these objects. Preliminary results point to a slightly enhanced
enrichment of o compared to Fe and suggest an initial mass function dominated
by massive stars, as found for the Arches cluster. On the other hand, from our
analysis of the Arches cluster, we introduce a new method to estimate metallicity
in very young clusters based on the N abundance of WNL stars and the theory
of evolution of massive stars. Results indicating solar metallicity are presented.

1. Introduction

The dramatic continuous progress in infrared detectors since the mid-eighties
has opened the central parsecs of our galaxy to stellar spectroscopic studies.
The detection of a He I emission line cluster (Krabbe et al. 1991) in the cen-
tral parsec raised the question about the physical nature of its members and
their role on the energetics of this region. This discovery triggered a substan-
tial improvement in the atmospheric models for hot stars in the near-infrared,
which theory was clearly lagging behind. For the first time, reliable values for
luminosities, temperatures, mass-loss rates, helium abundances and ionizing
photons were obtained for the brightest members of the He 1 cluster (Najarro
et al. 1994, 1997), which solved the energy puzzle of the central cluster and
placed important constraints on the theory of the evolution of massive stars.

Today, we now that the Galactic center is clearly a unique environment in the
Galaxy concerning massive star formation. Only molecular clouds with higher
densities than those found in the disk will survive the extreme tidal forces in
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the center. These clouds will have temperatures about a factor of three higher
and strong magnetic fields (Morris 1993, Morris & Serabyn 1996). With a
current star formation rate being approximately 250 times higher than the mean
rate in the Galaxy, this region is ideal to address crucial questions such as the
universality of the initial mass function (IMF) or the maximum mass a star can
possess (Figer 2004). In fact, the Galactic center hosts three dense and massive
star clusters that have formed in the inner 30 pc within the past 5 Myr. The
Central cluster and the Quintuplet and Arches clusters contain over 10% of the
known massive stars in the Galaxy. Each cluster has a mass around ~ 10*M,.
The extreme youth (2-2.5Myr, Figer et al. 2002, Najarro et al. 2004) of the
Arches cluster allows to address the above questions using photometry alone
(Figer 2004), while the Central and Quintuplet clusters being twice older may
have lost their most massive members into the supernova stage.

On the other hand, one of the fundamental aspects influencing stellar evolu-
tion, namely the metallicity, remains to be addressed. Indeed, the metallicity
issue in the galactic center is still a source of controversy. Based on measure-
ments of the gas-phase, Shields & Ferland (1994) obtained twice solar metal-
licity from Argon and Nitrogen emission lines while a solar abundance was de-
rived for Neon. For the cool stars, and based on LTE-differential analysis with
other cool supergiants, Carr, Sellgren & Balachandran (2000) and Ramirez
et al. (2000) have obtained strong indications for a solar Fe abundance. Fur-
ther, Maeda et al. (2002) have recently obtained four times solar abundance
fitting the X-ray local emission around Sgr. A East. It is therefore crucial to
obtain metallicity estimates from direct analysis of hot stars and confront them
with those from the cool-star and gas-phase analyses. Spectroscopic studies of
photospheres and winds of massive hot stars are ideal tracers of metal abun-
dances because they provide the most recent information about the natal clouds
and environments where these objects formed.

In this paper, we review progress in both infrared observations and quan-
titative infrared spectroscopy of massive stars in the Quintuplet and Arches
clusters, which are allowing us to obtain, for the first time, direct abundance
estimates of N, C, O, Si, Mg and Fe in the Galactic Center. We present prelim-
inary results of detailed spectroscopic analyses of the “Pistol Star” and #362
in the Quintuplet cluster, pointing towards solar Fe metallicity and slightly a-
elements enrichment in the cluster. We concentrate then on the much younger
Arches cluster. We present a method to derive metallicity in such young clus-
ters. The method is based on the study of WNL stars using their N surface
abundances. We apply it to the WNLs in the Arches cluster, for which also
solar abundance is obtained.
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Figure 1. Impact of high S/N and mid-high spectral resolution and new blanketed models for
early type stars in the infrared. UKIRT-CGS4 (R~5000) H- and K-Band observations of the
“Pistol Star” in the Quintuplet cluster and new model fits.

2. Improved observations and models

In the field of hot stars, high quality IR-spectra have been obtained dur-
ing the last decade (Morris et al. 1996, Hanson, Conti & Rieke 1996, Figer,
McLean & Najarro 1997, Blum et al. 1997). Most of these spectra were ob-
tained with low-mid (R~500-2000) resolution, which is enough to classify the
stars but insufficient in most of the cases to perform accurate quantitative spec-
troscopic studies. Examples of mid-high resolution observations of early type
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Figure 1. (continued)
L-Band and Bra observations of the “Pistol Star” in the Quintuplet cluster and new model fits.

stars with strong winds are shown in Figs. 1 and 2 which display the spectra at
several IR bands of the two LBVs in the Quintuple cluster. The spectra of the
“Pistol Star” and star #362 (Geballe et al. 2000) were obtained with UKIRT-
CGS4 with a resolution of R~5000. The number of new observational con-
straints provided by the new spectroscopic data is striking when compared to
previous low-mid observations from which we could gather information only
from some H and He lines. Inspecting Figs. 1 and 2 we immediately note that
the key diagnostic lines would be fully blurred at R~1000. The availability of
high-quality IR spectroscopic data has been substantially improved with a new
generation of IR-spectrographs on 8-m class telescopes (ISAAC, NIRSPEC,
etc).

The new model (Hillier & Miller 1998a) is a line blanketing method based
on the standard iterative, non-LTE method to solve the radiative transfer equa-
tion for the expanding atmospheres of early-type stars in spherical geometry,
subject to the constraints of statistical and radiative equilibrium and steady
state. The density structure is set by the mass-loss rate and the velocity field
via the equation of continuity. We allow for the presence of clumping via a
clumping law characterized by a volume filling factor f(r). New species O,
Mg, Ca, Si, Na, Al, Fe, etc are included and the blanketing ensures that the ef-
fect of continua on lines and lines on the continua as well as overlapping lines
are automatically handled (see Hillier & Miller 1998a, 1999 for a detailed dis-
cussion of the method). The new model is then prescribed by the stellar radius,
R,, the stellar luminosity, L, the mass-loss rate M, the velocity field, v(r), the
volume filling factor f and the abundances of the element considered.
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Figure 2. Impact of high S/N and mid-high spectral resolution and new blanketed models for
early type stars in the infrared. UKIRT-CGS4 (R~5000) H- and K-Band observations of star
#362 in the Quintuplet cluster and model fits.

3. The quintuplet cluster

The Quintuplet Cluster (Glass, Catchpole & Whitelock 1987, Figer et. al
1999a,b) contains a variety of massive stars, including WN, WC, WN9/Ofpe,
LBYV and less evolved blue-supergiants. The presence of such stars constrains
the cluster age to be about 4Myr old, assuming coeval formation. The clus-
ter provides enough ionizing flux (~ 105! photons s~1) to ionize the nearby
“Sickle” H1r region and enough luminosity (~ 107°Lg) to heat the nearby
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Figure 2. (continued)
Broa observations of star #362 in the Quintuplet cluster and model fits.

molecular cloud, M0.20-0.033. Its total mass is estimated to be ~ 10*M.
The presence of two LBVs (“Pistol Star” & #362), with IR-spectra rich in
metal lines (see Figs. 1 and 2), allows to obtain a direct estimate of the metal-
licity of the objects and hence constrain the metal enrichment history of the
region. Furthermore, using the the Fe11, Si11 & Mg11 lines (Najarro et. al
2004, in prep.) we can measure the a-elements vs. Fe ratio and infer whether
the initial mass function (IMF) is dominated by massive stars or is like in other
clusters in the Galaxy with a steeper slope. If the IMF is dominated by massive
stars, we should expect enhanced yields of a-elements compared to Fe through
a higher than average SNII vs SNIa events.

To model the “Pistol Star” and star #362 we have assumed the atmosphere
to be composed of H, He, C, N, O, Si and Fe. Below we briefly discuss pre-
liminary results from a detailed spectroscopic analysis of both objects.

The ““Pistol Star’ and Star #362

The new blanketed models provide a significant improvement in our knowl-
edge of the physical properties of the “Pistol Star” compared to the results we
obtained in Figer et al. (1998) using non-blanketed models. The new model
solves the dichotomy between the “high” and “low” luminosity (Teff) solutions
in Figer et al. (1998) through the analysis of the metal lines (see the excellent
fits in Fig. 1). The Si1r, Mgir and Fe1l lines “choose” the low luminosity
model. We find a luminosity around 1.75105L, and a effective temperature
of Teg~11000K. This result, which reduces the previous estimate of the star
luminosity by a factor of two shows the importance of the new generation of
models. Given the T.g and high wind density of the object we do find a de-
generacy in the H/He ratio (see also Hillier et al. 1998b). In principle, fits
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of virtually equal quality may be obtained with H/He ratios varying from 10
to 0.05 by number. The only line that may help to break this degeneracy is
the He1 2.112um absorption line, which seems to favor H/He ratios between
3 and 0.05 by number. An important consequence of this degeneracy are the
mass fractions derived for Fe, Si and Mg. Our models show that once the
H/He ratio falls below one, the resulting metal abundances have to be scaled
down. In other words, if H/He<1 then we will obtain only an upper limit on
the metal abundances. We obtain solar iron abundance as upper limit for the
“Pistol Star” (see line fits in Fig. 1). This estimate is rather robust as there is
a large number of Fe 11 diagnostic lines. Further, if we assume that the object
displays He enrichment consistent with an LBV evolutionary phase, H/He>1,
we may conclude that the “Pistol Star” shows solar Fe abundance. The sili-
con abundance is obtained from the two Si1I lines in the H band. These lines
are extremely sensitive to the effective temperature of the star as well as to
the transition zone between the star’s photosphere and wind. Therefore, our
Si~1.4Siy result should be regarded with some caution. Magnesium, on the
other hand, provides more diagnostic lines through Mg 11 both in the H and
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Figure 3. Variability of Pistol star and #362.
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K-Band. We regard Mg~1.6Mg., as our current best estimate. This slightly
a-elements vs Fe enrichment seems to favor the situation of an IMF domi-
nated by massive stars in the GC. Finally, we may note that our result of solar
Fe abundance agrees with previous estimates from differential analysis of cool
stars in the GC (Carr et al. 2000, Ramirez et al. 2000).

From Fig. 2 we see that star #362 is nearly a twin of the “Pistol Star”. In
fact, our models show the same kind of degeneracy in the H/He ratio as for the
“Pistol Star”. We also obtain a luminosity around 1.7105L, and an effective
temperature of Ter~10500K for star #362. We derive a solar iron abundance
as upper limit as well and obtain Si~1.8Si, and Mg~2.2Mg., in agreement
with the slightly a-elements vs Fe enrichment found for the “Pistol Star”.

Spectroscopic variability.  One of the main characteristics of LBV is the
change of their spectral type through their excursions to the red in the HR-
diagram. Figure 3 displays H- and K-Band spectra of the “Pistol Star” and star
#362 obtained in 1998 (CGS4-data presented in this paper) and 2003 (NIR-
SPEC data). The spectra have been degraded to the same resolution. From
Fig. 3 we see that while the “Pistol Star” has barely change its spectroscopic
appearance (minor changes only in Brv), star #362 shows a severe change in
its spectral type. The He 1 lines have vanished, the Mg 11 lines have weakened
drastically and the H-Bracket lines have gone into absorption. The 2003 data
show that the star has started an excursion to the red in the HR-diagram, cool-
ing down a bit and has expanded reducing significantly the stellar wind density.
This result is consistent with photometric data (Figer priv. comm) which show
an increase of the K magnitude of the star. The most important point of the
2003 data is given by the possibility to obtain, for the first time, a guess of the
gravity of an LBV star, using the Bracket absorption lines (Najarro et al. in

prep.).

4. The arches cluster

The Arches Cluster (Figer et al. 1999b, 2002) is the youngest and densest
cluster at the Galactic center containing thousands of stars, including at least
160 O stars and around 10 WNLs (WN stars still showing H at their surface,
Chiosi & Maeder 1986). The cluster is very young (<2.5Myr), and the only
emission line stars present are WNLs and OIf " having infrared spectra domi-
nated by H, He 1, He 11, N 111 lines. Some have weak C 111/1v lines. The cluster
gathers all requirements to study the high mass IMF slope and to estimate an
upper mass cutoff: individual members can be resolved, large amount of mass
in stars, young enough so that most massive members are not pre-supernovae
and old enough for its stars to have emerged from their natal cocoons. Figure 4
(from Figer 2004) shows the mass function in the Arches cluster extended to
very high masses as measured by Figer et al. (1999a). Its slope appears to



Massive Stars in the Galactic Center 139

Table 1. 'WNL and O stars in the Arches Cluster. Object identifiers after Figer et al. (2002).
Upper limits are quoted as (:). He/H is ratio by number and other abundances are mass fractions.
7 is the performance number and Q is the ionizing photons rate in photons/s

Arches Object

Parameter #3 #4 #8 #10 #15
R.(Rp) 435 39 48 48 29
L.(10°Lg) 103 165 185 185 5.85
Ter(10°K) 279 332 309 307 295
He/H 050 057 067 033 033
Z(He) 065 068 071 056 0.56
Z(N) 1.7 1.4 1.6  06: 06
Z(C) 0.02: 0.03: 002 0.08: .15
M@A0 Mg yr ") 215 325 450 43 911
Voo(kms™1) 840 1400 1100  1000: 1000:
Clumping factor f 0.1 0.15 0.08 0.1 0.1
n=Muveo/ (Li/c) 072 135 132 011 075
LogQp+ 494 499 499 498 492
LogQp.+ 473  48.6 485 484 473

be shallow with respect to the Salpeter value favoring the formation of very
massive stars. Further, we see that one might expect massive stars up to 500-
1000Mg,, yet none are seen beyond ~120M,. Figure 4, thus clearly suggests
the existence of an upper mass cutoff at ~150M,.

Metallicity studies

The absence of late B-supergiants and LBVs prevents one from obtaining
direct estimates of the important a-elements vs. Fe metallicity ratio as in the
Quintuplet cluster or the Central parsec cluster. Being the youngest cluster
at the Galactic center, any hint about its metallicity would constitute our “last-
minute” picture of chemical enrichment of the central region in the Milky Way.

To analyze the stars in the Arches cluster we have assumed the atmosphere
to be composed of H, He, C, N, O, Si and Fe. Observational constraints are
provided by the K-Band spectra of the stars (see Fig. 5) and the narrow band
HST/NICMOS photometry (filters Fri10w, Frigow & Fraosw) and Pa equiv-
alent width (filters Fri1g7n & Frigon). Object identifications are given accord-
ing to Figer et al. (2002). Below we present the results of our analysis (Najarro
et al. 2004).

The reduced spectra and model fits are shown in Fig. 5. The top three spectra
correspond to some of the most luminous stars in the cluster. As described in
Figer et al. (2002), these are nitrogen-rich Wolf-Rayet stars with thick and fast
winds. The bottom two spectra in the figure correspond to slightly less evolved
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Figure 4. Mass function of the Arches Cluster (Figer 2004). Salpeter mass function is over-
ploted for comparison purposes. The hatched regions demonstrate that one would expect a
significant number of massive stars exceeding 120Mg,.

stars with the characteristic morphology of OIf " stars. The main diagnostic H
and He lines in the observed K band portions (see Fig. 5) are Br+y, the He 1 lines
at 2.058 um, 2.060 pm, 2.112/3 pm, 2.160-66 pym and 2.181 um and the He 11
lines at 2.165 um, 2.189 pum. The main carbon lines which may be used to
place upper limits on the carbon abundance are C1v 2.070 pym and C 111 8-7 at
2.114 pm. Of concern are the N 111 8-7 lines at 2.103 pym and 2.115 pm as well
as the N 111 5p 2P—5s 2S doublet at 2.247 ym and 2.251 pm. Figer et al. (1997)
showed that these N 111 lines appear only for a narrow range of temperatures
and wind densities, which occur in the WN9h (WNL) stage. The fairly distinct
nature and energies of the multiplets involved in each of both N1II line sets
provide strong constraints for the determination of the nitrogen abundance.
Thus, at the S/N of our spectra, our models show that the WNLs N 111 lines can
easily track relative changes as low as 20% in the nitrogen abundance, and a
30% error should be regarded as a safe estimate, as shown in Fig. 6-/eft.
Individual stellar parameters of the WNL stars (objects #3,#4 & #8) are
listed in Table 1, together with those derived for two OIf* stars (#10 & #15)
in the cluster. It is important to note that given the extreme sensitivity of the
Her1 and He 11 line profiles in this parameter domain to changes in effective
temperature, we estimate our errors to be below 1000 K. For all objects, the
relative strength between the H and He lines is used to derive the He/H ratio
while their absolute strengths provide M. The stellar parameters displayed in
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Figure 5. Observed spectra ( solid) and model fits ( dashed) for the three WNL and two OfI ™"
Arches stars.

Table 1 (M, He and N abundance) reflect the striking difference in morphology
between the observed WNL and OIf* spectra. Of particular importance is the
roughly same surface abundance fraction of N, Z(N), obtained for all three
WNL objects (~1.6%) well above the upper limit found for the OIf" stars
(~0.6%). WNL stars do not exhibit any primary diagnostic line in their K-
Band spectra to estimate metallicity. However, the crucial rdle of Z(N) in
determining metallicity from WNL stars can be immediately anticipated if we
make use of the stellar evolution models for massive stars.

According to the evolutionary models by Schaller et al. (1992) and Char-
bonnel et al. (1993), a star entering the WNL phase still shows H at its surface
together with strong enhancement of helium and nitrogen and strong deple-
tion of carbon and oxygen as expected from processed CNO material. Further,
once a massive star reaches this phase, it maintains a nearly constant Z(N)
value throughout this period, and the amount achieved essentially depends only
linearly on the original metallicity (see Fig. 6-right). Namely, the maximum
Z(N) in the WNL phase is set by the initial content of CNO (sum of C, N and O
mass fractions) present in the natal cloud. However, since we expect the CNO
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Figure 6. Left. Leverage of error estimates on N abundance. Shown is observed 2.10-
2.13 pm region (solid) together with current best fit (dashed) and 30% enhanced (dotted) and
30% depleted (dashed-dotted) nitrogen mass fractions. Right. Nitrogen mass abundance versus
time using Geneva models. The measurements require solar metallicity and an age of 2-2.5 Myr.

abundance in the natal cloud to scale as the rest of metals, the nitrogen sur-
face abundance must trace the metallicity of the cluster. Further, this value is
basically unaffected by the mass-loss rate assumed and the presence of stellar
rotation during evolution (Meynet et al. 2004). Hence, once we clearly iden-
tify a star to be on the WNL evolutionary phase, we may confidently use its N
surface abundance fraction to estimate metallicity. The He/H ratio, the upper
limit on the very depleted carbon abundance and the Teg and M values indicate
that this is the case for objects #3, #4 & #8. The derived Z(N) (~1.6%) is the
one expected for solar metallicity from the evolutionary models. Due to the
linear behavior of Z(N) with metallicity, we make use of the uncertainties in
the N abundance estimate to obtain an error of roughly 30% for the metallicity
(see Fig. 6-left). The reliability of our method is demonstrated in Fig. 6-right,
where we display the nitrogen mass fraction as a function of time for stars with
initial masses of 60, 85, and 120 Mg, and metallicities equivalent to 2, 1, and
0.4 times solar, assuming the canonical mass-loss rates (Schaller et al. 1992).
The cross-hatched region represents our estimates including the above quoted
errors of the nitrogen mass fraction for the Arches WNLs. To test the valid-
ity of the nitrogen abundance method to trace metalliticy, we may compare
our results with previous abundance estimates for these objects in regions of
different metallicity. Indeed, Crowther (2000) found that the nitrogen surface
abundance value reached during the WNL phase in the SMC (0.3%) repro-
duced very well the observed spectra of SK-41 while, Crowther et al. (1995)
found surface abundances corresponding to solar metallicity in their analysis
of galactic WNL stars.

Another important direct result from Fig. 6 and Table 1 is a tight estimate for
the masses and ages of the objects. The luminosities of #4 & #8 are consistent
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with initial masses of ~120 M, for these WNL stars while the luminosity of
#15 seems to be consistent with masses 70-90Mg, for the O stars. Assuming
these masses, equal initial abundances, and coeval formation, one finds that
both the WNL and O stars require solar metallicity and an age of 2-2.5 My (see
also Najarro et al. 2004).

Our result of solar metallicity for the Arches Cluster and Quintuplet Cluster
runs counter to the trend in the disk (Rolleston et al. 2000, Smartt et al. 2001)
but is consistent with the findings from cool star studies (Carr et al. 2000,
Ramirez et al. 2000). This may imply that the ISM in the disk does not extend
inward to the GC, or that the GC stars are forming out of an ISM that has an
enrichment history that is distinctly different from that in the disk. Our result is
more consistent with the values found for the bulge (Frogel et al. 1999, Felzing
et al. 2000).
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Abstract This review summarizes the observational constraints on the mass spectrum of
compact objects in X-ray binaries. We currently have 20 X-ray binaries with
confirmed black holes, based on dynamical information (i.e. mass in excess of 3
Mp). In two cases, V404 Cyg and GRS 1915+105, the black hole mass exceeds
the maximum predicted by current Type Ib supernovae models and challenges
black hole formation scenarios. The great majority of black hole binaries are
members of the class of X-ray Transients, where long periods of quiescence en-
able spectroscopic studies of the faint donor stars. On the other hand, neutron
star binaries are mostly found in persistent binaries, where reprocessed light
from the accretion disc overwhelms the companion star and precludes mass es-
timates. New results, based on the detection of optical fluorescent lines from
the donor star and X-ray burst oscillations, provide the best prospects for mass
constraints of neutron stars in persistent X-ray binaries.

