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PREFACE

“Relativistic Astrophysics and Cosmology” was the theme of the Thirteenth
Course of the International School of Cosmic Ray Astrophysics held at the
Ettore Majorana Centre in Erice, Sicily, Italy. The school, and the papers in
this volume, focus on major areas of Astrophysics, their relation to Cosmic
Ray Physics and our current understanding of the energetic processes in
the Galaxy and the Universe that govern the acceleration and form the
features of the cosmic rays that we detect at Earth.

One of the long standing exciting problems in astrophysics is the origin
and acceleration of cosmic rays. Large and advanced new experiments have
recently contributed to the solution of this problem. Other experiments,
currently under design and construction, are aimed at detection of the
highest energy particles in Nature. The significant experimental progress
in the field was discussed together with the theoretical interpretation of the
current results. At the same time the participants in the School learned
about the most luminous astrophysical processes.

During the next several years we are expecting important results from
the new astronomical observations in TeV gamma rays and neutrinos. Two
third generation TeV Cherenkov telescopes will continue the search for
sources and study the astrophysical processes involved in their production.
At the same time the first neutrino telescopes are being built at the South
Pole and in the Mediterranean. These devices, the expected results and the
astrophysics involved are a vital part of the School and this volume.

This course was dedicated to the memory of Dr. Rein Silberberg. Rein
was not only an excellent scientist but also an essential part of the Inter-
national School of Cosmic Ray Astrophysics since its inception in 1978.

Seventy students, lecturers, and senior participants from 18 countries
attended the thirteenth course, which celebrated the 25th anniversary of
the school. V. Ptuskin from IZMIRAN, Moscow and T. Stanev from the
Bartol Research Institute, University of Delaware, co-directed the course
under the guidance of M.M. Shapiro, director of the school. Executive
secretary, Arthur Smith worked tirelessly to ensure the efficient operation
of the course.

The organizers are grateful to Prof. A. Zichichi, founder and director of
the Majorana Centre in Erice for providing the infrastructure and support
for this course. Ms. Maria Zaini and Ms. Fiorella Ruggiu have given
essential administrative support and Mr. P. Acceto has been very helpful.

Maurice M. Shapiro, Todor Stanev, John P. Wefel
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AN ACCELERATING CLOSED UNIVERSE

J. OVERDUIN

Astrophysics and Cosmology Group, Department of Physics
Waseda University, Okubo 3-4-1, Shinjuku, Tokyo 169-8555, Japan
E-mail: overduin@gravity.phys. waseda.ac.jp

W. PRIESTER

Institut fir Astrophysik und Egztraterrestrische Forschung
Universitit Bonn, Auf dem Higel 71, D-53121 Bonn, Germany
E-mail: priester@astro.uni-bonn.de

The dark matter which makes up 99% or more of the Universe by mass is now
believed to contain four separate ingredients: dark baryons, massive neutrinos,
“exotic” cold dark-matter particles and vacuum energy, also known as the cos-
mological constant (A). Of these, only baryons fit within the current standard
model of particle physics. The fourth (vacuum) component has come into new
prominence in the past few years, largely at the expense of the third (exotic dark
matter). We argue here that vacuum energy may be dominant enough to remove
the need for exotic dark matter and close the accelerating Universe.

1. Dark Matter and the Evolution of the Universe

The shape and evolution of the Universe are governed by Einstein’s grav-
itational field equations. Under the standard assumptions of large-scale.
homogeneity and isotropy, these reduce to a pair of differential equations
in the cosmological scale factor R and its time derivatives, including the
Hubble parameter H = R/R (the expansion rate of the Universe). The
equation for H is

[%2)] = QR,o(l + 2)4 + QM,O(]- + 2)3 + QA.O _ (QTOT,O _ 1)(1 + 2)2' (1)

Here Qg, 2y and Q, refer to the densities® of radiation, pressureless matter
and vacuum energy respectively; and z = (R/R,)~! — 1 is the cosmological

3The symbol 2 denotes a physical density p expressed in units of the critical density
Perit(t) = 3H?2(t)/87G. This latter quantity depends on the Hubble parameter H(t)
and takes the value peric,0 = 3H§/81rG at the present time. If Hy lies in the range
70 — 90 km s™! Mpc‘l, then perit,o0 18 equivalent to between 5.5 and 9.1 protons m~3.



Figure 1. Three possibilities for the spatial geometry of the Universe, with correspond-
ing values of the curvature constant & (graphic courtesy E. C. Eekels).

redshift. The subscript “0” denotes quantities measured at the present
time; i.e. at redshift z = 0. These are constants, and must be carefully
distinguished from functions of time (or redshift) such as Qg,Q,; and Q,.
The constant Qror,0 = Qo + Qo + Qa0 is of particular interest, because
it separates spatially spherical models from hyperbolic ones (Fig. 1). If
Qror,e > 1, then the Universe is closed and finite in extent, with a curvature
constant k = (HyR,/¢)*(Qror, — 1) whose value can be set to k = +1 by
choice of units for R,. Conversely, if (ror o < 1, then it is open and infinite
in extent (k = —1). Only if Qroro = 1 ezactly do we live in an infinite
Universe which is spatially flat or “Euclidean” with k& = 0.

The shape of the Universe thus depends on the values of the density
parameters (g o, 0y, and 2, o. These determine also its evolution in time,
including for instance the question of whether it is static (H = constant,
as originally supposed by Einstein), decelerating (H < 0, as was widely
believed until recently), or accelerating (H > 0).

Much can already be learned by inspection of Eq. (1). The first term
on the right-hand side, Qg ,(1 + 2)%, shows that radiation increases the
expansion rate H(z) with 2z (i.e. slowing it down with time). This term
dominates at the highest redshifts (i.e. earliest times), so that the Universe
during its childhood must have been governed by the density of photons and
relativistic particles. Nowadays, however, the value of Q) , is low enough
compared to {2y, and €2, , that we may ignore this term.



The second term, (1 + 2)3, shows that matter also brakes the ex-
pansion, but does so at a rate which drops less steeply with time than that
of radiation. (This is related to the fact that matter is pressureless, and
pressure in general relativity exerts gravitational attraction just as density
does.) Matter thus governs the adolescence of the Universe. The duration
of this phase is determined by the value of Q0 o, which is uncertain because
most of it comes from dark matter which has not been seen.

The third term, ©,,, is independent of redshift, which means that its
influence is not diluted with time. Vacuum or “dark energy” must therefore
eventually dominate the old age of any Universe in which A > 0. In the
limit £ — oo, the other terms drop out of Eq. (1) altogether and the vacuum
density parameter may be expressed as Q, o = (Hoo/H,)? or

Ac? = 3HZ. (2)

Here Hy, is the limiting value of the Hubble parameter as ¢t — oo (assuming
that this latter quantity exists; i.e. that the Universe does not recollapse in
the future). Thus A (a constant of nature in Einstein’s theory) is connected
to the asymptotic expansion rate {(a dynamical parameter). If A > 0, and
if we are living at sufficiently late times, then Eq. (2) immediately predicts
that we will measure 2, , ~ 1.

The fourth term in Eq. (1), finally, shows that an excess of Qo1 o Over
one (i.e. a positive curvature) acts to offset the contribution of the first
three terms to the expansion rate, while a deficit (i.e. a negative curvature)
enhances them. Open models, in other words, expand more quickly at any
given redshift z (and therefore last longer) than closed ones. This curvature
term, however, goes only as (1+2z)?, which means that its importance drops
off relative to the matter and radiation terms at early times, and becomes
negligible compared with that of the vacuum term at late ones.

Until recently, many cosmologists routinely dropped not only the first
(radiation) term in Eq. (1), but the third (vacuum) and fourth (curvature)
terms as well. There are four principal reasons for this. First, these terms
differ sharply from each other (and from the matter term) in their depen-
dence on redshift z, and the probability that we should happen to find
ourselves in an era when all four are of similar size would seem a priori
very remote. By this argument, originally due to Dicke, it was felt that
only one term ought to dominate at any given time. Second, the vacuum
term in particular was regarded as suspicious because its value could not be
related to existing quantum field theory in a sensible way (this is still true
today, but no longer seen as an excuse to ignore the term). Third, a pe-
riod of cosmic inflation was asserted to have driven Qror(¢) to unity in the
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Figure 2. Evolution of the cosmological scale factor R(t)/Ro as a function of time in
several models with A > 0.

early Universe. (This is not necessarily true of all inflationary models.!»?)
And finally, this “standard Einstein-de Sitter” (EdS) model was favoured
on grounds of simplicity. These arguments are no longer valid today. We
are justified in neglecting the radiation term, and only the radiation term
in Eq. (1), leaving

H?(z) = HZ [Quo(1 + 2)° + Qa0 — (Qroroe — 1)(1 + 2)?] . (3)

This is the modern version of what is usually called Friedmann’s equation
in cosmology. It may be integrated numerically for the cosmological scale
factor R(t) as a function of time. We show several examples in Fig. 2,
including closed models (1 through 5) and one flat (6) and open model
(7). Model 1, with Qy, = 0.014 and Q,, = 1.08, has been proposed
in®* and will be discussed below. The others all have €, = 0.3, a figure
widely quoted today for the total density of gravitating matter. Model 6,
with 4, = 0.7 (known as the ACDM model), has been singled out as the
latest “standard model” of cosmology. Two timescales are plotted (top and
bottom), depending on the present value H, of Hubble’s parameter.
Along each of the curves, we have marked the points where (,(z) takes
on maximum values (A), the points of inflection (%), and the points where
,(2) takes on maximum values and H{z) reaches a minimum (V). R takes
the special value R, = 1/v/A at the points marked (A). The cosmological
constant thus corresponds physically to the curvature of space (in closed
models) at the time when the matter density parameter goes through its
maximum.® Joining the points of inflection in Fig. 2 are two dashed lines



Figure 3. Evolution in phase space defined by Qm(2) and Qa(z) of the models whose
scale factors are plotted in Fig. 2.

labelled Q, ¢ (for “Einstein limit”). One must have @, , < 2, & (a function
of the matter density ;) if the current expansionary phase originated in
a singularity with R = 0. Solutions with Q, , = {0, x go over to Einstein’s
static model as t — oco. When Q,, > Q4 x, R(t) drops to a nonzero mini-
mum and starts to climb again in the past direction; these are Eddington-
Lemaitre (or “bounce”) models. The importance of the Einstein limit in
cosmology has been discussed in.%7:

The differences between the models shown in Fig. 2 become apparent
when their evolution is plotted on a phase diagram such as Fig. 3, with
matter density parameter along one axis and vacuum density parameter
along the other. The key equations® are

QA(Z) = QA,O/ [QM,O(l + 2)3 + QA‘O - (QM,O + QA,O — 1)(1 + 2)2}
Da(2) = (Qaro/Da0) Qu(2)(1 + 2)3. 4)

Fig. 3 depicts the same family of models as Fig. 2, with redshift factors
[l + z = R,/R(t)] labelled at intervals along the curves. Also marked
are contours of constant deceleration, defined by ¢ = —RR/R? = Qy,/2 —
.. This parameter takes values of 0.5 at each point of maximum matter
density parameter (A), zero at the inflection points (x), and —1 at the
points of minimum expansion rate (V). All positive-A models begin in
Fig. 3 at the point (1,0) and evolve asymptotically toward (0,1) as t = oo.
Flat (Euclidean) models follow a straight line; any deviation from critical



density produces a curved path. Those to the right of Model 6 are all
closed. Models 5 through 2 are increasingly unlikely insofar as they violate
observational upper bounds on the total density parameter, Qyoro < 1.2.9
Model 2 in particular cannot describe the real Universe. However, the model
immediately adjacent to it in phase space (Model 1) is perfectly acceptable
in this regard, since it has Qror o = 1.094. Very different combinations of
Qumo and £, ,, in other words, can produce almost identical trajectories in
phase space. Indeed, from the perspective of Fig. 3, the popular Euclidean
models appear implausibly fine-tuned.

The slow expansion rate and high matter density parameter between the
points marked (A) and (V) single out this stage of evolution for structure
formation. If Q, , is of the same order as (or less than) {1y, however, the
process must occur very quickly. Consider ACDM, represented by Model 6
in Figs. 2 and 3. Observations suggest that the number density of galaxies
at redshifts z ~ 4—6 (i.e. at scale factors R/R, ~ 0.1—0.2) is equal to that
at z = 0.1° If so, then these objects were in place by z = 4, or (consulting
Fig. 2 for Model 6, and using either the top or bottom scale for H,) within
1.2-1.5 Gyr after the big bang. This poses a serious challenge for the model,
since overdense regions must not only decouple from the Hubble expansion
very quickly, but do so at a time when the expansion rate (the slope of the
curve in Fig. 2) is some six times its present value. The problem is even
worse in models with lower values of £, , (e.g. Model 7).

The standard way to address this has been to suppose that most of
the matter density is in an exotic new form (CDM) which is able to de-
couple from the primordial fireball before the baryons, preparing potential
wells for them to fall into. This approach successfully accelerates structure
formation on large scales, but is perhaps too successful on smaller ones.
Galaxy-sized regions are formed with excessively peaked central masses
(the “density cusp problem”) and too many low-mass fragments (the “sub-
structure problem”). These difficulties may be resolved within the CDM
picture by refining the properties of the exotic matter.

Alternatively, problems with the growth of large-scale structure are sub-
stantially eased in models with larger ratios of 1, , to {ly,,. In Model 1,
for instance, Fig. 2 shows that redshift = = 4 corresponds to between 9.3
and 11.9 Gyr after the big bang (depending on the value of H,), giving the
galaxies seven times longer to form. The expansion rate at this redshift is
only 0.7 times its present value. Nor is the low (present) density of grav-
itating matter a hindrance in this model, because (,,(z) reaches levels as
high as four times the critical density at redshifts near z ~ 5 (Fig. 3). It is
natural to associate this redshift with the onset of galaxy formation, and



it would be of great interest to test “slightly-closed” cosmologies of this
kind via numerical simulations. Studies carried out to date (e.g. by the
VIRGO collaboration'!) have been restricted to flat and open models, with
A-dominated models giving a distribution of mass which comes closest to
the observed distribution of light in the Universe.

2. The Matter Density Parameter

We wish to review the current status of the parameters Q,,, and 2, ,. Let
us begin our inventory with the contribution to 2y, , from luminous baryons
(i.e. those in stars), whose density can be inferred from the observed lumi-
nosity density of the Universe. A recent estimate!? is:

Quom = (0.0027 £ 0.0014)R; 1, (5)

where h, is the present value of H, expressed in units of 100 km s~! Mpc—!.

This latter parameter is unfortunately not yet fixed by observation, and we
pause to discuss its value before proceeding. Using various relative-distance
methods, all calibrated against Cepheid variable stars in the Large Magel-
lanic Cloud (LMC}, the Hubble Key Project (HKP) team has determined
that h, = 0.71 £ 0.06.12 “Absolute” methods (e.g. gravitational lensing
time delays [GLTDs| and the Sunyaev-Zeldovich or SZ effect) have higher
uncertainties but are roughly consistent with this, h, &~ 0.65 & 0.10. The
near convergence of these approaches has been widely hailed, with many
asserting that precision values of h, are nearly upon us.

On the other hand, a recalibrated LMC Cepheid period-luminosity re-
lation based on a much larger Cepheid sample (from the OGLE collabo-
ration) leads to a considerably higher value of h, = 0.85 £ 0.05.1* And
data on water masers in the galaxy NGC4258 leads to a purely geometric
distance!® which also implies that the traditional calibration is off, boosting
Cepheid-based estimates by 12 + 9%.1¢ This would raise the HKP value to
ho = 0.80 £ 0.09. Independent support for such a recalibration comes from
observations of eclipsing binaries and “red clump stars” in the LMC. The
absolute methods are also vulnerable to systematic effects: GLTD-based
values of h,, which are routinely computed assuming EdS, rise by about
7% (on average) in ACDM, and 9% in open models.

“Hubble fatigue” may therefore have prompted cosmologists to embrace
prematurely small levels of uncertainty in h,. We consider two two possi-
bilities in what follows: a “low value” of h, = 0.7 and a “high value” of
h, = 0.9. This modest range turns out to discriminate powerfully between
the cosmological models considered here. To a large extent this is a func-
tion of their ages. Fig. 2 reveals, for example, that ACDM (represented by
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Model 6) is 13.5 Gyr old if h, = 0.7, or 10.5 Gyr if h, = 0.9. The oldest
stars seen in the Milky Way have an age of 15.6 + 4.6 Gyr,!” setting a firm
lower limit of 11.0 Gyr on the age of the Universe. This is enough to rule
out ACDM with the high value of h,, but not the low one. Model 1 faces
the opposite problem: Fig. 2 shows that it has a total age of 30.2 Gyr if
ho = 0.9, or 38.8 Gyr if h, = 0.7. Both numbers are larger than most cos-
mologists are prepared to accept. However, upper limits on the age of the
Universe are not as secure as lower ones. One must take into account, for
instance, that the galaxy formation associated above with redshifts z ~ 4
occured between 9 and 12 Gyr after the big bang in this model, so that
galaxies would not be older than 24 + 3 Gyr in any case.

There are various ways to test such a hypothesis. One might expect
a greater spread in galaxy ages (and hence colors) at z ~ 4, given their
longer formation time. Galaxies in Model 1 had ~ 6 Gyr to form, or about
~ 25% of their nominal lifetime, according to Fig. 2 (with h, = 0.9). The
corresponding fraction in Model 6 is < 10%. This may not necessarily
translate into a difference between observed color spreads, however, since
high-redshift galaxies are seen principally during (relatively brief) episodes
of star formation. Very old galaxies, if they exist, should also be present
at lower redshifts. They would be inherently faint and reddened, making
them difficult to find and distinguish from younger objects which are sim-
ply obscured by dust. If our own Milky Way is not unusually young, we
should also expect to find large numbers of dead stars in the galactic halo.
These would act as microlenses, inducing variability in background stars
and quasars, even if they were too dim to be seen directly. Such objects
have now been detected in the direction of the LMC (see below).

Returning to the density of luminous matter, we find with our values
for h, that Eq. (5) gives

Quw = 0.0034 £ 0.0018. (6)

The visible Universe, in other words, constitutes an insignificant 0.5% or
less of the critical density.

Some baryons, of course, may not be visible. The theory of cosmic nu-
cleosynthesis provides us with an independent method for determining the
density of total baryonic matter in the Universe, based on the assumption
that the light elements we see today were forged in the furnace of the hot
big bang. Results using different light elements agree tolerably well, which
is impressive in itself. The primordial abundances of *He (by mass) and
"Li (relative to H) imply a baryon density of Qpar = (0.011 % 0.005)h; 2,8
whereas measurements based exclusively on the primordial D/H abundance
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give a higher value: Qp,n = (0.019 £ 0.002)h;2.1® These do not overlap.
In our view it is premature at present to exclude either one. We therefore
adopt the same strategy here as with Hubble’s parameter, retaining a “low”
value of 0.01h; 2 and a “high” one of 0.02h;2. Combining this with our
range of values for h,, we find

Qpar = 0.012 — 0.041. (7)

One can obtain the same numbers by the entirely independent method of
adding up individual contributions from all known repositories of baryonic
matter via their estimated mass-to-light (M/L) ratios.!2 If Qror, is close
to unity (as is now believed), then it follows from Eq. (7) that baryons —
and everything that would have been recognized as “matter” before 1930
— make up less than 5% of the Universe by mass.

Most of these baryons, moreover, are invisible. Using Eq. (5) together
with our ranges of values for h, and Qg,r, we find a baryonic dark-matter
fraction fapy = 1 — Quum/Qsar = 77% — 95%. Where could the unseen
baryons be? One possibility is that they are smoothly distributed in the
form of a gaseous intergalactic medium, which would have to be strongly
ionized in order to explain why it has not left a more obvious signature
in quasar absorption spectra. Alternatively, they could be bound up in
dark-matter clumps such as substellar objects (jupiters, brown dwarfs) or
stellar remnants (white, red and black dwarfs, neutron stars, black holes).
Objects at the low-mass end of the spectrum (e.g. brown dwarfs) are too
light to make a significant contribution, while those at the high-mass end
(e.g. supermassive black holes) cannot be very important or they would
have made their presence obvious through tidal disruptions and lensing
effects. Attention has therefore focused on dark clumps of approximately
solar mass. Microlensing of stars in the LMC has shown that such objects
do exist in the halo of the Milky Way (where they are known as massive
compact halo objects, or MACHOs). They appear to make up no more than
50% of the mass of the halo under natural assumptions.?® The identity of
these objects has not yet been established.

The suggestion that Q,,, receives contributions from a second species
of invisible matter, the exotic cold dark matter (CDM), has been primar-
ily motivated in three ways: (1) a range of observational arguments imply
that there is more gravitating matter on galactic and larger scales than
can be accounted for baryons and neutrinos alone; (2) our current under-
standing of large-scale structure formation requires the process to be helped
along by some form of cold (i.e. nonrelativistic), weakly-interacting matter
in the early universe with properties different from those of baryons and
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neutrinos; and (3) theoretical physics supplies several plausible (albeit still
hypothetical) candidate CDM particles. Since our ideas on structure for-
mation may yet change, and the candidate particles may not materialize,
the case for exotic CDM turns on the observational arguments. The lower
limit is crucial: only if 2, > OQgar + 2, do we require Qcpy > 0.

The arguments can be broken into two classes: those which are purely
empirical, and those which assume in addition the validity of the gravita-
tional instability (GI) picture of structure formation. Empirical arguments
employ such things as galactic rotation curves, mass-to-light ratios, the
baryon fraction in galaxy clusters, and radio galaxy lobes as standard rulers.
These are compatible in some cases with £y, = Qsar (i-€. Qcpm = 0), and
generally imply that Q. < 0.4 or lower. Arguments based on GI theory
involve phenomena such as the evolution of cluster number density with
redshift, changes in the power spectra of large-scale structures, and the
distribution of galaxy peculiar velocities. They are “circular” in the sense
that structure could not have evolved in the way envisioned unless 1y, is
considerably larger than Q.. But inasmuch as GI theory is currently the
only structure-formation theory we have which is both fully worked out and
in reasonable agreement with observations (at least on large scales), they
deserve to be taken seriously. GI-based arguments suggest that Qy,, = 0.2
or higher. In the literature one often finds the results of both empiri-
cal and Gl-based arguments combined into a single bound of the form
Quo ~ 0.3 £ 0.1. This constitutes a “proof” of the existence of exotic
CDM, since Qgar < 0.05 from Eq. (7). (Neutrinos do not affect this as we
note below.) However, we believe such a limit to be overly optimistic. Tak-
ing the uncertainties in the individual arguments into account, our reading
of the evidence suggests to us?! that

_ [0.1-0.5 (GI theory)
floou { 0-0.4 (otherwise). ®)

If our understanding of structure formation via gravitational instability is
correct, then exotic CDM must exist. Conversely, if exotic CDM does not
exist, then our understanding of structure formation is incomplete.

The question, of course, becomes moot if exotic CDM (with Qcpm ~ 0.3)
is discovered in the laboratory. Theorists have proposed a long list of par-
ticle candidates with varying degrees of testability (see®? for a review).
Two, the axion and the weakly interacting massive particle (WIMP), have
emerged as most plausible because they are: (1) cold (i.e. nonrelativistic
in the early Universe), (2) weakly-interacting enough to drop out of equi-
librium with the primordial fireball well before baryons; and (3) expected
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to have a collective density close to the critical one. Experimental detec-
tion efforts around the world are now directed at both particles. While
they have not turned up anything so far, most of the theoretical parameter
space remains unexplored.

The third contribution to 0, is now believed to come from neutrinos.
With their existence beyond dispute, and a number density comparable to
that of photons, these dark-matter candidates were indeed once favoured
to provide the entire critical density. Any such hopes have been dashed by
analyses of structure formation in relativistic or hot dark-matter (HDM)
dominated models. Neutrinos are able to stream freely out of density per-
turbations in the early Universe, erasing them before they have a chance
to grow. The observed abundance of large-scale structures imposes an up-
per bound on the neutrino rest energy of m,c? < (9.2 eV)Qcpy for flat
models with 0 < Qcpy < 0.6.2% Dividing m,n, by the critical density of
the Universe gives a neutrino density Q, = (3. m,n,/94 eV)h; 2, so that
0, < 0.12Qcpm (if ke = 0.9) or 0.20Qcpy (if ho = 0.7).

Lower limits on €2, have come from experiments indicating that neutrino
species “oscillate,” a process which can only take place if m, > 0. The
strongest evidence comes from Super-Kamiokande, which has reported that
the square of the difference of of 7- and u-neutrino rest energies lies between
5% 107* eV* and 6 x 103 eV?.24 If neutrino masses are hierarchical (like
those of other fermions) then m,_ > m,, and m, ¢ > 0.02 eV. This
implies that Q, > 0.0003 (if h, = 0.9) or 0.0005 (if h, = 0.7). If, instead,
neutrino masses are nearly degenerate, then their combined contributions
to €, would be larger than this, but could not exceed the above structure-
formation bound in any case. We conclude that

Q, = 0.0003 — 0.2Qpur. (9)

The neutrino contribution to {2, is anywhere from an order of magnitude
below that of the visible stars and galaxies to as much as one-fifth of that
attributed to exotic CDM.

3. The Vacuum Energy Density Parameter €2, ,

Let us move on to the vacuum density parameter 0, ,, which is just Ein-
stein’s cosmological constant in new clothes (2, , = Ac?/3H2). When
Einstein realized in 1931 that the value of A could not be determined from
observations available at that time, he recommended dropping the term
“aus Griinden der logischen Okonomie” (for reasons of logical economy).
The saying famously attributed to him by Gamow, “Die Einfiihrung von
Lambda war vielleicht die grofite Eselei in meinem Leben” (“perhaps the
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biggest blunder in my life”) prompted most observational astronomers to
drop the A-term entirely a priori. This attitude prevailed until very re-
cently, leading cosmology almost into a dead end. In this context Steven
Weinberg wrote in 1993, “The experience of the past three quarters of our
century has taught us distrust such assumptions. We generally find that
any complication in our theories that is not forbidden by some symmetry
or other fundamental principle actually occurs.”?®

But what is the physical meaning of A? We have seen above that this
term is connected with three important macroscopic quantities: the asymp-
totic expansion rate of the Universe (Ac? = 3HZ2), the curvature of the
closed Universe at the epoch of maximum matter density (R, = 1/v/A)
and the energy density of the cosmological vacuum (p,¢* = Act/87G). At
a microscopic level, it remains an open problem how to account for such
a vacuum energy density in terms of the ground states of quantized fields
(see Hans Blome’s contribution to these proceedings).

Let us pass now to the observational data on Q, ,. As remarked above,
numerical simulations of large-scale structure formation appear to favour
A-dominated models. Suggestions of a lower limit on 2, , have also come
from galaxy counts at faint magnitudes. Upper limits have been reported
based on the statistics of gravitational lenses, and (for closed models) the
redshift of the antipodes, which must be greater than the redshifts of
normally-lensed objects and less than the redshift of the last scattering
surface. (Model 1 in Figs. 2 and 3 has its antipodes at z =~ 12 and meets
both requirements; Fig. 4.) We have discussed these tests in more detail
elsewhere.?! Observations of the extragalactic background light (EBL) are
also improving to the point where it may become feasible to constrain the
value of {2, , by this method in the near future.?