Keywords:  Binaries: close, X-rays: binaries, Stars: neutron, black holes

1. Introduction

Building the mass distribution of compact objects is a fundamental experi-
ment in modern astrophysics which can only be done in X-ray binaries. The
interest of this research is two-fold: set constraints on the equation of state of
nuclear matter (hereafter EOS) and test models of supernovae explosions and
close binary evolution. X-ray binaries are interacting binaries where a normal
star transfers matter onto a compact object, a black hole (BH) or neutron star
(NS). Matter is accelerated in the strong gravitational field of the compact star
and heated up to ~ 107 K before being accreted. This is the canonical model,
first proposed by Shklovskii (1967) to explain the new X-ray sources detected
in the 60’s and 70’s by X-ray satellites such as UHURU or Einstein. In the
80’s and 90’s, a new generation of higher sensitivity satellites, such as Ginga,
Rosat and XTE, revealed a population of several hundred X-ray binaries in
the Galaxy with X-ray luminosities in the range 1036 — 103% ergs s~! and dis-
playing rapid variability, down to the kilohertz regime. And nowadays, the
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large collecting area and high angular resolution of satellites such as Chandra
and XMM-Newton allow us to resolve the X-ray binary population in nearby
galaxies, obtaining the X-ray luminosity function and proving that they are
responsible for typically a third of the galaxy’s total X-ray emission.

X-ray binaries are classically divided into two populations, based on the
nature of the optical (companion) stars: high mass X-ray binaries (HMXBs)
and low mass X-ray binaries (LMXBs). In HMXBs the companion is a hot
luminous O-B supergiant whose bolometric luminosity completely dominates
the energy spectrum. These binaries are relatively young (short lived) with
estimated ages in the range 107 — 10® yrs. There are about ~ 100 such binaries
in the Galaxy, strongly concentrated towards the spiral arms and, hence, they
are considered as good tracers of the star formation rate (Grimm, Gilfanov &
Sunyaev 2002). Neutron stars in HMXBs are recognized by the presence of
regular X-ray pulsations as a consequence of their strong magnetic fields.

On the other hand, LMXBs contain low-mass companion stars of spectral
types (mainly) K-M. These binaries are very compact, with orbital periods
clustering around 4-8 hours and concentrated in location towards the galac-
tic bulge. They are associated with the old stellar population and show a
large spread in galactic latitude, interpreted as a signature of kick velocities
received when the supernova explosion formed the compact star. Neutron stars
in LMXBs are also revealed by the exhibition of sporadic X-ray bursts i.e.
thermonuclear eruptions of matter slowly accreted over the surface. There
are ~ 200 X-ray active or "persistent" sources in the Galaxy, and about 103
"transients", which only show X-ray activity occasionally. The reason for this
transient behaviour is the mass transfer rate from the donor star M, which is
driven by the binary/donor evolution. In X-ray transients, M is lower than a
critical value ~ 10~? Moyr~! and this triggers thermal-viscous instabilities in
the accretion disc. This causes enhanced mass transfer episodes onto the com-
pact object, the so-called "outbursts", with recurrence times of a few decades
(King 1999). In the interim, these systems remain in the "quiescent" state, with
typical X-ray luminosities below ~ 1032 ergs s~!. It is during these periods
when we can attempt to detect the faint low-mass star and extract dynami-
cal information. The many studies performed on quiescent X-ray transients
have demonstrated that BHs outnumber NS by more than 70%, and hence the
transients provide excellent hunting grounds for BHs. More details about the
optical and X-ray properties of galactic X-ray binaries can be found in Charles
& Coe (2004), McClintock & Remillard (2004) and Psaltis (2004).

2. Establishing black holes

As opposed to NS, which often show X-ray bursts or pulses, the best ob-
servational evidence for a BH is still its mass function f(M). This equation
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relates the masses of the compact object M., the companion star M, (or alter-
natively the binary mass ratio ¢ = M, /M) and the binary inclination angle
with two quantities to be extracted directly from the radial velocity curve of the
companion star: the orbital period P}, and the radial velocity semi-amplitude
K:

F(M) = K3P,,, _ ME sin® 4 M sin® 7
21G Mg+ Me)* (1+9q)°

Since M, > 0 and 0 < i < 90° it is straightforward to show that f (M) is
a lower limit on M. Therefore, a mass function larger than 3 Mg, i.e. the
maximum gravitational mass of a NS (Rhoades & Ruffini 1974), is taken as a
secure proof for the existence of a BH, independently of the actual values of ¢
and q.

Table 1 presents an updated list of confirmed BHs based on this simple dy-
namical argument. We currently have 20 BHs, with orbital periods ranging
from 4.1 hours to 33.5 days. There are 17 transient LMXBs and only 3 per-
sistent systems, the HMXBs Cyg X-1 and two sources from the Large Mag-
ellanic Clouds: LMC X-1 and LMC X-3. Note that, in addition to the three
HMXBs, six transient LMXBs have mass functions < 3 M. However, we
have solid constraints on the inclination and the companion’s mass for these
binaries which result in My > 3 M. The last one added to the list, BW Cir,
contains an evolved G5 donor star in a 2.5 day orbit. Its optical luminosity
places the binary at a distance > 27 kpc and makes BW Cir the furthest BH
binary in the Galaxy yet. Remarkably, its large systemic velocity (103 km s—1)
is in good agreement with the projected velocity of the Galactic differential
rotation at that distance (see more details in Casares et al. 2004a).

In addition to the mass function, one obviously needs a knowledge of the
inclination and the mass ratio to fully determine the masses of the two stars. In
the case of a BH binary, we face a "single-line spectroscopic binary" problem
and all the information must be extracted from the optical companion. How-
ever, there is a complete solution to the problem which involves: (i) the deter-
mination of the binary mass ratio through the rotational broadening V;q sin ¢
of the companion’s absorption lines and (ii) the determination of the inclination
angle by fitting synthetic models to ellipsoidal lightcurves. This is the classic
method to derive masses. Further details of these techniques and the systemat-
ics involved can be found in several review papers e.g. Casares (2001), Charles
& Coe (2004).

Following this prescription, we currently have 15 reliable BH masses which
are listed in the last column of Table 1, updated from the compilations in Orosz
(2003) and Charles & Coe (2004). Figure 1 plots these masses with their 1o
errorbars. BH masses spread between 4 and 14 M, with typical uncertainties
in the range 5-33%. Also in Fig. 1 we show 33 well determined NS masses,

ey
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Table 1. Confirmed black holes and mass determinations

System Pory fiM) Donor Classification M
(days) (Mg) Spect. Type (Mg)
GRS 1915+105 335 9.5+ 3.0 K/M 111 LMXB/Transient 14 +4
V404 Cyg 6.470 6.08 4 0.06 KO IV . 12+2
Cyg X-1 5.600  0.244 + 0.005 09.7 Iab HMXB/Persistent 10£3
LMC X-1 4.229 0.14 + 0.05 07 1II . >4
XTE J1819-254 2.816 3.13 £ 0.13 B9 III LMXB/Transient 7.1 £ 0.3
GRO J1655-40 2.620 2.73 + 0.09 F3/51V ” 6.3+0.3
BW Cir ¢ 2.545 5.75 + 0.30 G5 1V ' > 78
GX 339-4 1.754 58+0.5 - .
LMC X-3 1.704 234+03 B3V HMXB/Persistent 7.6 + 1.3
XTE J1550-564 1.542 6.86 + 0.71 GS8/K8 IV LMXB/Transient 9.6 &= 1.2
4U 1543-475 1.125 0.25 +0.01 A2V . 94+1.0
H1705-250 0.520 4.86 £0.13 K3/7V » 6+2
GS 1124-684 0.433 3.01 £0.15 K3/5V " 7.0 £ 0.6
XTE J1859+226°  0.382 74 +1.1 - .
GS2000+250 0.345 5.01 +£0.12 K3/7V » 7.5+03
A0620-003 0.325 2.72 + 0.06 K4V » 11+2
XTE J1650-500 0.321 2.73 + 0.56 K4V ’
GRS 1009-45 0.283 3.17 £ 0.12 K7/M0 V " 52406
GRO J0422+32 0.212 1.19 £ 0.02 M2V " 441
XTEJ1118+480°¢ 0.171 6.3 +0.2 K5/M0 V ’ 6.8 0.4

@ The 1-year alias period at 2.564 days is equally significant. In this case the BH would be even strengthen
with f(Mx) = 6.60 £ 0.36 M, (see Casares et al. 2004a).

b Period is uncertain, with another possibility at 0.319 days (see Zurita et al. 2002). This would drop the
mass function to f(Mx) = 6.18 Mg .

¢ Mass function updated after Torres et al. (2004).

extracted from Stairs (2004) and Lattimer & Prakash (2004), also with 1o un-
certainties. The most precise NS masses have been measured in a group of bi-
nary radio-pulsars. They are descendants of HMXBs, composed of two young
pulsars whose orbits are known to great accuracy from pulse time delays. Rela-
tivistic effects lead to NS mass determinations with exquisite accuracy and they
display a normal distribution centered at the canonical value of 1.35 M with a
very small dispersion of £0.04 M. Dynamical masses are also available from
pulsing NS in seven HMXBs, six of which are eclipsing. However, the uncer-
tainties are much larger because the radial velocities of the optical stars are
distorted by non-Keplerian perturbations, caused by their strong winds. A few
measurements also exist for LMXBs and binary millisecond pulsars (BMPs).
BMPs are descendants of LMXBs, composed of a millisecond NS (spun up
by accretion) and a detached white dwarf. Both LMXBs and BMPs are poten-
tial sites for massive NS because binary evolution predicts accretion of several
tenths of a solar mass during their lifetimes.
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Figure 1.  Mass distribution of compact objects in X-ray binaries. The arrows indicate lower
limits to BH masses. The dotted vertical line marks the maximum mass allowed for a stable NS.

A fundamental result for the understanding of nuclear matter would be to
find a NS more massive than 1.6 Mg since this would rule out soft EOS
( Brown & Bethe 1994). Currently the best candidates are found in the LMXB
Cyg X-2 (1.78 + 0.23 Mg: Casares, Charles & Kuulkers 1998, Orosz & Ku-
ulkers 1999), the BMP J0751+1807 (2.2 + 0.2 Mg: Nice, Splaver & Stairs
2004) and the HMXBs 4U 1700-37 (2.44 £ 0.27 M¢: Clark et al. 2002) and
Vela X-1 (1.86 £ 0.16 M: Barziv et al. 2001). The latter case, however,
is less secure since the radial velocity curve of the companion is affected by
systematic excursions which prevents a confirmation of the mass estimate (see
Barziv et al. 2001). In the case of JO751+1807 and 4U 1700-37, soft EOS are
ruled out even at the 95% level.

Very recently, large NS masses have also been reported for 2S0921-630
(=V395 Car) by two different groups: 2.0-4.3 My (Shahbaz et al. 2004) and
1.9-2.9 Mg (Jonker et al. 2004). However, the compact object in this LMXB
has never shown any evidence for X-ray bursts or pulsations, so it could be a
low-mass BH. This is also the situation for the compact object in 4U 1700-37,
since it has never shown any NS signature.

Figure 2 presents the histogram of compact object masses compared to the
theoretical distribution of remnants computed in Fryer & Kalogera (2001) for
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Figure 2. Observed mass distribution of compact objects in X-ray binaries (shaded his-
togram), compared to the theoretical distribution computed in Fryer & Kalogera (2001) for
"Case C + Winds" scenario (dotted line). The model distribution has been re-scaled for clarity.

the case of binary interaction under Case C mass transfer (i.e. Common Enve-
lope evolution after core helium ignition) and mass loss through winds in the
Wolf-Rayet phase. This is the most realistic scenario since evolution through
Case B mass transfer (i.e. Common Envelope and H envelope removal before
core helium ignition) fails to produce BH remnants > 3 M, with the current
Wolf-Rayet mass loss rates (Woosley, Langer & Weaver 1995). The model
predicts a BH mass cut at 12 M, which is difficult to reconcile with the high
masses measured in V404 Cyg (12 £ 2 M) and GRS 1915+105 (14 + 4 Mp).
Despite the large uncertainties in the masses, these two X-ray binaries seem to
pose a challenge to BH formation theories and, in particular, suggest that mass
loss rates in the WR phase are overestimated.

Our histogram also shows a shortage of objects at 3—4 M, not predicted by
the model distribution. If the gap is eventually confirmed, it could strongly re-
strict the supernova explosion energy since, as explained in Fryer & Kalogera
(2001), it can be reproduced by a step function dependence with the progeni-
tor’s mass. However, selection effects could also be playing a role here since
low mass BHs are likely to show up as persistent X-ray sources, where dynam-
ical masses are difficult to obtain. The case of 2S0921-630 could well be an
example. Obviously we are limited by low number statistics in the observed
distribution of compact remnants. Clearly more X-ray transient discoveries
and lower uncertainties in the mass determinations are required before these
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issues can be addressed and the form of the distribution can be used to con-
strain supernova models and X-ray binary evolution.

3. Mass determination in persistent LM XBs

So far we have been dealing with mass determination in quiescent X-ray
binaries. Dynamical studies in persistent LMXBs are, on the other hand, ham-
pered by the huge optical luminosity of the accretion disc. This is driven by
reprocessing of the powerful (Eddington limited) X-ray luminosity and com-
pletely swamps the spectroscopic features of the faint companion stars.

New prospects for mass determination have been opened by the discovery of
high-excitation emission lines arising from the donor star in Sco X-1 ( Steeghs
& Casares 2002). The most prominent are found in the core of the Bowen
blend, namely the triplets NIII A4634-40 and CIII A4647-50. In particular, the
NIII lines are powered by fluorescence resonance which requires seed photons
of Hell Ly-a. These narrow components move in phase with each other and
are not resolved (FWHM=50 km s~! i.e. the instrumental resolution), an in-
dication that the reprocessing region is very localized (Fig. 3). The extreme
narrowness rules out the accretion flow or the hot spot and points to the com-
panion star as the reprocessing site.
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Figure 3. Trailed spectra of the nar- Figure 4. Radial velocity curve of the
row CII+NIII Bowen emission lines and sharp CIII+NIII Bowen lines (top) and the
Hell A\4686 in Sco X-1. After Steeghs & wings of Hell A\4686 (bottom) in Sco X-1.

Casares (2002).

The radial velocity curve of the donor star can be extracted through a com-
bined multigaussian fit to the three CIII/NIII lines (top panel of Fig. 4) or
using more sophisticated Doppler tomography techniques (see e.g. Casares et
al. 2003). Furthermore, the velocities are in antiphase with the wings of the
Hell \4686 emission, which approximately trace the motion of the compact
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star (bottom panel of Fig. 4). This work represents the first detection of the
companion star in Sco X-1 and opens a new window for extracting dynami-
cal information and deriving mass functions in the population of ~20 LMXBs
with established optical counterparts.

Follow-up campaigns, using the AAT, NTT and VLT telescopes, have en-
abled us to extend this analysis to other fainter LMXBs leading to the detec-
tion of the secondary stars in 2A1822-371, MXB1636-536, MXB1735-444
and XTE J1814-338 and the determination of their orbital velocities, which lie
in the range 200-300 km s~! (see Casares et al. 2003, Casares et al. 2004b).
In addition, the application of this technique to the BH candidate GX339-4
during its 2002 outburst provided the first determination of its mass function
and hence dynamical proof that it is a BH (Hynes et al. 2003).
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Figure 5. Millisecond pulses detected Figure 6.  Time evolution of the 580 Hz
during the rise of an X-ray burst in oscillation in MXB1636-536 during a su-
MXB1636-536 (after Strohmayer et al. perburst episode. The solid curve shows
1998). the best orbital model fit which constrains

the NS velocity amplitude to 90-175 km
-1
s .

LMXBs are considered to be the progenitors of BMPs because they provide
a mechanism for spinning up NS to millisecond periods, through the sustained
accretion of matter with high angular momentum during their long active lives.
Despite intensive efforts over 2 decades, the detection of millisecond pulsations
in LMXBs proved elusive but the advent of XTE changed things dramatically
with the discovery of: (i) persistent pulses in 5 transient LMXBs with spin
periods in the range 185-435 Hz (ii) nearly coherent oscillations during X-ray
bursts in 13 LMXBs. Figure 5 presents an example of a train of oscillations,
with a frequency of 580 Hz, detected during an X-ray burst in MXB1636-536.
In two LMXBs, SAX J1808-3658 (Chakrabarty et al. 2003) and XTE J1814-
338 (Strohmayer et al. 2003), burst oscillations were detected in addition to
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persistent pulses and they showed identical frequencies. This confirmed that
burst oscillations are indeed modulated with the spin of the NS.

Moreover, burst oscillations were detected in an 800 s interval during a su-
perburst in MXB1636-536. The oscillations showed a clear frequency drift
which was attributed to the orbital Doppler shift of the NS (see Fig. 6). A
circular orbit model was fitted to the data and used to constrain the projected
NS velocity to between 90 and 175 km s~! (Strohmayer & Markwardt 2002).
This is a remarkable result which shows that burst oscillations can be used to
trace NS orbits and, in combination with information provided by the Bowen
fluorescent lines, turn persistent LMXBs into double-lined spectroscopic bina-
ries.

4. Conclusions

In the past 15 years the field of X-ray binaries has experienced signifi-
cant progress with the discovery of 16 new BHs and 6 millisecond pulsars
in LMXBs. Reliable mass determinations have been provided for 15 BHs and
33 NS which are starting to reveal the mass spectrum of compact remnants.
Two X-ray binaries, V404 Cyg and GRS 1915+105, contain BHs too massive
to be explained by current theoretical modelling. However, better statistics
are required in order to use the observed distribution to constrain fundamen-
tal parameters of X-ray binary evolution and supernova models, such as the
mass-loss rate in the W-R phase, the explosion energy dependence on progen-
itor mass, the amount of fall back or details of the Commom Envelope phase.
The discovery of fluorescence emission from the companion star, together with
X-ray burst oscillations has opened the door to derive NS masses in persistent
X-ray binaries. This new technique, which will benefit from new instrumen-
tation on large telescopes (e.g. OSIRIS on GTC), will likely provide further
evidence for the existence of massive NS in LMXBs.

Note added. @ Two new NS spin periods were discovered when finishing
writing this contribution: burst oscillations at 45 Hz in the persistent LMXB
EXO 0748-676 (Villarreal & Strohmayer 2004) and persistent pulsations at
598.9 Hz in the new transient LMXB IGR J00291+5934 (Markwardt, Swank
& Strohmayer 2004), discovered by INTEGRAL in December 2004.
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Abstract

Keywords:

Strong radio and infrared emission, coupled with disturbed optical morphology,
indicates a high starformation rate in the central region of Messier 82 consistent
with a starburst. Unfortunately this region is optically obscured and hence can
be directly studied mainly via radio and infra-red measurements. High resolu-
tion radio observations of this region reveal approximately 60 compact sources,
of which 15 are consistent with compact HII regions and most of the remaining
45 appear to be supernova remnants (SNR). In both cases massive stars are re-
quired, in the former to provide ionisation for the HII regions, and in the latter
as progenitors to the supernovae. OH masers will also be discussed briefly as
additional tracers of massive stars. Many of the SNR show clear shell structures
at MERLIN resolution (~50mas=0.7pc) and 5 have been resolved on mas scales
using VLBI. VLBI measurements of at least one of the SNR shows expansion of
~10000 km s~ ! and further MERLIN and VLBI measurements are underway to
measure more expansion velocities. We estimate the ages of the remnants to be
typically a few hundred years, leading to supernova rates consistent with those
derived from other indicators of the starformation rate in M82.

Galaxies, Starbursts, Star-formation, Supernova remnants

1. Introduction

Starburst galaxies contain regions with a significantly enhanced starforma-
tion rate, and estimates of the available gas present usually show that this rate
can only be sustained for a small fraction of the galactic lifetime—hence the
term ‘starburst’. The starburst usually has a size of order a kiloparsec, although
in some cases merger events result in more extensive starbursts, whereas oth-
ers can show intense starformation rates over regions of only a few hundred

parsecs.
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The best observational evidence for a starburst is probably the intense far-
infrared (FIR) emission which is thought mostly to be dust heated by young,
hot stars. The radio continuum flux density of a galaxy is also a good indicator
of enhanced starformation, although there is sometimes contamination of this
emission with radio emission produced by an active galactic nucleus (AGN).
In nearby starburst galaxies it is usually possible to make detailed studies of the
radio emission from both supernova remnants and HII regions, and hence infer
the properties of the associated O stars, as well as distinguishing any AGN
activity in the starburst.

2. Estimating starformation rates in messier 82

Messier 82 is one of the nearest, and certainly most studied starburst galaxy.
However the dust associated with molecular clouds, coupled with its almost
edge-on orientation, result in high levels of extinction (20-30M,,; Mattila &
Meikle 2001) over much of the central region which contains the starburst.
Consequently although inferences can be made concerning the starformation
history from optical and UV studies (de Grijs et al. 2001), most of the region
containing the current starburst is only accessible in the radio or infra-red.
Consequently estimates of the global starformation rate cannot easily be made
using optical or UV measurements. Fortunately the radio method (Cram et al.
1998) is not affected by dust extinction and hence the starformation rate can be
estimated from the equation

L _
SFR(M 2 5MO) = 4())(7111021 Moyr 1

where L 4 is the total 1.4GHz luminosity of the galaxy (Cram et al. 1998).
Note that to avoid complications with the initial mass function (IMF) of low
mass stars, this relation gives the starformation rate for stars with mass > 5M,,.
Hence as the total flux density of M82 at 1.4GHz is ~8.5Jy and using a dis-
tance of 3.2Mpc, then SFR(M > 5M,) for M82 can be estimated to be
~ 2.5M, yr~!. Also the radio thermal free-free contribution is reasonably
well defined in M82 (Carlstrom & Kronberg 1991) and can be used to estimate
a starformation rate (Pedlar 2001) consistent with the above value. Finally the
starformation rate derived from the total FIR luminosity also gives a value of
SFR(M > 5M,) close to 2 M, yr~ 1.

3. Indicators of massive stars

Given the relatively high starformation rate in the central kpc of M82, there
is no doubt that it contains large numbers of massive stars. Although the dis-
tribution of these stars cannot be observed directly because of extinction, their
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Figure 1. A 20cm combined MERLIN and VLA image of the M82 starburst. At this wave-
length most of the compact sources are supernova remnants, and 5 of the objects which have
been studied using VLBI are labeled (Pedlar et al. 1999).

presence can be inferred in the radio by observations of supernovae & super-
nova remnants, compact HII regions and OH masers.