In 1998-99, two independent, teams reported measurements of {2, , based
on the use of Type Ia supernovae (SNIa) in the classical magnitude-redshift
relation.?827 Their results came as a surprise to many, implying that

Dpo = %QM,O + % + % (10)
This finding, more than any other, appears to have convinced the majority
of cosmologists to reconsider the possibility of a vacuum-dominated Uni-
verse. We caution, however, that there are a number of possible systematic
effects whose ramifications have yet to be fully worked out.

Beginning in 2000, more precise constraints on {2, , began to come in
from measurements of the angular power spectrum of fluctuations in the
CMB.28:29:30 The location of the first peak in this spectrum is a direct
measure of the largest size of fluctuations in the primordial plasma at the
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Qyy0=0.014
Q, 0=1.08
. hp=0.9

Q=1 '
Q400 * Y oayz

he=0.5

1012 1620

Figure 4. Two-dimensional slices in time of the flat EdS model (Qm,o0 = 1,040 = 0)
with ho = 0.5 (left), and the closed Model 1 of Figs. 2 and 3 with ho = 0.9 (right). There
is nearly ten times as much linear distance between redshifts z = 3 and 4 in the closed
model as there is in the flat one (both figures to same scale).

moment of last scattering, as seen through the “lens” of a curved Universe,
and implies that®

Qao = 1111013 — Q. (11)

This result is more reliable than the others discussed so far because it by-
passes “local” phenomena such as supernovae, galaxies, and even lensed
quasars; taking us directly back to the radiation-dominated era when
physics was simpler. Let us therefore use Eq. (11) to calculate the energy
density of the vacuum. Summing the baryon, exotic CDM, and neutrino
densities — Eqgs. (7), (8) and (9) respectively — gives the total matter
density 2, ,. Substituting this into Eq. (11), we find

0. - 0.3 - 1.1 (GI theory)
%71 0.4 - 1.2 (otherwise).

Vacuum energy thus makes up most of the Universe, while baryons — the
constituents of our familiar world — appear almost incidental.

The basis for ACDM as the new favourite among cosmological models
lies in the approximate orthogonality of the CMB and supernova bounds,
Egs. (10) and (11). Indeed, if we take both of these results at face value,
we can substitute one into the other and solve to find 2, , = 0.78 £ 0.23
and Qy, = 0.33 £ 0.22. The fact that this latter number is very near the
center of the range of allowed values for 1, , in Eq. (8) has been taken as a
further sign of the basic correctness of both the ACDM model in particular
and the GI theory of structure formation in general.

(12)
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Figure 5. Evolution of Q and Q4 in the Abar and ACDM models (Models 1 and 6 in
Figs. 2 and 3). Time is set to zero at the present epoch; tpg, the time of the big bang, is
calculated using ho = 0.9 for Abar (bottom scale) and ho = 0.7 for ACDM (top scale).

While this is a self-consistent account, and one that agrees with most
observations, it suffers from one flaw: it is inherently improbable. The
densities of baryonic matter (and exotic CDM, should it exist) evolve at a
very different rate from neutrinos; and both of these components evolve at
very different rates from vacuum energy. So one has three kinds of matter
which should not have anything like the same density parameters at any
given time — and yet two of them (at least) do. In the ACDM picture, in
particular, it seems that we happen to live at a time when Q, , and Qu,
are separated by a mere factor of two. Over the first 80 Gyr or so of the
age of the Universe (i.e. the lifetime of the galaxies), Fig. 5 shows that
this does indeed seem to put us “preposterously” close to the brief moment
(cosmologically speaking) when 2, o & Q.

In Fig. 5, we have also plotted the evolution of €2, , and 2y, for the
closed Model 1 of Figs. 2 and 3, which we term here the “Abar” model (for
A plus baryons only). This model, which was first proposed by Liebscher et
al in 1992,3 is less preposterous than ACDM in the sense that a factor of
~ 80 (rather than two) separates the presently observed values of vacuum
energy and matter density. Indeed these parameters are much closer to their
“cosmological average” values of one and zero respectively. While this in
itself does not constitute a case for the model, it prompts us to wonder
whether A might not be more important than most cosmologists have been
willing to consider. Could vacuum energy be not just the dominant, but
the only significant component of the dark matter?

Such an idea would have been unthinkable only a few years ago, when it
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. SCHEMATIC

1
4260 4280 4300 4320 A

Figure 6. Schematic illustration of a network of cell-like structures, with Ly absorption
lines seen by an observer in the spectrum of a distant quasar due to the fact that the
line of sight passes through the cell walls.

was still routine to set {1, , = 0 and cosmologists had two main choices: the
“true faith” (Qy,, = 1), or the “reformed” (with each believer being free to
choose his or her own value near 2, , = 0.3). All this has been irrevocably
altered by the CMB experiments. If there is a single guiding principle now,
it is no longer y, & 0.3, and certainly not 2, , = 0; it is Qyo + Qro = 1
from the power spectrum of the CMB. With this in mind, we will conclude
with a few words about the Abar model, which has ;o + 92,0 = 1.094 in
excellent agreement with Eq. (11).

The first evidence in favour of such a model emerged from high-
resolution quasar spectra in the Lyman « forest.®* The method was de-
scribed by one of us at the 1994 Erice School®! so we give only an outline
here. One supposes that Lya absorbers, like galaxies, are distributed with
a cell-like structure, and that absorption lines are produced when the line
of sight to a distant quasar cuts through the cell walls (Fig. 6). The as-
sumption is then made that the cells expand with the Hubble flow, and
that evolution within them can be neglected. This is logical, given that the
expansion velocity of a typical cell would be of order ~ 3000 kmm /s, whereas
peculiar motions inside the cell walls would not exceed ~ 300 km/s. One
then counts the lines and measures the mean spacing AX between them.
This gives the redshift spacing Az(z) of the cells as a function of redshift,
which may in turn be related to their comoving coordinate size Ax by
[Az(2)]? = (RyAx/c)?H?(z), where ¥ is the radial coordinate distance.
Here Az is an observable and H?(z) is given as a function of z by Eq. (3),
so one has a simple regression problem; and one, moreover, with no linear
term. A least-squares fit leads directly to the values?

Quro = 0.014 +0.006, €, , = 1.08 =+ 0.03. (13)
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Figure 7. Observational data on the CMB power spectrum from the BOOMERANG (filled
circles) and MAXIMA experiments (open circles), together with theoretical expectations
based on a ACDM model (left) with Qpar = 0.039,Qcpm = 0.317,Q4,0 = 0.644 and
ho = 0.7; and a closed Abar model (right) with Qgar = 0.034, Qcpm = 0, Q4,0 = 1.006
and ho = 0.75. Figure courtesy S. McGaugh.

This result passes several basic consistency tests. First, the sum of
(o + 24,0 matches that seen in the CMB experiments, Eq. (11). Second,
the value of €y, is within the bounds imposed by cosmic nucleosynthesis,
favouring low values of Q5,n and high values of by (2p4r < 0.016h2 for
he = 0.9, or hy > 0.71 for 5, = 0.01h;2). And thirdly, the regression fit
is found to pass through z = 0 at Az ~ 0.009, in good agreement with the
distribution of galaxy structure seen in our own cosmic neighborhood.??
These phenomena involve independent physics on widely different scales,
and we would regard it as remarkable for a simple procedure like the one
described above to agree with all three by chance alone. Other aspects of
this approach have been reviewed elsewhere.?!:31:33

New evidence for the Abar-type universe has come from the angular
power spectrum of the CMB (Fig. 7). The odd-numbered peaks in this
spectrum are produced by regions of the primordial plasma which are max-
imally compressed by infalling material, while the even ones correspond to
maximally rarefied regions which have rebounded due to photon pressure.
A high baryon-to-photon ratio enhances the compressions and retards the
rarefractions, thus suppressing the height of, e.g. the second peak rela-
tive to the first. The strength of this effect depends on the fraction of
baryons (relative to the more weakly-bound neutrinos and CDM particles)
in the overdense regions. Data taken by the BOOMERANG and MAXIMA
experiments show a strong suppression of the second peak relative to the
first, inconsistent with expectations based on the ACDM model (Fig. 7,
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left-hand side). The ratio of baryons to CDM in the plasma thus appears
to be higher than predicted. If the assumed CDM density is correct, then
the implied baryon density exceeds nucleosynthesis limits. It may be possi-
ble to avoid this conclusion by tilting the spectrum of initial perturbations
to disfavour smaller-scale (higher-order) peaks, or suppressing these peaks
with processes such as delayed recombination.

The alternative is to take the apparent lack of CDM at face value.
This can either be done in a half-hearted or whole-hearted way. The half-
hearted way is to retain a minimum density of CDM with a statistical
“prior.” Thus, requiring that Qcpy > 0.1, but otherwise fitting the com-
bined BOOMERANG, MAXIMA and COBE data, one obtains a model® with
best-fit parameters Qgar = 0.032h;2 and Qopn = 0.14h72. The whole-
hearted approach, which may however require extending the standard pic-
ture of structure formation, is to drop the requirement of CDM altogether.
Results are shown in Fig. 7 (right-hand side), which is a statistical fit to
Qoar with Qcom = 0 and h, = 0.75.34 The best-fit model passes neatly
through both peaks and has Qy, = Qgan = 0.034,Q,, = 1.006, in agree-
ment with nucleosynthesis as well as Eq. (13). This model has an age of
22.2 Gyr (with h, = 0.75), and a total density parameter slightly above one.
Similar models have been considered in other analyses of the BOOMERANG
and MAXIMA data.?536 Thus the shape of the CMB power spectrum, along
with the spectra of Lya absorbers, suggest to us that we may live in a closed
accelerating Universe, dominated by vacuum energy and with no significant
contributions from CDM or neutrinos.

4. The (Four?) Elements of Modern Cosmology

Collecting Egs. (7), (8), (9), (11) and (12), we may summarize the present
contributions of baryons, exotic CDM, neutrinos and vacuum energy to the
total density of the Universe as follows:
Qpar = 0.012 — 0.041
S {0.1 — 0.5 (GI theory)
PM T 0-0.4 (otherwise)
Q, = 0.0003 — 0.2Q¢om

0. = 0.3 — 1.1 (GI theory)
%71 0.4~1.2 (otherwise)

Qroro = 0.99 — 1.24,9 (14)

where “GI” refers to gravitational instability theory. Baryons, the stuff of
which we are made, are apparently little more than a cosmic afterthought.
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Figure 8. The “four elements” of cosmology, past and present. (Adapted from a 1519
edition of Aristotle’s De caelo by Johann Eck; see?! for discussion.)

This has rightly been described as a “second Copernican revolution” and
lends a double meaning to the identification of baryons with “earth,” the
first element of modern cosmology (Fig. 8). Neutrinos (“air”) and exotic
CDM (“water”) may both play more significant roles in determining the
past and future evolution of the Universe, though this is not certain. What
is clear is that all three forms of matter are dwarfed in importance by a
newcomer whose physical origin remains shrouded in obscurity: the energy
of the vacuum (“fire”). We have argued that this may in fact dominate
so completely that there is no room for significant amounts of exotic dark
matter at all. This would simplify our picture of the Universe, ease problems
with the “preposterously” fine-tuned values of the observed cosmological
parameters, and allow more time for galaxies and other structures to form.
It would also, however, require that we modify the GI paradigm. We have
reviewed the various lines of observational argument, both for and against
such an idea. It appears to us quite possible that the vacuum density 2, ,
is close to one, that the sole contributions to the matter density 0, come
from a small amount of baryons and neutrinos, and that £, , and Qy,
together are enough to “just close” the Universe.
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We review the importance of coherence and nonlocal entanglement in quantum cos-
mology. In particular, the origin of quantum temperature for the Universe itself
is explored using the thermalization theorems in quantum gravity. The result-
ing temperatures for accelerating Friedmann-Lemaitre-Robertson-Walker models
are compared with the classical Gamow temperature which follows from general
relativity for the matter- and radiation-dominated eras of the Big Bang model.

1. Introduction

The temperature of the Universe is an important concept in cosmology
because of the significance it has for our understanding of the origin, his-
tory, and evolution of what astrophysicists observe today. Measurements
of the remnant photon gas!>? known as the cosmic microwave background
radiation (CMBR) have found a photon temperature of 2.73 K. Maps of
anisotropies in that background temperature are disclosing much about
early fluctuations that may have contributed to the formation of large-
scale structure. In a related development, recent observations®4 also seem
to indicate that the Universe is not only expanding but accelerating as well.

The interesting physics question of deriving these temperatures for an
accelerating model from first principles is not usually addressed because
cosmology involves a complex mixture of classical relativity and quantum
physics. The subject of quantum cosmology per se began in 1931 when
LemaitreS introduced the startling idea that perhaps the entire Universe
originated from the explosion of some sort of quantum object or primeval
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atom. In spite of the marvelous successes in both theory and observation of
what is now called the standard Big Bang model, many questions remain
unanswered. One basic aspect of quantum physics is passionately avoided
or disregarded completely in cosmology. This is the subject of quantum
entanglement®, in spite of the fact that it has been well established in
experimental laboratories. We will attempt to show here the importance
of entanglement as a fundamental feature of cosmology and relate it to the
derivation of the quantum temperature of accelerating Universe models.

Nonlocality and entanlement in quantum field theory will be used inter-
changeably throughout. The focus will involve both the pre-Planck era of
the very early Universe and the future Universe as well. Similar to sugges-
tions made in string theory’, the point of view will be that there is physics
in the pre-Planck era and beyond the Planck scale. However, the further
we look back in cosmic time, the more nonlocal that physics becomes.

2. Horizons and Nonlocal Quantum Cosmology

Horizons first came into prominence in the study of gravitational collapse
and cosmology. However, they are ubiquitous and encompass every realm of
physics from the Planck scale to the macroscopic Universe. They are clas-
sical in origin and basically split the structure of spacetime up into distinct
and disjoint parts. Quantum physics, on the other hand, is a formalism
concerned with the physical behavior of elementary particles, atoms, and
molecules characterized by a wave function ¥(z) which is strongly depen-
dent upon the property of coherence. A quantum object 1(z) is subject
to axiomatic constraints that derive from this coherence in Hilbert space.
Unlike spacetime, there are no horizons in Hilbert space. So how do the
classical and quantum worlds relate in cosmology?

The first problem presented by horizons is that they result in classical
spacetime being broken up into causally disconnected regions with different
vacua that cannot communicate with one another. They basically arise
because of relativity, and a short phase of exponential expansion in the
very early Universe has been suggested to cope with this problem?® although
some® contend that such inflation is not a general solution.

The horizon problem is illustrated in Fig. 1 for arbitrary spacetimes,
adapted from the treatment due to Penrose!?. The light cones in Minkowski
spacetime become the past null cones defining the particle and event hori-
zons introduced by Rindler!!. These will be depicted as Penrose diagrams
for curved spacetime backgrounds in what follows.
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unobserved
particles

abserver

Figure 1. Spacetime horizons as introduced by Rindler and Penrose. Dashed lines
represent future and past lightcones for a spacelike hypersurface S. That part of S
outside the lightcone is So. (a) When I~ is spacelike, a particle horizon occurs. (b)
When It is spacelike an event horizon occurs.

Quantum entanglement can also be characterized using Fig. 1. When
there exists global coherence in Hilbert space, nonlocal interactions neces-
sarily couple a (z) inside its lightcone at S; with other ¥(z)’s outside its
lightcone at S, by means of a quantum interaction potential. The neglect of
this coherence might be described as the quantum entanglement problem.

3. Examples: Nonlocality in Nuclear Physics and Quantum
Mechanics

What are some specific examples of nonlocality and quantum entanglement
in physics? The answer will provide several of the principal tools for physics
at the Planck scale.

One of the best examples appears in nuclear physics. It follows directly
from Heisenberg’s uncertainty principle

AzAp, > h/2 (1)

where h is Planck’s constant divided by 2x. When classical physicists
speak of a point £ = {x,ct} in spacetime (with boldface Latin charac-
ters and indices j representing 3-space vectors and Greek indices p running
as u = 0,1,2,3) they mean a precise mathematical point. However, an
exact specification of point z in (1) creates an indeterminacy in the quan-
tum momentum p, = —thd; which becomes an infinite nonlocal operator
(one which cannot be expressed as a simple finite polynomial in the space
derivatives 8;). Such an operator necessarily requires spacelike support
outside the lightcone of classical relativity as shown in Fig. 1 for all of S,
not simply S = S;. This is the first new piece of physics that circumvents
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the restrictions of Einstein’s special theory of relativity, and it arises from
the assumption of coherence of the wave function ¥ in quantum mechanics.

How does this come about? The general eigenvalue problem for en-
ergy E in terms of a nonlocal potential V(r,r’) is described by an integro-
differential Schrodinger equation

2
_;—mVZ\I/(r) +/d3T'V(r, r')¥(r') = E¥(r) (2)

where knowledge of ¥ for all r' on the spacelike hypersurface S = S; + S,
in Fig. 1a is required to determine the interaction at r. A local potential is
simply a special case of the nonlocal one, with

V(r,m")iocal = 6(r — ')V (r) (3)

whereby (2) reduces to the conventional (local) Schrédinger equation using
(3). Historically, Schrodinger implicitly assumed (3) which made a wave-
function (r) at the point r be determined by the potential V(r) at the
same point and nowhere else, such as r’ £ r.

It can be shown!? that the appearance of V(r,r’) in (2) is equivalent
to introducing a momentum-dependent potential, as V(r,r’) — V(r,p) or
V(z,z') — V(z, p}), resulting in the presence of off-diagonal matrix elements
in the energy eigenvalue problem. It is the occurrence of powers of p in
V(r, p) from which it follows that all derivatives of V (e.g., V as a continuous
analytic function) are tacitly assumed (in classical relativity) to be known
at a spacetime point v’ whereby the value of V anywhere depends upon the
value of V everywhere else. This mathematical truth about Schrédinger’s
Eq. (2) has nothing to do with acausal propagation, because the potential
V is not an observable in quantum theory. Rather, it is the quantum
coherence introduced by the requirement that 1) be complete in the Hilbert
space and be defined over all spacetime which is the new experimental
result. Momentum-dependent potentials have been used successfully in the
optical model of nuclear physics!3~16,

4. BCS Theory and Quantum Cosmology

Another experimental example is the BCS (Bardeen, Cooper, Schrieffer)
theory of superconductivity!”!®. To understand this connection, acceler-
ated frames must now be introduced in the context of spacetime horizons.
The fundamental concept is that of a Rindler frame!®, shown in Fig. 2.
When an observer in Minkowski space is subjected to a uniform proper
acceleration g, spacetime is split up into four quadrants I, II, ¥, and P due to
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i+
Horizon
s/ F s
& = constant
i i1
/

P —

§- J

Figure 2. Nonlocal quantum field theory in accelerated Rindler space. (a) Two-
dimensional Minkowski spacetime (x, ct) consists of four quadrants, covered by separate
coordinate patches: Two wedges I (when = > |ct|) and II {when z < [ct|) created by
Rindler coordinates (£, cn), plus a future (F) and past (P) region. The horizontal dashed
line is a spacelike hypersurface S at t =t,. (b) Conformal Penrose diagram of (a).

the appearance of horizons & = 0 and 7 = 0 illustrated in Fig. 2a. This can
be shown by considering a two-dimensional Minkowski space with metric
ds?* = dudp = c?dt? — dz?. The Minkowski frame X(z,ct) coordinates
transform to the accelerated Rindler frame Yy..(€, cn) as follows?

T = cQg'legg/CZCosh gn/c (4)
ct = g~ 19/ sinh gn/c (5)

where g > 0 is the constant uniform acceleration, while the Rindler “time” is
coordinate n > —oo and Rindler “space” is coordinate £ < co. Equivalently,

U= —cg le~9v/e (6)

U= 4cg~tetov/c : (7)

where u = ¢ — €, v = en+ ¢, transform the Rindler metric ds? = dadp into
ds? = €298/ °dudy = 298/¢(Pdn?® — de?). (8)

The conformal Penrose diagram of Rindler space in Fig. 2b illustrates that
the infinite Minkowski frame for any observer on £=constant maps into two
causally disjoint wedges (I and II).
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Lee?!~23 and Coleman cited therein have shown that in such an acceler-
ated Rindler frame the Minkowski vacuum [Ops > is a coherent state with
a BCS-type pair correlation between two Rindler quanta, one inside and
one outside the Rindler horizon created by the uniform acceleration g

|Op >= constant[emp(z e_"“’k/ga,tag)][OR > . (9)
k

|Op > is the Rindler vacuum, a,t is a creation operator, and primes
designate from which of two accelerated Rindler wedges Zg..{¢,cn) or
X! (&, cn’) the quanta originate in Fig. 2 for any hypersurface ¢ = #,.

5. Rindler Wedges and Time-Like Killing Vectors

An important pedagogical concept follows from the previous section con-
cerning the Rindler vacuum, with reference now to Fig. 3. To say that
|Op > is a coherent state of Rindler pairs is to picture it as a vacuum
condensate. Every particle traveling in one direction on the hyperbola £ =
constant in wedge I of Fig. 2a has a ‘twin’ traveling on the equivalent hy-
perbola in wedge II but in the opposite direction. This is a consequence of
the global coherence condition for the vacuum and is the origin of matter-
antimatter pair production in quantum physics. Although these pairs exist
in causally disconnected spacetimes (lying outside each other’s lightcones),
they are intimately connected in Hilbert space.

Rindler Wedge
#1

Rindler Wedge
#11

5=5+5,

v Spacelike Hypersurface

Figure 3. Rindler wedges I and II in Fig. 2b, separated for emphasis. The portion of
dashed line contains no mathematical points mapped from Minkowski space.

The BCS-type twins have related time-like Killing vectors defined by
+0, in wedge I and ~0,, in wedge II. Positive frequency modes with respect
to +8, and negative frequency modes with respect to —0, appear, a mixture



29

is formed with nonzero Bogoliubov coefficients2*, and pairs of particles are
produced as thermal radiation. In F and P the time-like Killing vectors
become spacelike and no radiation results there. Time-like Killing vector
fields are thoroughly discussed?®:?5 and given for the de Sitter space?® which
concerns us later.

When one allows the uniform Rindler acceleration g to become zero
(g — 0), the Rindler horizons and wedges disappear, a conformal Minkowski
spacetime is recovered, and a marvelous piece of physics occurs that saves
‘causality’ by what has been called a flat-space miracle?”. The quantum
field theory contributions for the two twin particles exactly cancel out.

If instead we excite or accelerate the vacuum into a Rindler state, we
recognize that it is actually a BCS-type condensate from which emerges
pair production and the quantum field theory contributions do not cancel
out. This is the quantum origin of thermal radiation that is of interest in
cosmology and astrophysics. Furthermore, because of global coherence in
Rindler space an excitation of one wedge must necessarily produce inter-
ference with the quantum state in the other wedge via Hilbert space.

6. Lee’s Theorem and Quantum Gravity

At this point, it is necessary to introduce the so-called thermalization the-
orems. The most fundamental is due to Bisognano and Wichmann?®2?,
and the subject has been reviewed by Takagi®®. Lee’s Theorem?!~23will be
used in the derivations here because of the simplicity with which it relates
directly to quantum gravity>!

Lee begins with the axiomatic requirement in quantum theory that a
globally coherent wave function must have support from the entire spacelike
hypersurface S in Fig. 1 and Fig. 2 and therefore from inside (S;) and
outside (S,) the observer’s horizon: S = §;+5,. This is the global coherence
condition which we have already discussed. Using Euclidean quantum field
theory (Wick-rotating the Minkowski space Green’s functions e *H with
f = it into e”tH taking state vectors over the entire spacelike hypersurface
S), the horizons vanish and a complete, coherent quantum eigenstate is
constructable in Hilbert space.

Lee’s theorem then follows. Defining |Ops > as the ground state of the
total Hamiltonian Hjps in the Minkowski frame X(z, ct) shown in Fig. 2a,
the coordinate q-representation < q,q’'|Op > of that ground state is related
to a matrix element of the Rindler Hamiltonian H in the frame Z4..(€, cn),
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undergoing uniform acceleration g, by

< e %)g >

<Oumlg, ¢ >= . 10
mlaq (Trace e—27H/9)1/2 (10)
For any observable @ = @(q,0/dq) in 3,4, one obtains
Trace @ py
<0 Oy >= ——mmm, 11
M| @10m (Trace py) (11)

where p, is the corresponding vacuum-state density matrix p, = e~27H/9,

7. Examples of Lee’s Theorem

The vacuum expectation value of the occupation number operator nj; =
a,tak follows from (10) and (11) [Ref. 21, App. A and Eq. 2.24]

< Omlalar|On >= (e¥™/9 —1)71 (12)

which is the Rindler radiation formula derived using Bogoliubov trans-
formations 242220 in flat spacetime BCS theory. It corresponds to the
Rindler-Unruh temperature

Tuv = h(2rkge) g (13)

of isotropic scalar radiation in the Davies-Unruh effect®?33, observable by
an accelerated detector in X,.. where kg is the Boltzmann constant. Lee’s
proof of (12) and (13) is for scalar Spin-0 radiation but is readily extended
to radiation fields of arbitrary spin where the Hamiltonian H is a quadratic
function of the field, in any space-dimension with arbitrary interactions.
Friedberg, Lee, and Pang3* have done this for Spin-1/2 radiation fields.

Similarly, the theorem is extendable to metrics other than Rindler space
which are static or quasi-stationary curved spacetimes. The first example
is the Schwarzschild metric

2G'm
rel

ds® = c*(1 —

2Gm
)dt? — (1 — 2

)"ldr? —r?(d6? + sin®0dg®)  (14)
which represents a spherically symmetric curved background and acceler-
ated frame about a mass m with Newtonian gravitational constant G and ¢
the speed of light. In the classical, weak-field Newtonian approximation for
spherically symmetric metrics in general relativity, the coefficient of c2dt? in
(14) is equivalent to (1+ 2®y/c?) where @y is the effective Newtonian po-
tential @ = —Gm/r. From this one derives the gravitational acceleration
as g = —V,.®y = Gm/r®. The gravitational horizon appears when that

coefficient disappears, or &y = —%cg, which occurs at the Schwarzschild
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radius ry = 2Gm/c? and g = ¢*(4Gm)~! is called the surface gravity. By
replacing the Rindler acceleration g in (10) and (11) with the gravitational
acceleration at the Schwarzschild radius, the theorem gives

Tracele 8mC¢™H )]

Trace[e=87CGmH]

< Os|©|0s >= (15)
where now |Og > is the ground state of the scalar Hamiltonian H outside
the Schwarzschild radius (r > 2Gm/c?), and

Ty = he®(8rGmkg) ™! (16)

is the Hawking®® black-body temperature. That is, both Rindler-Unruh-
Davies and Hawking radiation follow from Lee’s theorem (10) and (11).
Gibbons and Hawking®® extended (16) by showing that each geodesic ob-
server in a de Sitter spacetime with a cosmological constant A # 0, detects
a temperature

Ten = i(rv/12) WA, (17)

(17) appears to be the first attempt to establish that cosmological horizons
radiate at some Rindler-type temperature.

8. Derivation of the Quantum Temperature of the
Accelerating Universe

We now discuss an extension of the above results to be published
elsewhere®”, in which Lee’s theorem (10) and (11) is used to determine
the temperature of scalar radiation in the Friedmann-Lemaitre (FL) mod-
els of “big bang” cosmology, with k = 0, A # 0, and metric in isotropic
Robertson-Walker (RW) form

dr?
1 —kr?
k is the curvature parameter and a = a(t) is the FL expansion factor de-
terminable from Einstein’s field equations the once a matter distribution is
specified. In order to draw a similar conclusion regarding Rindler accelera-
tion g in Lee’s theorem (10) and (11) as in the Schwarzschild case (14), the
RW metric (18) must be transformed into a spherically symmetric form.

ds® = cdt* — a(t)?] ] — r2(d6* + sin?6d¢?) . (18)

This is a straightforward procedure®¥—40 using the transformation
R =ra(t) (19)
2 1

1rs | T
T:t~t0+§c—2aa+0(c—4) (20)
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and retaining only quadratic terms in 72 and R? so that third-order mixing
terms vanish. The result is
. D2 2 2 p2
2 2 aR 2 ke a” R 2 207902 | or20742
ds® ~ c*[1— 5?2‘]‘” —[1+ (—a—2 + aE)C—Q]dR — R*(d0” + sin“fd¢*) .(21)
Note in (21) that the left-hand sides of the Einstein-Friedmann equations
>+ k2 8rG 1

— 3P+ §Ac2 (22)
a 4G 3 1
- = —3‘(1) + c—f) + 5A02 (23)

have appeared in this approximation. Notation is matter density p and
pressure p with cosmological constant A.

Following the Hubble parameterization, we define H = a/a along with
the deceleration parameter ¢ = —da/a?, and the isotropic metric (21) can
now be stated as

R? kc? R?

ds? ~ c?[1 + q%zc—Q]dTQ — 1+ (3 + 7“7)?1611352 — R%Q*,  (24)
having defined dQ? = (d6? + sin*0d¢?).

We are concerned here with those FL models for which metric (24)
approximates the familiar form similar to (14)

ds? ~ ¢?[1 R? dT? — 1 R “1dR? — R%2d0? 2
SNC["’YC—Q] —[—7c—2] - , (25)

with YR%/c? < 1 and [1 — yR?/c?|7! ~ [1 + yR?/c?]. (25) is the de Sitter
metric*! or an empty (m = 0) Kottler-Schwarzschild solution®?. It is also
referred to as the metric for a “harmonic oscillator potential”43.

For ¢ = —1 with k = 0 (an accelerating, open FL model where d > 0)
in (24) and (25), it necessarily follows that v = 32, making (24) and (25)
equivalent to the order of magnitude assumed in (19) and (20). This is the
metric of an effective cosmological term y = H? in (22) and (23) when p =
p =0, and H? = Ac?/3. Taking the negative gradient of the “Newtonian”
approximation potential ®y = +2¢H2R? in (24), one obtains acceleration
g = —Vr®y = —¢H?R. The horizon appears when ¢H2R? = —¢2, or
R = c¢/\/| — q/H and g = /| — q|Hc for defining the acceleration in (10)
and (11) or (9). For ¢ = —1 then
Trace @ [e~2™H/3¢]

Tracele—2wH/%c]

With ¢ # 1 cancelling, the temperature for ¢ = —1 follows as

Trr = ﬁ(?ﬂ'kB)_lg{ . (27)

< OrpLl @ |0OF >=

(26)
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Since H = /Ac?/3, (27) gives
L = h(2rkpv3)1VAc? (28)

which is equivalent to the Gibbons-Hawking result (17) in units ¢ = kg = 1.

The result in (27) and (28) can be arrived at using an entirely differ-
ent method, known as the KMS condition*%%52% (based on thermal equi-
librium). When the thermal Green’s functions are periodic in imaginary
(Euclidean) time, thermal fluctuations arise in quantum field theory. If
the metric can be put in periodic Euclidean form, the temperature follows
directly. The de Sitter space metric (25) can be written6

ds? = 2dt* — H?cosh?(Ht)[dx? — sin®xdQ?]. (29)

Under analytic continuation t — if, then cosh(Ht) — cos(Ht) with period
27 /H, and (27) follows directly.

However, de Sitter space has no deceleration parameter ¢. (24) was
derived here from the RW metric where ¢ is not a constant. The flat FL
models are strongly regulated by a = a(t) in metric (18) or (21). Since
a = aft) is asymptotically increasing, ¢ = ¢{t) modulates the Newtonian
potential by a small scale factor of % For early cosmic time (¢t < 1),
lg] = 0.5 and for late cosmic time (£ > 1), |g| = 1.0 which will be shown
analytically below.

Including all ¢ in the Newtonian harmonic oscillator argument that led
to (26) does not change the existence of time-like Killing vectors for this
spacetime except when ¢ = 0 and there is no Newtonian potential in (24).
We conclude that if (27) is a temperature for the ¢ < 0 limit (accelerating
FL models, or é& > 0), dimensionally the function is still a temperature for
all ¢ (including decelerating FL models when cosmic time ¢ is small).

Repeating the derivation of (26) with ¢ produces the direct result

Trace @ e~ 2mH/v/1-alHe

—2nH/+/|—q]Ke

< OrL| @ |0OpL >= (30)

Trace e

where |Op;, > is the vacuum ground state of the scalar Hamiltonian H

outside the effective radius R = ¢/+/| — q|H for FL models. Relation (30)
corresponds to the temperature

Trr = h(2mkg) /| — q¢|H (31)

or directly from (21) and (24) using £k =0

Trr = h(zka)—l\/l'ZTl : (32)
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9. Quantum Temperature of Flat, Accelerating FL Models

The analytic solutions for the Einstein-Friedmann equations (22) and (23)
with £ = 0 and A # 0 are well known*"~4%, These are historically called
the FL models in which a(t) is

a(t) = 3/T(coshy — 1) (33)

where y = t/7 with 7 = 1/V3c2A, T = Q,,/Q4, and ,, and Q4 are
the contributions of baryonic matter m and A to the closure parameter Q
respectively. Straightforward derivations yield the following relationships

2 — coshy

= 4
1+ coshy (34)

q

1  sinhy

= —— 35
37 coshy — 1 (35)
and one obtains for temperature (27) using (35)

-1 1 sinhy

TFL = h(27TkB) 3TWI

(36)

while (31) and (32) become
11 /|2 - coshy]
— 1 -
TFL = ﬁ(2ﬂ'k‘3) 3; coshy —1 . (37)

Deceleration Parameter q (Friedmann-Lemaitre Models)

+1.0 Y T
Decelerating
o Phase ]
Accelerating
Universe
-1.0 1 1
101 100 10! 102

Cosmic Time t (log, Gy)

Figure 4. On the cosmic scale of time the deceleration parameter quickly reverts itself
from a deceleration to an acceleration phase.
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Figure 5. Comparison of FL temperature (37) with the asymptotic (dotted curve) de
Sitter temperature (36) when g passes through zero.

Fig. 4 illustrates the deceleration parameter ¢ in (34). Similarly Fig. 5
is a comparison of (36) and (37) when ¢ changes sign. Relation (37) is
also plotted in Fig. 6 and compared with Gamow’s radiation-dominated
era®1:52 where T = 1.5 x 10~1%¢~1/2 and the matter-dominated era®? where
T ~ t=2/3, A can be adjusted to fit the data®* but we choose A = 1.20 x
105¢m—2 like Model 6 of Priester®®, giving 7 = 5.57Gy = 1.76 x 10'7s.

Both (36) and (37) have the same asymptotic limit 1/37 for large y > 1.
However, (36) is the temperature of a de Sitter space and in the small
y < 1 limit (early Universe) there is a distinct difference from (37) visible in
Fig. 5. Both vary as T ~ t~!. But T, ~ ‘/75(1.2 x 10712)¢=1, while Tys ~
2(1.2x107'2)¢t~1. For intermediate cosmic time y ~ 1, the FL temperature
(37) goes to zero when ¢ — 0 (neither accelerating nor decelerating FL
models, with @ ~ 0 at coshy = 2 or y = 1.317) and the Universe briefly
“coasts.” Since y = t/7 then ¢ = 0 happens at ¢ = 1.3177 = 7.33Gy.

10. Conclusion

We have shown how the concept of global coherence in quantum gravity
naturally leads to a temperature of the Universe and theoretical cosmology
at any fundamental length scale. The result is the temperature Try, in (27),
(31), (32), (36) and (37). This followed by treating a cosmological scalar
radiation field as a coherent state with nonlocal BCS-type pair correlation
between two quanta, one inside (S;) and one outside (S,) the FL horizon
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Figure 6. Quantum temperature of FL models compared against classical matter- and
radiation-dominated Gamow temperatures for the standard Big Bang model, in the case
of flat (k = 0) accelerating (¢ < 0) universes. Quantum spacetime has dominated the
total temperature in the past and it will again in the future, according to these results.
The global coherence condition is not subject to decoherence, rather appears to be only
temporarily dominated by the origin of matter in the Universe.

using Buclidean quantum field theory in the fashion of Lee.

From Fig. 6 there is ambiguity in the answer to the question of what
is the temperature of the Universe. Normally such a temperature is at-
tributed to the CMBR radiation which at present has a measured value
Tomer = 2.73 K. Here we suggest the second point of view that the mea-
sured temperature is that of the remnant photon gas from the Big Bang
while the temperature of the Universe itself is the quantum one derived
from the thermalization theorems. The quantum vacuum state for a scalar
field which pervades the nonuniform expanding cosmic space, looks to a
comoving observer or detector like a thermal state with temperature (31)
and (32) for an open (k = 0) accelerating universe®?* (g ~ —1, A # 0).

As illustrated in Fig. 5, (37) approaches the value Tpr — Tys in (36)
or (28) for large values of y > 1. That is, in the future it approaches
a de Sitter space with temperature Tys ~ 3.96 x 1073°(%,/100)v/Qr K,
where 25 is the contribution of A to the closure parameter 2. Assuming
Ho = 70 km s Mpc! and Q4 = 0.7, then Try, =~ 2.32 x 1073°K. For
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y < 1 in the past, (37) goes asymptotically as T ~ 1/t like (36) but is
scaled as Try, ~ %t_l rather than Tyg ~ %t—l, a result caused by +/|—q|-

Despite the fact that this temperature in (37) is currently extremely low
and beyond present measurability, the result is important from a conceptual
point of view. The quantum temperature once dominated (t = 1.46 x
10~%%5) in the past and it will again in the future (¢t ~ 107%25). The urge to
argue that (36) and (37) are evidence for decoherence and the appearance
of the classical world in the matter- and radiation-dominated periods is
dispelled. In the future the quantum universe will apparently re-emerge
again by virtue of the global coherence condition.

The global vacuum state of the universal scalar field exhibits entangle-
ment. This is a non-trivial result based upon the fact that Lee’s thermal-
ization theorem treats interactions between S; and S,, and these can be ex-
pressed in terms of observables in the CMBR, data. Because the approach is
essentially based on the global coherence condition, which inherently takes
into account the nonlocal features of quantum theory, the result is a first
hint for quantum entanglement on the cosmic scale.
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I summarize recent progress in the study of kpc-scale jets, focusing on the results
from our X-ray and optical survey of radio jets with Chandra and HST.

1. Introduction and Motivation

Jets are a ubiquitous feature of radio-loud Active Galactic Nuclei (AGN),
providing a means to transport energy from the central compact regions to
the distant lobes. Recent studies at high angular resolution in the radio
band showed that pc-scale radio jets are also present in Seyferts and other
radio-quiet sources (e.g., Blundell & Beasley 1998; Brunthaler et al. 2000),
thus establishing jets as a common feature of all AGN.

Many important questions are still open in the study of jets. How jets
are created near the supermassive black hole which is thought to power
AGN, and how they propagate and stay collimated out to kpc scales, are
some of the central, and still unsolved, mysteries of jets. A necessary precur-
sor to addressing these and other questions is the knowledge of the physical
conditions of jets - the particle distribution and energy, their speeds, the
equilibrium between particles and magnetic flelds, jet powers and compo-
sition.

Clues about jet physical properties are provided by multiwavelength
imaging of jets. Until recently, most radio jets were observed at optical
and UV with HST and other ground-based telescopes. These observations
established that the radio-to-UV continuum from jet knots is due to syn-
chrotron. The launch of the Chandra X-ray Observatory by NASA in July
1999 opened a new window for the study of jets, thanks to its unprece-
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dented angular resolution and improved sensitivity. And indeed, the first
Chandra light, the distant quasar PKS0637-752, surprisingly showed the
presence of a bright, kpc-scale X-ray jet (Chartas et al. 2000), with only a
weak optical counterpart in archival HST data (Schwartz et al. 2000). The
bright X-ray flux was attributed to inverse Compton (IC) scattering of the
Cosmic Microwave Background (CMB) photons by relativistic electrons in
the jet, with Lorentz factors I' ~ 10 (Tavecchio et al. 2000; Celotti et al.
2001).

The detection of an X-ray jet in PKS 0637-752 raised a new question:
how common is optical and X-ray emission from radio jets in AGN? Pre-
vious X-ray observations had focused on optical jets. Had we been biased
toward synchrotron jets thus missing out on a “new” class of Compton-
dominated jets? To answer this question, we designed and performed a
survey of radio jets with Chandre and HST in search of their X-ray and
optical counterparts. The first results of the survey were published in Sam-
bruna et al. (2002). Here I give an overview of the work in progress for all
the survey jets, which will be reported in Gambill et al. (2002), Scarpa et
al. (2002), and Cheung et al. (2002).

2. Sample selection and Observations

The targets of the survey were selected from the radio, without any a priori
knowledge of their optical and X-ray emission properties. In this sense our
survey is unbiased toward detections at shorter wavelengths. However, most
sources show one-sided jets, suggesting that beaming is substantial.

The sample was extracted from the list of known radio jets of Bridle &
Perley (1984) and Liu & Xie (1992). The selection criteria were chosen in or-
der to match the Chandra and HST capabilities. Specifically: 1) The radio
jetis X 3", i.e., long enough to be easily resolved with Chandra and HST; 2)
The radio jet has radio surface brightness S1.4 g, 2 5mlJy/arcsec? at > 3"
from the nucleus, i.e., bright enough to be detected in reasonable Chandra
and HST exposures for average values of the radio-to-X-ray and radio-to-
optical spectral indices, oy, ~ 0.8 and a,, ~ 0.8; and 3) High-resolution
(1" or better) published radio maps show that at least one bright (2 5
mJy) radio knot is present at > 3" from the nucleus, to prevent contami-
nation from the wings of the core PSF. These criteria gave a sample of 17
radio jets, spanning a range of redshifts, core and extended radio powers,
and classification of the nuclear activity (13 flat spectrum radio quasars, 3
steep spectrum radio quasars, 1 radio galaxy).
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The awarded exposures were 10 ks per target with Chandra ACIS-S
(occasionally, targets were observed for slightly more or less than 10 ks to
accomodate gaps in the Chandra schedule) and one orbit per target with
HST. The HST observations were performed with STIS and the clear filter.
Therefore, both in X-rays and optical the exposures were sufficient to find
the X-ray/optical counterpart of the radio jet, but not enough for a detailed
study of their morphologies and spectra. Nevertheless, interesting results
were obtained.

3. Results
3.1. Detection rates and Jets morphologies

Figures 1,2, and 3 show the Chandra ACIS-S images. The X-ray images
were produced by smoothing the raw Chandre data with a Gaussian of
width=0.3" in the energy range 0.4-8 keV, with final resolution of 0.86"
FWHM. Overlaied on the X-ray images are the radio contours from the
archival VLA data, smoothed to the same (for the detected X-ray jets)
resolution as Chandra. In 10/17 sources, an X-ray counterpart to the radio
jet is apparent, in 1 source (0405-123) there is only an X-ray counterpart to
the northern radio hotspot, while in the remaining 3 sources the detection
at X-rays of the jet is uncertain due to the low signal-to-noise ratio of the
Chandra data. Thus, the detection rate of the jets at X-rays is at least
60%.

In the optical (Scarpa et al. 2002) the detection rate of the jets is similar,
with 12/17 (70%) sources showing bright optical emission from radio knots.
Interestingly, some optical knots do not have X-ray counterparts. Vice-
versa, there are X-ray knots which are not detected with HST.

Concentrating on a comparison of the radio and X-ray jets in Figure 1—-
3, a variety of morphologies are apparent. In most cases, the X-rays track
the radio one-to-one (e.g., 1354+195, 1150+497); for future reference I will
call these jets “class I”2. In a few jets of class I (1510-089, 1641+399) the
X-ray jets is shorter than the radio.

A jet that stands out because of its peculiar morphology is the jet of
1136-135. Here the X-ray and radio morphologies appear to be “anti-
correlated”: knot A is moderately bright at X-rays while little or no radio
emission is present; the X-ray emission peaks at knot B while the radio

2Here the term “class” is loosely used as a convenient reference for groups of jets ex-
hibiting similar properties; it does not have the usual meaning of “astrophysical class”.
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Figure 1. Chandra ACIS-S image in the 0.4-8 keV energy range of the newly discovered
X-ray jets from our survey (grey image). Overlaied are the radio contours from archival
VLA data. Both the grey image and the contours are plotted logarithmically, in steps
of factor 2. The Chandra image is smoothed with a Gaussian of width 0=0.3", yielding
a resolution of 0.86' FWHM. The radio image was restored with a circular beam with
FWHM=0.86". The base level for the radio contours is 0.6 mJy/beam.
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Figure 2. Same as for Figure 1.
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Figure 3. Same as for Figure 1.

peaks at knot C, where only an upper limit to the X-rays is derived. The
optical is intermediate with all the radio and X-ray knots having a bright
counterpart in the HST image.

1136-135 is not an isolated case. Other examples of X-ray/radio anti-
correlation are provided by the jets of 3C371 (Pesce et al. 2001) and 3C273
(Sambruna et al. 2001), with similar, but not identical, morphologies to
1136-135. For convenience, I will refer below to this type of jets as “class
117,

The multiwavelength jet morphologies offer first general clues as to the
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origin of the X-ray emission. In a synchrotron plus inverse Compton (IC)
scenario (both processes are important in jets as suggested by blazar stud-
ies), the same particle population is responsible for emitting both the radio
(via synchrotron) and the X-rays (via IC); the jet morphology should thus
be very similar at both wavelengths, as observed in class I jets. As the
jets are very long (projected lengths ~ 50-100 kpc) and extends outside
the host galaxy, the most likley source of seed photons for IC is provided
by the Cosmic Microwave Background photons, whose density scales like
(1+ 2)* and is amplified in the rest-frame of the jet by a factor ['2, with T
the bulk Lorentz factor of the jet (Tavecchio et al. 2000). Thus it is likely
the IC/CMB is the dominant emission process for the X-rays in class I jets.

On the other hand, if the X-ray emission were due to synchrotron, one
would expect shorter radiative lifetimes, and thus more compact emission
regions, at the shorter wavelengths. The X-ray peaks closer to the core
than at radio wavelengths can thus be accounted for in terms of shorter
travel distances performed by the high-energy electrons before they dissi-
pate energy through radiative losses. The morphologies of the jets in class
IT suggest synchrotron is important in at least some or all the knots of these
jets.

3.2. Spectral Energy Distributions

Detailed information is provided by the Spectral Energy Distributions
(SEDs) of individual knots. These can be derived for a given knot ex-
tracting fluxes from the same spatial region around the knot at the various
wavelengths.

In interpreting the SED, a critical role is played by the optical flux.
Specifically, if the optical emission lies on the extrapolation between the
radio and X-ray fluxes or above it, the SED is compatible with a single elec-
tron spectrum extending to high energies; instead, if the optical emission
falls well below the extrapolation, it argues for different spectral compo-
nents (and therefore different mechanisms unless two electron populations
are hypothesised) below and above the optical range (e.g., synchrotron
and IC respectively). Thus, in all knots where IC/CMB dominates the
X-ray emission, we expect an up-turn of the spectrum in the X-ray band
with respect to the radic-optical extrapolation and thus an optical-to-X-
ray index a,, flatter than the radio-to-optical index a.,. Conversely, when
synchrotron dominates we expect ar, < @z, With the inequality holding
when radiative losses are important in the X-ray band.
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Figure 4 shows the plot of the broad-band indices, a,, versus a,;, de-
fined as the spectral indices between 5GHz and 55004, and between 5500A
and 1 keV, respectively (Gambill et al. 2002, in prep.). Only the knots for
which a firm detection at all wavelengths is available were used. The dotted
line marks the locus of points for which a,, = a,;. It can be seen that most
knots lie in the region a,., > @z, except for knot A in the jet of 1136-135.
This behavior is well consistent with the morphological properties discussed
above.
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Figure 4. Radio-to-optical index, oo, versus the optical-to-X-ray index, aoy, for indi-
vidual knots with firm optical and X-ray detections (Gambill et al. 2002). The dotted line
marks the division between knots where inverse Compton dominates over synchrotron
for the production of X-rays (see text). Most X-ray knots are unlikely to be due to syn-
chrotron emission from the high-energy tail of the radio-emitting electron distribution.

A more quantitative investigation of the jet physical properties requires
a detailed modeling of the SEDs. To date, we have completed the analysis of
the SEDs of the first four detected jets (Sambruna et al. 2002), and the work
is in progress for the remaining jets of the survey. We note, however, that
the sources analyzed in Sambruna et al. (2002) are typical representatives of
both class I and II. Briefly, we computed synchrotron and IC/CMB emission
models reproducing the SEDs of the most conspicuous knots. However, with
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only three observed fluxes the models are underconstrained. Following the
procedure of Tavecchio et al. (2000), we assume the flux extraction radius
is the size of the (spherical) emission region and compute for what values
of the magnetic field, B, and of the beaming factor, 6°, it is possible to
reproduce the radio and X-ray fluxes. As discussed in Sambruna et al., in
the case of IC/CMB we adopted equipartition as an additional constraint
to fix the models univocally. In the cases where X-rays are attributed to
direct synchrotron emission, there is no “independent” constraint from the
X-ray flux and only the equipartition assumption survives.

Specific models were computed to reproduce the SEDs of X-ray knots
A and B of each detected jet with synchrotron plus IC/CMB emission and
assuming equipartition. The results are shown in Figure 5 for the jets of
11504497 (class I) and 1136-135 (class II). The derived magnetic fields are
of the order of B ~ (10 — 40)uGauss, the Lorentz factors T' ~ (3 — 5), and
the Doppler factors § ~ 6 — 7 (see Table 4 in Sambruna et al. 2002). Thus
an important conclusion of the modeling is that jets are still (moderately)
relativistic on scales of tens to hundreds of kpc.

While in 11504497 the X-ray emission from both knots A and B can be
ascribed to IC/CMB, in the case of 1136-135 a complex situation emerges.
For knot A, where a,, < a,z, we suggest that synchrotron emission is a
plausible emission process. Assuming the equipartition magnetic field, the
cooling time of the electrons in the knot is ~ 10! s. This is consistent with
the light-crossing time for knot A, assuming its radius is 1”. For knot B in
the same jet, clearly a,, 2 @,y and IC/CMB should be the main emission
process. The X-rays fading further out and the increasing radio brightness
should then be attributed to a deceleration of the the relativistic plasma and
to a compression of the magnetic field, as expected at the outer boundary
of jets (e.g., Gémez 2001). The 1136135 jet is clearly an interesting case
of a “mixed” jet, and raises the question of what causes different processes
to dominate at different locations in the jet. We will address this and
other questions in our forthcoming deeper Chandra and multicolor HST
observations of 1136-135 and 11504-497.

bThe beaming factor J is here defined as § = [y(1 — Bcos#)]~!, where § is the bulk
velocity of the plasma in units of the speed of light, v = (1 - ﬂ2)_1/ 2 the corresponding
Lorentz factor, and 6 the angle between the velocity vector and the line of sight.
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Figure 5. Radio-to-X-ray Spectral Energy Distributions (SEDs) for the brightest X-ray
knots in the jets of 1136-135 (left) and 11504497 (right). In both panels, the left-handed
vertical axes are in units of observed flux, vF,, while the right-handed axes are in units
of luminosity, vL,. Typical uncertainties on the fluxes are 33% or larger. The X-ray flux
is always above the extrapolation from the radio-to-optical continuum, except for knot
A in 1136-135, suggesting a general dominance of inverse Compton for the production
of X-rays. In knot A of 1136-135, synchrotron is likely the dominant process. The solid
lines are the best-fit models (sum of all components), with the parameters reported in
Sambruna et al. 2002.

3.3. Caveats

It is worth remarking a few caveats affecting our analysis. First, the limited
signal-to-noise ratio at both X-ray and optical wavelengths gives room to
alternative interpretations of the SEDs. Second, a variety of conditions may
exist within the relatively large extraction regions we used (1", dictated by
the Chandra resolution), for example if the emitting particle distributions
are stratified or multiple shocks exist. While higher angular resolutions at
X-rays await future generations of space-based telescopes, deeper follow-up
X-ray and optical observations of the new jets of this survey with Chandra
and HST can at least remedy the first limitation of our analysis, in providing
X-ray and optical continuum spectra for individual knots, a key test for the
emission models.

In fact, alternative models have been discussed in the literature for the
origin of the X-rays from kpc-scale jets. Harris & Krawczynski (2002) pro-
pose that the X-ray emission originates via synchrotron from a population
of relativistic electrons separate from the one responsible for the longer
wavelengths. Such jet “inhomogeneities” would also be supported by the
small (~ 0.2-0.5") positional offsets between the X-rays and radio wave-
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lengths observed in 3C273. Aharonian (2002) proposes synchrotron emis-
sion from relativistic protons, requiring much higher magnetic fields and
more powerful acceleration processes. Recently, Dermer & Atoyan (2002)
discussed a model where the X-rays originate via Thomson losses of the
synchrotron electrons on the CMB in an effort to account for the upturn in
the optical-to-X-ray continuum observed in 3C273. Indeed, different emis-
sion mechanisms predict different slopes in the X-ray band, with steeper
spectra (by AT 2 0.5) expected in the case of synchrotron emission than
in the case of IC/CMB.

X-ray and optical spectra of single knots will be essential to discrimi-
nate among the various models, as well as detailed maps to measure and
quantify more exactly the positional offsets of the radio, optical, and X-ray
peaks. Optical observations are necessary to identify the mechanism re-
sponsible for the X-ray emission, as the optical band lies at the intersection
of the synchrotron and IC components. Finally, an additional important
constraint will be provided by future IR observations with SIRTF, probing
a poorly known region in the SEDs where the synchrotron peak (related to
the break energy of the synchrotron electron population) is located.

4. Summary and Conclusions

Extragalactic relativistic jets glow at X-rays on kiloparsec scales. Impor-
tant constraints on the origin of their intense X-ray emission is provided by
multiwavelength imaging and spectroscopy, such as afforded by Chandra,
HST, and the ground-based radio telescopes. Favored candidates for the
origin of the X-rays are synchrotron emission from a population of relativis-
tic electrons in the jet, or/and inverse Compton scattering of the Cosmic
Microwave Background photons (IC/CMB). These processes imply that the
plasma is at motion with relativistic speeds on scales of tens and hundreds
of kpc. While alternative models are possible, detailed optical and X-ray
spectra of individual jet knots are needed to discriminate among the various
possibilities.
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‘We present a description of selected areas of supernova {SN) research with special
emphasis on observational results. The subjects cover classification, types, histor-
ical SNe, diversity, theoretical understanding, element production, relationship to
Gamma Ray Bursts (GRBs).

1. Introduction

Supernovae (SNe) are effectively the end-points in the evolutionary history
of stars above a certain mass. They are end-points because the explosion
effectively destroys the integrity of the star possibly, though not certainly,
leaving a compact object which is doomed to quiet oblivion as it loses en-
ergy and cools quiescently. The remainder of the star has been blown into
the interstellar medium (ISM) which it enriches in heavy elements produced
as a result of stellar evolution and explosive nucleosynthesis. In reality su-
pernovae are the main producers of heavy elements and therefore their role
in chemical evolution of galaxies is all important. But it is also worth re-
calling here that SNe not only inject metals into the ISM but also energy
which heats and affects the behaviour of the interstellar gas !. These are
rather specific reasons for addressing these and related topics below.