Supernova Remnants

Although radio supernova remnant studies have been carried out on several
nearby starburst galaxies, by far the most extensive have been carried out in the
Messier 82 starburst. Compact sources were first noted in M82 by Kronberg
& Wilkinson (1975), but it was not until the advent of MERLIN (Unger et
al. 1984) and the VLA (Kronberg et al. 1985) that ~50 compact radio sources
were separated from the extended background. This is clearly seen in the 20cm
combined MERLIN and VLA image (Fig. 1) which shows both the diffuse
background and the compact sources. Although initially it was thought that
some of the compact sources could be radio supernovae, the lack of significant
variability of most of the sources implied that they were supernova remnants.
This was subsequently confirmed by SGHz MERLIN observations (Muxlow
et al. 1994) in which all the sources were shown to be extended with sizes of
typically a few parsecs and many had the shell or partial shell structures typical
of remnants.
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If we assume that the SNR are all type 11, then the distribution of SNR repre-
sents the distribution of massive stars (> 8M,,) approximately 107 years ago.
Hence if the region of star-formation changed significantly over this period
then the SNR would show a different distribution from more recent indicators
of starformation such as compact HII regions(see below). As there is no signif-
icant evidence for such a change (McDonald et al. 2002), then it is reasonable
to assume the starformation rate is approximately constant and hence, in prin-
ciple the type II supernova rate can be derived directly from the current star
formation rate and the initial mass function, on the assumption that all stars
with masses > 81/, become supernovae. Hence assuming a Miller-Scalo IMF
the supernova rate v, is related to the star formation rate via

SFR(M > 5M,) = 25vs, Myyr L.

Thus if SFR(M > 5M,) is ~ 2 — 2.5M,yr~! as deduced in the previous
section, this implies a supernova rate of ~ 0.08 — 0.1yr~! in M82.

Several methods can be used to estimate the supernova rate directly from the
radio parameters of the M82 supernova remnants (Muxlow et al. 1994, Pedlar
2001). The simplest method is to assume that all the M82 remnants which are
brighter and smaller than the Cassiopeia A remnant in our galaxy are younger
than 330 years. Alternatively if a constant expansion velocity is assumed (e.g.
5000-10000 km s~1) this gives the ages of the remnants and hence the su-
pernova rate (Muxlow et al. 1994). Finally van Buren & Greenhouse (1994)
estimated the supernova rates from remnant luminosities. These methods give
supernova rates ranging from 0.05 to 0.1 yr—! - consistent with the starforma-
tion rates derived above. It is possible that not all supernovae produce radio
emitting remnants, and if so this would imply an even larger supernova rates.

Compact HII regions

The majority of the more luminous compact sources in M82 have a steep
spectrum, consistent with synchrotron emission from supernova remnants (e.g.
Allen & Kronberg 1998). Although from these initial spectral studies it ap-
peared that only one compact source had a spectrum consistent with thermal
emission, the sample only included about half (~26) of the known compact
sources and as they were selected at relatively low frequencies hence had a
bias towards non-thermal sources.

McDonald et al. (2002) determined the two point (5 and 15 GHz) spectra
of 46 the compact sources in M82 by using the extended VLA (ie including
the Pie-Town Antenna) at 15GHz. This resulted in an angular resolution of
80mas (=1.2pc) which can be directly compared to MERLIN 5GHz observa-
tions with 50mas resolution. These observations showed that 16 of the sources
had inverted spectra and brightness temperatures consistent with optically thick
compact HII regions with emission measures of ~ 107 pc cm~%. The distri-



Massive Stars in Starbursts 159

I I I I
695520 — [Nell] 12.8 ym ]

05 —

DECLINATION (B1950)

00 —

5455 —

50 — —

| | | | | | | | | |
095148 47 6

44 43 42
RIGHT ASCENSION (B1950)

Figure 2. The position of the compact HII regions (crosses) reported by McDonald et al.
2002, superimposed on the diffuse ionised gas delineated by [Nell], Achtermann & Lacey
1995).

bution of these compact HII regions, superimposed on diffuse ionised gas in-
ferred from [Nell] measurements (Achtermann & Lacey 1995), are shown in
Fig. 2. From the size and emission measures of the compact HII regions it is
possible to calculate the Lyman continuum flux required to ionize them. Thus,
by assuming that the Lyman continuum output of an O35 star is ~ 5 x 10%
photon s~! | it is possible to derive an equivalent number of OS5 stars required
to ionise the HII region. The number of OS5 stars required to ionize these re-
gions varies from a few to several hundred (McDonald et al. 2002). Therefore,
these regions may be similar to those found in other galaxies such as NGC
2146 (Tarchi et al.) and NGC 5253 (Turner et al. 2000), which were deemed
to be due to the precursors of ‘super star clusters’ or ‘proto globular clusters’.
Hence these compact HII regions are tracing the current position of clusters of
massive stars in the M82 starburst.

OH Masers

Main line (1665 & 1667 MHz) OH masers are often indicators of massive
star formation. Not only can they seen to be associated with starforming re-
gions in our galaxy, but also OH megamasers are associated with galaxies with
extremely high starformation rates. Our recent study of OH in M82 (Pedlar
et al. 2003) has revealed at least 10 regions of strong maser emission in the
MS8?2 starburst (Fig. 3). Six of these regions are spatially coincident with the
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Figure 3. A contour map showing the integrated 1667MHz absorption seen against the star-
burst in M82. The contours of absorption are separated by units of 500 Jy beam ! Hz. The
stars mark the positions of the main line OH masers and the cross marks the position of the
most luminous, compact radio source 41.95+575. The dashed contours show emission from the
stronger masers (from Pedlar et al. 2003).

compact HII regions discussed in the previous section. In addition there is
close positional agreement between the four 30 masers reported by Baudry
& Brouillet (1996) and four of the OH masers.

The association of these masers with the compact HII regions confirms their
being associated with regions young star-formation as seen in galactic studies.
From Figure 3 it can be seen that most of the main-line masers are situated at
the edges of, rather than the centers of, the OH absorbing clouds, implying that
starformation in taking place at the periphery, rather than within, the molecular
clouds.

Several of the masers are in the region of free-free absorption detected at
73cm (Wills et al. 1997), initially interpreted as an ~100pc diameter HII re-
gion. This is the same region in which Weiss et al. (2001) reported a bubble of
CO emission expanding at 45 km s~! and Matsushita et al. (2000) imaged a
shell of CO emission of radius ~100pc. Our OH data is also consistent with an
expanding shell, although it is the OH masers which delineate the blue-shifted
part of the shell, which could imply that starformation has been induced along
the edge of the shell.

4. The age of the supernova remnants in M82

Recently some doubts have been raised concerning the evolution of the su-
pernova remnants in M82. Kronberg et al. (2000), in a study of the variability
of 24 remnants, claim, using statistical arguments, that in a large fraction of
the remnants the radio luminosity is decaying at less than 0.1% per year. If
true this could suggest that such remnants are over a thousand years old. Also
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recent theoretical studies by Chevalier & Fransson (2001) have suggested that
the high pressure of the interstellar medium in M82 would result in the su-
pernova remnants expanding at only 500km s~!, hence as the observed sizes
are typically a few parsecs, this again would imply ages of thousands of years.
Both these results appear to be inconsistent with the supernova rates of ~0.1
yr—! derived above, which require that the ages of typical remnants are a few
hundred years. In view of the implications of these results we will discuss the
assumptions of such models, together with new observational data which gives
a direct measurement of the expansion velocity of the remnants.

Interstellar medium pressures in M82

Chevalier & Fransson (2001) assume that the pressure in the starburst re-
gion of M82 is 10" cm™?K and from this derive the low (500 km s~') SNR
expansion velocities. While there is no doubt that part of the starburst must be
at this pressure (e.g. the compact HII regions McDonald et al. 2002), it seems
likely that much of the starburst is not in static pressure equilibrium and that a
range of pressures are present.

This can be demonstrated as, if the photoionised component in M82 has a
temperature of ~ 10*K, the pressure assumed by Chevalier & Fransson would
require that the density of this gas be ~ 10% cm™3. However the free-free
absorption measurements taken against the individual remnants show emission
measures of ~ 5 x 10° pc cm~% (Wills et al. 1997), and hence densities of
~ 10% cm™3 would imply ionised gas path lengths of only ~0.5pc. Given that
the extent of the starburst region is at least 500pc, unless the ionised gas is
contrived to occupy the 0.1% of the volume of the starburst in the immediate
vicinity of each remnant, it is difficult to see how the ionised component can
provide sufficient pressure to slow the SNR expansion to 500 km s .

Chevalier& Fransson suggest that the SNR may be confined by the inter-
clump medium of molecular clouds in M82 and note that many of the remnants
are in the line of sight to regions of strong CO emission. This is, however, not
conclusive evidence that the remnants are embedded within the clouds, and
often the HI absorption spectra measured directly against the remnants (Wills
et al. 1998) do not support this interpretation. Furthermore studies by Weiss
et al. 2001 have shown that the molecular gas in the starforming regions of
MS2 has a kinetic temperatures of ~ 150K and densities of ~ 10% cm~3 which
corresponds to a pressure two orders of magnitude less than that assumed by
Chevalier & Fransson.

Clearly the ISM of M82 is complex, and to assign a single pressure to the
starburst region may be unrealistic. Hence it is likely that many of the SNR
in M82 are embedded in regions with pressures significantly lower than 107
cm~3 K and hence have expansion velocities much greater than 500 km s~*.



162 THE MANY SCALES IN THE UNIVERSE

05 1.0 1.5 2.0 mdy/bm 05 1.0 1.5 2.0 mdy/bm 05 1.0 1.5 2.0 mdy/bm 05 1.0 1.5 mdy/bm

T T T
20 0 a0 20
Relative positian (mas)

7 ;
T
Relative positian (mas)

T T 7
Relative position (mas) "

Figure 4. 20cm VLBI images of the M82 supernova remnant 43.31+592 plotted at epochs
1986, 1997, 1998 and 2001. The images have been convolved to a common angular resolution
of 15mas.(Adapted from Riley et al. 2003).

Measuring expansion velocities

Now that we can resolve the compact sources in M82 (Muxlow et al. 1994),
in principle it is a relatively simple matter to measure their expansion velocities
by measuring their size over a period of time, although such studies are limited
to the brightest sources by current instrumental sensitivity (see Fig. 1). The
first expansion measurements were made by Pedlar et al. (1999) on the com-
pact sources 41.95+575 & 43.31+592. The brightest, most compact source
(41.95+575) was shown to have an elongated structure and the expansion ve-
locity along the major axis was constrained to < 4000 km s~!. Subsequent
global VLBI measurements McDonald et al. 2001 showed it to have an expan-
sion velocity of ~ 2000 km s~'. This source is, however, rather anomalous on
account of its high radio luminosity and its rapid decay. Also the global VLBI
structure is highly elongated and more like a bipolar structure than a shell -
unlike a typical SNR (McDonald et al. 2001).

The source 43.314+592 is much more typical an SNR of shows a well-defined
shell structure (Fig. 4). By comparing data observed in 1986 and 1997, Pedlar
et al. (1999) deduced an expansion velocity of ~ 10000km s~!. Subsequent
Global VLBI measurements McDonald et al. 2001 Riley et al. 2003 have con-
firmed this result and shown its expansion to be consistent with no deceleration
(Fig. 5), implying an age of about 40 years. As the SNR seems to be in free
expansion we can set a simple constraint of < 2000 atoms cm™? to the exter-
nal density by assuming that the mass of gas swept up is less than the mass
ejected. The expansion velocity of this source clearly exceeds the 500km s~*
predicted by Chevalier & Fransson. Although this could be accounted for if
this particular SNR was in a region with relatively low external pressure, such
an explanation seems rather contrived.

In fact recent MERLIN observations (Muxlow et al. 2003) have indepen-
dently confirmed the above expansion velocities and also measured the expan-
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sion velocities of 2 more remnants. One of the remnants has a velocity close
to 10000 km s—!, whereas the other is relatively low at 2000 km s~!. We
now have 4 expansion measurements and find little evidence for ~500 km s—*
expansion velocities. Hence we see no reason to revise the remnant ages or
supernova rates that we have inferred previously for M82.

S. Summary

The starformation rates in M82 inferred from infrared, radio and mm obser-
vations are consistent with a supernova rate of one every 10 or 20 years. This
is consistent with a rate derived from the size-diameter relation observed for
SNR in M82, and with the expansion velocities of some of the brighter SNR.

Higher sensitivity observations using e-MERLIN, combined with an in-
creasing time baseline, will enable the expansion velocities of many more rem-
nants in M82 to be determined and hence constrain both the supernova rate and
the parameters of the interstellar medium in M82.
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Abstract

Keywords:

Planetary nebulae (PNe) are the latest addition to the zoo of X-ray sources. Be-
sides the photospheric emission of hot central stars of PNe, Chandra and XMM-
Newton observations have detected diffuse X-ray emission from shocked fast
winds in PN interiors, providing support to the interacting-stellar-winds forma-
tion models of PNe. New types of X-ray sources in PNe have also been found:
(1) diffuse X-ray sources from bow-shocks of fast collimated outflows imping-
ing on the nebular envelope, and (2) hard (0.5 keV) X-ray point sources at the
PN central stars originating from instability shocks in the fast stellar wind itself
or from a low-mass companion’s coronal activity. X-ray observations of PNe
offer a unique opportunity to assess the dynamic effects of fast stellar winds and
collimated outflows in PN formation and shaping. The distribution and phys-
ical conditions of hot gas in PNe help us gain insight in similar astrophysical
situations, e.g., bubbles and superbubbles blown by massive stars.

ISM: planetary nebulae: general, ISM: planetary nebulae: individual: NGC 2392,
NGC 6543, NGC 7009, BD+30°3639, Hen 3-1475, Stars: winds, outflows

1. Sources of X-ray emission from planetary nebulae

A planetary nebula (PN) consists of the stellar material ejected by a star
with initial mass < 8—10 My,. As such a star evolves off the asymptotic giant
branch (AGB), its copious mass loss strips off the stellar envelope and exposes
the hot stellar core. A PN emerges when the stellar UV radiation ionizes the
ejected stellar material, causing it to emit in the optical.
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PNe and their central stars have long been studied in the optical, UV, radio
and infrared wavelenghts. In recent years, PNe have also been recognized as
X-ray-emitting sources. Four different sources of X-ray emission can be hosted
by PNe:

m  Photospheric emission from hot central stars of PNe.
The central stars of PNe can exhibit very high stellar effective tempera-
tures, 100,000-200,000 K. The photospheric emission of such hot stars
extends to the X-ray wavelength range, but only at energies <0.5 keV
(Guerrero, Chu, & Gruendl 2000).

= Emission from shock-heated gas in the central cavity of PNe.

In the interacting-stellar-winds model of PNe (Kwok, Purton, & Fitzger-
ald 1978), the fast wind (1000—4000 km s~!) emanating from the central
star sweeps up the slow AGB wind to form a sharp nebular shell. The
interior structure of a PN would be similar to that of a wind-blown bub-
ble (e.g., Weaver et al. 1977). The central cavity of a PN is expected
to be filled with shocked fast wind at 10°~10% K, but this hot gas is too
tenuous to produce appreciable X-ray emission. Dynamic or evapora-
tive mixing of cool nebular material into the hot gas at their interface
produces optimal conditions for soft X-ray emission, which will show a
limb-brightened morphology within the nebular shell.

= Emission from bow-shocks of fast outflows.

Fast collimated outflows or jets that occur in the proto-PN phase, near
the end of the AGB phase (Sahai & Trauger 1998; Bujarrabal et al. 2001)
may also produce hot X-ray-emitting gas. When outflows with velocities
>300 km s~ initially impinge on the AGB wind, bow shocks and X-ray
emission can be produced. The prolonged action of collimated outflows
may bore through the AGB wind and form extended cavities filled by
shocked hot gas that emits X-rays.

m  Coronal activity of a dwarf late companion.
The coronal activity of a late-type dwarf companion of the central star
of a PN may produce detectable X-ray emission. A point X-ray source
may be detected at the central star of a PN, but unlike the photospheric
emission of a hot central star (<0.5 keV), the coronal emission from a
late companion is substantial at ~1 keV.

The X-ray emission from PNe and their central stars provides us with invalu-
able information to better understand the evolution of the central stars of PNe,
the formation and evolution of PNe, and the role of binarity in their shaping.
The photospheric X-ray emission from PN central stars is indicative of their
chemical composition and surface temperature. The diffuse X-ray emission
from shock-heated gas allows us to assess how fast stellar wind and collimated
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Figure 1.  Image of NGC 6543, the Cat’s Eye Nebula. (a) Chandra ACIS-S raw image in the

0.2-1.5 keV energy band; (b) the same X-ray image, but adaptively smoothed and overplotted
with contours; (¢) HST WFPC2 Ha image overplotted with X-ray contours; (d,e,f) HST WFPC2
image in the [O 111] A5007, [N 11] A6583, and Ha lines, respectively. The greyscales are selected
to best reveal the surface brightness variations. This figure is adapted from Chu et al. (2001).

outflows interact with the AGB wind and transfer energy and momentum to
the PN envelope. It is also important to detect low-mass binary companions to
assess their implications in the PN shaping.

2. X-Ray observations of PNe

X-ray emission from PNe was reported in the mid-1980s using observations
made with Einstein and EXOSAT these X-ray sources were all soft and associ-
ated with the photospheric emission from their hot central stars (see Guerrero,
Chu, & Gruendl 2000 for a complete review). In recent years, the Chandra and
XMM-Newton X-ray Observatories have provided us with a great deal of infor-
mation on the hottest component of PNe. Here we review the first detections
of diffuse X-ray emission from PNe and the discovery of hard X-ray emission
from their central stars.

Diffuse X-ray Emission from PNe

In the 1990s, ROSAT made useful observations of more than 60 PNe. These
ROSAT observations showed for the first time hints of emission from the hot
gas in PN interiors, but the evidence was not very convincing because of the
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Figure 2.  Image of Hen 3-1475 in (right) HST WFPC2 image in [N I1] overplotted with X-ray
contours, and (left) Chandra ACIS-S adaptive filter smoothed map in the 0.2-2.0 keV energy
band also overplotted with X-ray contours. The contour levels are arbitrarily chosen to best
follow the surface brightness variations.

limited angular resolution and low S/N ratios; only three PNe (BD+30°3639,
A 30, and NGC 6543) show marginally extended X-ray emission, while two
other PNe (NGC 7009 and NGC 7293) show a point-source at the central star
with a hard, >0.5 keV, X-ray component not expected from the stellar photo-
sphere (Guerrero, Chu, & Gruendl 2000).

The launch of modern X-ray observatories, Chandra and XMM-Newton,
has made it possible to observe PNe with unprecedented sensitivity and an-
gular resolution. To date, Chandra and XMM-Newton have unambiguously
resolved diffuse X-ray emission in 9 PNe and proto-PNe. Some of these ob-
servations have produced exquisite X-ray images and useful spectra, for ex-
ample, BD+30°3639 (Kastner et al. 2000), NGC 6543 (Chu et al. 2001), and
NGC 7009 (Guerrero, Chu, & Gruendl 2002). The distribution of diffuse X-
ray emission relative to the nebular shell is illustrated in Figure 1 for one of the
most well-resolved PNe, NGC 6543, the Cat’s Eye Nebula. The X-ray contours
overplotted on the Ha image of this PN show that the diffuse X-ray emission is
well bounded by the sharp, bright Ho filaments that outline the elliptical shell
with two outward extensions along its major axis (Chu et al. 2001). With the
exception of Hen 3-1475 (see below), the diffuse X-ray emission from PNe is
confined within the innermost nebular shell of elliptical PNe or inside closed
lobes of bipolar PNe, consistent with the expectation for shocked fast wind in
the interacting-stellar-winds model.

As for Hen 3-1475, the Chandra ACIS-S observations have provided the
only clear detection of X-ray emission from the bow-shock of a collimated
outflow in a proto-PN or PN (Sahai et al. 2003). The bulk of X-ray emission
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Figure 3.  XMM-Newton and HST Ha images of the Eskimo Nebula. Panel (a) displays
the XMM-Newton EPIC raw image in the 0.2-2.0 keV band. Panel (b) shows the HST Ha
image overplotted by the 25%, 50%, 75%, and 95% X-ray contours. Panels (c) and (d) display
XMM-Newton EPIC raw images in the 0.2-0.65 and 0.65-2.0 keV energy bands, respectively.
The arrows in panel (d) mark the location of the fast collimated outflow as derived from high-
dispersion echelle spectroscopy (Gieseking, Becker, & Solf 1985). This figure is adapted from
Guerrero et al. (2005).

detected by Chandra is located at the tip of the NW bow-shock seen in the
HST images (Fig. 2) where an abrupt change in velocity of the fast collimated
outflow emanating from its core has been identified (Riera 2004). At the SE
counterpart of the NW bow-shock, only a tentative detection of X-ray emission
is obtained.

The existence of an X-ray-emitting collimated outflow has also been pro-
posed for Mz 3 (Kastner et al. 2003). Recent XMM-Newton observations of
NGC 2392, the Eskimo Nebula, have provided evidence for diffuse X-ray emis-
sion possibly associated with another fast outflow (Guerrero et al. 2005). The
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Figure 4.  Chandra ACIS-S spectra of BD+30°3639, Hen 3-1475, and NGC 6543, and XMM-
Newton EPIC/pn spectrum of NGC 7009. The histogram overlaid on each spectrum corresponds
to the best-fit model. The temperature of the best-fit model is marked in each panel.

Eskimo Nebula is known for the exceptionally large expansion velocity of its
inner shell, ~90 km s~!, and the existence of a fast bipolar outflow with a
line-of-sight expansion velocity approaching 200 km s~!. The diffuse X-ray
emission from NGC 2392 shows noticeably different spatial distributions be-
tween the 0.2-0.65 keV and 0.65-2.0 keV bands (Figure 3). The soft X-ray
emission is closely outlined by the inner shell, while the harder X-ray emis-
sion is roughly aligned with the fast bipolar outflow, thus suggesting that the
diffuse X-ray emission is mostly confined within its inner shell, but some of
the harder X-ray emission in the 0.65-2.0 keV band may be produced by the
interaction of the fast bipolar outflow with nebular material.