2. Types of Supernovae

The currently recognised supernovae are of two types, thermonuclear and
core-collapse. This typing results from our understanding of the physical
reasons underlying the cause of the explosion. However, of necessity, a
classification of SN events when they occur required a classification scheme
based on observable properties. In the early phases the characteristic spec-
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tra are dominated by PCygni absorption and emission lines. Therefore SNe
were classified as Type I or Type II depending on whether Balmer lines of
hydrogen were visible at early (photospheric) phases. This classification
alone unfortunately does not separate the above 2 types. Type Ia SNe
represent the thermonuclear detonation (or deflagration) of an accreting
carbon-oxygen (C-O) white dwarf (WD). This is consistent with lack of
hydrogen and strong lines of Sill, the criteria for classification.

Type Ib SNe lack hydrogen lines but show lines of Hel and weak or no Sill
lines. Type Ic SNe lack hydrogen lines, show no or very little Sill absorp-
tion and no helium lines. Both Types Ib and Ic are thought to represent the
core-collapse of a massive star whose outer hydrogen envelope was stripped
off as a result of winds or binary interaction during previous evolutionary
stages. The difference between the 2 types of progenitor may simply reflect
the degree to which helium has been stripped. The recent SN1998bw as-
sociated with GRB980425 appears to have been an energetic version of a
Type Ib/c event. In this case optical lines of Hel were not evident but the
strong Hel 10830 line was identified 2.

Type II SNe are so classified because hydrogen lines are evident at early
phases. They have been subdivided into at least 4 categories as a result of
other observable characteristics. The most frequent or “normal” Type 11
are subdivided into Type IIL and ITP where L and P result from a linear or
plateau shaped light curve. The more recent Type IIn classification is as-
sociated with a flat light curve now understood to result from the envelope
interaction with circum-stellar material (CSM). Evidence of this interaction
also appears in the spectra in the form of low velocity components of emis-
sion (and sometimes absorption) lines. A Type IIb classification has been
proposed for objects such as SN1993J which initially showed hydrogen lines
afterwards fading to invisibility. A natural explanation is that the progen-
itor star lost most but not all its hydrogen envelope during its evolution
prior to the explosion. The small outer layer of hydrogen becomes invisible
lacking sufficient energy input following recombination.

It is the presence of material surrounding the exploding star that results
in non-thermal radio emission occurring and continuing over various inter-
vals presumably depending on the physical conditions and extent of this
material often ascribed to a pre-explosion wind 3. Radio emission is also
generally accompanied by X-ray emission also resulting from shock prop-
agation resulting from the interaction 4. Thermonuclear SNe have never
produced radic or X-ray emission but there are examples of all sub-types
of core-collapse SNe where radio and X-ray emission have been detected.
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The spectra of these various types of SNe then evolve in distinctive ways
as the envelope expands and becomes optically thin giving rise to an al-
most purely emission line spectrum. Type Ia SNe show strong lines of the
following ions - Fell, Felll, Call, Coll. Type Ib and Ic SNe at this stage
are almost indistinguishable showing lines of OI (very strong), Call, and
Fell. The main spectroscopic difference among Types IIP,L. and n involves
the presence or absence of lines of OI although in this respect a clear pat-
tern of behaviour is not yet obvious. There are also obvious differences in
expansion velocities but how this relates to other characteristics remains a
subject for future work. Obviously Type Iln spectra also carry the imprint
within the line profiles of interaction with the CSM %.

All of these characteristics eventually demand a physical explanation. We
will see later that also within all the various supernovae types there is a
diversity of characteristics. With Type Ia SNe whose main sequence pro-
genitors were less massive than 8-10Mg we are probably confronting a
diversity in progenitor mass and mass of radioactive 36Ni produced, even if
only approximately one percent of all white dwarfs explode as thermonu-
clear SNe. (The remainder are destined to become cold WDs). In the
discussion above we have isolated 6 different types of core-collapse SNe.
However if we suppose that the various physical quantities that can vary
are the progenitor mass, the kinetic energy of the explosion, the radius of
the exploding star, the mass of 3*Ni, and the presence of CSM and concede
just a simple dichotomy in the values of each, we are confronted with the
possibility of 32 distinct events. Unravelling the parameters for all such
events looks like a formidable but interesting task 6.

3. A Physical Understanding
3.1. Thermonuclear Supernovae

The spectroscopic characteristics and their place of occurrence in galaxies
where only stars with masses not much greater than 1M strongly suggests
highly evolved progenitors. The most promising candidates are C-O WDs
which theoretically can exist in the mass range 0.5-1.4M. Below that mass
range helium WDs exist and WDs cannot exist above the Chandresekhar
limiting mass. Because of the electron degeneracy obtaining in a C-O WD
the relativistic equation of state prevails. This equation gives the relation
between the pressure and density without a dependence on temperature.
Combined with the hydrostatic condition it leads to an expression for the
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Chandrasekhar mass dependent only slightly on composition and physical
constants. What also emerges from these considerations is the mass-radius
relation for a WD showing that the radius is inversely proportional to some
power of the radius. Thus as the mass approaches the Chandrasekhar
mass, the radius must shrink towards zero. Near the limiting mass a small
increase in mass causes a large increase in density and nuclear compres-
sional heating which leads to a thermal runaway because the equation of
state does not provide the normal means of expansion and cooling. This
would happen in a C-O WD near the Chandrasekhar limit if it accreted
mass from a companion red giant star or coalesced with another WD. If
a thermal runaway starts and hydrodynamical cooling fails, there occurs
either deflagration or detonation depending on whether the burning flame
is subsonic or supersonic. Both types of model have been constructed and
both have residual problems confronted with observations. This results in
nucleosynthesis with the predominant production of Fe 7.

3.2. Core-collapse Supernovae

A massive star forms on the main sequence when ignition of hydrogen at its
center and the consequent heating and pressure increase counterbalances
the gravitational infall. When the hydrogen at the center is exhausted and
only a shell of hydrogen burning exists the star undergoes core contraction
and in the HR diagram moves towards lower temperatures or towards the
red supergiant phase. Core contraction causes heating which results in a
central temperature sufficient for helium (He) to ignite producing carbon
and oxygen. This core ignition results in the star moving again to higher
temperatures in the HR, diagram. This pattern of core contraction and core
ignition repeats as each successive fuel is exhausted. In the case of a star of
25 M its traffic backwards and forwards in the HR diagram ceases because
the outer layers of the star do not have time to respond to the machinations
of the central core. This is because succeeding stages proceed faster and
faster as the mass increases. Thus an unmixed hypothetical star achieves
an “onion-ring structure” where the final fusion stage of silicon burning
produces an iron core. If unmixed it would consist in successive layers of
helium + nitrogen then carbon + oxygen, then neon + oxygen, then oxygen
+ magnesium, then silicon + sulphur, and finally the iron core. Because the
binding energy per baryon reaches a maximum at iron (Fe), heat cannot be
extracted by further fusion. This maximum of binding energy occurs at iron
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because it is at this nuclear mass that the short range attractive nuclear
force is exceeded by the longer range repulsive coulomb force. Consequently
the iron core which approaches a mass near the Chandrasekhar limit begins
to collapse. The nuclear decomposition produces neutrinos which extract
heat and speed the infall. In succession the disintegration of Fe produces
a particles and neutrons; the o particles photodisintegrate extracting heat
to overcome the large binding energy of He; the collapse, now catastrophic,
is in free fall under self-gravity. Velocities of 1000 km/sec and densities of
10'° gm/cm?® prevail. Finally protons + electrons combine to form neu-
trons at near nuclear densities. A neutron star or Black Hole is formed
with an accompanying burst of neutrinos. In fact a total of 19 neutrinos
was detected over a period of 12.5 seconds by 2 observatories signalling
the explosion of SN 1987A. Immediately following this a hydrodynamical
rebound of infalling material from the “stiff” neutron star occurs, possibly
assisted by neutrino emission. A shock wave propagates outwards expelling
the envelope and explosive nucleosynthesis occurs producing elements from
oxygen {a-process) to the radioactive elements *Ni and ®’Ni (from explo-
sive Si burning) 8. The principles are similar for Types Ib, Ic, II although
it is thought that Types Ib,c have already lost their hydrogen and possibly
helium envelopes as a result of transfer or winds prior to the explosion. How
the existence of a progenitor star in a binary system affects the outcome is
a more complicated story and surely relevant to some actual situations.

4. Historical Galactic Supernovae

We may summarize briefly what is known of SN events actually observed
during historical times when written records were kept. The probable real
SNe events for which remnants now exist are the following: AD 185 (C;
Type Ia); AD 1006 (A,C,J,E; Type Ia); AD 1054 (C,J,A,E?; Type II, Crab);
AD 1572 (E,C,J; Type I?, Tycho); AD 1604 (E; Type 17, Kepler); AD 16707
(E?; Type Ib,c II, Cas A Flamsteed?). Other possible SNe for which rem-
nants may be associated are: AD 386 (C); AD 393 (C); AD 1181 (C,J).
The above records originate from: A (Arab lands), C (China), J (Japan), E
(Europe). It is not certain that the SN associated with Cas A was sighted
by Flamsteed, but the projection backwards in time of the proper motion
of filaments provides a reliable date of explosion.

One may use the 4 SNe 185, 1006, 1054 and Cas A, all of which lie within
3 kpc from the Sun and 250 pc from the Galactic plane, to deduce that 4
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SNe occurred in a volume of 10'° pc3. This amounts to 1 per 500 years in
one tenth of the volume of the Galaxy. Therefore the rate for our Galaxy
should be ~ 1 per 50 years. Incompleteness caused by seasonal effects,
obscuration, and intrinsic faintness may explain why more SNe have not
been observed in recent centuries.

5. Supernova Rates and Places of Occurrence

Thermonuclear SNe (Ia) occur in galaxies of all types, whereas core-collapse
SNe do not occur in early-type galaxies (E-SO) but occur in all other galax-
ies. This already suggests that thermonuclear SNe originate from an older
or more evolved population of stars. In addition Type Ib,c SNe are often
associated with HII regions and also produce radio emission characteris-
tics suggesting massive progenitors and evolved because of lack of hydro-
gen. Thus these qualitative characteristics already strongly suggest limits
for types of progenitor.

Rates have been established for various types of SNe in various types of
galaxies. These rates are constantly up-dated as statistics of SNe occurrence
improve. In E-S0 galaxies with a blue luminosity similar to our Galaxy in
the nearby universe there occurs about 1 thermonuclear event each 500
years. This and other rates would presumably scale with luminosity of
the particular host galaxy. This rate is not significantly different for other
types of galaxy with similar luminosities. Core-collapse SNe occur more
than twice as frequently as thermonuclear events in spirals and irregulars
with a slight tendency for an increased rate towards later types. Type Ib
SNe constitute about 15-20 percent of all core-collapse events. Therefore
the rates for all SNe in a galaxy similar to our own are about a factor of 2
lower than that deduced from the historical SNe but are consistent, within
the uncertainties which also include that of the Hubble constant.

A more detailed analysis of statistics of occurrence reveals that intrinsically
faint SNela (discussed later) represent <25 percent of all SNIa; SNIIn rep-
resent 2-5 percent of all Type II; intrinsically faint Type II (such as SN
1987A) represent 10-30 percent of all Type II 12,

6. Asymmetric Explosions and Polarization of Light

An expanding envelope of a SN where electron scattering of photons pre-
dominates should show no net polarization if the envelope is spherically
symmetric. Therefore measurements of linear polarization of all types of
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SNe at early phases have been increasing recently °. In principle accuracies
of 0.1-0.2% are, with care, achievable. For SNIa all measures (with one
possible exception) show p<0.2%. For Type II the situation is less clear
and values at the 1% level have been reported. There are several major ob-
stacles to a clear interpretation of real observed polarization at this level.
These include knowing how to correct for interstellar polarization caused
by the interstellar medium of our Galaxy and the host galaxy. In addition
the net polarization emanating from an asymmetric object depends on the
angle of viewing relative to any axis of symmetry. Net polarization could
also result from an unequal surface brightness of the envelope resulting from
clumping rather than a large scale asymmetry of the envelope. Polarization
measurements have become more important with the increasing number of
claims that y-ray bursts originate from collapse of massive stars where 3-D
symmetry may not be preserved owing to disk formation and a preferred
axis of jet emission.

7. Energies

Although we can say that the kinetic energy released by Type Ia, Type
Ib and Type IT SNe all approximate 10°! ergs, there is reasonably clear
evidence of significant variations around these values. There are different
sources of information leading to these approximate estimates. 1. This
source results from a study of supernova remnants of the various types and
the radio and X-ray emission combined with a theoretical understanding
of remnant evolution. 2. In the case of Type Ia SNe where the disinte-
gration of a C-O WD is supposed, the incineration of a 12C/'%0 mixture
requires that 0.8x10%! ergs are produced to which must be added 0.5x105?
ergs, the binding energy of the WD. Modelling of light curves and spectra
of SNIa suggest a range of 0.7-1.7x10°! ergs reflecting the dispersion in
the observed spectral characteristics of this class. For Type IIP, hydrocode
matching of the light curves together with a knowledge of velocity at the
photosphere gives 0.5-2x10%! ergs depending on the SN. Consequently the
values for Type IIL and IIn are uncertain because of the paucity of light
curve models for such objects. For some classes of Type Ib,c SNe such
as SN 1998bw (GRB980425) modelling and velocities indicate an order-of-
magnitude higher kinetic energy 1%11. For both types of SNe the radiative
energy released is much less, being < 10*° ergs for SNIa where radiation
is trapped and converted to KE accelerating the envelope; whereas it is of
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this order for SNII.

8. Light Curves

The luminosities of all types of SNe and the temporal variation over ex-
tended phases provide valuable insights into the nature of the explosion
and its subsequent evolution. This information, coupled with quantitative
spectroscopy, at early (photospheric) and late (nebular) phases forms the
basis of the following discussion. Bolometric light curves are particularly
valuable as they embrace the total radiative energy budget of the SN. They
are still sparse, with the best observed object being SN 1987A because it
was so bright. In general the main lack of data lies with the IR region
of the spectrum where normally only a few observations exist for the best
observed, and virtually nothing for the remainder. In the absence of dust
formation, which is known to occur in some SNe, the IR part of the spec-
trum while not negligible, does not dominate the radiative output at most
phases. It will be seen however that IR spectra carry much valuable infor-
mation and deserve particular attention and effort.

Some very general statements about the diversity of light curves of all types
of SNe may be made. The maximum luminosity and shape of the early light
curve around maximum light are functions of the mass of the ejecta, the
radius of the exploding star, the mass of radioactive **Ni produced, and
the kinetic energy of the explosion. These parameters are in turn related
to the evolutionary status and mass of the progenitor star. The shape and
luminosity of the light curves in the nebular phase will be determined by
the initial mass of ®**Ni produced which has transformed by 3-decay into ra-
dioactive ¢ Co whose decay into stable 3 Fe producing y-rays and positrons
deposited in the envelope provides the energy source. The shape is also dic-
tated by the fraction of y-rays which are actually absorbed and thermalized
by the envelope. Other radioactive species play a secondary role in the early
nebular phases. The shape of the light curve can also be modified by the
formation of dust in the envelope which has now been observed to occur in
2 Type IT SNe SN 1987A and SN 1999em approximately 500 days after the
explosion. This modification occurs because shorter wavelength radiation
is absorbed by the dust and re-emitted thermally in the IR according to
the dust temperature.
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8.1. Thermonuclear or Type Ia SNe

For many years Type Ia SNe had been thought to be a family of very homo-
geneous objects. The accumulation of much larger better observed samples
reveals that this is not the case, although the variations of different ob-
served properties appear to be correlated. For example the total range in
absolute luminosity at maximum light so far reported for Type Ia is about
2 magnitudes in V. This absolute magnitude correlates strongly with the
rate of decay of the light curve immediately after maximum light 3. These
parameters also correlate with expansion velocities of the photosphere and
also with those of the envelope at nebular phases. These variations are
linked via the idea that the underlying cause is the mass of radioactive
6Ni. This is supported by the fact that although the exponential decay of
the light curve at later phases is faster than that of 5Co, owing to increas-
ing y-ray escape from the thin envelope, the luminosities at late phases
also correlate in the expected way. Nevertheless the reason for these vari-
ations emerging from what was assumed to be a single mechanism of WD
instability at the Chandrasekhar limit is still being examined. Some clues
come from the following statistics of observed events. a. Type Ia SNe in
E and SO galaxies have lower photospheric velocities. b. Type Ia in spi-
ral galaxies tend to be brighter than those in E and SO galaxies. ¢. The
occurrence frequency/unit IR luminosity is higher in late spirals than in
E/SO galaxies. These characteristics are qualitatively consistent with the
possibility that Type Ia progenitors occupy a significant range in mass.

8.2. Core-collapse or Type Ib,c and II

There is a range of observed properties in the family of Type Ib,c. Absolute
luminosity at maximum is the most obvious and this plus the differences in
the luminosities on the exponential “tail” point to differences in the mass of
radioactive 3°Ni produced. The limited modelling available also points to
this in a quantitative way. The light curves also tend to decay faster than
the 56Co decay rate, presumably for the same reason as in the case of Type
Ia. For Type II we have already mentioned that the IIn class with a flat
light curve is caused by the ejecta-wind interaction whereby kinetic energy
is converted into radiative energy. The differences between Types IIP and
IIL may, to first order be understood as follows. The size and duration
of the plateau phase is a function of the ejecta mass, where larger ejecta
masses cause longer plateaus - a result of longer radiative diffusion times.
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The luminosity at maximum can be a function of the energy but is also a
strong function of the radius of the star at the point of explosion. There-
fore ITP SNe would have massive ejecta > 10Mg, while IIL might have
ejecta masses of 1-2My 1%, SN 1987A is a good example of dependence of
maximum luminosity on radius and not energy or mass of °Ni. It has a
relatively large, independently determined, energy and mass of %6Ni, but it
was intrinsically faint coming from the explosion of a B supergiant with a
known small radius. Clear differences are also apparent within the families
of Types IIP and IIL at late phases although results are not systematized
owing to limited statistics. Luminosities in the late phases tend to follow
a decay line in V close to that given by **Co decay. However there is, at
a given phase, an observed range in absolute luminosity of about a factor
of 40, indicative of a similar range in the mass of 5Co. Relating these
established facts to the properties of a progenitor star and its evolution is
a task in its infancy.

9. Distance Determinations
9.1. Type Ia

The use of Type Ia as standard candles to determine distances and cos-
molgical parameters has attracted much attention in recent years. One can
exemplify the use of SNe as well as the need for accuracy as follows. At
a redshift z=0.5, a standard source would have an apparent difference of
0.3 mag. depending on whether we were in an empty (g, = 0) or a closed
(go = 0.5) universe. Similarly at z=0.3, a standard source would differ in
brightness by 0.3 mag. depending on whether the cosmological constant 2
is 1 or 0. This demonstrates the basis for current work on Type Ia SNe at
redshifts of z=0.5 - 1 and beyond. It also shows the accuracy required in
order that a standard candle technique be effective. Fortunately, as alluded
to above, although real SNela have a large spread in absolute magnitude
at maximum, this strongly correlates with rate of decline of the light curve.
Measuring this rate of decline allows one to know what the actual absolute
luminosity of any particular SN is and thus recover the accuracy of the
method.
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9.2. Type IT

Previous discussion emphasized that the family of Type II SNe could not
be used as standard candles, not only because of the large range of ab-
solute magnitudes but because of an uncorrelated diversity of observed
parameters describing their behaviour. However the method of “Expand-
ing Photospheres”can be usefully employed though not yet at cosmological
distances. One envisages in the photospheric phase that when the envelope
expands ballistically, a change in the radius and temperature gives rise to a
change in brightness. We may write 2 equations to describe this situation.
The observed luminosity

f=r/D* A? .7 B(T) 1)

where r = radius of envelope, D = distance, B = Planck function, A =
correction factor computed and applied because the radiation field is dilute
(~ 0.5 at higher temperatures and increasing to ~ 1 at lower temperatures
15). The ballistic expansion condition allows:

r=r,+v-t (2)

where r, = initial radius (negligible}, v = the velocity at time t after ex-
plosion. Observationally determined are f, B, and v. B comes from the
best fit of a black body curve to photometry or spectrophotometry 1617 ; v
comes from measuring velocities of weak lines formed near the photosphere;
A has been calculated from models. One solves the 2 equations for the 2
unknowns r and D. A series of observations during the photospheric phase
ensures higher accuracy. Note the significant point that this distance is in-
dependent of any earlier calibration of steps in the distance determination
ladder. The method is limited to SNe bright enough to realise spectra of
sufficient quality to enable accurate velocity determinations.

10. Element Production and Abundances
10.1. Methods

There are 4 main methods for determining abundances from observations
of SNe. 1. Photospheric absorption line spectroscopy which is the analog
of abundance analyses of the Sun and stars. It can be used in the optical
and infrared (IR) regions and gives only relative abundances for material
at or above the photosphere. 2. Nebular spectroscopy involves analysis of
emission lines which is a powerful method for determining the total mass
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of an ion when the envelope is optically thin and densities are below the
critical densities for the lines being observed. In practice a knowledge of
the ionization states is necessary as well as the temperature. 3. Bolometric
light curves which are sustained by radioactive S-decay through deposition
of y-rays in the envelope provide accurate masses of those radioactive ele-
ments because the ratio of deposited/escaped ~y-rays is expected to be a well
determined quantity. 4. Gamma-ray emission (+ associated X-rays from
Comptonization) from radioactive elements can be used to measure masses
of these elements. As in the previous method a knowledge of deposition vs.
escape is required through a model.

10.2. Photospheric Line Analysis

Unlike the spectral analysis of a stellar photosphere where turbulent ve-
locities are small, in a SN envelope one is dealing with a large differential
velocity of systematic outwards expansion. This has necessitated the de-
velopment of spectrum synthesis codes incorporating Monte Carlo solution
of the transfer equation based on the Schuster-Scwarzschild approximation
and radiation transport based on the Sobolev approximation. In analysing
an observed spectrum one typically inputs the time of explosion, the pho-
tospheric velocity and an estimate of the luminosity; and by matching one
hopes to recover relative abundances, mass of 5Ni and possibly the mass
of exploding star.

This method has been effectively applied to the early spectra of SN 1987A
where strong lines of Ball were identified and whose velocity profile sug-
gested this element was confined in velocity and therefore in radial distri-
bution more than other elements !®. Information on other elements has
also been derived.

The technique has been applied with some success to early spectra of Type
JTa SNe. While the quality of fits to observed spectra are such that precise
models of exploding stars cannot yet be discriminated, some understanding
of observed differences have been usefully delineated. SN 1991T the most
luminous of the family of SNIa showed early photospheric spectra that , to
the discriminating eye, were noticeably different from spectra of less lumi-
nous objects at the same phase. Modelling showed that this difference was
due to a higher temperature producing a higher state of ionization in Fe
for example rather than to an abundance effect. The higher temperature is
obviously related to the higher energy, and velocities produced by the ex-
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plosion and the higher mass of *6Ni apparently produced °. On the other
hand the presence of a distinct absorption feature identified with a triplet
of OI7772 in SN 1991bg, the intrinsically faintest SNIa, and not nearly so
obvious in brighter objects raises the possibility of unburnt oxygen in the
outer parts of the envelope emerging from a less energetic explosion 2°.

10.3. Nebular Spectral Line Analysis

In the expanding envelope where a Monte Carlo approach is applicable, the
following assumptions are made. A non-LTE treatment of the rate equa-
tions in a nebula of uniform density obtains. This latter assumption is
surely too simple. Heating is calculated from energy deposition of y-rays
resulting from -decay of %6Co into *®Fe after which thermal and statistical
equilibrium is assumed. In order to match the observed spectra one inputs
the mass, composition, time after explosion and outer velocity of the ex-
panding sphere.

As for the photospheric phase of SNela, here the method has been effec-
tively used to show that there is a range of mass of Fe apparently produced
with mass depending on the intrinsic brightness of the SN. The following
range, < 0.1Mg — > 1M is indicated with SN 1991bg and SN 1991T at
the lower and upper limits. A detailed comparison of observed and model
spectra suggests that there is still significant emission unaccounted for 20,
An analysis of the nebular spectrum of SN 1987A has resulted in first-order
abundance estimates for 8 different elements !. Of these the abundance of
Coll is well determined because the fine structure lines of the ground state
transitions occurring at 10.5u could be observed from the ground. Since
these lines originate from very low excitation levels the strength is insensi-
tive to temperature, yielding (after the envelope became optically thin in
these lines) the most direct measure of the mass of 5 Co which was also in
good agreement with other independent methods. Because both 3*Co and
5TCo B-decay with significantly different half-lives the study of the tem-
poral variation of these lines has allowed one to disentangle the different
masses of these 2 species to high accuracy. Unfortunately the important
mass of oxygen is much less well determined from the observed [0I]6300,64
lines. This is because the upper level for these transitions is high enough
that an accurate temperature is necessary but not observationally avail-
able. Consequently one is limited to a range 0.2Mg - 3Mg for OI by this
method. Less direct methods suggest 1.5-2Mg. The measurement of the
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flux of these lines in other Type II SNe at the same phase combined with a
knowledge of the energy input from the mass of radioactive material allows
one to estimate oxygen masses for these objects. This is why an accurate
measure for SN 1987A is so important.

10.4. Abundances from Light Curves

The shape and absolute luminosity of light curves of both types of SNe may
and have been used to derive masses of the radioactive material that is the
dominant source of energy supporting the radiative emission. In fact 45
years ago radioactive 25*Cf with a half-life of 55 days was proposed as the
energy source for Type Ia SNe such as SN 1937C because its light curve
changed at the same rate. The idea was a good one but could not take
account of the fact that y-ray deposition decreases with time in such a SN
envelope with a resultant apparent decay rate faster than the 77-day half life
of the actual energy source, namely 56Co. One estimates for example that
at 200 days only 0.5 percent of y-rays are deposited in the envelope. The
following radioactive species and decays following explosive silicon burning
are expected.

56 i — 55C0o — 50 Fe
STNi - 3"Co— % Fe

“UTi - 1Sc — *Ca

The deposited vy-rays produce non-thermal electrons which are thermalized
and cause ionic heating and excitation. Positrons which are thermalized
will annihilate into photon pairs. The following half-lives obtain:

56 Ni — 6.1days (5lines) ; *®Co — 77 days (8 lines)
57 Ni — 36 hours (1line) ; *"Co — 274 days (2lines)

4475 _ 60.3 years (2lines) ; **Sc — 3.7 hours (2lines)

From all these radioactive decays there are 20 ~-ray lines spanning the en-
ergy range 69 KeV - 1.8 MeV which have some chance of being detected if
rapid follow-up takes place. So far the only clear evidence from the light
curves for these various radioactive decays has been the *®Co and possibly
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the 57Co decay. This is because of the suitable half-lives and mass of ma-
terial involved.

10.4.1. Type Ia

Modelling of light curves of Type Ia SNe from before maximum light and
extending to 500 days has led to a conclusion similar to that from the
nebular spectra viz. there is a range of mass of 6Co produced from 0.1
to 1M which correlates again with the absolute magnitude at maximum.
This general conclusion seems independent of whether deflagration or det-
onation models are invoked 1422,

In summary for SNela it seems that absolute luminosity at maximum, ex-
pansion velocities at both photospheric and nebular phases, rate of decline
of light curves all correlate with masses of radioactive ¢ Co deduced either
from nebular spectra or from light curves.

10.4.2. Type IT

The quasi-bolometric light curves of core-collapse SNe are now yielding ac-
curate masses of 5Co by comparison with the light curve of SN 1987A.
Accurate photometry yielding bolometric light curves for this SNe which,
combined with modelling and demonstrated consistency with spectroscopic
and ~y-ray measurements, clearly points to 0.075M of °6Co having been
produced. The light curve is also consistent with a 5" Co/**Co mass about
1.5 times the solar system value of the *’ Fe/% Fe ratio, a result in good
agreement again with spectroscopy and 7-ray measurements 23.

Since the V light curve for many SNell follows the %6Co decay line and -
since Type IIP also seem to follow a similar color evolution, it has proven
convenient and accurate to compare the luminosity level of of the V light
curve with that of SN 1987A in order to obtain a mass of %Co relative to
that in SN 1987A. In the future it may prove possible to use relative Ha
luminosities in a similar way. Observationally one must be sure that the ra-
dioactively generated light curves are not disturbed by other contributions
to the observed radiative luminosity. For the Co decay the period 150-
800 days is reliable provided there are no light echoes and no interaction of
the expanding envelope with the surrounding CSM. Echoes, which result
from radiation scattered into the line-of-sight from interstellar dust lying
outside the line-of-sight, have now been detected from Type Ia and Type 11
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SNe. Energy injected into the envelope from a compact object at the center
could be visible at various times depending on its nature and the mass of
radioactive material. Such an effect has not so far been recognised in the
well observed SN 1987A nor in other SNe. After 800 days other longer-lived
radioactive decays such as that of ' Co begin to become important as do
the effects of recombination radiation which require modelling as they do
not leave a unique unambiguous signature 24,

This method applied to Type II SNe has yielded 5Co masses in the range
0.075 - 0.002M,, for SN 1987A and SN 1997D respectively 2°.

10.5. Gamma-Ray Observations

All 8 lines from the *¢Co decay mentioned above have been detected in SN
1987A when data taken over the interval 160-460 days is added 2. These
are the y-rays which escaped the envelope. An analysis of these together
with the X-ray emission resulting from Comptonisation of the harder ra-
diation through a reasonable model yields a mass of *6Co very similar to
the 2 independently determined values discussed above. An analysis of the
2 lines from decay of 5"Co also detected in SN 1987A near day 1600 27
yields a mass of this isctope in good agreement with the value deduced
from IR spectroscopy and mentioned above. The two strongest lines (847
and 1238 KeV) from *6Co decay have been detected from the intrinsically
bright Type Ia SN 1991T. The value of the mass of *¢Co depends on the
distance to SN 1991T and a value near the Chandrasekhar limit requires
a distance of 13 Mpc. A larger distance therefore seems to be excluded
if uncertainties in the measurement are small. Finally a 5 ¢ detection of
the 2 ~-ray lines near 1150 KeV from decay of *Ti has been made in the
young SN remnant Cas A yielding a mass of this isotope in the range 1-
2.4-10~* M. We do not have a measure of the total mass of 3Ni produced
in this core-collapse event to test whether the Ti mass is consistent with
our knowledge of explosive silicon burning, but recent X-ray observations
of Cas A show that Fe certainly exits at high velocities as evidenced by Fe
X-ray line emission in the outskirts of this remnant 28.

11. The Gamma-Ray Burst Connection

Because of an apparently close association in position and time of occur-
rence GRB980425 has been identified with the SN explosion identified as
SN 1998bw 2°. It remains until now the most convincing argument that at
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least some GRBs originate in SN explosions. SN 1998bw occurred in a face-
on low luminosity spiral galaxy where it is superimposed on HII regions in
a spiral arm. This SN has some almost unique distiguishing characteristics
which tend to reinforce the idea of an association. It was very bright at
maximum light though not now the intrinsically brightest known SN. It was
also a strong radio emitter reaching a maximum some 50 days or so (de-
pending on frequency) after outburst. It was also an X-ray emitter although
the precise knowledge of the character of this emission is hampered by the
presence of other X-ray sources in the field of view, and possibly even some
as yet unresolved sources very close to the SN. Early optical spectra were
judged peculiar, after which it was realised that the peculiarity was largely
due to a very high expansion velocity { ~ 30000 km/sec) even 8 days after
the explosion. A more subtle anomaly is that these very high velocities
decrease to the normal Type Ib,c velocities approaching the nebular phase.
The apparent absence of optical lines of Hel suggested a Type Ic but sub-
sequent identification of intrinsically stronger Hel lines in IR spectra leaves
it dangling as Type Ib,c with consequent uncertainty concerning the pro-
genitor. Models which make use of the spectra, light curves and velocities
suggest a core-collapse event in the evolved He-C-O core of a once massive
(~ 40 Mg ) main sequence star which lost mass in a wind or binary inter-
action. The mass which exploded was arguably in the range 10 - 15 Mg.
That an explosion energy of > 1052 ergs was involved seems indicated by
the models fitting the light curves and spectra 1%!1. Such objects have ac-
quired the name “hypernova” although they may not conform to what the
original proposal had in mind 3°. Linear polarization measurements of ~
0.4 % were not very helpful in discriminating asymmetry because the ISM
of the host galaxy may be contributing all or most of this amount. Some
types of collapse model require or allow an interval of time between the SN
collapse and the GRB owing to the formation of an accretion disk dictating
a preferred axis of symmetry for jet formation coming from infall of ma-
terial 31. This type of model can relax the constraint on the coincidence
in time between SN outburst and GRB although by how much is not yet
confidently known. In fact the cosmologically distant GRB 011211 is used
as evidence for this type of delay since the detection of X-ray emission lines
of various ions in its afterglow suggests that the y-rays in the burst heat
the already expanding envelope to X-ray temperatures *2. Other claims for
cosmologically distant GRBs associated with SN events use the shape of the
afterglow light curve as evidence. In these cases instead of an exponential
decay, a bump in the light curve is observed as if additional radiation were
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coming from a SN near maximum light. Unfortunately for these events
the data points are sufficently sparse that, with their associated errors, it
is not possible to show convincingly that the SN explosion had preceded
the GRB 333435 In the nearby universe there have occurred other SNe
which have been associated with GRB events, but with considerably less
certainty than SN 1998bw, this because of greater uncertainties in timing
and position. Some, such as SN 1997ef 3¢ bear some resemblance to SN
1998bw, i.e. Type Ib,c but with lower energies. Others are Type II events
such as SN 1997cy 37 with, for example, very high optical luminosities.

In spite of the increasing number of suggested associations between GRBs
and SNe, there is not, at the time of writing, a consensus that all GRBs
are associated with SN events.
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GAMMA-RAY AND NEUTRINO SIGNATURES OF COSMIC
RAY ACCELERATION BY PULSARS

WLODEK BEDNAREK

Department of Experimental Physics, University of L6dZ,
90-236 LédZ, ul. Pomorska 149/1583, Poland

Since their discovery, pulsars were considered as one of the most promising can-
didate sources of cosmic rays because in the extreme cases (milisecond periods)
they can in principle generate potentials able to accelerate particles up to ~ 1020
eV. In fact observations of nonthermal X-ray emission and also high energy y-ray
emission from nebulae around the youngest pulsars in Galaxy (e.g. Crab Neb-
ula, Vela Nebula, PSR 1706-44) support that expectations. However, in spite of
many efforts, the question of how and to what energies particles are accelerated
by pulsars remains still unaswered. In this paper we review various models of par-
ticle acceleration by pulsars and estimates of pulsar’s contribution to the cosmic
ray content in the Galaxy. Recent predictions for the fluxes of v-rays, neutrinos
and neutrons, produced during the process of acceleration of particles and their
propagation in the medium surrounding pulsars are discussed.

1. Introduction

It is widely believed that cosmic rays, at least with energies below 10'° eV,
are accelerated by the shock waves of supernovae which exploded in our
Galaxy. In fact, the nonthermal X-ray emission and TeV 7-ray emission
have been reported from a few shell type supernova remnants (e.g. SN 1006
- Tanimori et al. 1998; Cas A - Aharonian et al. 2001; SNR RX J1713.7-3946
- Muraishi et al. 2000). This emission is usually interpreted in terms of lep-
tonic models. Recent claim on the evidence of hadron acceleration in SNR
RX J1713.7-3946 (Enomoto et al. 2002) is not supported by calculations of
the ~y-ray production by hadrons {e.g. Reimer & Pohl 2002).

Also the pulsars and their nebulae have been considered for a long time
as possible sources of cosmic rays, even with energies higher than in the
case of the shell type supernova remnants (> 10'® eV). The non-thermal
radio, optical, and X-ray emission, observed from about 10 pulsar wind
nebulae (Chevalier 2000; Camilo et al. 2002), and detection of TeV 7y-rays
from 3 nebulae (around pulsars B0531 (Crab) - Weekes et al. 1989; B0833-

7
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45 (Vela) - Yoshikoshi et al. 1997; and PSR 1706-44 - Kifune et al. 1995;
Chadwick et al. 1998) idicate that relativistic particles have to be present in
these objects. However these results are also usually interpreted in terms of
leptonic models for the high energy radiation leaving the question of hadron
acceleration by these objects still open.

In this paper we review models of hadron acceleration to energies > 10!
eV in the pulsar wind nebulae and consider contribution of such sources to
the cosmic rays in the Galaxy. We concentrate on the neutral signatures of
hadron acceleration and discuss their possible detection by the next gener-
ation of the y-ray and neutrino telescopes.

2. Mechanisms of particle acceleration

Pulsars are attractive accelerators of cosmic rays since they can generate
huge potential differences in their rotating magnetospheres. If the magne-
tosphere of neutron star rotates as a rigid body then the observer in the
lab system sees the electric field,

E = -vx Be, (1)

where v = 2 x r is the velocity of rotation and Q2 is the angular velocity, r
is the distance from the axis of rotation, B is the magnetic field strength,
and c is the velocity of light. The potential drop across the polar cap region
of the pulsar is

U = O*BnsRig/2¢% (2)

where Bng is the surface magnetic field of the star, and Rng is its radius.
For example the potential drop across the polar cap of the Crab pulsar
(P =0.033s,and B =4 x 10'2 G) is ~ 3 x 10'® eV. However, these huge
electric fields should be immediately balanced by the plasma extracted from
the neutron star or created in cascades occuring in the magnetosphere (Gol-
dreich & Julian 1969). Therefore only a part of the full available potential
may not be compensated by the plasma present in the pulsar magneto-
sphere. The appearence of such acceleration regions, called ”gaps”, is pos-
tulated in different parts of the pulsar magnetosphere (for recent review on
the pulsar electrodynamics in the context of the acceleration of particles
see Rudak 2001).

It is believed that the surface of a neutron star is composed of heavy
nuclei from the iron group. These nuclei are binded into the surface. How-
ever their binding energy is not well known. The common opinion is that
these nuclei can be stripped out of the surface of the neutron star by the
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very strong electric field or as a result of bombardment and heating by the
products of cascades occuring in the pulsar magnetosphere. If this is the
case then the iron nuclei can gain energy in the inner pulsar magnetosphere,
in the region of the pulsar wind, or in the nebula surrounding the pulsar.
Below we review these different possibilities for acceleration of heavy nuclei
in more detail.

2.1. Formation of a neutron star

The violent processes during the formation of a neutron star might cre-
ate good conditions for acceleration of particles. For example, de Gouveia
Dal Pino & Lazarian (2000) proposed that particles can be accelerated in
the magnetic reconnection sites just above the magnetosphere of newborn
milisecond pulsars, originated by the accretion induced collapse of the white
dwarf. The model is atractive since it avoids the problems with the prop-
agation of particles in the massive envelope surrounding the neutron star
if it is formated during the core collapse of the massive star. It may be
difficult to localize such sources of cosmic rays due to the possible lack of
neutral radiation accompanying the process of particle acceleration.

2.2. Inner magnetosphere

In some regions of the magnetosphere the amount of e* plasma, is insuffi-
cient to short out induced electric field. Some models of such acceleration
regions, called ’gaps’, predict quite large potential drops. For example,
Arons & Scharlemann (1979) has shown that a gap should appear along
field lines close to the magnetic pole and at the critical line which bend to-
ward the rotation axis. Because of the overall curvature of these magnetic
field lines, photon created at the specific line leaves it before being absorbed
and creates new e® pair which is bounded to another line. This leads to
the formation of a ”slot gap” in the pulsar magnetosphere (Arons 1983). In
such gaps a huge potential drops can be generated, e.g. for the 5 ms pulsar
with the surface magnetic field of 1012 G, the potential drop along the gap
can reach. the value ~ 1017 V.

The regions of particle acceleration can also appear along the magnetic
field lines between the null surface and the light cylinder radius which curve
towards the equator (e.g. Cheng, Ho & Ruderman 1986). In these ”outer
gaps” the maximum potential drops for the Crab type pulsars are (Cheng
et al. 1990)

& ~ 1.25 x 10'°B,, PY/? 'V, 3)
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where B = 10'2B,, G is the surface magnetic field of the pulsar, and P,
is its period in seconds. The iron nuclei, accelerated by relatively young
and strongly magnetized pulsars, can move through the potentials which in
principle can accelerete them up to a few 102 eV,

However these nuclei lose also energy during the acceleration process.
In principle, two processes may become important, the curvature energy
losses and the photo-desintegration energy losses. The curvature energy
losses become important when the nuclei move along the curved magnetic
field lines. They lose energy at a rate

dE _ 2(Ze)’c ,

where Ze is the charge of the particle, ¢ is the velocity of light, R, is the
radius of curvature which is usually approximated by R. ~ (RnsRrc)/?,
Ric = cP/2x is the light cylinder radius, and v is the Lorentz factor of
the nuclei. For example, in the outer gap of the Crab pulsar, the radius
of curvature of the magnetic field is R. ~ 107 cm, and the average electric
field is ~ 5 x 10 V cm™!. The acceleration of iron nuclei is balanced by
the curvature energy losses for the Lorentz factor of nuclei ~ 3.5 x 108
(corresponding energy ~ 2 x 1017 eV).

The photodesintegration of heavy nuclei in collisions with the radiation
from the neutron star surface, or produced in the inner magnetosphere can
become also important process for their energy losses. It has been shown
(Protheroe et al. 1998) that the iron nuclei can lose even several nuclei
in collisions with the thermal radiation emitted by; (1) the whole surface
of the neutron star at early time after neutron star formation when the
temperature of the neutron star is above 5 x 108 K; (2) the polar cup re-
gion of the neutron star heated to temperatures above 10” K. The nuclei
can be also efficiently photodesintegrated in collisions with the nonther-
mal photons produced in the electromagnetic cascades developing in gaps
(Bednarek & Protheroe (1997). These processes will be discussed further
in detail. The buyproducts of photodesintegration of nuclei, i.e. relativistic
neutrons, are injected into the pulsar surrounding. Neutrons, not confined
by the magnetic field present inside the expending envelope, decay at large
distances from the neutron star supplying an attractive mechanism for en-
ergy transport from the pulsar surrounding.
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2.3. Light cylinder region

The rotating magnetic field of the pulsar can in principle generate huge
potential drops close to the light cylinder radius since the Goldreich & Ju-
lian (1969) density of plasma, necessary to saturate induced electric field,
tends there to infinity. Beskin & Rafikov (2000) argue that e* plasma can
be efficiently accelerated in this region provided that the magnetic energy
density at the light cylinder dominates over the plasma energy density, i.e.
the magnetization parameter ¢ >> 1 (Michel 1969), and the plasma den-
sity at this region is much higher than the Goldreich & Julian density, i.e.
the multiplication parameter of the plasma in the inner magnetosphere is
A >> 1. If the longitudinal electric current is smaller than the Goldreich &
Julian one (Goldreich & Julian density times velocity of light) then induced
electric field near the light cylinder is |E| = |B|. This model can be tested if
the acceleration of particles occurs in a strong radiation field. Recently Bo-
govalov & Aharonian (2000) has calculated the vy-ray flux produced by e*
plasma, accelerated close to the light cylinder, which comptonize nonther-
mal radiation from the pulsar inner magnetosphere and thermal radiation
from the pulsar surface. The comparison of calculations with the obser-
vations of the v-ray flux from the Crab Nebula excludes the possibility of
formation of relativistic e* plasma within 5 light radii from the pulsar.
This causes serious problems for the Beskin et al. model.

2.4. Pulsar wind zone

Just after discovery of pulsars, Gunn & Ostriker (1969) suggested that par-
ticles can be accelerated to very high energies in the pulsar wind zone.
The authors argue that rotating neutron star with the oblique magnetic
field generates low frequency electromagnetic waves with the pulsar fre-
quency. Because of low frequency and very large amplitude, these waves
can capture particles and accelerate them to relativistic energies in times
very short compared with the period of the wave (the mechanism called
magnetic slingshot). However the maximum energies reached by particles
depend on the presence of plasma above the light cylinder radius of the
pulsar in which such waves prepagate. As we discussed in previous subsec-
tion the region above the light cylinder should be fulfilled with a dense e*
plasma created in the pulsar inner magnetosphere. In such conditions the
waves cannot propagate (Kennel & Pellat 1976; Asseo et al. 1978), and the
magnetized e* plasma should be analysed in the magnetohydrodynamic
(MHD) approximation.
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Observations of young plerions (e.g. the Crab Nebula) indicate that
the value of the magnetization parameter of the plasma (the ratio of the
magnetic energy of the wind to the kinetic energy of particles in the wind)
is quite high o ~ 10*5 close to the light cylinder (e.g. Rees & Gunn 1974,
Coroniti 1990). However, at the termination shock of the wind the value
of the magnetization parameter drops to ¢ ~ 1073 for the Crab Neb-
ula (Kennel & Coroniti 1984, De Jager & Harding 1992). Therefore, it
looks that somewhere in the pulsar wind most of the rotational energy
of the pulsar is converted into relativistic particles (Rees & Gunn 1974,
Kennel & Coroniti 1984). However how the wind dissipates energy re-
mains a mystery. It has been argued that the ideal, ultrarelativistic MHD
wind is not able to convert the Poynting flux into particles (Chiueh, Li
& Begelman 1998, Bogovalov & Tsinganos 1999). This difficulty can be
overcomed due to the wind rapid expansion in a magnetic nozzle (Chi-
ueh, Li & Begelman 1998) or nonideal MHD effects in a two-fluid plasma
(Melatos & Melrose 1996). Recent analysis of the propagation of the MHD
wind (Contopoulos & Kazanas 2001), which base on the exact solution of
the axisymmentric magnetosphere (Contopoulos, Kazanas & Fendt 1999),
shows that the Lorentz factor of outflowing plasma increases linearly with
distance from the light cylinder up to the moment when the flow collimates
drastically towards the direction of the axis of symmetry.

Another possible explanation for the conversion of the Poynting flux into
the particles energy is the acceleration in the reconnection regions of the op-
positely directed magnetic fields in the wind (Michel 1982, Coroniti 1990).
Recent investigation of this process by Lyubarsky & Kirk (2001) shows that
since the wind accelerates in the course of reconnection, the conversion of
Poynting flux to particles has to occur on longer timescale and the process
becomes not efficient for pulsars with the Crab pulsar parameters, although
it is still efficient for the milisecond pulsars.

2.5. Pulsar nebula

Rees & Gunn (1974) pointed out that pulsar wind terminates in a standing
reverse shock due to the interaction of a wind with a supernova envelope.
The details of such model were constracted in a steady state, spherically
symmetric situation by Kennel & Coroniti (1984a) and in the time de-
pendent picture by Emmering & Chevalier (1987). The standing shock
deccelerates and heats the et wind. This shock can accelerate leptons
and hadrons by the first order Fermi acceleration mechanism (Gaisser et
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al. 1987;1989, Berezinsky & Ginzburg 1987, Harding et al. 1991), up to
energies ~ 106 eV in the case of the Crab pulsar. Ultrarelativistic lep-
tons interact with the magnetic field and generate observed radiation of
the nebula around the pulsar. The details of such model applied to the
Crab nebula have been discussed by Kennel & Coroniti (1984b) and De
Jager & Harding (1992). Another way of acceleration of leptons in the
pulsar nebula has been proposed by (Gallant & Arons 1994). If the pul-
sar wind contains significant amount of relativistic heavy ions (e.g. iron
nuclei), which dominate the energy density of the wind, then the nuclei
can transfer their energy to positrons at the shock as a result of rezonant
scattering (Hoshino et al. 1992, Gallant et al. 1992).

The pulsar nebula may also work as an re-accelerator of cosmic rays
(Bell 1992) if the magnetic field is much weaker close to the polar regions
than at the equator as postulated by the Coroniti (1990) model. Already
energetic cosmic rays, e.g. accelerated by the supernova shock wave, can
enter the pulsar nebula at the poles and drift inside the nebula to exit near
the equator, thus gaining energy due to the potential difference between
the pole and the equator. During the single entrance individual cosmic
rays can increase their energies by two orders of magnitude. However such
process occurs if other effects do not prevent particle’s penetration of the
nebula at the poles, like e.g. expension of the wind along the polar axis, or
magnetic reconnection at the polar axis.

3. Contribution of pulsars to the cosmic rays

The mechanism of particle acceleration by the long scale electromagnetic
waves in the pulsar wind zone (Ostriker & Gunn 1969) has been proposed as
responsible for the acceleration of cosmic rays to the highest observed ener-
gies (Gunn & Ostriker 1969) and at the knee region (Karakula, Osborne &
Wdowczyk 1974). These estimations assume that particles are accelerated
by Galactic population of observed radio pulsars to the maximum possible
energies allowed by the pulsar electrodynamics (Karakuta et al. 1974) or by
the population of pulsars with the maximum allowed periods determined by
the stability condition of a rotating neutron star (Gunn & Ostriker 1969).
Karakuta et al. (1974) concluded that the change of mass composition from
light (at the region knee) to heavy (above the knee) should occur in the
cosmic ray spectrum if protons and iron nuclei are accelerated by the pulsar
at this same moment. This general prediction is consistent with the recent
measurements of the mass composition above 10!° eV (e.g. Glasmacher et
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al. 1999, Fowler et al. 2001).

The problem of pulsar contribution to the cosmic ray spectrum has been
recently refreshed in the context of the origin of the highest energy cosmic
rays. Blasi, Epstein & Olinto (2000) have suggested that the iron nuclei
could be accelerated to ~ 102 eV by the neutron stars in our Galaxy which
periods are shorter than ~ 10 ms and their surface magnetic fields are in the
range 10?2 — 10** G. In this simple model the iron nuclei are accelerated
to the maximum energies allowed by the pulsar electrodynamics. They
are injected with the rate which scales with the maximum possible rate
described by the Goldreich & Julian {1969) density of charged particles
close to the pulsar light cylinder radius. The authors assume that nuclei
with such extreme energies are not photo-desintegrated during propagation
in the pulsar magnetosphere and not confined by the expending supernova
envelope. These two assumptions are crucial for this model and should be
studied in detail.

Recently detailed model for the contribution of the galactic population
of pulsars to the observed cosmic ray spectrum above 10'% eV has been de-
veloped by Bednarek & Protheroe (2002). It is assumed that the iron nuclei
are accelerated in the outer gaps of pulsars (Cheng, Ho & Ruderman 1986),
and then suffer partial desintegration in the non-thermal radiation fields of
the outer gap and in collisions with the matter of the expending envelope
of the supernova. The spectra and expected mass composition of particles
escaping from the supernova remnant are computed taking into account the
observed population of the radio pulsars and the adiabatic and interaction
energy losses of particles in the expending nebula. Moreover, this model
include the diffusion of particles in the supernova nebula and in the Galaxy.
It is predicted that heavy nuclei, accelerated directly by pulsars, and the
light nuclei, from their desintegrations, should contribute to the cosmic ray
spectrum at the knee region. The contribution of heavy nuclei significantly
increases the average value of < InA > with increasing energy as suggested
by recent observations (Glasmacher et al. 1999, Fowler et al. 2001).

The contribution of pulsars to the cosmic rays in the energy range 1015 —
10*° eV has been also considered in the paper by Giller & Lipski (2002).
As in the work by Blasi et al. 2000), the authors do not specify the model
for particle injection by pulsars but only simply assume that all rotational
energy of a pulsar is transfered to hadrons (protons or iron nuclei) with
the maximum possible energies allowed by the pulsar electrodynamics. The
consistency with the observed cosmic ray spectrum is obtained by assuming
that pulsars are born with relatively long periods which distribution is
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described by the gamma function with s = 3.86 and the average period
< Py >= 0.5 5. The effects of propagation and adiabatic energy losses of
accelerated particles in the expending supernova envelope have not been
taken into account in derivation of the spectrum. The other features of
cosmic rays, e.g. the mass composition of cosmic rays, are not discussed in
this work.

4. Signatures of cosmic ray acceleration

Young pulsar wind nebulae, which accelerate cosmic rays, should become
sources of high energy v-rays and neutrinos resulting from interactions of
hadrons with the matter of the supernova envelope, e.g. Berezinsky &
Prilutsky (1978, Sato (1977). It has been shown in this early works that
supernovae, containing energetic pulsar, should become efficient sources
of neutrinos during first year after explosion. They should be detected
by the planned at that time the DUMAND experiment. A few months
after explosion, supernovae with pulsars should produce also significant
fluxes of y-rays. More recent calculations of neutral emission generated
in such supernova-pulsar scenario had been stimulated by the explosion
of supernova SN1987A in LMC (e.g. Gaisser et al. 1987; Berezinsky &
Ginzburg 1987; Nakamura et al. 1987; Gaisser & Stanev 1987; Berezinsky
et al. 1988). These authors usually assume that hadrons are injected with
the power law spectrum in some not well specified mechanism for particle
acceleration. The predicted fluxes of high energy neutrinos and ~y-rays > 1
TeV from SN 1987A should be detectable if the created pulsar accelerates
hadrons with the power ~ 10%° erg s—!.

Further in this section we describe recent scenarios for the neutral emis-
sion from supernovae remnants containing pulsars. We apply specific mod-
els for particle acceleration in such sources which were developed for the
explanation of the y-ray emission from pulsars and pulsar nebulae, i.e. ac-
celeration in the inner magnetosphere and in the pulsar wind zone. We
consider the radiation processes during the early stage of pulsar supernova
interaction, when the supernova envelope is still optically thick, and at the
later stage, when hadrons accumulated in the pulsar nebula interact with
relatively rare medium. At the end, the energetic pulsar in the high density
medium, e.g. in a large molecular cloud, is discussed.
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4.1. Prompt gamma-ray and neutrino emission

Let us estimate the fluxes of neutrinos produced in the early phase of the
pulsar - supernova envelope interaction assuming two different models for
injection of relativistic heavy nuclei, i.e. acceleration in the inner pulsar
magnetosphere at the slot gap (Arons & Scharlemann 1979; Arons 1983),
and acceleration in the wind zone as discussed by Blasi et al. (2000) and
Beall & Bednarek (2002).