The X-ray spectra of four PNe with diffuse X-ray emission are presented
in Figure 4. The X-ray emission from PNe is soft, peaking at energies <1.0
keV. The spectral shape is dominated by emission lines of N vi1, O 111, and
Ne 1X indicative of thin-plasma emission. Spectral fits using a thin-plasma
emission model give plasma temperatures of 1-3x10% K and suggest chemi-
cal enrichment of nitrogen and neon. In the case of Hen 3-1475, the hot gas
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Figure5.  Chandra ACIS-S spectra of the central stars of NGC 6543 and NGC 7293. For com-
parison, the spectrum of a thin plasma emission model with temperature of 2x 10° K is over-
plotted on the X-ray spectrum of NGC 6543. The best-fit model with temperature ~7 x 10° K is
overplotted on the X-ray spectrum of NGC 7293.

temperature corresponds to the post-shock temperature for a shock velocity of
~400 km s~

The X-ray luminosities of PNe derived from these spectral fits range from
3x 103! ergs s~! to 1x 1033 ergs s~!. The younger PNe (BD+30°3639, Mz 3,
and NGC 7027) have systematically higher X-ray luminosities and tempera-
tures than the more evolved PNe (NGC 2392, NGC 6543 and NGC 7009). All
Chandra and XMM-Newton detections of diffuse X-ray emission are associated
with PNe with a sharp-shell morphology indicative of highly pressurized hot
gas, while observations of evolved, old PNe have rendered non detections of
diffuse X-ray emission. Similarly, PNe with collimated outflows of moderate
velocity (<200 km s~!) do not possess detectable X-ray emission.

Hard X-ray Emission from PN Central Stars

The unprecedented Chandra resolution has made possible the detection of
hard X-ray point sources at the central stars of Mz 3, NGC 6543, NGC 7293,
and possibly Hen 3-1475 (Guerrero et al. 2001; Kastner et al. 2003). Fig-
ure 5 shows the X-ray spectra of the central stars of NGC 6543 and NGC 7293.
These spectra suggest thin plasma emission at temperatures up to a few x 105 K
and with X-ray luminosities ~10%? ergs s 1.

Several possible origins of these point sources exist. For the central star of
NGC 7293, the Helix Nebula, the temporal variations of X-rays and the Ha line
profile suggest the presence of an unseen dMe companion with coronal activity
(Gruendl et al. 2001; Guerrero et al. 2001). In other cases (e.g., NGC 6543),

shocks in the fast stellar wind may be the origin of X-ray emission.
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3. The conduction layers in PNe

The exciting X-ray detection of hot gas in PNe is undermined, however,
by an outstanding problem related to the content of hot gas in PNe that needs
further investigation. The observed X-ray luminosities of PNe are 1-2 orders
of magnitude lower than the expectations of bubble models. For example, the
observed Lx of NGC 6543, 1 x 1032 ergs s~! (Chu et al. 2001), is an order of
magnitude lower than that modeled by Zhekov & Perinotto (1998). Similar dis-
crepancies between observed and modeled Lx have been seen in Wolf-Rayet
bubbles (e.g., Garcia-Segura, Langer, & Mac Low 1996) and superbubbles
(e.g., Dunne et al. 2003), suggesting that this problem may be associated with
thermal conduction per se. To understand the production and evolution of hot
gas in PNe as well as their low X-ray luminosities, it is necessary to study the
physics at the conduction layer between the hot gas in the PN interior and the
cool nebular shell.

The hot interior gas and the cool nebular shell form a contact discontinuity
where heat conduction (Spitzer 1962) is expected to occur. The resulting mass
evaporation from the dense nebular shell into the hot interior lowers the tem-
perature and raises the density of the hot gas (Weaver et al. 1977), significantly
increasing the X-ray emissivity. Thermal conduction has been assumed in the-
oretical models but not constrained empirically through observation because
interfaces at a few x10° K require difficult UV observations. Traditionally
interfaces have been studied using spectral lines of C 1v, N v, and O vI; how-
ever, these species can be photoionized by hot stars (especially PN central stars
with effective temperatures >100,000 K) and the detection of these narrow ab-
sorption lines can be hampered by the stellar P Cygni profile and confused by
interstellar absorption lines.

We have chosen to study the interface layer in the PN NGC 6543 using
O VI emission because the physical properties of its interior hot gas have
been established by Chandra observations (Chu et al. 2001) and its central
star is too cool to produce O VI by photoionization (T.g ~ 50,000 K, Zweigle
et al. 1997). Far Ultraviolet Spectroscopic Explorer (FUSE) observations of
NGC 6543 have been made and O VI emission is indeed detected (Figure 6).
By assuming pressure balance between the hot interior gas and the conduc-
tion layer, we find that the O VI emission is consistent with the level of X-ray
emission (Gruendl, Chu, & Guerrero 2004).

4. Summary

Chandra and XMM-Newton observations of PNe have detected X-ray emis-
sion from hot gas in the central cavity (the so-called ‘hot bubble’) of PNe,
bow-shocks associated with fast, ~1,000 km s~ !, collimated outflows, and
point sources at the central stars. These observations have provided a wealth
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Figure 6. FUSE spectra for the O vi AA1032,1038 lines from the northern region of the
central cavity (top), and the northern extension (middle) of NGC 6543. For comparison the
bottom panels show [O 111] A5007 nebular emission from a long-slit spectroscopic observation
4.5" north of the central star. The bottom left panel shows the echellogram and the bottom right
shows the line profile extracted from the position marked by the horizontal dashed lines on the
echellogram. The systemic velocity of NGC 6543 is marked by a dashed vertical line in each
panel. This figure is adapted from Gruendl, Chu, & Guerrero (2004).

of information on the distribution and physical conditions of hot gas in PNe,
allowing us to investigate the physical structure of PNe as a whole and how
collimated outflows transfer energy to the nebular envelope.

The emerging picture from these X-ray observations reveals that young PNe
with a sharp shell morphology contain significant amounts of hot gas in their
interiors. This gas is highly pressurized and drives the nebular expansion. In
a short time-scale, however, the amount of X-ray-emitting hot gas diminishes
drastically and the diffuse X-ray emission is no longer detectable. The action
of the fast stellar wind in the formation and evolution of PNe appears to last
only a short fraction of the PN lifetime.
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Another important result from these observations is the detection of diffuse
X-ray emission associated with collimated outflows in Hen 3-1475 and possi-
bly NGC 2392 and Mz 3. Only outflows faster than ~300 km s~! can produce
post-shock gas at temperatures greater than 10° K and X-ray emission.

References

Bujarrabal, V., Castro-Carrizo, A., Alcolea, J., & Sanchez Contreras, C. 2001, A&A, 377, 868

Chu, Y.-H., Guerrero, M. A., Gruendl, R. A., Williams, R. M., & Kaler, J. B. 2001, ApJ, 553,
L69

Dunne, B. C., Chu, Y.-H., Chen, C.-H. R., Lowry, J. D., Townsley, L., Gruendl, R. A., Guerrero,
M. A., & Rosado, M. 2003, ApJ, 590, 306

Garcia-Segura, G., Langer, N., & Mac Low, M.-M. 1996, A&A, 316, 133

Gieseking, F., Becker, 1., & Solf, J. 1985, ApJ, 295, L17

Gruendl, R. A., Chu, Y.-H., O’Dwyer, L. J., & Guerrero, M. A. 2001, AJ, 122, 308

Gruendl, R. A., Chu, Y.-H., & Guerrero, M. A. 2004, ApJ, 617, L127

Guerrero, M. A,, Chu, Y.-H., & Gruendl, R. A. 2000, ApJS, 129, 295

Guerrero, M. A., Chu, Y.-H., & Gruendl, R. A. 2002, A&A, 387, L1

Guerrero, M. A., Chu, Y.-H., Gruendl, R. A., & Meixner, M. 2005, submitted to A&A

Guerrero, M. A., Chu, Y.-H., Gruendl, R. A., Williams, R. M., & Kaler, J. B. 2001, ApJ, 553,
L55

Kastner, J. H., Soker, N., Vrtilek, S. D., & Dgani, R. 2000, ApJ, 545, L57

Kastner, J. H., Balick, B., Blackman, E. G., Frank, A., Soker, N., Vrtilek, S. D., & Li, J. 2003,
Apl, 591, L37

Kwok, S., Purton, C. R., & Fitzgerald, P. M. 1978, ApJ, 219, L125

Riera, A. 2004, Asymmetric Planetary Nebulae III, ASP Conference Series, eds. M. Meixner, J.
H. Kastner, B. Balick, & N. Soker, 487

Sahai, R., Kastner, J. H., Frank, A., Morris, M., & Blackman, E. G. 2003, ApJ, 599, L87

Sahai, R., & Trauger, J.T. 1998, AJ, 116, 1357

Spitzer, L., 1962, Physics of Fully Ionized Gases, (New York: Interscience)

Weaver, R., McCray, R., Castor, J., Shapiro, P., & Moore, R. 1977, ApJ, 218, 377

Zhekov, S. A., & Perinotto, M. 1998, A&A, 334, 239

Zweigle, J., Grewing, M., Barnstedt, J., Goelz, M., Gringel, W., Haas, C., Hopfensitz, W., Kap-
pelmann, N., Kraemer, G., Appenzeller, 1., Krautter, J., & Mandel, H. 1997, A&A, 321, 891



THE HIDDEN LIFE OF MASSIVE STARS

A. Lenorzer

Anton Pannekoek Institute

Kruislaan 403, 1098 SJ Amsterdam, The Netherlands
&

SRON

Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands

A. Bik

Anton Pannekoek Institute

Kruislaan 403, 1098 SJ Amsterdam, The Netherlands

&

ESO

Karl-Schwarzschild-Str. 2 D-85748 Garching, Germany

M.R. Mokiem, A. de Koter, and L. Kaper

Anton Pannekoek Institute
Kruislaan 403, 1098 SJ Amsterdam, The Netherlands

L.B.EM. Waters

Anton Pannekoek Institute

Kruislaan 403, 1098 SJ Amsterdam, The Netherlands
&

Instituut K.U. Leuven

Celestijnenlaan 200B, 3001 Heverlee, Belgium

Abstract A considerable fraction of the massive stars in our galaxy is obscured by dust.
Dust extinction prevents us from using powerful criteria, developed at ultravio-
let and optical wavelength ranges, to infer physical properties of hot stars. At
wavelengths longwards of about 5 microns, emission from warm dust typically
dominates the spectra. It is, therefore, crucial to develop diagnostic tools in
the near-infrared window to understand the nature and evolution of hot stars
surrounded by dust. Such embedding in dust occurs, for instance, during the
early stages of their lives in giant molecular clouds. To characterise the physical
parameters of these hidden massive stars, and to find clues about their forma-
tion process, we developed spectroscopic diagnostics based on the near-infrared
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wavelength range. Using a grid of 30 model atmospheres computed with CMF-
GEN, we find that the helium lines present in the J-, H- and K-band can be used
for spectral typing of hot stars. The Bra line located in the L-band appears to
be a good tracer of the wind density. Concerning stars that only show emission
lines in the near-infrared part of their spectra, we propose a hydrogen line flux
diagram to probe whether the circumstellar material is distributed in a disk or
in a wind. The application of some of these diagnostics to NGC2024/IRS2 (one
of the targets of our UC H 11 survey campaign) combined with a careful inves-
tigation of its spectral energy distribution shows that this young massive star is
very likely surrounded by a gaseous disk. Whether this disk is the signature of a
remnant accretion disk is, however, still under debate.

1. Introduction

Massive stars spend a significant fraction of their life embedded in their na-
tal molecular cloud, hidden behind large amounts of visual extinction. It is
estimated that at the time they become optically visible, already some 10 to
20 percent of their main sequence lifetime has passed. The near-infrared spec-
tral window, where the extinction is strongly reduced, allows one to probe the
properties of these embedded massive stars. Recent near-infrared observations
of star-forming regions such as the survey presented in Sect. 2 have revealed
the presence of near-infrared sources showing spectroscopic features originat-
ing from photospheric and/or circumstellar matter. The detection of the stellar
photosphere allows, at least in principle, a direct determination of basic prop-
erties of the newly formed stars, such as their luminosity class (log g), effec-
tive temperature and projected rotational velocity. The near-infrared spectral
lines potentially also contain information on the close circumstellar medium of
massive young stellar objects, such as the geometry (i.e. disk and/or wind) and
kinematic properties (i.e. rate and velocity of inflow and/or outflow). Whether
this can really be achieved depends on the diagnostic potential of the spectral
lines present in the near-infrared window, and requires careful calibration of
such diagnostics using massive stars that can also be observed in optical light.
We present the results of our investigations of the potential of near-infrared
spectroscopy for the determination of the stellar (in Sect. 3) and circumstellar
parameters (in Sect. 4) of massive stars and show their application to a young
embedded massive star, NGC2024/IRS2, in Sect. 5.

2. Search for young massive stars

Ultra-compact H II regions (UC H 115) represent the earliest stage indicat-
ing the presence of a newly born massive star inside its natal molecular cloud.
Searching for just-born massive stars, Kaper et al. (2004) carried out a near-
infrared survey of a sample of 44 IRAS point sources with colours character-
istic of UCH 115 (see Wood & Churchwell 1989) using SOFI mounted at the
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ESO New Technology Telescope. With narrow-band images, obtained in the
J and K band, the deeply embedded, candidate ionising central star(s) were
selected as the brightest and reddest objects. Follow-up K-band spectra were
taken for about 60 candidates with the VLT/ISAAC (Bik 2004). Of these spec-
tra, approximately 2/3 show typical atmospheric features similar to the ones
observed for field massive stars (see Hanson et al. 1996); the other spectra only
contain emission lines indicating the presence of dense circumstellar matter.

3. Stellar parameters from near-infrared spectra

To characterise the population of embedded massive stars showing photo-
spheric signatures, we investigate to what extent the near-infrared lines can be
used to determine the spectral type and mass loss of O-type stars using a grid
of unified stellar photosphere and wind models for O-type stars of luminos-
ity class V, III and Ia. This grid was constructed using the CMFGEN program
of Hillier & Miller (1998), to which we refer for a full description. The grid
consists of 30 models ranging in effective temperature, 7g, from ~ 24 000 K
up to ~ 49000 K, with 10 models for each luminosity class (see Lenorzer et
al. 2004a). For the basic stellar parameters we employed the calibration from
Vacca et al. (1996). The mass-loss rates incorporated in the CMFGEN models
are from the theoretical predictions by Vink et al. (2000, 2001).

Spectral Type

The spectral sub-type of O-type stars can uniquely be defined using the ra-
tio of the equivalent widths (EW) of the He 1\ 4471 A and He 11 A 4542 A lines
(see Mathys 1988). When correlating optical and near-infrared line behaviour,
we first notice that O-type stars are no longer defined by the presence of He 11
lines if one concentrates on only the near-infrared window. Indeed, at these
wavelengths, most He 11 lines disappear around spectral type O8.5. Conse-
quently, near-infrared He I/He 11 line ratios can only be measured for earlier
spectral types. This is to be expected as the near-infrared continuum is formed
further out in the atmosphere of O-type stars, where the temperature is lower.

We present predicted He I/He 11 EW ratios for lines in the J, H, and K band
in Fig. 1. We do not find suitable helium lines in the L-band. We treat all lumi-
nosity classes on the same footing and plot values applicable for both medium-
and low-resolution spectra. With medium spectral resolution (circles in Fig. 1)
we mean R ~ 6500 and 4 500 for the J and K band, respectively. With low
resolution (triangles) we imply 2 ~ 1000. In the J-band (top panel) we find
that the ratio He 1 A1.2788 pm/ He 11A1.1676 um may serve to determine the
spectral type. This only works at medium resolution, because at low resolu-
tion the He 1 1.2788 pum line starts to blend with C 111 1.2794 pim, rendering this
diagnostic unusable.
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Figure 1.  The correlation between optical and near-infrared He 1/He 11 equivalent width (EW)
ratios which may be used to calibrate spectral types. Circles denote EW predictions for a
medium spectral resolution (R ~ 4500 — 6 000); triangles indicate predictions for low res-
olution (R ~ 1000).

The predicted near-infrared EW ratios presented in Fig. 1 correlate well with
the optical ratio and show a steeper dependence on spectral type compared to
He 14471 A over He 11 \4541 A. The values of the ratios are, however, to be
taken with care as our models do not perfectly reproduce the observed line
strengths (see Lenorzer et al. 2004a). Still they give a reasonably good idea of
the observational requirements needed to derive quantitative information on the
spectral type of hot stars from near-infrared spectroscopy alone. We conclude
that a derivation of the spectral sub-type of O stars from near-infrared helium
line ratios is in principle feasible for good quality spectra in the J, H, and K
band and for stars that have spectral types in the range O4 to O8.
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Figure 2. The predicted equivalent widths for dwarfs (denoted by crosses), giants (circles)
and supergiants (squares) and lower surface gravity supergiants (triangles) are overplotted with
observations from Lenorzer et al. (2002a), for which  was derived using Lamers et al. (1999),
Puls et al. (1996), and Kudritzki et al. (1999). @ is given in units of 1072° Mgyr~! per Rp*/?
per K? per km s™'. A best fit (solid line) to all negative EW values yields log EW (Bra) =
(32.4£0.5) + (1.55 4+ 0.03) log Q.

Wind density

Mass-loss rates of O-type stars can be determined from ultraviolet reso-
nance and subordinate lines, Hey, and radio flux measurements (see Kudritzki
& Puls 2000). A relatively simple method to derive M is to use the net EW of
Ha (see e.g. Klein & Castor 1978, Leitherer 1988) and correlating it with the
EW invariant Q = M /(R*/?*T24vs) (see Schmutz, Hamann & Wessolowski
1989, Puls et al. 1996 and de Koter, Heap & Hubeny 1998). In principle, the
same strategy can be applied using the Bra line. Relations between the EW
of Brav and the mass-loss rate have been proposed based on model predictions
(Schaerer et al. 1996) and on observations (Lenorzer et al. 2002a). This line is
intrinsically stronger than Ha, which means that the photospheric absorption
has a smaller impact on its EW. We have opted not to correct for a photo-
spheric contribution, as a “true” photospheric component of this line can only
be defined if a core-halo approximation is adopted (i.e. a separate treatment
of the stellar photosphere and wind), which is not physically realistic in the
near-infrared regime since most near-infrared lines are formed mainly in the
transition region between photosphere and wind.

The correlation between predicted Brae EW and (@) is given in Fig. 2. The
measurements are from 4.0 to 4.1 ym and include a number of blends from
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weak He I and He 11 lines. This causes most of the modest scatter in the model
results; overall the correlation is very good. The divergence from the fit of
models with mass-loss rates below about 10~7 Moyr~! (~ Q/1072 < 0.2)
marks the transition to profiles dominated by photospheric absorption. In the
wind dominated regime the fit function recovers the () value to within 0.05
to 0.15 dex for 0.5 < Q/1072° < 1.0, and to within 0.04 dex for larger
values. The observed EWs of nine giants and supergiants derived with different
methods show that the typical errors on individual measurements are about 0.3
dex in the () parameter. In seven out of nine cases the determinations are
in good agreement with the trend. For the two Iaf supergiants QZ Sge and
HD190429, however, the observed EWs are clearly above the trend. These two
stars show He IT emission lines that are much stronger than the ones produced
in our supergiant models, giving rise to the observed difference.

4. Geometry of the circumstellar material

Stellar photospheric parameters cannot be inferred for the embedded mas-
sive stars for which the spectra only show emission lines. These spectra origi-
nate in dense circumstellar material and do not contain direct information about
the underlying star. As we are particularly interested in potential signatures of
the formation process of massive stars such as a remnant of the accretion disk
or abnormal wind properties, we devised a diagnostic tool that allow to probe
the geometry of these emission line objects. Fig. 3 presents a diagram in which
the line flux ratio of Hu(14-6)/Bra versus Hu(14-6)/Pf~ is plotted for different
types of emission line objects. The aim of this diagram is to provide a simple
means to investigate the nature of circumstellar gas in highly obscured sources.
The diagram shows a clear trend. Both line flux ratios typically increase from
LBV (hot massive post-main-sequence stars characterised by a dense ionised
stellar wind) to B[e] (hot stars surrounded by large amounts of ionised and
neutral/molecular material likely distributed in an extended or flared disk) and
Be stars (hot stars surrounded by a gaseous disk). This trend can be understood
in terms of the span in mass absorption coefficient between Hu(14-6), Pfy and
Bra (see Lenorzer et al. 2002b). In an optically thin medium one expects
the line flux ratios to follow Menzel Case B recombination theory ( indicated
by the dashed area in Fig. 3, from Storey & Hummer 1995). However, in an
optically thick medium the ratio becomes independent of mass absorption co-
efficient as the flux in any line is dominated by the size of the emitting surface.
This limit is indicated by a filled star in Fig. 3 and falls close to the locus of
the Be stars.

In first order, both Pfy and Bra probe the emission measure of the gas.
This explains why the stars are more-or-less concentrated around the diago-
nal. So, in principle one can do the analysis using only one of the two line



The Hidden Life of Massive Stars 181

0.0— o X —
-1 1 3
L e VAVER e 12 val kg @k Cma |
oo 30 50
Av

L HZ Cma @ |
® 7 Cas

L 28 Cyg i
w Cma
-05— -
@ HR4621
= RSS2 m % GG Car 1
AV=30
—_ o Aqr
g Q@
& L HD206773 ® @ cp-42 11721 i
> HD327083
3
=]
= = HD200775 4
0
K HD45677 @@ MWC922
-1.0— -
L CPD-57 2874 4
PcCyg H
L AG Car E,,,,,,EE"CM b
-1.5— -

L | L L L | L L L | L L L | L L L | L L L
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2
log(Hu14/Pty)

Figure 3. Hu(14-6)/Bra versus Hu(14-6)/Pfy line ratio diagram for the hot stars observed
with the Infrared Space Observatory (Lenorzer et al. 2002a). The different classes of objects,
LBVs (squares), B[e] stars (filled circles) and Be stars (open circles), are well separated. The
black symbols indicate the position of the line flux ratio, the grey symbols refer to the EW ratio.
The thick asterisk indicates the position of optically thick black body emission; the striped
region shows the range of ratios for Menzel case B recombination, including collisional de-
excitation, for temperatures higher than 10*K. Extinction and continuum slope will affect the
position of the flux ratio and EW ratio, respectively, as indicated in the top left corner.

ratios. However, both lines have a specific advantage. The pro of Bra is that
it is the strongest line, while the advantage of Pfy is that it suffers less from
possible contamination by nebular emission. Plotting the line fluxes relative to
Hu(14-6), the strongest Humphreys series line in the L’-band, provides a better
contrast between contributions from optically thin and thick material than does
Bra relative to Pfy.
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Embedded massive stars suffer from large extinction that will affect their
position in the line flux diagram. The line EW ratios, however are insensitive
to extinction. The values of the EW ratios are also plotted in Fig. 3, they
were shifted in both vertical and horizontal directions so that the EW ratios
for P Cygni, which has negligible extinction, falls on top of its line flux ratio.
The presence of an additional continuum source between 3.7 and 4.1 micron,
e.g. due to dust, will affect the EW but not the line flux. Both the effect of
extinction on line flux ratio and of continuum slope on EW are indicated at the
top left corner of the diagram. If the spectra of embedded massive stars are
absolutely calibrated, it is possible to plot both ratios, yielding an indication
of the geometry of the ionised matter, as well as an estimate of the amount of
extinction and dust continuum contribution.