The energetic pulsars are probably formed during explosions of type Ib/c
supernovae, whose progenitors are Wolf-Rayet type stars (for the evolution
models of such stars and their explosions see Woosley et al. 1993). The
iron core collapses to a very hot proto-neutron star which cools to the
neutron star during about tns &~ 5 — 10 s from the collapse. The rest of
the mass of a presupernova (the envelope) is expelled with the velocity at
the inner radius of the order of v; = 3 x 10® cm s~ !. The velocities of
matter in the envelope and the density profiles can be approximated by
(for details see Beall & Bednarek 2002), v(R) = v;(R/R;)%, (b = 0.5 and
Ry = 3 x 108 cm) and n(R) = n;(R/R;)~® (the density at Ry is n; =
1.2 x 103 ¢cm™3, and the parameter @ = 2.4). The initial column density
decreases with time, t, due to the expansion of the envelope according
to p(t) = [’ n(R)(R/R + v(R)t)*dR, where Ry = 3 x 101 cm is the
outer radius of the envelope at the moment of explosion, and v(R) and
n(R) are described above. The volume above the pulsar and below the
expanding envelope is filled with thermal radiation which is not able to
escape because of the high optical depth of the envelope. The temperature
of this radiation drops with time during the expansion of the envelope
according to T(t) = To(Ry/R1 + v1{tns +1))*/%. At early stage, the pulsar
can lose energy on emission of electromagnetic and gravitational radiation.
In the first model we assumed that both processes are important (Protheroe
et al. 1998) and in the second model we include only electromagnetic energy
losses (Beall & Bednarek 2002).

The standard models of the neutron star cooling predict that its surface
temperature decreases to ~ 107 K at a few days after neutron star formation
and later cools to ~ 4 x 10% K in about one year. However the polar cup
temperature remains ~ 107 K or higher, due to the heating by electrons
and ~-rays from cascades in the pulsar magnetosphere. If heavy nuclei,
e.g. iron, are extracted from the neutron star surface and accelerated in
the pulsar slot gap, then they should suffer multiple photodesintegrations,
injecting neutrons which escape freely (Protheroe et al. 1998). We calculate
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the spectra of injected neutrons for some specific parameters of the pulsar
(see Figs. 6 and 7 in Protheroe et al. 1998), normalizing the number of
iron nuclei injected by the pulsar to the pulsar rotational energy loss rate
(factor £€). The neutrons move balistically through the expending supernova
envelope and produce high energy neutrinos and --rays. The spectra of
neutrinos are calculated from

FU(B) (1= )/ ] [ Nu(Ew)Pos(Bu B)dEn,  (5)

where d is the distance to the pulsar, Py, (E,, E,) is the number of neutri-
nos produced via decay of pions in multiple necleon-nucleon interactions of
a nucleon with energy E,, N, (E,) is the production rate of neutrons by Fe
nuclei, 7, is the optical depth of the supernova shell to nucleon-nucleon
collisions, and €y, is the solid angle in which Fe nuclei are accelerated and
neutrons are injected. In contrary to neutrinos, significant fraction of pro-
duced ~y-rays is absorbed in collisions with the matter of the supernova
during the first few months. Taking into account these effects the y-ray
flux can be calculated from

Fy(Ey) = [(e7™ — e™™")/(7yp/TPP — 1)/Qd’] x

/ No(Evn)Pay(E,, Eq)dE,, (6)

where 7., & 0.77,p is the optical depth of the shell for e* pair production.

Using the above formulae we calculated the fluxes and spectra of neu-
trinos and y-rays above 100 MeV and 1 TeV (Protheroe et al. 1998). The
neutrino spectra from the source at the distance 10 kpc are above the at-
mospheric neutrino background within 10° around the source during first
one year after supernova explosion if the parameter describing the model
is £Q ! = 1 sr~!. The y-ray flux, peaking at about 2 months after the
explosion, should be detectable with the future GLAST detector provided
that 2,6~ < 0.07 sr (for the pulsar with the initial period 5 ms) and
MpE™! < 3 x 1073 sr (10 ms pulsar), and by the next generation of the
Cherenkov telescopes provided that Q,£~! < 3.8 sr (10 ms pulsar) and
M€ < 75 st (5 ms pulsar).

Now let us estimate the flux of neutrinos expected in the similar general
scenario but with different model for acceleration of heavy nuclei by the
pulsar. In these calculations it is assumed that the spectrum of iron nuclei
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accelerated in the pulsar wind is given by (Beall & Bednarek 2002)

dN 27TCXT%C’ILGJ(TLC)(EF3E2)_1/3
dEdt 3 [(EFe/E)2/3 _ 1] i/2

o 3X 10%°x(B3 PR2E~1)?/®  Fe

[(Ere/E)2/s — 1]/ 5 GeV’ (7)

where x is the efficiency of particle acceleration normalized to the Goldreich
& Julian density close to the light cylinder radius {Goldreich & Julian
1969), and the maximum energies of nuclei are given by Blasi et al. (2000),
Ere = B*(rLc)/87ng;(rLc) ~ 1.8 x 1011 By, P2 GeV, where ri,c = cP/27
is the light cylinder radius.

When the envelope in opaque for the radiation the nuclei are accelerated
in the dense thermal radiation filling the cavity below expending supernova
envelope. These nuclei will interact with strong thermal radiation field in-
side the supernova cavity, suffering at first multiple photo-disintegration of
nucleons. The secondary nucleons lose energy mainly via pion production.
The pions then decay into high energy neutrinos if their decay distance
scale A, =~ 780y, cm, is shorter than their characteristic energy loss mean
free path. We show (Beall & Bednarek 2002) that pions decay before losing
energy only for temperatures of radiation T < 3 x 108 K. The tempera-
ture of the radiation inside the envelope drops to T < 3 x 10® K at about
tgec ~ 10% s after the supernova explosion. When the optical depth through
the expanding envelope drops below ~ 103, the radiation is not further con-
fined in the region below the envelope and its temperature drops rapidly.
This happens at the time tconr ~ 2 X 10° s after the explosion. At later
times, the relativistic iron nuclei do not desintegrate in the radiation field
but interact directly with the matter of the envelope whose density is al-
ready low enough so that pions produced by that interaction are able to
decay into neutrinos and muons.

We now compute the differential spectra of muon neutrinos produced
in the interaction of nuclei: (1) with the radiation field below the envelope
during the period 1 x 10* — 2 x 10° s after the supernova explosion; and (2)
with the matter of the envelope during the period from 2 x 10% — 3 x 107s
after the explosion, assuming that the nucleons cool to the lowest energies
allowed by the column densities of photons and matter, respectively. For
a supernova inside our Galaxy at a distance D = 10 kpc, we estimate the
expected flux of muon neutrinos produced in these two processes. If EHE
CRs are produced by pulsars within our Galaxy, than the observed flux
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Table 1. Expected number of neutrinos from a supernova at
the distance of 10 kpc

Prs=3,Bi2 =4 | Pms =10, B12 =100
N-v = v, (H) 0.8 96
Fe-M— v, (H) 8.7 720
N-v = v, (N) 0.2 20
Fe-M— v, (N) 3.4 256

of particles allows to constrain some free parameters of considered model.
By comparing the observed flux of cosmic rays at ~ 1020 eV with model
estimations of the flux of iron nuclei, Blasi et al. (2000) finds that following
condition should be fulfilled yeQ/maR?B;3 ~ 4 x 1078, € is the fraction of
pulsars which have the parameters required for particle acceleration to 102°
eV, @ is the trapping factor of particles within the Galactic Halo, 7 = 1007
yr is the rate of neutron star production, R = 10R; kpc is the radius of the
Galactic Halo, and B3 = 0.1By2 is the pulsar surface magnetic field. For
plausible parameters: 7, = 1, Ry = 3, @ ~ 1, and € = 0.1, we obtain the
limit on the particle acceleration efficiency £ ~ 10~* (for the pulsar with
Pys =3 and Bi2 =4), and € = 4 x 1073 (Pys = 10 and By = 100). The
results of calculations for the pulsars with these two sets of parameters and
the density factors estimated above, are shown in Table 1 for the case of
neutrinos arriving from directions close to the horizon, i.e. not absorbed
by the Earth (H), and for neutrinos which arrive moving upward from the
nadir direction and are partially absorbed (N). These calculations show that
some neutrinos might be observed in the 1 km? neutrino detector. Neutrinos
from a Crab-type pulsar located at the distance of ~ 2 kpc might be also
observable by such detector during the first year after pulsar formation if
the particle acceleration efficiency is £ > 3 x 1072 (Beall & Bednarek 2002).

If the considered model works, then the whole population of pulsars cre-
ated in the Universe should contribute to the extragalactic neutrino back-
ground. This could be detectable, because in such a case we do not need to
be lucky to find the pulsar within the Galaxy during such an early phase.
In another paper (Bednarek 2001) we estimate the extragalactic neutrino
background from the population of pulsars with parameters similar to those
of classical radio pulsars formed in the Universe.
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4.2. Delayed gamma-ray and neutrino emission

Possible contribution of y-rays from hadronic processes to the spectrum of
pulsar wind nebulae has been considered by a few authors (e.g. Berezinsky
& Prilutsky 1978; Cheng et al. (1990); Atoyan & Aharonian 1996). For ex-
ample Cheng et al. (1990) calculated the high energy v-ray fluxes assuming
that relativistic protons accelerated in the Crab pulsar outer gap interact
with the matter inside the Nebula. They noticed that this process may
contribute in the TeV ~-ray range. In this subsection we describe calcula-
tions of the neutral emission produced by hadrons injected by: the pulsar in
the interstellar medium, taking as an example the case of the Crab nebula
(Bednarek & Protheroe 1997), and the pulsar immersed in a high density
medium (Bednarek 2002).

4.2.1. Pulsar in the interstellar medium

Let us consider (Bednarek & Protheroe 1997) a young pulsar inside its wind
powered nebula and investigate the consequences of acceleration of heavy
nuclei (e.g. iron nuclei) by the pulsar. As an example we concentrate on
the Crab Nebula (pulsar) which is a well established ~-ray source. The
iron nuclei, extracted from the neutron star surface and accelerated in the
pulsar’s magnetosphere, photodisintegrate in collisions with soft photons
from the pulsar’s outer gap, injecting energetic neutrons which can decay
either inside or outside the Crab Nebula. The protons from neutron decay
inside the nebula are trapped by the Crab Nebula magnetic field, and accu-
mulate inside the nebula producing gamma-rays and neutrinos in collisions
with the matter in the nebula. Neutrons decaying outside the Crab Nebula
contribute to the Galactic cosmic rays.

In order to calculate the expected fluxes of gamma-rays and neutrinos,
it is assumed that Fe nuclei can escape from the polar cap surface of the
Crab pulsar, and move along magnetic field lines to enter the outer gap
where they can be accelerated as in the model of Cheng et al. (1986).
The nuclei interact with photons either producing secondary e* pairs
(with negligible loss of energy) or extracting a nucleon. In order to ob-
tain the energy spectrum of neutrons extracted from Fe nuclei, N,(7v,),
we simulate their acceleration and propagation through the outer gap us-
ing a Monte Carlo method. To obtain the rate of injection of neutrons
per unit energy we multiply N,(v,) by the number of Fe nuclei injected
per unit time, Nre, which can be simply related to the total power out-
put of the pulsar Lcran(B, P), Npe = ELcrab(B, P)/Z®(B, P), where ¢
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is the parameter describing the fraction of the total power taken by rel-
ativistic nuclei accelerated in the outer gap, Z = 26 is the atomic num-
ber of Fe, B is the surface magnetic field, P is the pulsar’s period, and
®(B,P) = 5 x 10'8(B/4 x 1012G)(P/1s)*/3 V, is the potential difference
across the outer gap (Cheng et al. 1986).

Soon after the supernova explosion, when the nebula was relatively
small, nearly all energetic neutrons would be expected to decay outside
the nebula. However, at early times we must take account of collisions
with matter. The optical depth may be estimated from 7,g = oppnar =
8.6x 104 M;vg 2t=2, where M = M My, is the mass ejected during the Crab
supernova explosion in units of solar masses, r = vt, ng = M/(4/37r3m,)
is the number density of target nuclei, and v = 108vg cm s~! is the expan-
sion velocity of the nebula. We note that 7,y =1 at t = 0.93M11 / 2118" 1 yr.

The number and spectrum of relativistic protons from neutron decay at
the present time is determinated by the injection rate of neutrons into the
Crab Nebula integrated over time since the pulsar’s birth. We estimate the
evolution of the Crab pulsar’s period from birth to the present time taking
account of magnetic dipole radiation energy losses and gravitational energy
losses for an ellipticity of 3 x 10™* (Shapiro & Teukolsky 1983). Two initial
periods of the pulsar are considered: 5 ms, and 10 ms.

The spectrum of protons from neutron decay outside the Crab Nebula
is given by

ten .
N3 (7,,ten) = / dtNpe(t) N (vp, t)e mHBemvton/cmm  (g)
0

where 7, = 900 seconds is the neutron decay time, and we make the ap-
proximation that the Lorentz factor of protons is equal to that of parent
neutrons, vy, & Yn.

The equation for the spectrum of protons injected inside the Crab Neb-
ula is more complicated because we must take account of proton-proton
collisions and adiabatic energy losses due to the expansion of the nebula.
The Lorentz factor of these protons at time ¢ after the explosion such that
their present Lorentz factor is 7, is given by 7, (t) & v, (t + ton) /2t K ee(t)]
where 7p,(t) is the optical depth for collision of protons with matter be-
tween t and tcn, and is given by Tpp(t) & 1.3 x 101" Myvg ®(¢72 — t5%), and
K = 0.5 is the inelasticity coefficient in proton—proton collisions.

Since we are interested in protons interacting inside the nebula at the
present time, we must also include those neutrons which decayed at loca-
tions outside the nebula at time ¢ but which will be inside the nebula at
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Table 2. Model parameters for the Crab super-
nova and limits on £u.

Model I 11 II1 v
Py (ms) 5] 10 10 10
ren (pe) 1 2 2 1

M; 3 3 10 3

(€u)y at 10 TeV | 0.63 | 6.9 | 2.0 | 1.0
(€w)y at 10 TeV | 0.22 | 1.8 | 0.54 | 0.29

time ton. Taking account of all these effects, we arrive at the formula below
for the proton spectrum inside the nebula at time tcn,

Ny (s ton) = ;! / - dt Npe(t)e™ ™5
0
X [Nn(’YP(t); Dvp(B)[1 — exp(—vt/eyp(t)mh))

ton ' ! nv exp(—vtl/c7p(tl)7n)
+ /t dt'Np (v (1), )vp(t) . . 9)
The first term gives the contribution from neutrons decaying initially inside
the nebula while second term gives the contribution from neutrons decaying
at points initially outside the nebula which will be inside the nebula at time
ten. We compute the expected «-ray spectra produced by particles inside
the Crab Nebula for four different models, taking various initial pulsar peri-
ods, present sizes and masses of the Crab Nebula. The fluxes may possibly
be enhanced if protons are efficiently trapped by the dense filaments as
suggested by Atoyan and Aharonian (1996). Therefore we introduce an ef-
fective density experienced by the protons inside nebula, n$f = puny, where
ng is defined above, and the parameter u takes into account the possible
effects of proton trapping by the filaments. The photon fluxes expected at
the Earth are shown in Fig. 1 for £g = 1, and are compared with obser-
vations of the Crab Nebula above 0.2 TeV. Results are shown for models I
to IV having Py, rcn and M; as specified in Table 2, and for a distance to
the Crab Nebula of 1830 pc. Comparison with the Whipple observations at
10 TeV allows us to place constraints on the free parameters of the model,

and upper limits on &u which are given in Table 2 as (§u),.

The neutrino spectrum produced in collisions of protons with matter
inside the Crab nebula for the models considered above is above the atmo-
spheric neutrino background flux within 1° of the source direction. Neutrino
detectors with good angular resolution should be able to detect neutrinos at
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10 TeV from the Crab Nebula if £ is greater than (£u), given in Table 2.
Note that in all cases ({u), < {€p)y and so the possibility of v detection is
allowed by the existing y-ray observations.

Crab Nebula

log(u™'¢"'F(>E,) / phot. em ™)

-151
2 3

4
log(E, /GeV)

Figure 1. Spectra of y-rays from interactions of protons with matter inside the Crab
Nebula for the different proton spectra and for the different models of the nebula (I —
IV) considered in the text. Observations: Whipple Observatory (dotted line and error
box); THEMISTOCLE (+); and CANGAROO (solid line and error box). Upper limits
from various experiments: T - Tibet, H - HEGRA, C - CYGNUS, and U - CASA-MIA.

4.2.2. Pulsar in the high density medium

We consider the young pulsar formated in the high density medium typical
for the Galactic Center. This scenario is motivated by the existence of an
extended excess of cosmic rays over a narrow energy range 1017° — 10183
eV from directions close to the Galactic Center (GC) reported recently
by AGASA collaboration (Hayashida et al. 1999). The GC excess was
confirmed in the analysis of the SUGAR data (Bellido et al. 2001).

The Galactic Center region (inner ~ 50 pc) is rich in many massive stel-
lar clusters with a few to more than 100 OB stars (Morris & Serabyn 1996).
These stars should soon explode as supernovae. We consider the possibility
that the excess of cosmic rays from the direction of the Galactic Center,
is caused by a young, very fast pulsar in the high density medium. As in
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previous discussions we assume that the pulsar can accelerate iron nuclei
to energies ~ 1020 eV. These nuclei leave the supernova envelope without
energy losses and diffuse through the dense central region of the Galaxy.
Some of them collide with the background matter creating neutrons (from
desintegration of Fe), neutrinos and gamma-rays (in inelastic collisions).
We suggest that neutrons produced at a specific time after the pulsar for-
mation are responsible for the observed excess of cosmic rays at ~ 1018
eV.

The particles accelerated close to the pulsar can escape into the sur-
rounding and diffuse in the magnetic field of the cloud, suffering collisions
with the matter from time to time. In our further considerations we dis-
cuss, as an example, two media typical of the GC region in which the pulsar
may be immersed. The first one is a huge molecular cloud with the radius
R, = 10 pc, the density n. = 10® cm~3, and the magnetic field B, = 1074 G
( the total mass ~ 10° M), and the second one is an extended high density
region inside the GC with R, = 50 pc, ne = 10> cm™3, and B, = 3 x 107
G (the total mass ~ 108 M).

We estimated that these nuclei can escape through the supernova en-
velope after ~ 1 yr after the supernova explosion for typical parameters of
the supernova, i.e the mass of the envelope in the case of type Ib/c super-
novae Menv = 3Mg, and the expansion velocity of the envelope at the inner
radius is Yeny = 3 X 108 ¢cm s7! (Beall & Bednarek 2002). The iron nuclei
diffuse in the magnetic field of the high density medium in the GC region,
i.e. huge molecular clouds. Some of them interact producing neutrons,
neutrinos, and y-rays. In order to obtain the equilibrium spectrum of iron
nuclei inside the cloud, we have to integrate over the activity time of the
pulsar since its parameters evolve in time due to the pulsar’s energy losses.
As before we assume that the pulsar loses energy on electromagnetic waves.
The equilibrium spectrum of iron nuclei at a specific observation time, ¢obs,
is calculated from

dN tobs gN

- = —_— _K ’—c(tol:vs_“‘)/A 1
dE ~ ), dEdt° @, (10)

where dN/dEdt is the spectrum of iron nuclei, see Eq. (7}, to = 1 yr, K
gives the part of nuclei produced at the time 't’ which do not escape from
the cloud due to the diffusion and are still present inside the cloud at the
time tops. A is the mean free path for collision of the iron nuclei with the
matter of the cloud. The value of K is estimated from K = (R./Dai)?,
where Dgir = (rnct/3)1/? is the diffusion distance of iron nuclei in the
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Table 3. Expected gamma-ray fluxes and numbers of neu-
trino events from the supernova at the Galactic Center.

Model | Ny(>1TeV) | Ny(>10 TeV) | N2 | Nmo

(D) 4.3 x 10712 22x10712 | 23 30
(IT) 8.7 x 10713 6.6 x 10713 | 11 16
(111) 2.5 x 10713 1.7x10718 | 53 | 8.8

magnetic field of the cloud, and ry, is the Larmor radius of the iron nuclei
with energy E. For the case, Dgir < R, we take K = 1.

The part of iron nuclei confined within the molecular cloud, interact
with a relatively dense medium suffering desintegrations and pion energy
losses. The pions decay into neutrinos and y-rays. We calculate the differ-
ential spectra of neutrons (from desintegrations of the iron nuclei), muon
neutrinos, and y-rays (from inelastic collisions of iron) on the Earth taking
into account the decay of neutrons and absorption of y-rays in MBR on the
path from the GC Dg¢c = 8.5 kpc.

If this excess of CRs is caused by neutrons produced in the pulsar model
discussed here, then the expected flux of neutrons can be compared with
the observed by the SUGAR experiment. Basing on this normalization
we predict absolute fluxes of neutrinos and gamma-rays on Earth. This
procedure allows us to derive the free parameter of our model (i.e. the
efficiency £ of iron acceleration by the pulsar) and limit the age of the pulsar
for other fixed parameters, P, B, R, n, B., which are in fact constrained by
the observations. We consider five different sets of parameters describing
our scenario: model (I) R = 10 pc, n = 10% em™3, B, = 107% G, tops = 10*
yr; (II) tobs = 3 x 10® yr and other parameters as above; (III) R = 50
pc, n = 10?2 cm™3, B, = 3 x 1075 G, tops = 10% yr. In all these models
we assume that the pulsar is born with B = 6 x 102 G and P, = 2
ms. Normalizing the predicted neutron flux to the observed excess of CR
particles we derive the value of the parameter £ which has to be £ ~ 1
(model 1), 0.18 (II), and 0.3 (III).

Using the above estimates for £ we can now predict the expected fluxes
of y-rays and muon neutrinos and antineutrinos in the case of every model.
In Table 3 the y-ray fluxes above 1 TeV and 10 TeV in units cm™2 s—1
are reported. The -y-ray fluxes in the energy range 1-10 TeV produced in
models, (I) ~ 2.1 x 1072 cm™2 57!, and (II) ~ 2.1 x 10713 cm™2 571, and
probably also in (IV) ~ 8 x 107'* cm™2 57!, should be observed by the
future systems of Cherenkov telescopes. We estimate the number of muon
neutrino events during one year in the IceCube detector (see Table 3). The
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case of neutrinos coming to the neutrino detector from directions close to
the horizon, i.e. not absorbed by the Earth (NP?), and neutrinos which
arrive moving upward from the nadir direction, i.e. partially absorbed by
the Earth (V2 is distinguished. It is clear that the IceCube detector should
detect a few up to several neutrinos per year from the Galactic Center
region provided that the excess of cosmic rays at ~ 10'® eV from the GC
region is caused by neutrons.

5. Conclusion

Young pulsars are at present one of the best candidates responsible for ac-
celeration of cosmic rays up to the energies ~ 10'® eV, and maybe even
up to the highest energies observed. However, in spite of growing inter-
est to this problem in last years, the details of the acceleration mechanism
and propagation of accelerated hadrons in the pulsar surrounding (super-
nova remnant) remains unclear. Recent estimations of the contribution of
hadrons, accelerated in terms of pulsar scenarios, to the cosmic ray con-
tent in the Galaxy, made under rather optimistic assumptions, confirm the
old expectations that pulsars can be responsible for the bulk of the cosmic
rays between the knee and the ankle (Bednarek & Protheroe 2002; Giller &
Lipski 2002). Extreme pulsars, with milisecond periods and/or superstrong
surface magnetic field, might also accelerate hadrons up to ~ 102 (Blasi,
Epstein & Olinto 2000; de Gouveia Dal Pino & Lazarian 2000).

Observations of non-thermal radio to X-ray emission and y-ray emission
from supernovae and pulsar wind nebulae do not show at present clear
evidences of acceleration of hadrons. There is a hope that next generation
of v-ray observatories and large scale neutrino detectors give the answer
to this problem since recent calculations of neutral emission from sources
containing young pulsars suggest that:

e Neutrino and gamma-ray emission should be detectable from the
supernova, within our Galaxy during the first year after explosion
if the pulsar with reasonable parameters is formed (initial period
5-10 ms and surface magnetic field ~ 10'2 G);

o Neutrinos should be observed by the 1 km? detectors from the Crab
type nebulae if the heavy nuclei have been accelerated efficiently
by the pulsar;

e The neutrons produced in the interaction of the energetic pulsar
with the high density medium, typical for the Galactic Center re-
gion, can be responsible for the excess of cosmic rays reported
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by the AGASA and SUGER groups. Such pulsar produces also
neutrinos and TeV <-rays which should be observed by the next
generation of the neutrino and Cherenkov telescopes.

We have to mention that discussed fluxes of neutral particles, produced
in scenarios which involve very young pulsars, base on the assumption that
pulsars are formed with the surface magnetic field strengths derived from
the observations of the classical radio pulsars. This may not be the case.
For example if the milisecond pulsar was created during the famous su-
pernova SN 1987A (Middleditch et al. 2000), then the limits on the pulsar
power output requires the surface magnetic field for this pulsar < 5 x 10!°
G (Nagataki & Sato 2001). Thus the acceleration efficiencies and maxi-
mum energies of particles can be significantly lower than considered in the
reviewed papers.
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GAMMA RAYS FROM PSR B1259-63/BE BINARY SYSTEM

A. SIERPOWSKA & W. BEDNAREK

Department of Ezperimental Physics, University of Lddz,
90-286 LédZ, ul. Pomorska 149/158, Poland

We assume that the pulsar in PSR B1259-63/Be binary system injects electrons
(and positrons) which lose energy on: (1) comptonization of thermal radiation from
the massive companion, and (2) synchrotron process. The 7y-rays are produced
by these leptons during their propagation in the pulsar wind region and after
their isotropisation by the shock region formated in the interaction of the pulsar
and stellar winds. From normalization of the synchrotron spectrum, produced in
the shock region, to the X-ray flux observed from this binary system near the
periastron, we show under which conditions the y-ray emission should be detected
by the planned GLAST experiment.

1. Introduction

The binary system PSR B1259-63/Be star (SS2883) contains young radio
pulsar, P = 47.76 ms, on a highly eccentric orbit. The massive star, with
the effective temperature Tog = 2.6 x 10*°K and radius R, = 4.2 x 10" cm,
creates strong target for the electrons at the periastron distance 23R,. The
system was detected at hard X-rays by the OSSE !. Only the upper limits
are available at MeV energies or above 2. The +y-ray emission from PSR
B1259-63/Be system has been calculated assuming that electrons: (1) are
accelerated in the shock region between the stars *%; (2) move in the pulsar
wind zone %%, We calculate the X-ray and 7-ray spectra from electrons
which propagate radially in the wind zone and after their isotropization in
the shock between the pulsar and the star winds.

2. High energy processes inside a binary system

The power injected into the surroundings by the pulsar PSR B1259-63
(Lrot = 8 x 10%% erg s71) is high enough that the matter from the massive
companion can not accrete. However, in collisions of the pulsar and stellar
winds a double shock structure seperated by the contact discontinuity is
formed. The geometry of this structure can be described by the parameter
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Figure 1. On the left - The geometry of the binary system. The location of the shock
region is marked by the thick full curve. Leptons are injected in the wind zone and lose
a part of their energy on ICS process. These ones, which reach the shock region, are
isotropised and produce synchrotron and inverse Compton radiation at large solid angle.
The observer is located at the angle # measured from the direction defined by the centres
of the stars. On the right - The optical depths for electrons on ICS process (full curves)
and on absorption of gamma-ray photons (dashed curves) are shown as a function of
electron energy for two locations of the observer § = 55° and 125°.

7 = (Lrot/c)/(Mv), which is the ratio of momentum carried by the pulsar
wind and the momentum of the stellar wind determined by the mass loss
rate M, and the velocity of the wind v. The distance from the pulsar to the
shock is given by p = \/nD/(14+/7), where D is the seperation between the
stars. The system is viewed from the Earth at the angle # which changes
drastically close to the periastron between 55° and 125° (see Fig. 1). The
value of 5 for this binary is estimated on ~ 0.01 — 0.02, applying a typical
mass loss rate for Be stars 10~7 Mg yr~! 7 and the wind velocity 2 x 108
cm s~! 8, Significantly lower values 7 are also likely due to the collimation
of the stellar wind in the equatorial plane.

We assume that relativistic electrons (positrons) are injected by the
pulsar into the wind zone. In order to check if these electrons can efficiently
interact with radiation of the massive star, we calculate the optical depth
for electrons moving rectilinearly from the pulsar and the optical depth
for e* pair creation by the v-ray photon. Fig. 1 show that the collisions of
electrons with soft photons can be quite frequent, especially in the Thomson
regime (the optical depth up to a few for § = 125°), but the probability of
photon conversion into the et pair is much lower. Therefore, contrary to
other massive binaries (e.g. Cyg X-3, LSI 61°303 ?) the effects of cascading
in the radiation of the massive star are not important in the case of PSR
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B1259-63/Be star (SS2883).

3. Gamma-rays from inverse Compton Scattering

We consider three different models for injection of leptons by the pulsar:
(1) monoenergetic injection from the inner magnetosphere into the wind
zone with energies 108 MeV; (2) injection from the inner pulsar magneto-
sphere with the spectrum given by Hibshman & Arons !%; and (3) as in
(2) but with additional acceleration in the pulsar wind zone as postulated
by Contopoulos & Kazanas !!. These leptons move at first radially in the
wind zone and then are isotropized in the double shock structure created
in the interaction of the pulsar and stellar winds.

3.1. The wind region

Leptons injected from the inner pulsar magnetosphere move radially in the
wind with negligable synchrotron energy losses. However they comptonize
radiation from the massive star. We have calculated the inverse Compton
~-ray spectra for the mentioned above initial distributions of leptons and
for two locations of the pulsar on the orbit, defined by the angles § = 55°
and 125° (see full histograms in Fig. 2). The results are shown for two
values of n = 0.01 and 0.001 (thin and thick lines). Note that there is
no efficient v-ray production for the angle # = 55°, when the observer
is on the same side of the massive star as the pulsar, since the angles of
interaction between leptons and soft photons are large. For § = 125°, the
~-ray spectrum extends between MeV up to ~ 1 TeV for the case of lepton
injection with the spectrum. The intensity is higher for n = 0.01 than
17 = 0.001, since in the first case the distance on which leptons propagate
in the wind zone is longer.

3.2. The shock region

Leptons, after losing (or gaining) energy during propagation in the wind
zone, fall onto the shock in the pulsar wind. They are isotropised there
losing energy on the synchrotron and inverse Compton processes.

We calculate the equilibrium spectrum of electrons in the shock region,
Ne, by assuming that they lose energy on synchrotron and IC processes and
can also escape from this region with the characteristic escape time Tesc.
Since the synchrotron process dominate in most of the considered cases,
N, can be obtained by solving the continuity equation under stady state
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Figure 2. The photon spectra from synchrotron (dotted lines) and ICS (dashed lines)
processes are calculated for two values of 7 = 0.001 (thicker lines) and = 0.01 (thiner
lines), and three different models for injection of electrons by the pulsar: monoenergetic
electrons (upper figures), electrons with the spectrum of Hibschman & Arons (middle
figures), and electrons with the spectrum and additional acceleration in the pulsar wind
zone (bottom figures). The left and right figures are for the observation angles 6§ = 125°
and 55°, respectively. The synchrotron and ICS spectra from electrons, propagating in
the shock, are marked by the dotted and dashed lines, respectively. The full histograms
show the ICS spectra produced by leptons in the pulsar wind. The experimental results
are from ASCA (thick dashed line), OSSE (error boxes), and the upper limits from
COMPTEL and EGRET. The sensitivity limit of the GLAST detector is marked by
double dot-dashed lines.

conditions,

o (dE N,
a_E (-a—t— - Ne) - Tesc + Qe, (1)
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where @, [e* s7!] is the injection spectrum of electrons by the pulsar which
arrive to the shock region. We use the solution of Eq. 1

ne) = (%) [ e, @)

which is valid for electrons with energies fulfiling the condition Teoo <<
Tesc. The lower limit on Teg can be estimated by L/vese, where L is the
distance between the pulsar and the shock. The escape velocity of et pairs
after the wind shock, vesc, is assumed equal to one third of the velocity
of light. The cooling time of e* pairs is estimated using the energy loss
formulae on synchrotron and ICS processes in the Thomson regime, Teoo =
[(Asyn + Arcs)E.B?)71. Asyn and Ajcg are the coefficients in formulae for
the synchrotron and the ICS energy losses (dE/dt = AE?). Note that in
considered model the synchrotron losses usually dominate over ICS losses.
The condition, Teoo1 << Tesc, allows us to estimate the minimum energy
of et pairs, Emin ~ ¢/(3AL), to which they can cool efficiently before
escaping. For example, for the value of n = 0.001, the magnetic field at
the shock region in the direction towards the observer located at the angle
6 = 125° is equal to By, &~ 21.5 G, provided that the parameter describing
the magnetization of the wind 0 = Liag/Lrot = (Lrot—Let)/Lrot & 1 at the
shock distance from the pulsar, where L., and L.+ is the energy carried
in the wind in the form of the magnetic field and e* pairs, respectively. In
fact if the electrons cool eficiently then L.+ ~ Lx ~ 10%* erg s~! which
is much less than L., = 8 x 103 erg s=!. For this value of By, we
obtain Enin ~ 3 GeV, applying L = 2.5 x 10'2 c¢m, and Aics << Asyn &
1.2 x 107%MeV~'s~1. Therefore ICS y-ray spectra, calculated from the
equilibrium spectrum of electrons, can be valid for photon energies above
< e >~ ~ 100 MeV, where < € > is a typical energy of soft photons
from the massive star and Ymin = Emin/Me.

We calculate the synchrotron and +-ray spectra produced by e* pairs
with energies above Epnin. The results for three considered electron injection
models are shown in Fig. 2, after normalization of the synchrotron spectrum
to the X-ray spectrum observed by the ASCA 12 and the OSSE detectors!.
From the fitting to the X-ray spectrum we find that only for n = 0.001 the
spectrum can extend to the OSSE energy range. The ~-ray spectra from
the shock region should be detected by the planned GLAST experiment for
the case of et injection from the pulsar magnetosphere with the spectrum
given by Hibschman & Arons 19, if additional reacceleration of pairs in
the pulsar wind zone occurs. Without reacceleration, the predicted fluxes
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are on the level of GLAST detectability. In fact the ~-ray emission from
the wind zone might be also detected by the GLAST if the collimation of
these photons is much stronger than the collimation of photons produced
in the shock region. Unfortunatelly, we have no information on the angular
distribution of et pairs injected from the pulsar into the wind zone which
makes the absolute determination of photon fluxes produced in the wind
zone impossibile.

4. Conclusion

We estimated the y-ray flux from the PSR B1259-63/Be binary system at
energies above ~ 100 MeV for three models of electron (positron) injection
by the pulsar. It is found that this source should be observed by the
GLAST detector in the case of injection of electrons from the inner pulsar
magnetosphere with the spectrum of Hibschman & Arons 0 if additional
reacceleration process takes place in the pulsar wind zone. The system
might be only marginally detected if the reacceleration does not operate,
and it should not be detected if monoenergetic electrons with energy 10°
MeV are injected by the pulsar as considered in some previous works -
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We present Log N — Log S distribution for close young isolated neutron stars. On
the basis of Log N — Log S distribution it is shown that seven ROSAT isolated
neutron stars (if they are young cooling objects) are genetically related to the
Gould Belt. We predict, that there are about few tens unidentified close young
isolated neutron stars in the ROSAT All-Sky Survey. In the aftermath of relatively
close recent supernova explosions (1 kpc around the Sun, few Myrs ago), a few
black holes might have been formed, according to the local initial mass function.
We thus discuss the possibility of determining approximate positions of close-by
isolated black holes using data on runaway stars and simple calculations of binary
evolution and disruption.
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1. Introduction

Neutron stars (NSs) and black holes (BHs) are among the most interesting
astrophysical objects. Usually NSs are observed as radio pulsars or as ac-
creting objects in close binaries. Stellar mass BHs normally are observable
if they also accrete matter from companions. Here we will focus on isolated
NSs (which can show no radio pulsar activity) and BHs.

An isolated NS can be relatively bright (in soft X-rays especially) due
to its thermal emission during the first Myr of its life, when it is still
hot (T > 10° K). Such objects are observed in the Solar vicinity and in
supernova (SN) remnants?.

An isolated BH can be found due to accretion of the interstellar medium
(NSs can also be found in such a way, see Treves et al.2), or due to the
microlensing effect?.

In this paper we will construct Log N — Log S distribution for young
close isolated NSs and discuss how one can estimate an approximate posi-
tions of close young isolated BHs.

2. Close young neutron stars

In this section we discuss young close isolated NSs. Partly we are based
on the results published in Popov et al. and partly we present our recent
results®.

2.1. Log N — Log S distribution

Main components of our model are®: spatial distribution of NS progenitors,
NS formation rate, NS cooling histories, and model of interstellar absorption
(i.e. interstellar medium (ISM) distribution). In addition we calculate
dynamical evolution of NSs in the galactic potential. In brief our model
can be described in the following way: NSs are born in the Galactic plane
and in the Gould Belt; at birth they receive a kick velocity; then we follow
the evolution of NSs in the Galactic potential; while a NS moves in the
Galaxy we calculate (with some time step) ROSAT count rate basing on
cooling curves and assumed model of interstellar absorption.

We assume that NSs are born in the Galactic disk and in the Gould
Belt. NSs are considered to be born with a constant rate. 20 NSs per Myr
come from the Gould Belt, and 250 NSs per Myr are uniformly distributed
in the Galactic plane with a limiting distance from the Sun 3 kpc. The
Gould Belt is modeled as a disk with 500 pc radius and inclination to the
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Galactic plane equal to 18°. Center of the disk is situated at 100 pc from
the Sun in the Galactic anticenter direction. In the center of the disk there
is a hole with a radius 150 pc, where NSs are not born (see a review by
Poppel® for detailed description of the Gould Belt, and Torra et al.” for a
shorter one).

To calculate cooling of NSs we use the data obtained by Sankt-
Petersburg group (see recent data in Kaminker et al.8, and a review in
Yakovlev ¢t al.?). We use cooling curves for NSs of masses from 1.1 Mg
to 1.8 My with a step 0.1 M. Mass spectrum is assumed to be flat (“re-
alistic” spectrum with sharp maximum around 1.35-1.4 solar masses gives
nearly the same result). Curves take into account all processes of neutrino
emission. Equation of state used in Kaminker et al.® was introduced in
Prakash et al.1%. It is Model I of Prakash et al. for symmetry energy and
compression modulus of saturated nuclear matter, K, is equal to 240 MeV.
Maximum NS mass in that model is 1.977 Mg. Neutron superfluidity in
the crust and core is ignored, as far as it does not influenced the final results
significantly. Calculations for each NS are truncated when its temperature
falls down to 100 000 K; it corresponds to a NS’s age 4.25 Myrs for the
lightest NSs (M = 1.1 M) and less for more massive objects.

As far as we expect our NSs to emit most of their luminosity at soft
energies ~ 20 — 200 eV (which corresponds to temperatures about 10°—
10 K) we have to take into account interstellar absorption. Absorption
is a very important feature of our model. Any attempts to estimate the
amount of observable cooling isolated NSs using unabsorbed flux greatly
overestimate this number.

Main results are presented in the Fig. 1. We present a curve for NSs
born both in the Gould Belt and the Galactic disk and a curve only for
the disk to show the relative importance of the Gould Belt. All curves are
referring for the whole sky.

As can be seen the Gould Belt alone can explain all observed points.
Absorption and flat geometry of NSs distribution naturally explain very
flat (< —1) Log N — Log S.

Our calculations show, that there are about few dozens of unidentified
close isolated NSs in ROSAT All-Sky Survey (> 0.015 cts s—!) depending on
parameters of the model, also there can be few unidentified ROSAT isolated
NSs (RINSs) with fluxes > 0.1 cts s™! at low Galactic latitudes (see also
Schwope et al.!1). Most of objects should be observed at ~ & 20° from the
Galactic plane towards the directions of lower absorption. Some of them can
have counterparts among unidentified gamma-ray sources {also connected
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with the Gould Belt, see Grenier!?). Identification of these objects can be
important for choosing a correct cooling model and for determination of
mass spectrum of NSs.
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Figure 1. All-sky Log N - Log S distribution. Black triangles — seven RINSs. Crosses
— Geminga, “three musketeers”, 1929+10 and 3EG J1835. We also show the ROSAT
Bright Sources (RBS) limit (Schwope et al.ll). Upper curve: NSs born in the Gould
Belt and in the Galactic disk (ra;ex = 3 kpc, total birth rate 270 Myr—1). Lower curve:
only NSs born at the Galactic disk (rqisx = 3 kpc, birth rate 250 Myr—1).

2.2. Census of close young isolated neutron stars of
different types

At the present moment it is known about 20 NSs satisfying the following cri-
teria: age less than 4.25 Myrs, distance from the Sun less than 1 kpc (see the
Table). It includes: the “magnificent seventh” (seven RINSs), Geminga and
the Geminga-like object 3EG J1835, “three musketeers” (Vela, 0656+14,



105

1055-52), 1929+10 and seven young radio pulsars, which are not detected
in X-rays.

We see, that among local young isolated NSs we have normal radio pul-
sars, pulsars beams of which do not pass the Earth (Geminga and probably
3EG J1835), and RINSs. Also we can expect, that around us (inside 1 kpc)
there are about one hundred of isolated NSs younger than ~4 Myr (some
of NSs born inside 1 kpc of course can leave this volume in several Myrs).
These NSs are not detected as radio pulsars, but tens of them can be iden-
tified in ROSAT data as dim sources (others are too old to be hot enough).
The beaming effect can be responsible only for part of these undetected (as
radio pulsars) young NSs (about 50-70% of young pulsars are not visible
from Earth!3), and most of RINSs should be really radio silent (it is dif-
ficult to construct a model in which one observes X-ray pulsations, pure
black body spectrum and no signs of radio emission from a close off-beam
pulsar, also one has to take into account long periods of four RINSs). It
gives strong support to the arguments by Gotthelf and Vasisht!4, that “at
least half of the observed young neutron stars follow an evolutionary path
quite distinct from that of the Crab pulsar”.

2.3. Alignment

An interesting feature of RINSs population is an existence of periods about
5-20 seconds (typical for magnetars) for four objects and their absence for
the rest three.

Vasily Beskin (2001, private communication) suggested, that it can hap-
pen due to alignment of magnetic and spin axis (see for example Tauris,
Manchester!® for a recent discussion on alignment). Alignment is a pro-
cess which also leads to a “period freezing” and low pulsation fraction (see
Haberl, Zavlin!® for the data on pulsation fraction in RINSs).

However in the case of coolers alignment should operate on short
timescale — the timescale of NS cooling (~ 1 Myr). As far as for ra-
dio pulsars timescale of alignment is about 10 Myrs or longercitetm, we
think, that it is unlikely that this mechanism is responsible for RINSs dis-
tribution over pulsation fraction, otherwise one has to assume that RINSs
form a population separate from normal radio pulsars. For example, if
we assume, that alignment timescale is oc (Q%cos?ag B2)™! (it comes from
magnetodipole spin-down and condition {2 cosag = {2 cosa; also there can
be other assumptions about alignment process, but at the moment there is
no generally accepted model), then we have to assume that RINSs have dif-
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Table 1. Local (r < 1 kpc) population of young (age < 4.25 Myrs) isolated neutron
stars.

Object name Period, | CR?, P Dist., | Age?, Ref.
s cts/s /10715 kpc Myrs

RX J1856.5-3754 — 3.64 — 0.117¢ | ~0.5 2,18
RX J0720.4-3125 8.37 1.69 ~ 30 — 60 — — 2,16
RX J1308.6+2127 5.15 0.29 ~ 104 — - 2,17
RX J1605.3+3249 — 0.88 — — — 2
RX J0806.4-4123 11.37 0.38 — — — 2,18
RX J0420.0-5022 22.7 0.11 — — — 2
RX J2143.74+0654 — 0.18 — — — 19
PSR B0633+17 0.237 0.549 10.97 0.16° 0.34 20
3EG J1835+5918 — 0.015 — — — 21
PSR B0833-45 0.089 3.4¢ 124.88 0.294¢ | 0.01 | 20.22,23
PSR B0656414 0.385 1.92¢ 55.01 0.7627 | 0.11 20,23
PSR B1055-52 0.197 0.35¢ 5.83 ~1¢ 0.54 20,23
PSR B1929+10 0.227 | 0.012¢ 1.16 0.33¢ 3.1 20,23
PSR J00564-4756 0.472 — 3.57 0.998f | 21 23
PSR J045445543 0.341 — 2.37 0.793f | 23 23
PSR J1918+1541 0.371 — 2.54 0.684/ | 23 23
PSR J2048-1616 1.962 — 10.96 0.639 2.8 23
PSR J1848-1952 4.308 — 23.31 0.956 2.9 23
PSR J083740610 1.274 — 6.8 0.722f 3.0 23
PSR J19084-0734 0.212 — 0.82 0.584f | 41 23

% ROSAT count rate

%) Ages for pulsars are estimated as P/(2P),

for RX J1856 the estimate of its age comes from kinematical considerations.
¢) Distance to PSR B1055-52 is uncertain (~ 0.9-1.5 kpc)

4) Total count rate (black body + non-thermal)

¢) Distances determined through parallactic measurements

/) Distances determined with dispersion measure

ferent (from radio pulsars) distribution in By or/and ayg, and the observed
situation is just a selection effect. For example they can be a sample se-
lected by relatively high surface temperatures, which for young NSs means
by low masses.
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2.4. Possible correlation between initial magnetic fields and
masses of neutron stars

If any part of RINSs (with or without observed pulsations) is explained by
high magnetic field, then one has to explain why the fraction of magnetars
is so high (~ 50%). It can be explained as a selection effect if NSs with
higher magnetic fields are hotter. It can be so, if they have (on average)
lower masses (below some value, which is about 1.3 Mg but depends on the
equation of state, direct URCA process are not allowed, and NS cooling is
much slower).

The possible correlation can be explained if more massive NSs get their
additional masses in the process of fall-back. In that case their magnetic
field can be significantly suppressed®*, so more massive NSs should have
lower initial magnetic fields.

Also there is a question if the matter is swept out, or it is accumulated
close to the magnetospheric boundary, and then accreted by the compact
object. But numerical estimates?®2¢ suggest, that significant part of matter
is swept from the propelling NS.

Vice versa, strong initial magnetic field together with fast rotation
can prevent strong fall-back (it is especially possible if magneto-rotational
mechanism of supernova explosion is valid, see Bisnovatyi-Kogan?” and
Prokhorov, Postnov?®), and may be it can also lead to long initial spin
periods.

Different crust thickness and temperature of NSs of different masses can
give additional correlations between mass and magnetic field, the same can
be said about different properties at cores of NSs of different masses (for
example, deconfinement in central parts of massive NSs??).

Correlations should be different in different scenarios of SN explosion.
Study of such correlations can give additional possibilities to select a correct
scenario.

To summarize, we can expect correlations between magnetic fields and
masses of NSs, and observations of RINSs can be of great importance here.
Future determination of RINSs parallaxies and proper motions can help to
reconstruct their kinematical history and derive their ages. It can give a
clue to their mass determination basing on cooling curves (see Kaminker et
al.®). Our results suggest, that the fraction of low massive NSs (M <1.3-
1.4 Mg) can not be small, but on the other hand there should be a room
for massive NSs, because other wise we overpredict the number of bright
objects.
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3. Close young isolated black holes

In this section we are based on the results published in Popov et al.* and
Prokhorov, Popov3C.

SNae explosions produce not only NSs, but also BHs. Usually it is
accepted that BHs are one order of magnitude less abundant than NSs.
This estimate comes from the critical mass for BH formation. If this mass
is about 35 Mg then the fraction of BHs is about 10%. Having dozens of
SNae in the close solar vicinity during the last 10 Myr we can expect several
BHs to have formed during the same period in the solar neighborhood.

In 700 pc around the Sun 56 runaway stars are known®!. Only few of
them can result from star-star interactions. QOthers are products of SNae
explosions in binary systems. If the above considerations are correct we
can expect about 5 BHs formed in about 50 disrupted binaries.

Close massive runaway stars give us a chance to calculate an approxi-
mate positions of close-by young isolated BHs. Among runaway stars we
can distinguish the most massive: A Cep, ¢ Pup, HIP 38518 and £ Per (see
Hoogerwerf et al.3!). Their masses are larger than ~ 33 M. It means,
that the companion (actually the primary in the original binary) was even
more massive on the main sequence stage. So, the most likely product of
the explosion of such a massive star should be a BH.

If the present velocities of runaway stars are known, one can estimate
their ages and places of birth. This has been done by Hoogerwerf et al.3!.
To calculate the present position of a BH we have to know the binary
parameters, i.e., the masses of stars before the explosion, the BH mass,
the eccentricity of the orbit before the explosion, the orbit orientation, and
finally the kick velocity of the BH. Some parameters can be inferred from
the observation of the secondary star. We can assume a zero kick velovity
for BHs and zero orbital eccentricity. Other parameters should be varied
within assumed ranges (see details in Prokhorov, Popov3°.

We calculated approximate positions of isolated BHs for four systems
mentioned above and estimated erroe boxes where these BHs can be found.
For ¢ Per and ( Pup we obtained not very big error boxes inside each
of which only one unidentified EGRET source is known. We suggest, that
these objects can be young isolated BHs. For two other systems (HIP 38518
and A Cep) error boxes of the present day BH localization are very large
(even with our assumption of zero kick velocity).
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4. Conclusions

We conclude that the seven radio-quiet ROSAT isolated NSs can be con-
nected with recent SNae explosions, which produced nearby runaway stars
and peculiar features in the local ISM including the Local Bubble. Rel-
atively high local spatial density of young NSs is due to large number of
massive progenitors in the Belt. As far as there are few young radio pulsars
in the Solar vicinity many (about 1/2 or more) of isolated NSs should be
radio quiet. We find that in ROSAT All-Sky Survey it can be about few
tens of unidentified RINSs. Also there can be few unidentified RINSs at
fluxes > 0.1 cts s~! at low Galactic latitudes.

Massive runaway stars can be used to estimate approximate positions
of young close-by isolated BHs. We do the correspondent calculations and
estimate present day positions of four BHs. For two of them error boxes
are not too large.
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We study the problem of cosmic ray diffusion in the Milky Way while considering
the galactic spiral arm dynamics. Once this new ingredient is added to cosmic ray
diffusion models, we find that the cosmic ray flux reaching the solar system should
increase periodically with each passage of a spiral arm. We continue with studying
the meteoritic exposure ages and find that a record of past crossings of the arms
can be extracted. We then briefly review recent evidence which links cosmic rays
to climatic change on Earth. Given the suspected link, we argue that spiral arm
passages are responsible for the periodic appearance of ice age epochs on Earth.
This hypothesis is supported with a clear correlation between ice age epochs and
the meteoritic record and also between longer term activity in the Milky Way and
glacial activity on Earth. More speculatively, the last such passage may have been
partially responsible for the demise of the dinosaurs.

1. Introduction

Most cosmic rays (CRs), with the possible exception of extremely high
energies, are believed to originate from supernova (SN) remnants!2. This
is also supported by direct observational evidence®. Moreover, most SNe in
spiral galaxies like our own are those which originate from massive stars,
thus, they predominantly reside in the spiral arms, where most massive stars
are born and shortly thereafter explode as SNe*. Indeed, high contrasts in
the non-thermal radio emission are observed between the spiral arms and
disks of external galaxies. Assuming equipartition between the CR energy
density and the magnetic field, a CR energy density contrast can be inferred.
In some cases, a lower limit of 5 can be placed for this ratio®. Thus, while
modeling the diffusion of cosmic rays in the galaxy, we should take into
consideration the non-axisymmetric nature of the cosmic ray source.

We first construct a diffusion model which considers the spiral arms as
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the primary source of cosmic rays. We then continue with a study of the
exposure ages of meteors which hide within them the history of the cosmic
ray flux. As we shall soon see, this record registered the past half dozen
spiral arm passages.

Quite unrelated, or so it may seem at first, there are indications that
solar activity is responsible for at least some climatic variability on time
scales ranging from days to millennia®—5, This link appears to be related
to our topic of cosmic rays, since circumstantial evidence indicates that the
observed solar-climate link could be though solar wind modulation of the
cosmic rays flux (CRF)!3715. This is not unreasonable considering that the
CRF governs the tropospheric ionization rate'®. In particular, if was found
that the low latitude cloud cover variations are in sync with the variable
CRF reaching Earth, while the inverse of both signals lag by typically half
a year after the solar activity!’.

Thus, if indeed climatic effects arise from eztrinsic CRF variability in-
duced by solar wind modulation, then also the much larger intrinsic varia-
tions in the CRF reaching the solar system should be a source of climatic
effects. In particular, low altitude clouds have a net cooling effect, such
that we should expect a colder climate while we are in the cosmic ray wake
of spiral arms. This was shown to be supported by various data!®, and we
bring here a more elaborate description. A complete unabridged version
can be found in Shaviv!® with the exception of the possible relation be-
tween cosmic rays and the demise of the dinosaurs, which appears here for
the first time.

2. Diffusion in a Dynamic Galaxy

To estimate the variable CRF expected while the solar system orbits the
galaxy, we construct a simple diffusion model which considers that the
CR sources reside in the Galactic spiral arms. We expand the basic CR
diffusion models (e.g., ref. [2]) to include a source distribution located in
the Galactic spiral arms. Namely, we replace a homogeneous disk with an
arm geometry as given by Taylor & Cordes??, and solve the time dependent
diffusion problem (see fig. 1). To take into account the “Orion spur”?!,
which the Sun currently resides, we add an arm “segment” at our present
location. Since the density of HII regions in this spur is roughly half of
the density in the real nearby arms?!, we assume it to have half the typical
CR. sources as the main arms. We integrate the CR sources assuming a
diffusion coefficient of D = 1028cm? /sec, which is a typical value obtained

in
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in diffusion models for the CRs?2%23, We also assume a halo half-width of
2kpc, which again is a typical value obtained in diffusion models?, but more
importantly, we reproduce with it the °Be survival fraction?4. Thus, the
only free parameter in the model is the angular velocity Qe — £, around the
Galaxy of the solar system relative to the Spiral arm pattern speed, which
is later adopted using observations. Results of the model are depicted
in fig. 2. For the nominal values chosen in our diffusion model and the
particular pattern speed which will soon be shown to fit various data, the
expected CRF changes from about 25% of the current day CRF to about
135%. Moreover, the average CRF obtained in units of today’s CRF is 76%.
This is consistent with measurements showing that the average CRF over
the period 150-700 Myr before present (BP), was about 28% lower than the
current day CRF?3,

Interestingly, the temporal behavior is both skewed and lagging after
the spiral arm passages. The lag arises because the spiral arms are defined
through the free electron distribution. However the CRs are emitted from
SNe which on average occur roughly 15 Myr after the average ionizing
photons are emitted. The skewness arises because it takes time for the
CRs to diffuse after they are emitted. As a result, before the region of a
given star reaches an arm, the CR density is low since no CRs were recently
injected in that region and the sole flux is of CRs that succeed to diffuse
to the region from large distances. After the region crosses the spiral arm,
the CR density is larger since locally there was a recent injection of new
CRs which only slowly disperse. This typically introduces a 10 Myr lag
in the flux, totaling about 25 Myr with the SN delay. This lag is actually
observed in the synchrotron emission from Mb1, which shows a peaked
emission trailing the spiral arms!.