S. Case study: NGC2024/IRS2

NGC2024/IRS2 is the near-infrared counterpart of the ultra-compact radio
source G206.543-16.347 (Kurtz et al. 1994). Located in a star forming region
(Orion B) and associated with one of the brightest IRAS sources following
the UC H 11 criteria (despite an offset of 72.8 "), itis a good candidate young
massive star, possibly still showing signatures of its formation process. As
such, this object was part of the near-infrared survey discussed in Sect. 2.

We obtained a K-band spectrum of IRS2 as part of the spectroscopic follow-
up campaign conducted with VLT/ISAAC. This spectrum only shows emission
lines originating in dense circumstellar material. To get a hint on the geometry
of this material, we obtained an L’-band spectra with UKIRT/CGS4 and plotted
the hydrogen line ratio in the diagram presented in Sect. 4. In Fig. 3, IRS2
falls in the upper right part of the diagram, close to the B[e] star GG Car. This
position indicates the presence of optically thick gas and favours a disk-like
geometry. The near-infrared spectra also contain lines of Mg 11, Fe 11, and Mg 1
indicating the presence of warm and dense material shielded from the ionising
radiation of the star. These lines have full widths at half maximum comparable
to that of the Pfy and Humphreys series lines, i.e. about 400 km s~!. Moreover
the Brackett lines are narrower with full width at half maximum of about 200
km s~!. This situation typically arises in a disk in which velocities decrease
outwards and that can provide shielding close to the star. The observation
of CO band-head emission at a temperature of about 4 000 K by Chandler et
al. (1993,1995) is in agreement with this explanation. We therefore conclude
that this star is surrounded by a gaseous disk that is dense enough to provide
shielding and to reduce the temperature to 4 000 K in the mid-plane close to
the star.

To investigate the evolutionary status of this disk we look for the signature
of colder circumstellar material in the spectral energy distribution plotted in
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Figure4. The spectral energy distribution of IRS2, compiled from published photometric data
and SWS/LWS spectra taken with the Infrared Space Observatory (ISO). The lines represent
high resolution ISO spectra. Open squares denote measurements made with apertures larger
than 40”; open circles indicate aperture sizes of 5—20”; closed circles represent beam sizes less
than 5" . Most often, the error bars on the data are smaller than the symbol size. The subdivision
in aperture size clearly shows that the emission bump peaking at about 100 pm is not due to the
nearby circumstellar medium of IRS2, i.e. it is not associated with the system itself, but must
come from warm material in the vicinity of the star.

Fig. 4. The SED is built using data compiled from the literature (see Lenorzer
et al. 2004b). The different symbols correspond to measurements that have
been obtained with widely different apertures. Based on the comparison be-
tween the measurements taken at similar wavelength, in particular around 20
microns, we conclude that the bulk of the mid- and far-infrared emission ob-
served in large apertures and peaking at ~ 100 pm (T ~ 30K) is not associated
with the nearby circumstellar medium of IRS2, but arises from an extended
source. No small aperture measurements are available at infrared wavelengths.
However the low flux observed at 22 ym and 2.7 mm at resolution of 12 and 8 " s
respectively, puts strong limits on the amount of cold material in the vicinity
of the star. Recent radio observations by L.F. Rodrlguez (priv. com.) resolved
the ultra-compact radio source. Its diameter is 0. 8" at 3.6 cm, corresponding
to 145 AU at 360 pc (Brown et al. 1994). The amount of dust required to cause
confinement of the ionised region would give rise to strong infrared emission,
incompatible with the observations mentioned above. The limited size of the
UCH 11 region therefore cannot be attributed to its youth, i.e. it is not an ex-
panding bubble. More likely, the flow is dense enough to induce recombina-
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tion. The slope and short timescale variability observed at radio wavelength
also favours this hypothesis.

We conclude that NGC2024/IRS2 is surrounded by a very dense gaseous
disk, denser than usually observed around classical Be stars, likely in the
process of being evaporated. The region around this source is cleared up. There
is no evidence for the presence of dust in the vicinity of the source nor for inter-
action between the disk and the molecular cloud. This may represent the final
stage of a remnant accretion disk; however, we cannot exclude the possibility
that the disk has a “stellar” origin as a result of e.g. rapid stellar rotation, pul-
sation and/or a magnetic field such as in Be stars. Other objects of the survey
presented in Sect. 2 show similar results (Bik 2004). If these disks are remnant
accretion disks, it would support the hypothesis that massive stars can form
through accretion.
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V. Trimble: This perhaps a question to you and all 3 previous speakers.
Looking at the location in your 2D images of your ensemble of protostars, and
the remaining cloud around them. Can you say whether they are likely to be
the product of the kind of intermittent turbulence Dr. Nordlung talked about?
A. Lenorzer: We haven’t done an in depth investigation of the morphology of
these star forming regions. Some of them appear to show string like structures
of H2 blobs. However, we interpret these structure as probing the edge of the
molecular cloud and do not find indications that these shapes are remnants of
possible filamentary structure predicted by MHD calculations.

K. Stepien: Why the presence of a disk-like structure should favor the for-
mation of massive stars by an accretion process? Be stars possess disk-like
structures which are not accretion disks.

A. Lenorzer: In principle you are right and the presence of a gaseous disk may
not be a definitive proof that they are formed through accretion. Note however
that the properties of the disks of stars like NGC2024/IRS2 and Be stars differ-
ent: first the former are located in star-forming regions and are therefore likely
to be younger than Be stars; second their disks seem to be much denser than
Be stars disks.



WHAT CAN WE LEARN ABOUT THE SUN FROM
OBSERVATIONS IN THE NEAR ULTRAVIOLET?

Ground based polarimetry and the role of SUNRISE
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Abstract Solar magnetic fields can be observed using different techniques. While the Zee-
man effect has proven to be an excellent diagnostic tool for strong isolated mag-
netic fields in the photosphere, a rigorous exploitation of the diagnostic potential
of scattering polarization and its modification by the Hanle effect has started only
recently. Scattering polarization is more pronounced at shorter wavelengths, due
to a number of physical arguments. The near ultraviolet part of the solar spec-
trum therefore ideally complements the visible and near infrared portions of so-
lar radiation, which are traditionally used in Zeeman imaging. In this talk I will
review our recent achievements in near UV polarimetry and give a short outlook
on the future polarimetric observations of chromospheric magnetism. In paral-
lel, I will discuss the UV capabilities of the SUNRISE balloon-borne telescope,
which will in an ideal way complement our ground based observations.

Keywords:  Solar magnetic fields, Polarimetry, Scattering, Zeeman effect, Hanle effect

1. Introduction: magnetometry of the solar photosphere

The key to our understanding of the Sun’s magnetic activity is the photo-
spheric magnetic field. The photosphere is the main interaction region, where
all energy densities are comparable, which leads to a rich variety of magnetic
structures, from sunspots and active regions, down to the smallest observable
magnetic elements. Here, in the photosphere, the Sun’s magnetic field shows
its highest complexity, and the question, why we try to understand the field
where it is mostly complex, is indeed justified. The answer is found on the Sun
itself: the photosphere, where the field is most complicated, provides us with
a maximum of information: The Fraunhofer spectrum contains a multitude of
spectral lines, and different magnetic effects leave their fingerprints, which we
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can observe. Inversion codes connect our observables to physical quantities,
that we can compare with the results of powerful numerical three-dimensional
magnetohydrodynamical simulations.

In solar magnetometry we can use three different techniques: While Zeeman
and Hanle effect based diagnostics both directly address the magnetic field via
spectropolarimetry, proxy magnetometry is an indirect technique, where one
tries to detect the signatures of magnetic fields without measuring the field
itself.

Proxy magnetometry

Proxy magnetometry means the detection of signatures of magnetic fields
without measuring the field itself. In the outer solar atmosphere, the best
known proxies of magnetic fields are coronal loops. The loops that we see
are not magnetic field lines, we only see matter. Our physical intuition tells
us that the material is outlining magnetic fields. Realistic physical models can
then be established to put our intuitive model on a firm basis. Not only in the
outer layers of the Sun’s atmosphere, but also in the photosphere we can use
proxies: Imaging in molecular bands has proven to be a powerful technique
to detect otherwise hidden magnetic elements in the quiet solar granulation.
Mostly the so-called G-band (a molecular absorption band of the CH molecule
around 430 nm) is used (for further information on G-band analysis we here
refer to a recent paper by Shelyag et al. (2004) and references therein). Since
the filter passbands can be chosen fairly wide (typically 1 nm), short time ex-
posures near the diffraction limit of our current high resolution telescopes can
be obtained.

Zeeman diagnostics

Zeeman diagnostics has been the standard magnetometric technique in solar
research for decades. The Zeeman effect consists in the magnetically induced
splitting of spectral lines. Magnetic field strength and orientation lead to a
characteristic polarization signature over a spectral line. By analysing this sig-
nature one thus can deduce the magnetic field strength as well as its orientation.
The Zeeman effect is an ideal remote sensing technique for isolated strong field
components, since it works best when the Zeeman splitting is comparable to
the Doppler width of the spectral line: This is typically the case for kG fields
in the photosphere. Zeeman diagnostics is a high resolution technique, both in
the spectral and the spatial domain, since the contributions from mixed polar-
ity fields within the resolution element tend to cancel each other. The Zeeman
effect is therefore not suitable for turbulent fields. Since the sensitivity of the
Zeeman effect scales with wavelength, Zeeman effect based diagnostics is best
performed in the near infrared.
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Hanle diagnostics

The Hanle effect describes the polarization effects during scattering in the
presence of a magnetic field. In a very simplistic picture (that shall help us to
imagine the main manifestations of the Hanle effect) it can be understood as
a precession of the scattering particle (atom or molecule) around a magnetic
field line during the scattering process. For an observer of the scattered radi-
ation, the Hanle effect manifests itself in two ways, in a depolarization of the
scattered radiation as compared to the nonmagnetic scattering, and in a rotation
of the polarization plane. While the rotation of the polarization plane depends
on the field orientation, the depolarization is (to first order) independent of it.
This means that for a turbulent field there will always be an observable depolar-
ization effect. The other important aspect of the Hanle effect is the sensitivity
range: The Hanle effect has its highest sensitivity when the corresponding Zee-
man splitting is comparable to the natural line width. For typical lines we thus
have sensitivities on the order of several Gauss, perfectly complementary to
Zeeman diagnostics. For a detailed and up-to-date introduction to the Hanle
effect and its application in solar physics we refer to Stenflo (1994) and Trujillo
Bueno (2003) and references therein.

2. Scattering polarization and the hanle effect
in the near UV

Before we can use the Hanle effect as a standard diagnostic tool for solar
magnetic field research, we have to observe and understand the non magnetic
line scattering polarization. Scattering polarization can best be observed at
the limb of the Sun. The temperature and density stratification in the solar
photosphere leads to an illumination anisotropy, which expresses itself mainly
in the well known limb darkening. If we observe away from disk center, our
line of sight and the illumination cone (which is symmetric around the radius
vector of the Sun) define a plane and break the rotational symmetry. Observed
scattered radiation will therefore be linearly polarized with the electric field in
general being perpendicular to the scattering plane, thus parallel to the nearest
solar limb. The polarization amplitudes are highest for large scattering angles,
thus near the limb of the Sun.

The polarization signatures are generally very weak. They can be found
in the continuum radiation as well as in the Fraunhofer lines. The linear po-
larization observed at the limb shows a strong wavelength dependence, since
different physical mechanisms contribute to the spectral structuring: Atomic
physics enters via the "polarizability" of the line. The continuum radiation is
mainly dominated by Rayleigh scattering at hydrogen, showing the typical A~
increase when going to shorter wavelengths. Also the solar atmosphere comes
into play, since the radiation anisotropy as the primary source of the polariza-
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tion is wavelength dependent. In addition radiation transfer effects influence
the spectral shape of the polarization signatures. All this leads to a whole spec-
trum of the degree of linear polarization, which is therefore nowadays called
the "second solar spectrum".

A rigorous exploration of the second solar spectrum has been possible only
after the advent of highly sensitive spectropolarimeters. The key instrument
in scattering polarimetry has been the Zurich Imaging Polarimeter ZIMPOL
(Povel 1995) that opened the new window for solar spectroscopy (Stenflo and
Keller 1996). A high resolution atlas of the second solar spectrum has been
published by Gandorfer (2000, 2002), based on observations with the ZIM-
POL 11 instrument at the IRSOL facility in Locarno.

The near UV part of the solar spectrum is of particular interest for scattering
polarimetry for different reasons: Firstly, the number density of lines dramat-
ically increases when going to shorter wavelengths as a consequence of the
higher density of states; secondly, the amplitude of the scattering signals in the
lines increases, since the radiation anisotropy (which is the primary source of
the polarization) increases with decreasing wavelength, and finally, the polar-
ization of the continuous spectrum steeply increases when going to the near
UV (Stenflo 2004). The structural richness of the scattering polarization in the
UV can be seen exemplarily in Fig. 1.

Although thorough investigations of the Hanle effect have been carried out
earlier in distinct spectral lines in the near UV (Bianda et al. 1998a,b) with the
IRSOL spectropolarimeter, a systematic recording of the second solar spec-
trum in the wavelength range below 460 nm down to the atmospheric cut-off
around 310 nm has only been feasible with the UV sensitive version of the
ZIMPOL 11 polarimeter (Gandorfer et al. 2004). While the wavelength range
from 3910 A to 4630 A was measured at the IRSOL facility (Gandorfer 2002),
the part below 390 nm could only be registered at the 1.5 m McMath-Pierce
telescope of NSO (Kitt Peak) (Gandorfer 2004).

After the rigorous systematic exploration of the second solar spectrum we
now have to understand the various spectral signatures. Only if we understand
the formation of the non-magnetic line polarization we will be able to use the
second solar spectrum as a standard tool in solar magnetometry.

A lot of progress has been made in theoretically explaining the observed
features and to further constrain the magnitude of the turbulent field (c.f. Landi
degl’Innocenti 1998; Faurobert et al. 2001; Manso Sainz et al. 2004; Trujillo
Bueno et al. 2004). Differential Hanle effect techniques help to minimize the
influence of a specific model dependence on the magnetic field determination
(c.f. Stenflo et al. 1998).

Most scattering signatures are too weak to allow for spatially resolved work
(in most cases the polarization signals have been averaged along the spectro-
graph slit, which is then placed parallel to the nearest solar limb, to enhance



Stokes 1/I,

(%)

Stokes Q/1

What can we learn about the Sun from observations in the near ultraviolet? 191

—coN
//Fe 1—Ti Il

1.00
0.80
0.60
0.40
0.20
0.00

\H‘H\‘\H‘H(ﬁu‘:

0.80

0.70

0.60

3770 3772 3774 3776 3778 3780
Wavelength (&)

Figure 1.  Detail of the Fraunhofer spectrum (top panel) and the second solar spectrum (lower
panel) around 377 nm. In the fractional polarization many signals of the CN molecule are
visible, providing complementary information in addition to normal spectroscopy of the solar
atmosphere.

the signal-to-noise ratio while keeping control over the limb distance). Only in
a very limited number of spectral lines with high polarization amplitudes in-
vestigations with moderate resolution have been possible. Since most of these
strongly polarizing lines are found in the near UV part of the solar spectrum,
the UV is the region of choice for Hanle diagnostics.

A spectral line that has proven to be particularly suited for this purpose is
the Ca 1 line around 4227 A(Bianda et al. 1998a). ZIMPOL II now allows
investigations with much higher spatial resolution while even increasing the
polarimetric sensitivity (Bianda et al. 2003). An example of such an obser-
vation is shown in Fig. 2. The measurement of the complete Stokes vector
in the spectral region around the strong Ca I line around 4227 A has been
recorded with the ZIMPOL 11 polarimeter at the vertical spectrograph of the
1.5 m McMath-Pierce telescope of NSO (Kitt Peak) in March 2002. Observa-
tions like this one unveil complicated polarization signals of both, Hanle and
Zeeman effect, and are therefore of particular interest for the understanding of
chromospheric magnetic fields.
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The spatial topology of scattering polarization can be investigated by imag-
ing polarimetry with narrowband filters. Those observations can in principle
be done with very high spatial resolution.

As an example we show a region of moderate magnetic activity near the
solar limb. The scene has been imaged with ZIMPOL 11 at the New Swedish
Solar Telescope through a 1 A bandpass interference filter centered at the core
of the Ca 11 K line around 3933 A. In contrast to the Ca 11 H line around 3968
A the K line exhibits strong resonance polarization (c.f. the atlas of Gandorfer
2002). Both lines, however, are sensitive to Zeeman effect (Martinez Pillet
et al. 1990). Since the transmission band is fairly wide, Zeeman polarization
signals are expected to be below the detection limit, due to cancellation effects.
The linear polarization caused by scattering, as well as its modification by
local weak magnetic fields give, however, detectable linear polarization (see
Fig. 3) not only in a narrow limb zone but also above the visible solar limb
in spicules, as well as in regions corresponding to network boundaries. While
circular polarization due to the Zeeman effect is not detected due to spectral
smearing, signatures of Hanle rotation are prominent in the limb zone as well as
in the observed spicules. Although the present example is of very preliminary
character, observations of this type harbour great potential for diagnostics of
chromospheric magnetic fields.
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3. Solar magnetometry at high spatial resolution: The
role of SUNRISE

SUNRISE is a balloon-borne solar telescope with an aperture of 1 m, work-
ing in the UV/VIS optical domain (Solanki et al. 2002). The main scientific
goal of SUNRISE is to understand the structure and dynamics of photospheric
and chromospheric magnetic field. SUNRISE will provide uninterrupted time
series of diffraction-limited images and spectra of the photosphere and chro-
mosphere with an unprecedented resolution down to 35 km at wavelengths
around 220 nm. Focal-plane instruments are a spectrograph/polarimeter, a
Fabry-Perot filter magnetograph, and a filter imager. The first stratospheric
long-duration balloon flight of SUNRISE over Antarctica is planned in win-
ter 2008. SUNRISE is a joint project of the Max-Planck-Institut fiir Sonnen-
systemforschung (MPS), Katlenburg-Lindau, with the Kiepenheuer-Institut fiir
Sonnenphysik (KIS), Freiburg, the High-Altitude Observatory (HAO), Boul-
der, the Lockheed-Martin Solar and Astrophysics Lab. (LMSAL), Palo Alto,
and the spanish IMaX consortium.

Observational philosophy. The SUNRISE postfocus instrumentation con-
sists of 5 units, three out of which are science instruments, the other two are
system units for image stabilization and light distribution.

While a detailed technical description of the individual science instruments
is beyond the scope of this paper, we will list their specific roles here. For
further information on the SUNRISE instruments we here refer to Gandorfer
et al. (2004), and Martinez Pillet et al. (2004).
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The Imaging Magnetograph eXperiment (IMaX) is an imaging vector mag-
netograph based upon a tunable narrow-band filter. The instrument, which
is currently developed by the spanish IMaX consortium, will provide fast-
cadence two-dimensional maps of the complete magnetic vector, the line-of-
sight velocity, and continuum frames with unprecedented spatial resolution.
IMaX images will be taken in two to four narrow wavelength bands in either
wing of the photospheric spectral line of Fer at 525.06 nm.

One of the main science goals of SUNRISE is the quantitative and accu-
rate measurement of the strength and orientation of the magnetic field with
appropriate spatial, spectral, and temporal resolution. The Sunrise Polarimet-
ric Spectrograph (SUPOS) allows high-resolution vector-polarimetry, simul-
taneously providing photospheric magnetic field measurements (polarimetric
branch) and diagnostic spectroscopy (diagnostic branch). SUPOS is based on
an all-mirror scanning Echelle spectrograph in a modified Littrow configura-
tion, similar to the POLIS instrument (Schmidt et al. 2001), now installed at
the German Vacuum Tower Telescope. The polarimetric branch of SUPOS is
dedicated to the determination of the magnetic field vector in the solar photo-

Figure 4. Sketch of the tele-
scope in the gondola in land-
ing position at zero eleva-
tion. The instrument plat-
form is attached to the tele-
scope central frame on top
of the telescope. The instru-
ment platform houses all three
science instruments (SUPOS,
SUFI, and IMaX) as well as
the Image Stabilization and
Light Distribution system and
a Correlating Wavefront Sen-
SOr.

Figure 5. Sketch of the
arrangement of the postfo-
cus instrumentation on the
instrument platform. The
envelope of the optical light
paths is visible. Individual
optical ~ components  are
omitted in this picture. The
CCD cameras of the three
science instruments and the
wavefront-sensor camera are
shown. Light from the main
telescope enters from the
right, as indicated.
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sphere by measuring the full Stokes vector in the Fe 1 lines around 630.2 nm.
In the so-called diagnostic branch spectra of Mg 11 k will be recorded. The
Mg 11 k line at 279.6 nm is an excellent diagnostics tool for the temperature
structure in the chromosphere.

The Sunrise Filter Imager (SUFI) samples the photosphere and chromosphere
in four wavelength bands. The channel at 225 nm allows studies of the up-
per photosphere and lower chromosphere at a spatial resolution of 0.05 arcsec
(35km on the Sun). The OH-band at 313nm and the CN-band at 388 nm
provide high contrast, and thus sensitivity to thermal inhomogeneities in the
photosphere (Steiner et al. 2001). They are therefore also ideal proxies of
magnetic elements with even higher contrast as compared to G-band imaging
(Zakharov et al., in preparation).

4. Summary

We are currently entering a golden age in solar magnetometry. Highly sen-
sitive spectropolarimeters in combination with large ground based solar tele-
scopes enable us to use Hanle effect diagnostics of weak and turbulent mag-
netic fields on the solar surface.

However, due to the intrinsic weakness of the scattering signals, Hanle di-
agnostics will always be a low spatial resolution technique.

Magnetometry at highest spatial resolution will in future be possible from
space. On longer timescales ESA’s Solar Orbiter mission will be a milestone on
our way to understand solar magnetism. Within the following years, SUNRISE
will push the frontier in solar magnetometry by allowing for proxy magnetom-
etry and Zeeman diagnostics with unprecedented spatial resolution.

In my opinion we need a combined approach in solar magnetometry: Zee-
man and Hanle diagnostics are ideally complementary techniques for quan-
titative magnetic field research. While high resolution observations, using
both, proxy and Zeeman techniques, are best performed above the atmosphere,
Hanle diagnostics can perfectly be done from ground. It will ideally comple-
ment our attempts to finally understand the Sun’s magnetic field.
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OUR MAGNETIC SUN
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Abstract Solar Physics is at present in a highly dynamic state with many new observations
from a series of major space satellites that are transforming our basic understand-
ing. This review summarises some of the key recent discoveries about our Sun
on fundamental topics which have many implications for fundamental plasma
processes elsewhere in the universe. In particular, the solar corona is dominated
by the subtle nonlinear behaviour of the Sun’s magnetic field and its interaction
in complex ways with plasma.

Keywords:  Sun, MHD

1. Introduction

It is a great pleasure for me to attend JENAM. As a solar physicist, I have
always enjoyed collaborating with many friends in other European countries
and encouraging closer links between solar physics and astronomy. I work at
St Andrews University, founded nearly 600 years ago in 1411, when the Moors
were at their height in Granada.

For centuries humans have worshipped the Sun, and indeed many flock to
the Costa del Sol to continue that tradition, but why should we study the Sun
today? Firstly, because it is of very great interest in its own right. Secondly,
because it has profound influences on the Earth and its climate. Thirdly, be-
cause it is of key importance for astronomy as a whole, since we can study
fundamental cosmic processes at work on the Sun. For me, however, I study
the Sun simply because I am captivated and fascinated by it.

Many of the basic properties of the Sun are still a mystery. For example, we
do not know: how the Sun’s magnetic field is generated; how the solar wind
is accelerated; how the corona is heated; how ejections of mass occur or how
particles are accelerated in solar flares. Nevertheless, great progress on each
of these questions has been made over the past five years and they have all
been greatly refined and unpacked. So, the Sun is at present one of the liveliest
branches of astronomy and many students are being attracted to study it.
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Figure 1. A picture of James Gregory in his laboratory.

Traditionally, there has always been a close link between mathematics and
astronomy. This was certainly true of Andalucian astronomy here in Granada
in the fifteenth century, and it was also true in St Andrews in the seventeenth
century. I happen to hold the Gregory chair of mathematics, named after James
Gregory (1638-1675), who invented the gregorian telescope and was also one
of the co-founders of calculus (with Newton and Leibniz). He was elected an
FRS (an academician) in 1668 at the age of 30, and the same year was ap-
pointed the first regius professor of mathematics in St Andrews. He was given
what is now known as Upper Parliament Hall (Fig. 1) as his laboratory, and
you can still see today the meridian line on the floor along which he lined up
his telescope. James Gregory died in 1675 at the age of only 37, but before that
he had been the first to discover many basic elements of calculus that we take
for granted today, such as: the general binomial theorem, Taylor expansions
(40 years before Taylor), the ratio test for convergence of a series, the series
expansions for sin x and tan z, the integrals of sec x and log x, the fact that
differentiation is the inverse of integration, and how to use a change of variable
in integration.

In my view the role of theory should not be to reproduce images or to explain
every observation, but rather to understand the basic processes, and to do so
in a step-by-step manner, starting with a simple model and gradually making
it more and more sophisticated and hopefully more realistic. In addition, the
different types of theory complement one another, namely, analytical theory,
computational experiments and data analysis.
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Figure 2. A magnetogram of the photospheric magnetic field.

My title today is “Our Magnetic Sun” in the sense both that magnetic fields
are crucial for the Sun and also that the Sun is a highly attractive object of
study. After introducing you to the structure of the Sun (Sect. 1) and sunspots
and the corona, I shall describe briefly MHD and reconnection (Sect. 3) and
will go on to discuss three topics on which there has been progress recently,
namely, the solar interior, erutpive solar flares and coronal heating (Sect. 4).
My overall theme is that the Sun is full of surprises and a subtheme is that
many of these surprises are caused by the magnetic field. The Sun is of course
a plasma and so is coupled in an intimate, subtle way to the magnetic field,
which exerts a force on a plasma and can store substantial amounts of energy.

2. Overall structure of the Sun

The interior of the Sun consists of a core (extending out to about 0.25Ry,
where the radius (Rg) of the Sun is about 700 Mm), a radiative zone, and a
convective zone (extending between 0.7Rj and the surface). The atmosphere
consists of the photosphere (the surface layer at about 6000K), the rarer chro-
mosphere, and the corona (which reaches to the Earth and beyond).

The photosphere is covered with turbulent convection cells, namely, granu-
lation (with typical diameters of 1 Mm) and supergranulation (with diameters
of 15 Mm). It rotates differentially, with the equator rotating more rapidly than
the polar regions. A map of the photospheric magnetic field (Fig. 2) shows the
line-of-sight magnetic field, with white being directed towards you and black
away from you. The active regions around sunspots show up as large-scale
bipolar regions.
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Figure 3. A close-up of a few granule cells in the photosphere (Swedish Solar Telescope, La
Palma, G. Scharmer).

One surprise is that outside active regions intense magnetic fields cover the
whole Sun, concentrated at the boundaries of supergranules, whence they are
carried by the supergranule flow. Another is that active regions form a global
pattern, with black polarity to the left in the northern hemisphere in Fig. 2 and
to the right in the southern. This pattern reverses with the start of a new sunspot
cycle. It occurs because differential rotation in the interior shears up poloidal
flux and creates toroidal flux of one polarity in the north and the opposite po-
larity in the south. It is when such toroidal flux rises by magnetic buoyancy
that it creates a pair of sunspots where it breaks through the surface.

Amazing images in white light at 0.1 arcsec from the Swedish Solar Tele-
scope reveal incredible detail in and between the granulation (Scharmer et al.
2002, van der Voort et al. 2004). Tiny bright points are probable locations of
intense magnetic flux tubes at the edges of supergranules, where it was thought
until this year that 90 % of the quiet-Sun flux is located. However, close-ups
of a few granules (Fig. 3) reveal for the first time bright points, “flowers” and
ribbons in the intergranular lanes around granules and suggest the presence of
many more intense magnetic tubes throughout the centres of supergranules at
the granule boundaries. Indeed, Trujillo-Bueno et al. (2004) have suggested
five or six times as much magnetic flux there than we thought previously.
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Figure 4. The corona over a solar cycle from Yohkoh (S Tsuneta).

Sunspots are dark because they are cool, which in turn is because the mag-
netic field stops granulation. They vary with the 11-year cycle. The dark umbra
of a spot is the central part where the magnetic field is close to vertical. The
striated penumbra surrounds the umbra and possesses a spreading magnetic
field that is far from vertical. However, the penumbra is certainly not simple:
recent observations from the Swedish Solar Telescope (Scharmer et al. 2002)
have revealed bright flows moving both inward and outward, together with
strange dark cores. Also, the bright penumbral filaments are thought to be at
intermediate angles to the vertical and to represent magnetic field lines that go
far from the sunspot, whereas the dark filaments are lower-lying and so return
to the solar surface close to the spot, probably held down by granular pumping
(Thomas et al. 2002, Weiss et al. 2004).

3. The corona

The corona can be viewed during a solar eclipse, and an early surprise was
the discovery by Edlen (1940) that the coronal temperature is a million degrees
or so. In the corona, the magnetic field dominates the plasma, both heating it
somehow and creatings its beautiful structure. The corona can also be observed
direct with an X-ray or euv telescope (Fig. 4), and indeed Yohkoh has revealed
it to be a magnetic world with an amazingly rich variety of MHD phenomena.

Earlier rocket images and images from Skylab showed that the corona con-
sists of dots called x-ray bright points, together with coronal holes (dark re-
gions from which the fast solar wind escapes), coronal loops and active re-
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Figure 5.  Coronal loops imaged by TRACE.

gions which are rather fuzzy. However, the TRACE mission has shown active
regions in incredible detail (Fig. 5) and that the corona is made up of intricate
loops of plasma aligned along the magnetic field.

4. MHD and reconnection

Magnetohydrodynamics models the interaction between a magnetic field
and a plasma treated as a continuous medium. It comprises a set of partial dif-
ferential equations for the behaviour of the plasma velocity (v), magnetic field
(B), pressure (p), temperature (7") and density (p) as functions of (z,y, 2, t).
The equations are nonlinear and to me as beautiful as the Sun itself.

For example, the induction equation

0B

EZVX(VXB)—}-??VQB, (1)
describes how the magnetic field changes in time due to two terms on the right-
hand side, which represent the transport of magnetic field with the plasma and
the diffusion of magnetic field through the plasma. The electric current is then
determined as a secondary variable (once the magnetic field has been found)
from

j=V xB/u.

In most of the universe the transport term in (1) is very much larger than the
diffusion term and so the magnetic field is frozen to the plasma and hangs on to
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Figure 6.  Complex topology in (a) 2D and (b) 3D.

its energy. The exception is in singularities where the magnetic gradient (and
therefore the electric current) is extremely large.

Such singularities can form at null points of the magnetic field (where B
vanishes and near which the magnetic field lines have an X-type topology). In
the singularities, magnetic field lines break and reconnect and the inflowing
magnetic energy is converted into heat, kinetic energy and fast particle energy.
The singularities take the form of sheets containing extremely large currents
and therefore being the sights of large ohmic heating. Such reconnection is
thought to be at the core of solar flares and of coronal heating events.

Recently, attention has turned to trying to develop theories for reconnection
in three dimension (e.g., Priest & Forbes 2000). However, so far the theory
is in a rudimentary state since many features of 3D reconnection are com-
pletely different from 2D. For example, null points have a different structure
and reconnection can occur either at nulls or in the absence of nulls. Also, the
topology of the field is more complex. In 2D the field due to four sources of
alternating sign in a line possesses an X-type null point (Fig. 6a), from which
emanate four separatrix curves: these special field lines divide the plane up
into topologically distinct regions, in the sense that in each region all the field
lines start from the same positive source and end at the same negative source.
In 3D, in contrast, the field due to four sources (such as sunspots) on a plane
possesses two separatrix surfaces (or separatrices) in the form of domes (Fig.
6b) which separate the volume into topologically distinct regions. These sur-
faces can intersect in a special magnetic field line called a separator which
joins one null point to another.
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Figure 7. The Sun’s internal rotation deduced from the MDI instrument on SOHO (A. Koso-
vichev).

5. The solar and heliospheric observatory (SOHO)

SOHO was launched in 1995 and is orbiting the Sun at the L1 point in
phase with the Earth. A joint ESA-NASA mission, it is observing the Sun
continuously for the first time and has transformed our understanding of the
Sun. It has produced many surprises and I only have time to describe three of
them today.

The Solar Interior

The first question is: what is the structure of the solar interior? Just as a
Spanish guitar string can oscillate beautifully in different normal modes, so can
a three-dimensional object such as the Sun. Indeed, several million different
normal modes of vibration of the Sun have now been discovered, and with the
MDI instrument on SoHO the line-of-sight velocity at a million points on the
solar surface per minute is being measured. By summing such observations
for several months and using techniques of solar seismology, the temperature
inside the Sun as a function of radius has been measured and found to agree
with the standard model to within 1%.

More interestingly, the MDI observations have also been used to deduce
the Sun’s internal rotation. At the solar surface we know the equator rotates
faster than the polar regions, but how is this differential rotation continued into
the solar interior? The expectation was that the rotation would be constant on
cylinders around the Sun’s axis of rotation and that the magnetic field would
be generated by dynamo action throughout the convection zone. The surprise
from MDI (Fig. 7) is that the rotation tends to be constant along cones in
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the convection zone and is then fairly uniform in the radiative zone, which
implies the existence of a strong shear layer at the base of the convection zone
(known as the tacocline). In addition, it is now thought that the magnetic field
of sunspots and active regions is generated in and near the tacocline, so that
theorists are now attempting to build tacocline dynamo models.

In another important development, methods of local helioseismology are
being used to probe the structure below sunspots and it has been discovered
that there is a region of reduced wave speed by 10 % below a sunspot for a
distance of about a sunspot radius, presumably because of the reduced temper-
ature there, and a second region of enhanced wavespeed for a distance of about
3 sunspot radii, presumably because the temperature is no longer cooler but the
magnetic field is enhanced.

Solar Flares and Coronal Mass Ejections

A second important question is: how do eruptive solar flares and coronal
mass ejections occur? The LASCO instrument on SoHO is a coronagraph
which has discovered huge ejections of mass called Coronal Mass Ejections
(CME’s), which can sometimes reach the Earth and disrupt communications
and space satellites.

On October 28 last year an incredibly large and complicated group of sunspots
was crossing the solar disc and spawned the 3rd largest solar flare ever recorded.
It produced a halo CME, namely, one that produces a halo round the Sun (Fig.
7) since it is either coming right towards the Earth or is moving away from it.
It was travelling at 2000 km s~ 1, five times faster than normal. High-energy
particles taking only an hour to reach SoHO (by comparison with the CME
itself, which takes a couple of days) produced “snow” as they bombarded the
CCD detector plates (see Fig. 8), and when the CME did reach Earth it pro-
duced beautiful aurora that we viewed eagerly in St Andrews for a couple
of nights. One week later, when the sunspot group had reached the limb of
the Sun, the fireworks continued as it gave birth to the largest solar flare ever
recorded.

The overall picture of what happens in an eruptive flare is that a sheared
and twisted magnetic tube with an overlying arcade either loses equilibrium
(Priest & Forbes 1990, Forbes & Priest 1995) or goes kink unstable or breaks
out (Antiochos et al. 1999, Maclean et al. 2004). As the tube erupts, it drives
reconnection in the arcade under the erupting tube. The reconnection heats a
loop to high temperatures, which then cools down and drains as new loops are
heated and the reconnection location rises. The result is the appearance of a
rising arcade of hot loops with cool loops beneath them. A particularly fine
example was caught by the TRACE satellite and the RHESSI flare satellite on
April 21, 2002 (Fig. 9). The RHESSI contours of hard x-ray flux at 12-25 keV
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2003/10/28 12:18

Figure 8.  CME on October 28, 2003, viewed by LASCO.

Apr 212002 01:16:23

Figure 9. Overlay of RHESSI contours of hard x-ray flux and TRACE image in 195 A (P.
Gallagher).
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Figure 10.  Magnetic field lines in the quiet Sun (Close et al. 2004).

show emission from the reconnecting current sheet above the 1.5 MK TRACE
loops, while the 50-100 keV contours show emission from high-energy elec-
trons accelerated in the reconnection and having travelled down to the feet of
the loops. Particle acceleration is thought to be partly by DC acceleration in
the current sheet and partly by Fermi and betatron acceleration in the field lines
that are springing downwards after reconnection.

Coronal Heating

A third questions is: how is the solar corona heated to several million de-
grees by comparison with the photospheric temperature of only 6000 K? We
know that the magnetic field is responsible and the mechanism is likely to be
magnetic reconnection, but the exact process is still uncertain. A key discov-
ery from SoHO is, however, the existence of the magnetic carpet (Schrijver et
al. 1997), the fact that the photospheric sources of the coronal magnetic field
are highly fragmentary and concentrated into intense flux tubes threading the
solar surface. These sources are also highly dynamic, magnetic flux emerging
continually in the quiet Sun and then undergoing processes of fragmentation,
merging and cancellation, in such a way that the quiet Sun flux is reprocessed
very quickly, in only 14 hours (Hagenaar 2001).

Recently, from observed quiet-Sun magnetograms from the MDI instrument
on SoHO, Close et al. (2004) have constructed the coronal field lines and
studied their statistical properties. For the region they considered, 50 % of the
flux closed down within 2.5 Mm of the photosphere and 95 % within 25 Mm,
the remaining 5 % extending to larger distances or being open (Fig. 10). They
then tracked the motion of individual magnetic fragments in the magnetogram
and recalculated the coronal field lines and their connectivity. In doing so, they
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Figure 11.  Coronal Tectonics model.

discovered the startling fact that the time for all the field lines in the quiet Sun
to change their connections is only 1.5 hours. In other words, an incredible
amount of reconnection is continually taking place - indeed, enough to provide
the required heating of the corona.

Furthermore, a Coronal Tectonics Model has been proposed (Priest et al.
2002), which seeks to determine the effect of the magnetic carpet on coronal
heating. Each observed coronal loop reaches down to the surface in many
sources, so the flux from each of these tiny sources is separated by separatrix
surfaces (separatrices). As the sources move around, they generate current
sheets on the separatrices and separators, where reconnection and heating takes
place (Fig. 11). In other words, the idea is that the corona is filled with myriads
of separatrix and separator current sheets continually heating impulsively.

6. Conclusions

Solar physics is currently in a golden age of discovery, driven by a wealth
of new observations from space and ground-based telescopes. In addition, the
development of MHD theory is playing an important role. Magnetic reconnec-
tion, in particular, is likely to be at work in solar flares and coronal heating.

The current sense of vitality is certain to continue in future. The present
missions are still working well, such as SOHO (launched in 1995), TRACE (in
1998) and RHESSI (in 2002). However, a fleet of new missions is planned
to build on this success and answer new questions: these include STEREO (a
NASA mission to be launched in 2006 consisting of two satellites, one moving
ahead of the Earth and the other lagging behind, which will provide stereo-
scopic images of the corona), SolarB (a Japan-US-UK mission, to be launched
in 2006, which will focus on understanding the subtle connections between the
solar surface and the corona), Solar Dynamics Observatory (to be launched in
2008 as a successor to SOHO with a super-MDI and a super-TRACE), and So-
lar Orbiter (an ESA mission scheduled for launch in 2013, which will go three
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times closer to the Sun than Mercury). However, the future depends most on
inspiring a new generation of active young researchers who can take advantage
of an understand the new surprises expected from these future missions.
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Discussion

Virginia Trimble: When astronomers study magnetic fields they worry
about having enough electric current to produce the field and how it closes
- is this a problem on the Sun ?

Eric Priest: For processes where MHD is valid, which is often the case on
the Sun, no, there is no problem, since, once you have calculated the magnetic
field, the electric current follows from Ampere’s law and automatically its di-
vergence vanishes, so the electric current closes. In other words, in MHD the
basic physics lies in the equations describing the magnetic field and plasma ve-
locity, and the electric current and electric field are secondary variables which
follow automatically from Ampere’s and Ohm’s laws.
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Thierry Montmerle: How do you determine the magnetic diffusivity (n)
on the Sun ?

Eric Priest: This is a very important issue. Usually, people just assume
a classical value, but a better approach in the corona would be to try and link
properly the macroscopics and microscopics of what is going on. In the corona
a reconnecting diffusion region is certainly collisionless and so in a full analy-
sis MHD would determine the global environment, while collisionless plasma
physics would determine the detailed microscopic behaviour within that global
MHD mould. However, the collisionless dissipation would in turn react back
on the MHD in subtle ways, so that the macroscopics and microscopics are
nonlinearly coupled. So far, collisionless dissipation has been studied only in
relatively simple environments. However, it is not even clear that collisionless
dissipation can be described in terms of a collisionless or anomalous diffusiv-
ity. Certainly, there are likely to be a number of different types of dissipation,
depending on the parameter regimes. A start has been made, moreover, by
several groups, as reported at the Isaac Newton Institute Progamme on Mag-
netic Reconnection Theory, held this summer in Cambridge and organised by
Joachim Birn, Terry Forbes and myself. It included MHD and collisionless the-
ory in the Sun and the Magnetosphere, and the main findings will be reported
in a new book (Birn & Priest 2005).

Valentin Martinez-Pillet: What do you feel will be the consequences of
the new “hidden flux” that has been discovered in the centres of supergranule
cells ?

Eric Priest: The suggestion by Schrijver et al. (2004), Trujillo-Bueno et
al. (2004) and Sanchez-Almeida & Lites (2000) that in the quiet Sun there
may be five times more magnetic flux than we thought, due to the presence
of excess flux between granules in supergranule cell centres is likely to have
several consequences for the overlying atmosphere. The first is that the coro-
nal field will be even more complex than Priest et al. (2002) considered in
their Coronal Tectonics Model, and so there will be many more reconnecting
current sheets low down in the atmosphere than in their estimate: indeed, they
pointed out that future higher-resolution observations would probably reveal
an even more fragmented web of separatrices, so all this makes their model
even more effective. The second consequence is that the resulting addition of
low-lying loops and separatrices would contribute substantially to the heating
of the chromosphere. The third is that the additional low-lying loops and sepa-
ratrices would provide extra heating for the corona. For the high corona I doubt
that the heating would be affected much, although the connectivity of the fields
would be changed, in the sense that half of the high coronal flux would now
be connected to the supergranule cell boundaries and the remainder to the cell
centres (Schrijver et al. 2004).
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Abstract

Keywords:

Moist convective storms might be a key constituent of the global energy bud-
get in the atmospheres of the Giant Planets. The storms extract their energy
from the release of latent heat produced in the condensation of water which is
only abundant hundreds of kilometers below the observable cloud deck. Be-
cause these atmospheres are made of hydrogen and helium, dry air is lighter
than moist parcels, providing a strong stabilization against vertical motions in
the atmosphere. However, very large-scale convective storms have been ob-
served in the atmospheres of the giant planets. Among them, Jupiter is the most
convectively active, showing frequent storms with sizes on the order of 3000
km that occasionally trigger planetary scale disturbances. Observations from
Voyager, Galileo and Cassini spacecrafts confirm the overall convective activity
of Jupiter through observations of lightning flashes below the upper ammonia
cloud deck. The energy associated to these storms is large enough to constitute a
relevant fraction of the total internal heat source of the planet. Although Saturn
presents a more quiescent atmosphere where storms are rarely observed, about
once every 30 years, a giant storm has been observed to develop with sizes of
20000 km also triggering a planetary scale disturbance. We will review the cur-
rent observational background of these giant storms in both Jupiter and Saturn
presenting also numerical results obtained by different teams in simulating this
vigorous meteorology. In both planets water storms may develop upward ve-
locities of 50-150 m/s. The interaction of the storms with the powerful winds
are not clear. In Saturn the giant storm of 1990 could have played a key role in
originating the recently discovered change of 200 m/s in the broad and intense
equatorial jet.

Atmospheres: Jupiter, Saturn, Atmosphere: Dynamics, Meteorology

1. Introduction

The giant planets are fluid objects. They have no solid surfaces and their at-
mospheres gradually become denser in the interior until the distinction
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Jupiter

Hubble Space Telescope

Figure 1. Visual aspect of the upper clouds of Jupiter and Saturn.
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Figure 2. Average vertical cloud structure in Jupiter and Saturn. The upper hazes are derived
from the observations and are probably of photochemical origin. The lower curves correspond
to thermochemical calculations representative of the average cloud structure. Differences in
cloud levels in both planets are mainly due to the colder temperatures of Saturn with respect to
Jupiter with temperatures at the tropopause near the 100 mb level of 113 and 84 K respectively
and, 170 and 135 K at P=1 bar near the top of the nearly adiabatic deeper atmosphere.

between gas and liquid becomes meaningless. In this chapter we will discuss
the formation of convective storms in the upper atmospheres of Jupiter and
Saturn. Water is in both cases the main candidate for powering the convective
structures. Uranus and Neptune have also cloud structures of probable moist
convective origin made of methane (Stoker and Toon, 1989).
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In the tropospheres of Jupiter and Saturn the range of temperatures and
chemical composition allow the formation of three distinct cloud layers. The
main atmospheric features are observed in the upper cloud, close to the 1 bar
level, giving the planets their caracteristic visual aspect (Fig. 2). The vertical
cloud structure can be studied in terms of simple thermochemical models based
on the Clausyus-Clapeyron equation (Sanchez-Lavega et al. 2004a). There are
three main clouds expected to form. The upper cloud is made of ammonia con-
densed particles, below there are an intermediate ammonia hydrosulfide cloud
and a lower and denser water cloud deck (Weidenschilling & Lewis, 1973).
The particle density and the vertical location of the cloud depend on the con-
densable abundance and may vary from one location to other. The overall
cloud structure is summarized in Fig. 2. The water cloud is specially interest-
ing because water has a large latent heat. In both planets the atmospheres are
heated not only by the solar insolation but also by the release of internal heat
remanent from their planetary formation. For Jupiter and Saturn this heat is
equivalent to 1.7 and 1.8 the heat absorbed from the Sun.

2. Observations of convective storms in Jupiter
and Saturn
Jupiter

Ground-based observations have shown the regular development of mid-
scale storms (1.000-5.000 km) at specific latitudes with the ocassional devel-
opment of planetary scales disturbances triggered by the appearance of con-
vective clouds (Sanchez-Lavega et al. 1996). The Voyagers and the Galileo
and Cassini spacecrafts have obtained detailed observations of these convective
features together with the detection of lightning strikes in long-term exposures
of the night side of the planet (Little et al. 1999). The lightning has been shown
to reside on deep levels of ~ 5 bars close to the expected water cloud deck. In
some cases day-side images of the lightning regions show convective clouds
in the upper levels implying an activity which extends 150 km (Gierasch et al.
2000). The frequency of lightning strikes, the planetary area covered by the
associated storms and the large energy released in the condensation of water
and vertical ascension have led these authors to suggest that a significant pro-
portion of Jupiter’s inner heat could be transported to the upper troposphere
by means of moist convective storms (Ingersoll et al. 2000). Therefore, the
storms migh be an important constituent of the overall atmospheric dynamics
of these planets.
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Saturn

Mid-scale bright clouds of probable convective origin arise occasionally at
the equator and at mid-latitudes and were best viewed during the Voyagers fly-
bys in 1980-1981. Very rarely, about once every 30 years, a giant storm arises
on the planet (Sdnchez-Lavega, 1982; Sanchez-Lavega & Battaner, 1987). The
last one, known as the 1990 Great White Spot (GWS) developed a 20,000 km
size massive cloud system over a period of a month and evolved into a plane-
tary scale disturbance (Sanchez-Lavega et al. 1991; Barnet et al. 1992). One
of the mysteries of these storms is at which cloud layer they originate and how
the seasonal cycle of 29.5 years of Saturn can influence their development.
The other main mystery is if the large storms arising in Saturn’s equator in the
early 90s could have changed the local winds as to explain the wind decrease
of 200 m/s in the equatorial current found between the Voyagers data obtained
in 1981 (Séanchez-Lavega et al. 2000) and the 1994-2004 Hubble Space Tele-
scope observations of Saturn (Sdnchez-Lavega et al. 2003, 2004b).

3. Modelling moist convective storms

For any hydrogen based atmosphere, condensables are almost 7-8 times
heavier than the hydrogen-helium atmospheric air with mean molecular weight
~ 2.2 g mol™!) and the ascension of humid air is obstructed by the difference
on molecular weight between dry and humid air. This factor alone is respon-
sible for the main difficulties in originating moist convection in the giant plan-
ets. The development of moist convection becomes a competition between the
heating produced by the condensation of volatiles in their vertical ascension
and the heavier humid air.

Stoker (1986) developed the first quantitative model of moist convection for
the Jupiter atmosphere. Her model was a 1D thermodynamical model of a
raising parcel subject to entrainment with outside colder air. This basic model
allowed to place upper limits for the vertical velocities and cloud tops to be
expected in Jupiter storms. This model produced intense storms under favor-
able conditions (high relative humidity of water) able to fit the cloud tops ob-
served by the Voyagers in the equatorial plumes. The model was also applied
by Sanchez-Lavega & Battaner (1987) to study the onset of the 1990 GWS
finding water storms were able to fit the cloud tops in the GWS only under
favorable conditions.

Yair et al. (1992, 1995) performed 2D dynamical models of convective
storms in Jupiter. Their results suggested very weak convection unable to be
the cause of most of the meteorological phenomenology assumed to be of con-
vective origin in Jupiter. This discrepancy can be explained by realising their
initial conditions were typical of Earth cumulus development and may be also
of average conditions in Jupiter which were shown to be very disfavorable for
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the development of storms in Jupiter, but probably not of the few spots where
convective cumulus grow.

Hueso & Sanchez-Lavega (2000) developed a 3D model of moist convection
for the giant planets by fully integrating the Navier-Stokes equations under the
anelastic approximation. The microphysics were approached in the model by
assuming condensation acts instantaneusly removing a fixed proportion of the
condensed particles. The model has been applied to the water and ammonia
clouds of Jupiter and Saturn. In the jovian atmosphere their results suggest that
under favorable atmospheric conditions water-based moist convective storms
develop and can become very energetic, being able to ascend 150 km from
the 5 bar level to the observed cloud tops of 200-400 mbar at storm locations.
Expected vertical velocities are on the order of 50-150 m/s. Ammonia on the
other hand does not show the same activity since the clouds form in a more
stable part of the atmosphere and its lower abundance and low latent heat do
not allow for strong convective motions. The water based updrafts can ascend
very fast because, contrary to the Earth case, they have a lot of vertical space
to accelerate progresively. These simulations encompased an area one order of
magnitude smaller than real observed storms. Hueso et al. (2002) presented a
2D model of the cloud tops in which they integrated the mass continuity equa-
tion with divergent sources and Coriolis forces to try to reproduce observations
of large scale storms observed by the Voyagers. The results of these two works
are partially summarized in Fig. 3.

Simulations of single cell storms in the atmosphere of Saturn were presented
by these authors more recently (Hueso & Sanchez-Lavega, 2004). In Saturn’s
colder atmosphere ammonia clouds are at lower levels where the static stability
of the atmosphere is not so high and ammonia storms are possible. Still much
more intense convection can be attained if the updrafts originate at the water
cloud deck buried down at 9 bars, 300 km below the observed cloud tops. As
in Jupiter’s case, the large vertical space allowed to the convective updrafts
translates in powerful motions with updrafts on ther order of 150 m/s. These
results are summarized in Fig. 4.

Because convection depends very strongly on the initial conditions both
studies performed several simulations under different atmospheric conditions
varying basic factors as the environment relative humidities, total weight of the
condensates and total water and ammonia abundances. A brief summary of the
sensitivity analysis of storms in both planets is presented on Table 1.

The main difficulty in originating water storms in both planets is the envi-
ronment relative humidity which must be higher than 75% and 80% in Jupiter
and Saturn respectively for water convection to originate. Under a lower hu-
mid environment, convection can not initiate because, in spite of the release
of latent heat, saturated air is heavier than the environment colder air. Also,
precipitation must act efficiently in both planets or the saturated updraft would
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Figure 3. Jupiter storms, observations and models. The left image shows a mature stage of
a South Equatorial Belt perturbation. The storm core is 5000 km wide. An inset shows results
of simulating this particular storm by using a 2D model composed of 120 storm cells. The
characteristics of the 2D storm cells are taken from more detailed 3D calculations. The center
image shows the 3D structure of water storms on Jupiter. The right pannel is reserved to display
the virtual temperature differences between the storm and its environment, being this thermal
difference the atmospheric engine powering storm convection.

get negative buoyancy caused by the weight of the condensed particles. A pre-
cipation efficiency able to lose ~ 25% of the total condensates is required in
both planets to develop moist convection. The total water abundance is also
a key factor in determining convection strength but unfortunately this factor
is not well constrained by the observations. Cloud tops at storm locations in
Jupiter have been found to lie higher than 400 mbar in Jupiter and close to 200
mbar in Saturn’s Great White Spots. This constrains weakly the deep water
abundances. Jupiter storms can be explained with water abundance as low as
0.2 solar, while a higher deep water abundance would yield stronger convec-
tion more difficult to initiate. In Saturn the GWS cloud tops could be explained
by water storms but also by ammonia clouds if ammonia were overabundant
with 10 times solar abundance.

4. Storm locations and wind relation

Storms in Jupiter have only been found in regions of cyclonic shear close
to a minimum in the wind speed. They are specially abundant in the South
Equatorial Belt (SEB) at 16° S at the turbulent wake of the Great Red Spot
and at some less frequent at the North Equatorial Belt (NEB) at 16° N. In
Saturn most of the smaller scale storms in the last years have been observed at
latitudes of 42° North and South with large scale storms arising in the equator
in 1990 and 1994. Since storms are so energetic they may interact with the
zonal wind system powering or weakening it. Saturn’s equator has indeed
experienced a dramatic wind change since the Voyager observations (Sanchez-
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Table 1. Main characteristics of simulated storm convective plumes under different at-
mospheric properties. Abundances are measured relative to solar composition, h is the at-
mospheric relative humidity, f. is the proportion of condensate particles carried upward by the
storm with (1-f.) the proportion of condensates that instantaneously rains out of the parcel,
Winae 1s the maximum ascending velocity attained by the storm, P;,,, is the higher level where
cloud material arrives and 7ime is the average time to develop a mature stage convective cell.
Note: (*) denote cases in which convection could be initiated only under large initial thermal
perturbations and could not sustain long-term convection. The appearance of these cases close
to stable convective storms means that convection, though difficult to initiate, must be very
energetic once the required conditions are met.

Abundance h (%) fe Winaz (m/s) P;op (mb) Time(hr)
Jupiter water storms

2.0 99 0 210 100 1.1
1.0 99 0 145 140 1.4
1.0 99 0.25 115 200 1.5
1.0 99 0.50 75 250 2.0
1.0 75 0 70 330 (*)
1.0 50 0 30 500 (*)
0.2 99 0 50 250 2.2
Saturn water storms
3.0 99 0 260 120 3.1
1.0 99 0 150 210 4.2
1.0 90 0 140 240 3.1
1.0 80 0 90 400 *)
1.0 99 0.2 100 310 3.5
1.0 99 0.5 60 530 5.4
Saturn ammonia storms
10.0 99 0 90 240 1.1
3.0 99 0 40 390 1.1

1.0 99 0 15 500 1.5
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Figure 4. On the left: Images from the 1990 Great White Spot onset and mature stages.
Images are from the Pic du Midi 1m telescope and the Hubble Space Telescope. On the right:
Saturn’s equatorial wind profile at two different periods from data obtained with the Voyagers
in 1980-1981 and ground-based and Hubble Space Telescope observations on the 1994-2004
period.
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Figure 5.  Detailed schema of an equatorial Saturn storm simulation. The left figure shows
the 3D structure of a water-ammonia cloud storm cell. The center image is an XY map of cloud
density in the 0.3-1 bar levels and shows how a 400 km storm would be seen in high resolution
observations. The right image shows the vertical and horizontal motions expected if the upper
flow is not turbulent. A net conversion of upward momentum to westward momentum is clearly
seen in the simulation, a consequence of the three-dimensional Coriolis forces.
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Lavega et al. 2003, 2004b). The change seems to have originated after the
1990 storm (Fig. 4).

Our simulations show that equatorial updrafts ascending from the water
cloud base at 9 bars take enough time to be deflected to the west by means
of Coriolis forces transforming up to a 10% of their kinetic energy to west-
ward momentum (see Fig. 5). An order of magnitude evaluation of this effect,
compatible with the size and intensity of the 1990 GWS, seems to indicate
that the storm may have directly decreased the equatorial winds by 20-30 m/s
with a larger contribution of kinetic energy to turbulent motions. In order to
produce a larger change of the order of the observed decrease (~ 200 m/s)
the GWS convective core should have stayed active for a whole year and most
of the equatorial atmospheric material initially at 9 bars should have had to
be transported to the upper troposphere. On the other hand, if the 1990 GWS
was indeed a giant storm system at the upper ammonia cloud there would not
have being any significant momentum transformation because of the lower
vertical scales involved. The 1990 storm may however have altered deeply
other atmospheric properties that eventually contributed to change the equa-
torial winds and overall dynamics. A work devoted to the exploration of the
mechanisms responsible for the wind change will be presented elsewhere.

5. Conclusions

We have presented the basic phenomenology of convective storms forming
in the atmospheres of Jupiter and Saturn. Detailed three-dimensional models
have been used to explore the dynamics of such storms finding that only water
can be responsible of Jupiter’s convective storms while Saturn may have both
water and ammonia storms. Saturn’s ammonia storms may exhibit characteris-
tics typical of water storms if ammonia is abundant enough in the atmosphere
(10 times solar). In both, Jupiter and Saturn, Coriolis forces may transform
upward momentum in the storms to zonal motions with an efficiency of the
released energy of 10% in the equator. The relationship between the overall
zonal winds and the moist convective activity remains obscure due to the com-
plexity of the problem and the unknowns of some basic atmospheric properties
like water abundance and overall planetary convective activity.
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Abstract Twelve years after the discovery of the first Trans-Neptunian Object (apart from
Pluto), more than 900 bodies have been found in the belt beyond Neptune. This
disk, usually referred to as the Kuiper or Edgeworth-Kuiper Belt is now thought
to contain an even larger population of small bodies than the main asteroid belt.
In this work, a summary of the current knowledge on the physics of these objects
is presented, based on data obtained from various means such as CCD photom-
etry, spectroscopy, millimetric observations, adaptive optics etc.

Keywords:  Kuiper Belt, Trans-Neptunian Objects

1. Introduction

The aim of this paper is to carry out a review on the topic of the Trans-
Neptunian belt for the non-expert. This belt is now thought to be the main
source of the Short-Period Comets and comprises more minor bodies than the
asteroid belt within Mars and Jupiter. The icy Trans-Neptunian Objects that
populate the belt have been the subject of intense research during the last 12
years since the discovery of the first body (apart from Pluto) because as rem-
nants of the formation of the solar system, they carry important information
on the early solar system and its evolution. Trans-Neptunian objects have even
reached the public. The media has widely covered the announcement of the
discovery of Sedna, and the debate on whether Pluto should remain in the list
of the major planets or not.

The first ideas on the existence of a belt of bodies beyond Neptune are tra-
ditionally ascribed to Gerard Kuiper (Kuiper 1951), although his ideas were
about a disk beyond Pluto, not Neptune, and were based on a somewhat heuris-
tic reasoning in which the surface density of the original solar nebula should
not have an abrupt end beyond Pluto. If one plots the mass of the main bodies
of the solar system (adding the lost volatiles) divided by the area of the annu-
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Figure 1. Surface density of the Solar Nebula as a function of radial distance to the Sun (in
AU), with a fit superimposed.

lus they cover versus the radial distance, one gets a surface density that decays
smoothly until Pluto is reached (Fig. 1). There, the surface density has an
abrupt end, which Kuiper did not like. Therefore Kuiper thought that some icy
planetesimals should be there to avoid the sharp end of the nebula. Some in-
vestigators claim that even before Kuiper, Kenneth Edgeworth mentioned the
existence of a belt (Edgeworth 1943), but his work was not quantitative and
appeared more a conjecture than a true theory. Others appear to have thought
on the possibility of Trans-Plutonian bodies even before Kuiper or Egdeworth,
but none of these ideas were close to the idea of the belt that we have today.
The first prediction of the correct belt based on some real physics (of the
Short Period Comets) was made by Uruguayan dynamicist Julio Fernandez
(Fernandez 1980). In 1980 Fernandez wrote a paper whose title was explicit
and the content was indeed physically plausible. In his paper entitled “On the
existence of a comet belt beyond Neptune” he presented calculations which
showed that a belt beyond Neptune would be a source of incoming Short Pe-
riod Comets (SPCs) by means of close approaches of the bodies within the
belt, and he argued that this was much easier and efficient than having the
comets evolve from the Oort cloud. In 1988 detailed numerical computations
showed that the Oort cloud could not be the source of the SPCs basically be-
cause the SPCs inclinations are more or less confined to the ecliptic, whereas
those comets from the Oort cloud would have random inclinations (Duncan et
al. 1988). Finally, the first detection of a Trans-Neptunian Object (apart from
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Pluto) was made in 1992, by David Jewitt and Jane Luu. The object received
the designation 1992QB;.

The belt is usually called the Kuiper Belt, Edgeworth-Kuiper Belt or even
Edgeworth-Kuiper-Whipple Belt. To skip the name problem, the disk is best
referred to as the Trans-Neptunian Belt or Trans-Neptunian disk, although the
other names are also used in the literature. The objects that populate the disk
are therefore named in very different ways: Trans-Neptunian Objects (TNOs),
Kuiper Belt Objetcs (KBOs), Edgeworth-Kuiper Belt Objects (EKOs) or even
EKBOs. These objects are indeed very faint. A typical 50km body, assumed
to have an albedo p around 0.04 and located at 40 Astronomical Units from
the Sun and Earth would have a typical 25 magnitude. In this paper we review
some of the knowledge that we have gained in the 12 years of observations
since the discovery of 1992QB.

2. Current knowledge

We now know several families of TNOs, grouped by special features in
their orbital parameters. More than 900 TNOs have been discovered by dif-
ferent telescopic surveys and although a large fraction of them are lost due to
lacking astrometry, a large number of orbits are known with the required preci-
sion. Each of the telescopic surveys has its own biases and therefore the orbits
currently available are probably not bias free, but at least some orbital families
can be distinguished so far. Fig. 2 shows inclinations and eccentricities of well
known orbits versus their semimajor axes.

The so-called classical objects or cubewanos have low eccentricity orbits
and are outside the mean motion resonances shown as vertical lines. Within
the classicals, two different populations appear to exist: a “hot” and a “cold”
population, with inclinations above or below 4.5 degrees from the ecliptic,
according to the latest results although some give the limit as 7 degrees. The
cold population appears to have redder colors than the hot population. It is
also important to note that the largest bodies discovered so far belong to the
hot population. A large number of TNOs are trapped in the 2:3 mean motion
resonance with Neptune, like Pluto (which completes two revolutions around
the Sun in the same amount of time that Neptune requires for exactly three
revolutions). All the bodies trapped in this resonance were named after Pluto
and that is why they are called “Plutinos”. There are other resonances, and the
objects trapped in the resonances are generally called “resonant objects”.

In addition to these families, there is a scattered disk of objects with very
large eccentricities. These SDOs are probably as numerous as the rest alto-
gether, but their detection is difficult because they spend most of their time far
from 40 AU, were they are detectable. The SDOs have had at least one close
encounter with Neptune so that the objects were ejected outside the main belt.



224 THE MANY SCALES IN THE UNIVERSE

0.8

0.6

0.4 A

Eccentricity

0.2

0.0

oL
S
o |
o

55

40

30

20

Inclination

+
N
N
b o

o
(o]
(SN
a
@
(@]

Semimajor Axis (AU)

Figure 2. Eccentricities and inclinations of well-determined orbits as a function of the semi-
major axis or the orbits. The main mean motion resonances are indicated with the vertical lines.

Similarly, the orbits of some objects can be perturbed to enter the major planets
domain and become the so-called “Centaurs” which are bodies with perihelia
and aphelia within those of Jupiter and Neptune’s respectively. Strictly speak-
ing the Centaurs are not TNOs, because they are not further away than Nep-
tune, but they are very closely related to the SDOs. The Centaurs are perturbed
by the large planets and finally will become Short-Period Comets. Some of the
SPCs may end up even as extinct comets in the near-Earth region and become
dangerous NEOs. Some calculations show that 10 to 20% of the NEOs can be
of this type, although there is still debate on this.

There are a few objects that have large perihelion distances not controlled
by Neptune and do not belong to any of these families. Sedna, the most widely
known Trans-Neptunian object apart form Pluto, would appear to belong to
the Scattered Disk family, because it has a very eccentric orbit, and in fact it is
listed by the Minor Planet Center in their Centaur-SDO list, but there is no way
to raise Sednas perihelion distance from the Kuiper Belt to its present location
by any means, so Sedna is not a Trans-Neptunian body of any of these families.
According to Fernandez (private communication), the 76 Astronomical Units
of its perihelion distance cannot be reached even invoking the Kozai effect.
So the formation of Sedna followed a different process to the rest of TNOs
discovered so far. The objects in this group form the so called “Extended
Scattered Disk” (Gladman et al. 2002).
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According to Fernandez, Sedna could be a member of an inner core Oort
cloud defined as a structure formed in our early solar system from the inter-
action of nearby stars while the Sun was being formed within a cluster. This
is the preferred explanation by some dynamicists, although the existence of
a massive enough planet further away has also been suggested. Morbidelli
& Levison (2004) have recently proposed five different mechanisms but they
claim that the close star passage is the most likely one. Indeed Sedna is a
Trans-Neptunian Object in the sense that it is beyond Neptune, but Sedna is
not a classical belt object or a Scattered Disk object.

It now appears that the large number of objects trapped as plutinos in the
2:3 mean motion resonance was the result of Neptune’s outward migration.
Several possibilities have been suggested and resonance sweeping was one of
them (Malhotra 1995). Different numerical models explain the accumulation
of plutinos in slightly different ways (Gomes 2003), but all of them require
Neptune’s outward migration. Most models require a 10AU outward migra-
tion. Now there is even evidence of the corresponding Jupiter’s inward mi-
gration in the Hildas asteroid family (Franklin et al. 2004). Planet migration
is also thought to occur in extrasolar environments, as many of the extrasolar
planets discovered so far are very close to their stars, so planetary migration is
no longer an odd issue.

Computer simulations of the evolution of the solar system can predict differ-
ent amounts of TNOs in different families and therefore the relative numbers of
bodies in the different families can give important clues on the formation and
evolution of the solar system. However, the relative number of bodies in each
population should be calculated from bias-free surveys and currently there are
none. A possibility is to de-bias the current surveys, as it has been done for the
NEO surveys, but this has not been done for TNOs yet.

The size distribution of the TNOs and the total mass is inferred from the
surveys in different ways (Trujillo et al. 2001a,b, Larsen et al. 2001, Sheppard
et al. 2000, Jewitt et al. 1998). The usual approach is to fit a straight line to
the logarithm of the cumulative luminosity function that is derived from the
surveys. The cumulative number of objects brighter than a given magnitude,
per square degree near the ecliptic can be computed from the surveys. The
slope of this fit, «, is directly related to the index of a power law differential
size distribution by this simple expression ¢ = 5a + 1. The index g from the
different surveys appears to be close to 4.2 because «, the slope of the plot is
nearly 0.66 (Trujillo et al. 2001b). However, this steep value cannot hold for all
possible sizes or the mass of the Kuiper Belt would diverge. Thus, it is usually
assumed that the ¢ index drops at the tens of km size. The total mass of the
classical Kuiper Belt can be obtained integrating the size distribution within the
assumed maximum and minimum sizes multiplied by the volume and density.
The result is around 0.1 Earth masses. Since a similar number of SDOs appear
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to exist as the number of classicals, the total mass of the disk can be double
than that. Therefore, the total mass of the disk was thought to be in the range
of 0.1 to 0.2 Earth masses. Things have changed a bit very recently. There
are now hints that the ¢ index drops at the 30 km size range from pencil beam
surveys carried out at Subaru, and there is now a work in press by Bernstein
et al. (2004) based on a very deep HST survey which clearly demonstrates
that the number of small KBOs is much lower than predicted from the ¢ = 4
extrapolation. This is shown in their Fig. 3 as a deviation from the straight
line. That work shows that a two-parameter power law is consistent with the
data and it also shows that the classical belt has a different size distribution
than the excited population. Other investigators have pointed out that the size
distribution appears to be a function of the perihelion distance (Hughes 2003).
The total mass can be obtained using Bernstein et al double power law with no
assumptions on maximum and minimum diameters, as the integral no longer
diverges. The total mass obtained by Berstein et al. (2004) is 0.01 Earth masses
for the classical belt. However, at least two to three orders of magnitude more
mass had to be present in the belt so that large bodies like Pluto and Quaoar
could have grown through accretion. Besides, integrating the surface density of
the solar nebula within 30 and 50AU one gets in the order of 10 Earth masses.
So the question is, where did all that mass go?.

The mass depletion of the Trans-Neptunian Belt is now thought to have oc-
curred by one of the following mechanisms: dynamical depletion or collisional
grinding to dust. The dynamical depletion could have been caused in two dif-
ferent scenarios. One of the scenarios is the repeated passage of planetary
embryos scattered by Neptune. These passages could excite the inclinations
and eccentricities of the KBOs until they became Neptune crossers and there-
fore were ejected by Neptune out of the solar system or injected in the inner
solar system. This would clear the region of bodies. A different dynamical de-
pletion scenario would have been caused by the passage of a star through the
Kuiper Belt which could have kicked the planetesimals directly to hyperbolic
orbits or Jupiter crossing orbits without interacting with Neptune.

Collisional grinding of the TNOs to dust and subsequent ejection through
radiation pressure and Poynting-Robertson drag would also severely deplete
the mass of the initial Kuiper Belt, but the initial TNO size distribution would
have to be very odd, with most of the mass in small bodies.

From the extrapolation of the current results of a wide area survey targeted
at the brightest TNOs, Trujillo et al. 2003 conclude that there could be ten
1000-km bodies awaiting discovery and even a Pluto-sized body. The analysis
by Bernstein et al. is not as optimistic and apparently they conclude that the
only Pluto-sized object that can exist is Pluto. Some accretion models still
predict two or more Pluto-sized objects so the issue is not settled yet until the
wide area survey is not complete.
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There is an edge to the classical belt at 48 AU. This is not a bias effect caused
by the fact that objects further away than 48AU would be faint. The edge is now
a firm result from the surveys by different teams. A second Trans-Neptunian
disk (even more massive than the current belt) could exist beyond 85 AU and
remain undetected. The origin of this edge is still a mystery, although some
mechanisms have been proposed. A close stellar passage (e.g. Ida et al. 2000),
the existence of a massive planet further away (e.g. Brunini & Melita 2002) the
formation of the whole system within 30AU and subsequent migration (Levi-
son & Morbidelli 2003) have been proposed to explain the edge. The passing
star would have left a clear signature in the inclination of the TNOs (Brown
2001), which is not observed and has other weaknesses. The planetary-sized
body has also a number of weaknesses, including the fact that it should have
been detected already. It is worth noting that the passing star and the nearby
Earth-sized or Mars-sized planet scenarios have also been proposed to pro-
duce objects like 1999CR 05 and Sedna and even to cause the mass depletion.
Some investigators are not comfortable with the idea of a sharp end, so they
are expecting that another belt will be discovered sooner or later perhaps in
the 100AU range. Kuiper speculations are again applicable here, so we are left
with a similar situation as we were in the fifties.

Concerning the colors of these objects, there is a wide diversity of colors
measured in the BVRI bands by several independent groups (e.g. Peixinho et
al. 2004, Doressoundiram 2003, Barucci et al. 2001, Boehnhardt et al. 2001,
Jewitt & Luu 1998, Tegler & Romanishin 1998). Narrow filters cannot be used
because of the faintness of the objects. There is no bimodal color distribution
as initially reported by some authors when the data were still scarce, but as the
number of measurements grew, the color gaps were filled and if Centaurs are
removed, no bimodal distribution remains (Peixinho et al. 2003). An exam-
ple of B-V versus V-R colors for the classical objects is shown here. There
is a correlation of color and inclination in the classical belt (e.g. Trujillo &
Brown 2002) in such a way that the redder the object, the lower the inclina-
tion. This was the first hint to the existence of two different populations within
the classical objects. The hot population, whose inclinations are excited to 4.5
degrees or more, might have different colors because of different reasons, but
the currently preferred explanation is the fact that the hot population might
have formed closer to the Sun than the cold population. There is a variety
of processes that can give rise to the color diversity. Different compositions
at formation, collisional resurfacing, cometary-like activity, space weathering,
meteoroidal impacts etc have been proposed as mechanisms capable of cre-
ating the diversity of colors seen. It is very likely that no single process is
responsible for the coloring of all the TNOs, but a mix of some of them.

There are other correlations of colors with other orbital parameters (e.g.
Peixinho et al. 2004, Doressoundiram 2003). It appears that a color corre-
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Figure 3. B-V versus V-R colors of the different families of objects.

lation with perihelion distances is present for the classicals, but just for the
intrinsically bright ones. There are other correlations difficult to interpret and
there are even lacks of correlations which can be used to rule out some theo-
ries. For example, there is no color correlation with aphelion distance within
the SDOs whereas one would perhaps expect such a correlation because these
bodies leave the solar wind termination shock at around 80AU and are more
exposed to galactic cosmic rays. Therefore one would naively expect that the
long aphelion bodies would be more extensively altered than the short aphe-
lion ones, simply because the latter spend a shorter time beyond the bow shock
limit. The SDOs with inclinations higher than 12 degrees appear to show very
similar colors to the classicals which might indicate a common origin.

Other photometric results are related to the so called phase functions. The
measurements of magnitude of some TNOs at different phases around the Sun
show that there is a steep increase in brightness near opposition, when the
phase angle is nearly zero. The increase is almost linear and is, on average
around 0.15mag per degree (Sheppard & Jewitt 2002, Schaefer & Rabinowitz
2002). This is a much steeper behavior than that of Pluto. Low albedo asteroids
also show this type of steep dependence so this might be an indication of low
albedos for the TNOs, as initially suspected because the Short-Period comets
have very low albedos.

The spectra of most TNOs are featureless in the visible. Some TNOs show
broad and weak absorption features possibly due to aqueous alteration of min-
erals (Fornasier et al. 2004, de Bergh et al. 2004, Lazzarin et al. 2003). Some
of them have extreme red slopes as already suggested from the photometry,
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especially the Centaurs. The different slopes are consistent with the variety
of colors already seen by regular photometry programs. The VLT large pro-
gramme on TNOs (Boehnhardt et al. 2003) has been responsible for most of
the TNO spectra obtained so far and has shown the broad band absorption fea-
tures possibly related to aqueous alteration of minerals. The programme has
also shown clear heterogeneous compositions revealed by the rotation of the
bodies.

The near-IR spectra are powerful tools to reveal absorption features due to
different molecular species like water ice. Particularly, the water ice features
at 1.5 and 2.0 microns are easy to detect on most solar system bodies and were
expected to be detectable on TNOs, because the composition of the TNOs is
thought to be water ice in a large percentage. However, the signal to noise is
usually very low even with the largest telescopes and the largest TNOs. There-
fore the idea of detecting water ice on TNOs was a challenging one. The first
water ice detection was done with the Keck telescope (Brown et al. 1999). So
far water ice has been detected in only a few TNOs and in a few Centaurs.

Models with different surface compositions can fit the spectroscopic data.
In other words the models are not unique. Most of the surface compositions
are consistent with mixtures of organics with different amounts of water ice
and even pure Carbon. There are hints of aqueous alterations of some minerals
in several TNOs and little more can be said. When geometric albedo mea-
surements exist, the models can be further constrained (e.g., Cruikshank &
Dalle Ore 2003), but different mixtures can still fit the data in some cases. The
albedo measurements are therefore very important. There are different types of
albedos. The albedo we usually referred to is the geometric albedo p, in the V
band, which is related to the more widely known concept of albedo, A, through
a simple equation p = Agq in which ¢, the phase integral, is a well constrained
value. To derive geometric albedos from the observations one needs data in
the visible and in the thermal part of the spectrum. Through the use of simple
thermal models, one can obtain the unknowns (A, p and r, where r is the radius
of the body). The rest of the variables in the thermal models are parameters
known entirely or at least to some extent and the observed magnitudes. The
thermal observations for the TNOs should ideally be carried out near the 60
to 70 micron range, as the expected TNO temperatures are around 5S0K. This
could be done with ISO for one object and will be feasible for at least some
TNOs with the infrared telescope Spitzer. From the ground, the closest one
can get is the millimetric range. The IRAM-30m has been used for a number
of objects, although signal from only three objects has been clearly detected.
For the rest we only have lower limits to the albedos. Another technique to
measure albedos is by direct measurement of the size of the body using the
HST, but only Quaoars albedo has been measured in this way and indeed only
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the largest objects have resolvable disks by HST. The object 2004DW could
potentially be larger than Quaoar, but its albedo has not been measured yet.

Compiling all the results obtained so far (Table 1) it is clear that most of
the objects have geometric albedos above the canonical 0.04 value, which is
usually adopted for comets. A more appropriate value for TNOs appears to
be 0.08. Therefore, TNOs are dark, but not as dark as comet nuclei. As of
this writing, we have just learnt that some albedos have already been measured
from Spitzer for Varuna and other large TNOs (Stansberry et al. 2004). Their
albedos are even higher than 0.15, which strengthens the claim that p = 0.04 is
too low. This conclusion might be a bias effect because the objects for which
the albedo has been measured are all large. Perhaps the smaller TNOs could
have lower albedos. Nevertheless there are data from small binary objects
(discussed below) that can be interpreted as indicating higher albedos than the
canonical 0.04 value.

Table 1. Compilation of geometric albedo measurements

Object Geometric  Reference  Object Geometric  Reference
albedo (pv) albedo (pv)

2002TX300 >0.08 (a) Quaoar 0.10 (b)
1995SM55 >0.04 () 1996TO66 >0.04 ()
Chaos >0.04 (c) 1999TC36 0.05 (c)
Huya >0.08 (©) Ixion >0.15 (c)
2000AW 197 0.09 (d) 1993SC 0.02 (e)
Varuna 0.06 ) 1996TL66 >0.11 (e)

0.04 (2) 0.03? (e)

(a) Ortiz et al. 2004, (b) Brown & Trujillo 2004, (c) Altenhoff et al. 2004 (d) Margot et al. 2002 (e)
Thomas et al. 2000 (f) Jewitt et al. 2002 (g) Lellouch et al. 2002

Time series photometry has shown remarkable variability for these objects.
27% of the bodies show variability above 0.15mag, 15% of the bodies have
photometric ranges above 0.4mag and even 9% of the TNOs show variability
above 0.6mag (Sheppard & Jewitt 2003, Ortiz et al. 2003). This variability
is more pronounced than the variability of the Main Belt Asteroids of similar
sizes. The photometric variations are caused by the rotation of a body that
either has an irregular shape or surface markings or a combination of both.
However, surface markings usually produce small magnitude variations. Color
variations at the maxima or minima of the light curves could be indicative of
variability induced by surface markings rather than irregular shape. Double
peaked light curves can on the other hand indicate irregular shape rather than
surface markings, but an appropriate albedo distribution can mimic any irreg-
ular shape light curve. If one assumes that the photometric ranges are solely
due to irregular shape (which is strictly valid only for the large amplitude vari-
ation bodies) one can determine that the TNOs are more irregular than their
main belt asteroids counterparts and perhaps this could be explained because
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the TNOs could be internally weak or rubble pile structures easily deformed
by their spin. Extreme variations can perhaps only be explained in terms of
contact or very close binaries (Sheppard & Jewitt 2004). The study of the ro-
tational periods and photometric ranges within different TNO families might
also reveal some trends, but currently the light curve data is still scarce.

Some interesting conclusions have been obtained for one of the largest TNOs
by means of its lightcurve. Varuna shows a double peaked lightcurve of period
6.34h, with no color variations at the maxima or minima which indicates that
the variability is due to a very elongated shape. Such an elongation is remark-
able for an object this big (initially supposed to be 900km in diameter). Jewitt
et al. 2000 concluded that this object could be almost strengthless if it were a
rubble pile and be distorted as a response to rotation. Using equilibrium shapes
of strengthless bodies they could constrain the density to be nearly 1000kg/m3,
which is also low for a big object even if the composition were mostly ice and
rock. Jewitt et al. conclude that this low density could be the result of high
porosity. Therefore, Varuna might be a high porosity rubble-pile structure. The
very recent finding that the albedo of Varuna is 0.17 by Stansberry et al. (2004),
indicates that the diameter is around 600km and therefore the constraint on the
density should now be somewhat higher.

For Quaoar, which is even larger than Varuna, the longer rotation period
and the smaller photometric range (Ortiz et al. 2003b) do not allow drawing
important conclusions regarding density and structure. The study of the rota-
tion rates of the largest TNOs is especially important because these bodies are
not collisional products and therefore they must retain memory of the primor-
dial angular momentum of the solar nebula at the time of their formation. The
smaller TNOs are thought to be collisional products, and therefore they cannot
give this primordial information.

A key question to the determination of masses and densities is the detection
of binaries. This goal has been achieved (e.g. Veillet et al. 2002) and more
than 8 binaries are currently known by means of HST observations and adap-
tive optics. The mass can be assed for binary objects provided that the rotation
period and semimajor axis can be determined. The density determination needs
the size estimates, but because the sizes cannot be determined (unless the pri-
mary was very big), an albedo has to be assumed and therefore the densities
determined in such a manner are affected by large uncertainties. Thus, if one
assumes an albedo of, say, 0.04 the diameter can be computed and the density
too. For an albedo of 0.04 the densities obtained for some binary TNOs are
in the order of 500 kg/m? (e.g. Osip et al. 2003) which is clearly below the
expected values. For more reasonable 1000kg/m? densities, the albedos are ap-
proximately 0.09, consistent with the radiometrically derived albedos around
0.08.
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The percentage of binaries is higher than in the asteroid belt, the binaries
are more separated and the masses of the two components are usually similar,
in contrast to the asteroid belt binaries. Noll et al. 2002 point out that there
are at least 5% of binaries with angular separations of 0.15 arcsec and even
15% of the TNOs can be binaries with separations of 0.1arcsec. To account for
the formation of a large fraction of binaries with components of similar sizes,
different scenarios have been proposed (e.g. Weidenschilling 2002, Goldreich
et al. 2002, Petit and Mousis 2004, Funato et al. 2004) but all of them require a
large initial mass for the Trans-Neptunian disk, in agreement with the accretion
models and the surface density of the solar nebula. So now there is little doubt
that the initial Trans-Neptunian Belt was far more massive than it is today.
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Abstract Direct detection of extrasolar planets with coronography and interferometry from
ground and space opens the possibility for spectroscopic studies of their surfaces
and atmospheres. Astrometric interferometry can provide complementary infor-
mation on planet statistics and on orbital dynamics in multiple systems. Progress
expected over the next decade in these areas is discussed.

Keywords:  Extrasolar planets, Interferometry, Extremely large telescopes, Adaptive optics,
Coronography

1. Introduction and general goals

The discovery of a planet orbiting the star 51 Pegasi (Mayor & Queloz 1995)
has opened a completely new field of astronomy: the study of extrasolar plane-
tary systems. More than 100 planets outside our own Solar System are known
to date, and new discoveries are announced almost every month. These devel-
opments have revolutionized our view of our own place in the Universe. We
know now that other planetary systems can have a structure that is completely
different from that of the Solar System. Moreover, the existential question
whether other habitable worlds exist can for the first time in human history be
addressed in a scientific way.

Further progress in our understanding of planetary systems will depend
strongly on the development of new techniques, which can provide detailed
information on the planets themselves and on their orbits. Direct detection
of exoplanets with coronography and interferometric techniques will enable
spectroscopic analyses of their surfaces and atmospheres. Measuring radius,
temperature, albedo, atmospheric composition and structure, as well as charac-
terizing surface mineralogy and establishing the presence of surface features,
will extend the discipline of physical planetology from the Solar System to
other worlds. Continued radial-velocity monitoring and precise astrometric
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Figure 1. Optical schematic of a Lyot coronograph. Four optical planes are represented: the
telescope aperture, the first image plane, the second pupil plane, and the final image plane. Op-
tical rays have been traced for five different points in the entrance pupil, and for three different
field positions. Adopted from Malbet (1996).

observations will yield complementary data on dynamical masses and orbital
parameters, interactions and orbital resonances in multiple systems; this new
field of planetary system dynamics will provide crucial information needed to
test theories of planet formation and migration.

An important goal for the next decade is pushing down the detection limits
of the various techniques towards lighter and smaller planets. Finding and
characterizing Earth analogs would be an important step towards completing
the Copernican Revolution, and is thus considered as a strong driver for the
design of large ground-based telescopes as well as space missions.

2. Coronography with large telescopes

The direct detection of extrasolar planets requires achieving extremely high
contrast (10%...10'°, depending on the planet parameters and observing wave-
length) over very small angles (0701 ...1").

Foundations of Coronography

In a Lyot coronograph, a mask is placed in the focal plane to reject the light
from the bright on-axis star. To prevent the light diffracted at this mask from
entering the detector, a stop is placed in a second pupil plane, which is formed
by suitable re-imaging optics (see Fig. 1). It is the combination of the occulting
mask and the Lyot stop that leads to a high rejection rate, and thus enables the
detection of faint objects close to a much brighter star.

The mode of operation of a Lyot coronograph can most easily be understood
in the pupil plane (Fig. 2, for more details see Kuchner & Traub 2002). A look
at the left column of this figure shows clearly how the choice of the diameter of
the Lyot stop Dy y. affects the performance of the coronograph. The undesired
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Figure 2. Principle of operation of a coronograph, shown in the pupil plane. An incoming
plane wave encounters the primary aperture (a), then a mask in the first image plane (b). The
mask intensity transfer function multiplies the image intensity; this corresponds to a convolution
with the Fourier transform of the mask amplitude transfer function (c). The light is then passed
through a Lyot stop in a second pupil plane (d). The final amplitude is shown in (e). The left
column shows a Lyot coronograph with a Gaussian mask, the right-hand column one with a
band-limited mask. Adopted from Kuchner & Traub (2002).

residual power from the on-axis star can be reduced by decreasing Dy o, but
this also reduces the throughput and resolution of the instrument for off-axis
light from the faint companion. One could also make the focal plane spot
larger, which reduces the stellar light diffracted near the edges of the aperture,
but that means that a larger region around the star is not accessible anymore.
There is thus a trade-off between the rejection of the starlight, the throughput
and resolution away from the star, and the minimum separation from the star.
This limitation can be overcome through the use of occulting masks with more
complicated design (Fig. 2, right column).

For ground-based telescopes, however, the speckle halo due to phase errors
induced by atmospheric turbulence is usually the main limitation of obser-
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vations with high dynamic range. The most effective way of distinguishing
between speckles and a true companion is provided by differential techniques,
such as two-color difference imaging (Racine et al. 1999). If the planet has a
deep absorption band not present in the stellar spectrum (e.g., a methane band),
one can observe in a filter centered at this band and in a filter in the nearby
continuum simultaneously; since the speckle pattern varies only slightly with
wavelength, the planet can be identified in the difference image. This approach
can be generalized to multi-band imaging or integral-field spectroscopy, in
which a data cube containing a spectrum for each sky position is measured.
The starlight reflected by planets is highly polarized; imaging polarimetry is
therefore another good differential approach to planet detection (Stam et al.
2004).

The precision of speckle subtraction by these differential methods is ulti-
mately limited by photon noise. A high-performance adaptive optics (AO)
system is thus needed to reduce the light in the stellar speckle halo, and to
sharpen the point spread function (psf) of the planet. The gain of an AO sys-
tem that generates a pst with Strehl ratio S due to the speckle suppression is
x 1/4/1 — S, the gain due to the sharpening of the planet image is o< S; the
performance of the AO system is thus characterized by S/v/1 — S.

The Potential of 30 m to 100 m Telescopes

An instrument combining a state-of-the-art adaptive optics system with an
integral-field spectrograph or imaging polarimeter on an 8 m class telescope
could detect the reflected light of “old” Jupiters or the thermal emission from
young massive planets under favorable conditions (Feldt et al. 2003). Future
larger telescopes will provide substantially better capabilities. For planet de-
tection, increasing the telescope diameter D gives two separate advantages:
first, the number of photons collected from the planet increases with D?; sec-
ond, the area subtended by the point spread function decreases with D~2. Both
advantages combine to a scaling of the observing time with D~*. The goal of
planet detection is thus a strong driver for telescope size.

A number of studies are currently underway for telescope concepts with di-
ameters considerably larger than anything in existence today, up to the 100 m
OWL concept (Brunett