The spiral pattern speed of the Milky Way has not yet been reasonably
determined through astronomical observations. Nevertheless, a survey of
the literature!® reveals that almost all observational determinations cluster
either around Qg ~ 2, = 9 to 13 (km s™*)/kpc or around Qg — 2, = 2 to
5 (km s71)/kpc. In fact, one analysis?® revealed that both Qg — 2, = 5
or 11.5 (km s71)/kpc fit the data. However, if the spiral arms are a den-
sity wave?”, as is commonly believed?®, then the observations of the 4-arm
spiral structure in HI outside the Galactic solar orbit?® severely constrain
the pattern speed to Qo — 2, 2 9.1 & 2.4 (km s™!)/kpc, since the four
arm density wave spiral cannot extend beyond the outer 4 to 1 Lindblad
resonance!®. We therefore expect the spiral pattern speed obtained to co-
incide with one of the two aforementioned ranges, with a strong theoretical
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argumentation favoring the first range.

Figure 1. The components of the diffu-
sion model constructed to estimate the
Cosmic Ray flux variation. We assume
21, for simplicity that the CR sources reside
in Gaussian cross-sectioned spiral arms
and that these are cylinders to first ap-
<}~ 4. proximation. This is permissible since
E?::;ic the pitch angle i of the spirals is small.
center 'The diffusion takes place in a slab of half
width lzr, beyond which the diffusion co-
efficient is effectively infinite.
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Figure 2. The cosmic-ray flux variability and age as a function of time for D =
10%8 cm?/s and Iy = 2 kpc. The solid line is the cosmic-ray flux, the dashed line is
the age of the cosmic rays as measured using the Be isotope ratio. The shaded regions at
the bottom depict the location, relative amplitude (i.e., it is not normalized) and width
of the spiral arms as defined through the free electron density in the Taylor and Cordes
model. The peaks in the flux are lagging behind the spiral arm crosses due to the SN-HII
lag. Moreover, the flux distribution is skewed towards later times.

3. The cosmic ray flux variability from meteorites

To validate the above prediction, that the CRF varied periodically, we re-
quire a direct “historic” record from which the actual time dependence of
the CRF can be extracted. To find this record, we take a compilation of 74
Iron meteorites which were 'K /%9K exposure dated®°. CRF exposure dat-
ing (which measures the duration a given meteorite was exposed to CRs)
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assumes that the CRF history was constant, such that a linear change in
the integrated flux corresponds to a linear change in age. However, if the
CRPF is variable, the apparent exposure age will be distorted. Long periods
during which the CRF is low would correspond to slow increases in the
exposure age. Consequently, Fe meteorites with real ages within this low
CRF period would cluster together since they will not have significantly
different integrated exposures. Periods with higher CRFs will have the op-
posite effect and spread apart the exposure ages of meteorites. To avoid
real clustering in the data (due to one parent body generating many mete-
orites), we remove all occurrences of Fe meteorites of the same classification
that are separated by less than 100 Myr and replace them by the average.
This leaves us with 42 meteorites. A graphical description of the method
appears in fig. 3.

From inspection of fig. 4, it appears that the meteorites cluster with
a period of 143 + 10 Myr, or equivalently, |Qg — Q,] = 11.0 £ 0.8 (km
s71)/kpc, which falls within the preferred range for the spiral arm pattern
speed. If we fold the CR exposure ages over this period, we obtain the
histogram in fig. 4. A K-S test yields a probability of 1.2% for generating
this non-uniform signal from a uniform distribution. Moreover, fig. 4 also
describes the prediction from the CR diffusion model. We see that the
clustering is not in phase with the spiral arm crossing, but is with the correct
phase and shape predicted by the CR model using the above pattern speed.
A K-S test yields a 90% probability for generating it from the CR. model
distribution. Thus, we safely conclude that spiral arm passages modulate
the CRF with a ~ 143 Myr period.

4. Do Cosmic rays affects the climate?

In 1959, Ney!'® suggested that the Galactic CR flux (CRF) reaching Earth
could be affecting the climate since the CRF governs the ionization of the
lower atmosphere, which in turn could be affecting cloud condensation.
This, Ney postulated, could explain the observed climate variability syn-
chronized with the solar cycle through the known modulation of the CRF
by the solar wind. In 1991, Tinsley and Deen!? brought first evidence in
support. They showed that the Forbush events during which the CRF
suddenly drops and gradually increases correlate with the Northern hemi-
sphere Vorticity Area Index during winter. A much clearer and direct link
was subsequently found in the form of an intriguing correlation between
cloud cover and the CRF reaching Earth!®. It was later shown to be cor-
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Figure 3. Theoretical comparison between different exposure ages of Iron meteorites
and their real age. Plotted as a function of the Potassium exposure age (ak) are the real
age (Greal, in solid line) and a non-Potassium exposure age (ape, such as using 1°B/2?!Ne
dating, with a dashed line), and ak (using a dotted line, with a unit slope). Also plotted
are the predicted CRF relative to the present flux (®/®o) as a function of ayeay, and
pt—the (unnormalized) expected number of Potassium exposure ages per unit time, as
a function of ak. A histogram of ax should be proportional to p:. The horizontal and
vertical dotted lines describe how pt is related to the relation between ares and ax—
equally spaced intervals in real time are translated into variable intervals in ax, thereby
forming clusters or gaps in ak. The graph of age vs. ax demonstrates that comparing
the different exposure ages is useful to extract recent flux changes (which determine the
slope of the graph). On the other hand, the graph of p; demonstrates that a histogram
of ayx is useful to extract the cyclic variations in the CRF, but not for secular or recent
ones. The points with the error bars are about two dozen meteorites which where have
both Be and K exposure dating.

related with the low altitude cloud cover (LACC) in particular, which is
known to reduce the average global temperature®!:17.

The apparent CRF-LACC link was found through CRF modulation
induced by the variable solar wind!®. If this link is indeed genuine, then long
term changes in the CRF induced by spiral arm crossing are too expected
to episodically increase the average LACC, thereby reducing the average
global temperature and triggering an ice-age epoch (IAE). We shall assume
this link to be bona fide and study its consequences, though one should
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Figure 4. Histogram of the Iron meteorites’ exposure ages. The lowest panel marks the
ak ages on the x-axis and the quoted age error on the y-axis. Even by eye, the ages appear
to cluster periodically. The second panel is a 1:2:1 averaged histogram of meteorites
with a quoted age determination error smaller than 100 Myr, showing more clearly the
clustering peaks. Altogether, there are 6 peaks from 210 to 930 Myr BP. The period
that best fits the data is 143 £ 10 Myr. The third panel is similar to the first one, with
the exception that the data is folded over the periodicity found. It therefore emphasizes
the periodicity. A Kolmogorov-Smirnov test shows that a homogeneous distribution
could generate such a non-homogeneous distribution in only 1.2% of a sample of random
realization. Namely, the signal appears to be real. This is further supported with the
behavior of the exposure age errors, which supply an additional consistency check. If
the distribution is intrinsically inhomogeneous, the points that fill in the gaps should
on average have a larger measurement error (as it is ‘easier’ for these points to wonder
into those gaps accidentally, thus forming a bias). This effect is portrayed by the dotted
line in the panel, which plots the average error as a function of phase—as expected, the
points within the trough have a larger error on average.

bear in mind that this issue still highly debated.

The apparent effect is on LACC (< 3.2 km), and therefore arises from
relatively high energy CRs (210 GeV /nucleon). This CRF can reach equa-
torial latitudes, in agreement with observations showing a CRF-LACC cor-
relation also near the equator'”. Thus, when estimating the CRF-LACC
forcing, the relevant flux is that of CRs that reach low magnetic latitude
stations and that has a high energy cut-off. The flux measured at the
University of Chicago Neutron Monitor Stations in Haleakala, Hawaii and
Huancayo, Peru is probably a fair measurement of the flux affecting the
LACC. Both stations are at an altitude of about 3 km and relatively close
to the magnetic equator (rigidity cutoff of 12.9 GeV). The relative change
in the CRF for the period 1982-1987 at Haleakala and Huancayo®? is about
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Figure 5. FEarth’s recent history. The top panel describes past crossings of the Galactic
spiral arms assuming a relative pattern speed of Qp — g = —11.0 (km s~1)/kpc(which

best fits the IAEs). Note that the Norma arm’s location is actually a logarithmic spiral
extrapolation from its observations at somewhat smaller Galactic radii. The second panel
describes the Galactic CRF reaching the solar system using the CR diffusion model, in
units of the current day CRF. An important feature is that the flux distribution around
each spiral arm is lagging behind spiral arm crossings. This can be seen with the hatched
regions in the second panel, which qualitatively show when IAEs are predicted to occur
if the critical CRF needed to trigger them is the average CRF. Two arrows point to
the middle of the spiral crossing and to the expected mid-glaciation point. The third
panel qualitatively describes the epochs during which Earth experienced ice-ages. By
fine-tuning the actual pattern speed of the arms (relative to our motion) to best fit the
TAEs, a compelling correlation arises between the two. The correlation does not have to
be absolute since additional factors may affect the climate (e.g., continental structure,
atmospheric composition, etc.). The bottom panel is a 1-2-1 smoothed histogram of the
exposure ages of Fe/Ni meteors. The ages should cluster around epochs with a lower
CRF flux.

7%, while the relative change in the LACC7 is about 6%. Namely, to first
approzimation, there is apparently a roughly linear relation between the
relevant CRF and LACC.

Next, a 1% relative change in the global LACC corresponds’” to a net
effective reduction of the solar flux of AFg ~ —0.17 W/m?. The relation
between radiation driving and global temperature change is poorly known.
Typical values®3 are AT/AFg = 0.7—1.0°K/(W m~2). We take a nominal
value of 0.85°K /(W m™2).

Thus, changing the CRF by +1% would correspond to a nominal change
of F0.14°K. For the nominal values chosen in our diffusion model, the
expected CRF changes from about 25% of the current day CRF to about
135%. This corresponds to a temperature change of about +10°K to —5°K,
relative to today’s temperature. This range is sufficient to markably help
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or hinder Earth from entering an IAE.

5. Ice Age Epochs and Spiral Passages

Extensive summaries of IAEs on Earth can be found in Crowell** and Frakes
et al.3%. Those of the past Eon are summarized in fig. 5. The nature of
some of the IAEs is well understood while others are sketchy in detail.
The main uncertainties are noted in fig. 5. For example, it is unclear to
what extent can the milder mid-Mesozoic glaciations be placed on the same
footing as other IAEs, nor is it clear to what extent can the period around
700 Myr BP be called a warm period since glaciations were present, though
probably not to the same extent as the periods before or after. Thus,
Crowell®* concludes that the evidence is insufficient to claim a periodicity.
On the other hand, Williams3® claimed that a periodicity may be present.
This was significantly elaborated upon by Frakes et al.35.

Comparison between the CRF and the glaciations in the past 1 Gyr
shows a compelling correlation (fig. 5). To quantify this correlation, we
perform a x? analysis. To be conservative, we do so with the Crowell data
which is less regular. Also, we do not consider the possible IAE around
900 Myr, though it does correlate with a spiral arm crossing. For a given
pattern speed, we predict the location of the spiral arms using the model.
We find that a minimum is obtained for Qg -, = 10.940.25 (km s~*) /kpc,
with x2 ;. = 1.1 per degree of freedom (of which there are 5=6-1). We also
repeat the analysis when we neglect the lag and again when we assume
that the spiral arms are separated by 90° (as opposed to the somewhat
asymmetric location obtained by Taylor and Cordes?®). Both assumptions
degrade the fit (x2,;, = 2.9 with no lag, and x2,;, = 2.1 with a symmetric
arm location). Thus, the latter analysis assures that IAEs are more likely
to be related to the spiral arms and not a more periodic phenomena, while
the former helps assure that the CRs are more likely to be the cause, since
they are predicted (and observed) to be lagged.

The previous analysis shows that to within the limitation of the un-
certainties in the IAEs, the predictions of the CR diffusion model and the
actual occurrences of IAE are consistent. To understand the significance of
the result, we should also ask the question what is the probability that a
random distribution of IAEs could generate a x* result which is as small as
previously obtained. To do so, glaciation epochs where randomly chosen.
To mimic the effect that nearby glaciations might appear as one epoch, we
bunch together glaciations that are separated by less than 60 Myrs (which
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is roughly the smallest separation between observed glaciations epochs).
The fraction of random configurations that surpass the x? obtained for the
best fit found before is of order 0.1% for any pattern speed. (If glaciations
are not bunched, the fraction is about 100 times smaller, while it is about
5 times larger if the criterion for bunching is a separation of 100 Myrs or
less). The fraction becomes roughly 6 x 1075 (or a 4-¢ fluctuation), to
coincidentally fit the actual period seen in the Iron meteorites.

6. Star Formation Rate and Long Term Glacial Activity

Another interesting correlation between predicted CRF variability and
glacial activity on Earth appears on a much longer time scale. Before 1
Gyr BP, there are no indications for any IAEs, except for periods around
2 - 2.5 Gyr BP (Huronian) and 3 Gyr BP (late Archean)3*. This too has a
good explanation within the picture presented. Different estimates to the
Star formation rate (SFR) in the Milky Way (and therefore also to the CR
production) point to a peak around 300 Myr BP, a significant dip between
1 and 2 Gyr BP (about a third of today’s SFR) and a most significant peak
at 2-3 Gyr BP (about twice as today’s SFR)3"38. This would imply that
at 300 Myr BP, a more prominent IAE should have occurred—explaining
the large extent of the Carboniferous-Permian IAE. Between 1 and 2 Gyr
BP, there should have been no glaciations and indeed none were seen. Last,
TAEs should have also occurred 2 to 3 Gyr BP, which explains the Huronian
and late-Archean IAEs. This can also be seen in fig. 6.

7. And the Dinosaurs?

Given the above scenario, cosmic rays may even be related to the disappear-
ance of the dinosaurs. Indeed, it is most likely that the last of the dinosaurs
saw the light of day during the K/T event, some 66 Myr ago, when a bolide
hit the Yucatan peninsula (e.g., [39]). However, a careful study of fossils in
N. America actually suggests that the number of dinosaur genera decreased
by about a factor of 3 in the 10-15 Myr preceding the K/T event*?4! ) and
in Europe, the last dinosaurs appear to have disappeared 1-3 Myr before
the K/T*2. There are no widely accepted reason as to why this has hap-
pened. However, some point to the fact that the global climate cooled by
typically 5-10°C in the 10-20 Myr preceding the K/T event?340:44 and that
this cooling could have been an environmental stress that was too large
for the dinosaurs to endure?®40. If this hypothesis is correct, namely, that
most of the dinosaurs became extinct because the climate cooled quickly,
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Figure 6. The history of the Star Formation Rate (SFR). The squares with error bars
g

are the SFR calculated using chromospheric ages of nearby stars (Rocha Pinto et al.).
These data are corrected for different selection biases and are binned into 0.4 Gyr bins.
The line and hatched region describe a 1-2-1 average of the histogram of the ages of
nearby open clusters using the Lotkin et al. catalog, and the expected l-¢ error bars.
(These data are not corrected for selection effects). Since the clusters in the catalog
are spread to cover two nearby spiral arms, the signal arising from the passage of spiral
arms is smeared, such that the graph depicts a more global SFR activity (i.e., in our
Galactic ‘quadrant’). On longer time scales (1.5 Gyrs and more), the Galactic stirring is
efficient enough for the data to reflect the SFR in the whole disk. The dashed histogram
underneath is the same as the histogram above it, though only with clusters having
a better age determination (w > 1.0, as defined in Lotkin et al.). There is a clear
minimum in the SFR between 1 and 2 Gyr BP, and there are two prominent peaks
around 0.3 and 2.2 Gyr BP. Interestingly, the LMC perigalacticon should have occurred
sometime between 0.2 and 0.5 Gyr BP in the last passage, and between 1.6 and 2.6 Gyr
before present in the previous passage. This would explain the peaks in activity seen.
This is corroborated with evidence of a very high SFR in the LMC about 2 Gyrs BP
and a dip at 0.7 - 2 Gyr BP. Also depicted are the periods during which glaciations were
seen on Earth: The late Archean (3 Gyr) and mid-Proterozoic (2.2-2.4 Gyr BP) which
correlate with the previous LMC perigalacticon passage (Gardiner 1994, Lin 1995) and
the consequent SFR peak in the MW and LMC. The lack of glaciations in the interval 1 -
2 Gyr before present correlates with a clear minimum in activity in the MW (and LMC).
Also, the particularly long Carboniferous-Permian glaciation, correlates with with the
SFR peak at 300 Myr BP and the last LMC perigalacticon. The late Neo-Proterozoic
ice ages correlate with a less clear SFR peak around 500-900 Myr BP.

then most of the extinction can be directly related to the fact that the solar
system entered the Sagittarius-Carinae spiral arm during that period.
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8. Summary

To conclude, we first considered that most CR sources reside in the Galactic
spiral arms, and incorporated this fact into a cosmic ray diffusion model.
Unsurprisingly, this model predicts a variable CRF. By analyzing the expo-
sure ages in Iron meteorites, it was found that the cosmic ray flux history
can be reconstructed. It was found to vary periodically, and it nicely agrees
with the observations of the Galactic spiral arm pattern speed.

Next, if recent evidence linking the CRF to low altitude cloud cover on
Earth is real, typical variations of O(10°K) are predicted from the vari-
able CRF. Each spiral arm crossing, the average global temperature should
reduce enough to trigger an IAE. The record of IAEs on Earth is fully con-
sistent with the predicted and observed CRF variation—both in period and
in phase. Next, the fit is also found to be better when the predicted lag
in the mid-point of the TAEs after each crossing is included and when the
actual asymmetric location of the arms is taken into account. Moreover, a
random mechanism to generate the IAEs is excluded.

On a more speculative note, there is a curious correlation between the
global cooling experienced on Earth at the end of the Cretaceous and the
disappearance of the dinosaurs. If the the latter is related to climate change,
it could be attributed to the solar system entering a spiral arm.
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COSMIC RAY ENERGY SPECTRA AND
COMPOSITION NEAR THE “KNEE”

John P. Wefel
Department of Physics and Astronomy, Louisiana State University
Baton Rouge, LA 70803 USA

There has been renewed interest in recent years in the energy region around 10*
eV, the region containing a major feature in the cosmic ray spectrum called the
“Knee”. Discovered over forty years ago through air shower measurements, the
origin of the knee and its underlying physics/astrophysics remain largely
unknown. Direct particle identification experiments are being extended to ever
higher energies, while the air shower data and interpretation are improving. This
brief review summarizes the current results and looks at various theories and
models which have been suggested recently to help unravel the astrophysics of the
energy region around the knee.

1. Introduction and History

The Galactic Cosmic Radiation (GCR) is a dilute "gas" of relativistic particles
that fill our galaxy and extend well beyond the disk into a galactic halo. A few
percent of the cosmic rays are electrons that produce synchrotron radiation in
the galactic magnetic field. Looking at other galaxies similar to our own, we
observe radio synchrotron halos around them as well. The bulk of the cosmic
rays, however, are nuclei, consisting of all of the naturally occurring elements
from H through U. As with the general galactic abundances, H and He are the
most numerous with the heavy nuclei (Z>2) accounting for about 1% of the
particles. Tracing the composition of the GCR has been a principal goal in
cosmic ray research over the past half century. Primary particles provide
information on the source regions and on nucleosynthesis processes.
Secondary species, made by nuclear fragmentation of the primaries, trace the
confinement and transport of the particles within the galaxy and its halo.

The GCR span an enormous range from below 10% eV to beyond 10% eV
with an energy spectrum that is a power-law over many decades, as illustrated
in Figure 1 for the “all-particle” spectrum. At the lowest energies, we cannot
observe the particles directly since the out-flowing solar wind excludes these
particles from entering our Heliosphere and being observed at Earth. This
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Figure 1. All particle differential spectrum of the GCR showing the knee and the ankle.

heliospheric modulation decreases with increasing energy and introduces a
solar cycle variation into the particle intensity at low energy.

The flux in the range 50-500 MeV/nucleon is large enough that these
particles can be studied with small balloon or satellite instruments. It is in this
range that we have the best composition information, recent work having
succeeded in resolving many of the isotopes of the individual elements up
through the iron peak [1], giving a detailed picture of the GCR- the low energy
“baseline” composition. At higher energy, isotopic separation is more difficult,
and our information is limited to elemental composition through the iron peak
and groups of elements in the ultra-heavy (Z>30) region of the spectrum. As
Figure 1 indicates, the flux declines rapidly with increasing energy and beyond
several TeV, composition has been reported for groups of elements (e.g. CNO).
At sill higher energies, measurements rely on the analysis of air showers
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produced in the atmosphere, and only the mean composition of the overall
beam (denoted as <In A>, where A is the particle mass) is available.

Beyond about 10'° eV the GCR follow a power law energy spectrum
(differential spectrum o< E*") up to a few times 10" eV. Here there is a
rather abrupt change, called the “knee”, with the spectrum beyond the knee
becoming softer (<E>?). Beyond the knee, the steeper spectrum continues
until a few times 10'® eV (the "ankle") where it hardens again and continues to
beyond 10%° eV. It is convenient to eliminate the steeply falling spectrum in

Figure 1 to better display these features. This is done by multiplying the flux
by E* to

W

o

E27® dN/dE (m?® sr s GeV'?)

1012 1014 1016 1018 1020

Energy (eV)

Figure 2. Differential all particle spectrum of cosmic rays, with the flux multiplied by
E*", showing the knee at a few 10" eV and the ankle at a few 10*® eV. Data are selected

from both direct measurements (below 10'® €V) and air shower measurements.

obtain a plot such as Figure 2 which shows, for selected recent data, the knee
and ankle features. It should be noted that in the region around the “knee” the
particles are well confined by the galactic magnetic field. Beyond the ankle,
however, the particle gyro-radii become comparable to galactic dimensions,
and these highest energy cosmic rays may well be extra-galactic. The ultra-
high energy events are described elsewhere in this volume. Here we focus on
the “knee region”, roughly 10" - 10'7 eV, which holds the "key" to
understanding the sources, acceleration mechanisms and modes of transport for
the high energy cosmic rays in our galaxy.

In the vicinity of the knee, one expects about one particle per square
meter per year (c.f. Figure 1). This necessitated detectors of many square
meters located on the surface of the Earth. Cosmic rays interact in the Earth's
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atmosphere and develop electron-hadron cascades which spread laterally as
they develop and propagate downward. The total number of particles in these
"air showers" is related to the total energy of the primary cosmic ray and to its
mass (charge). Thus, by deploying many detection stations over areas of
square kilometers, it is possible to study the cosmic rays in the very high energy
region. This was the approach followed historically in the late 1940's and
1950's which led to the discovery of both the knee and the ankle in the cosmic
ray spectrum. One can site the pioneering work at Moscow State University
under the late George Khristiansen, or Volcano Ranch in the US, developed by
the late John Linsley or the group at Haverah Park in England. Researchers
from many countries, too numerous to cite, contributed to tracing the GCR
energy spectrum with air showers. Today, air shower arrays continue to
provide data on the highest energy cosmic rays, and the new arrays have
increased tremendously in sophistication and in scale.

Air showers, however, have limited sensitivity to the composition of the
cosmic rays. Therefore, experiments that determine the charge and energy of
each particle are necessary, but these require deploying the apparatus on
spacecraft or high altitude research balloons. Such experiments were
developed in the 1960's by N. Grigorov and colleagues at Moscow State
University and flown on the "PROTON" series of satellites. These large
ionization calorimeter instruments measured the all particle spectrum and
separately, the H and He components. Continued development of space
technology led, in the next decades, to three space experiments: the HEAO-3
satellite, SOKOL on the Cosmos satellites and CRN on Spacelab-2. Using
ionization chambers, calorimeters Cherenkov counters and transition radiation
detectors, these experiments pressed the particle-by-particle detection up to
energies close to 1 TeV/nucleon and to elements as heavy as iron. Table 1
summarizes the properties of these space experiments.

In the late 60’s large balloon experiments utilizing Cherenkov counters
and ionization calorimeters were flown by US and German researchers. In the
following decade, emulsion chamber technology was developed for balloon
flight, and several series of such experiments took place — MUBEE, JACEE,
RUNIJOB - some of which are still publishing results. In the late 1980’s the
Long Duration Ballooning (LDB) techniques were developed allowing flights
of 7-14 days, and these became the mainstay of the emulsion chamber
experiments, allowing large exposures to be accumulated through yearly
flights. In addition, a ring imaging Cherenkov instrument was flown on a
balloon giving a new measurement of the helium spectrum to extend earlier
work into the emulsion chamber energy regime.

In the mid-1990’s several new balloon instruments were developed
specifically for LDB applications.  ATIC (Advanced Thin Ionization
Calorimeter) uses a fully active Bismuth Germanate (BGO) calorimeter
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Experiment Species Technigue Energy/ Effective Exposure
nucleus | Geometry Factor
(V) Factor (m?-sr-
(m’-sr) days)
SEZ 1965 | AlL, H, Calorimeter | 10" - 0.05- 10 5-2000
Proton 1-4 -68 He 10"
HNE 1979 | 16<Z< lonization/ | 3 x 107 1.2 370
HEAO-3 -80 28 Cherenkov | — 10"
French- 1979 | 4<Z< Cherenkov | 3 x 107 0.14 33
Danish -80 28 —
HEAO-3 2x 10"
CRN 1985 | 5<Z< TRD 7 x 10" 0.1-0.5 0.3-3
Spacelab 2 20 - (low Z)
3x 10" 0.5-0.9
(high Z)
Sokol 1984 | 1<2< Calorimeter 2x 107 0.026 0.4
COMOS -86 26 - 10"
1543;1713
Table 2. Balloon Experiments
Experiment | Species ;| Technique | Energy/nucleus | Eff. Geom. Exposure
eV (m’-sr) (m’-sr~days)
Ryan etal. 1<Z< | Calorimeter 5x 10 - 0.036 0.01
ConUS 26 Cherenkov 2x 10"
1969-70
JACEE 1<Z< Emulsion 107 (H,He)
ConUS + 26 Chambers 107 -5x 10" 2-5 65 (Z>2)
LDBs
1979-95
MUBEE 1<Z< Emulsion
Short & long 26 Chambers 10°-3 x 10" 0.6 22
1975-87
RUNJOB 1<Z< Emulsion
LDBs 26 Chambers 10°-3 x 10" 1.6 43
1995-99
ATIC 1<Z< | Calorimeter 10™ - 10" 023 35
LDB 28
2000-01
TRACER 8<Z< TRD 107 -3 x 10" 5 5.8
ConUS 28
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following a Carbon target to measure the total particle energy. A Silicon-
matrix detector at the top and scintillator strip hodoscopes on top, bottom and
within the Carbon target, measure the particle charge and trajectory. ATIC
flew in Antarctica in 2000-01, and will be flown again in 2002-03. A different
approach is taken by TRACER (Transition Radiation Array for Cosmic
Energetic Radiation) which uses transition radiation to measure the Lorentz
factor of the particles. Combined with scintillators to determine particle
charge, TRACER can study the spectra of elements above nitrogen. TRACER
has had a short flight and should have an LDB flight in the near future. Table 2
summarizes the characteristics of many of the balloon experiments.

Results from both the satellite and balloon experiments have been
summarized [2-7], while the two newest experiments were discussed at the
International Cosmic Ray Conference in Hamburg [8].

2. The “Problem” of the Knee

A steepening in a power-law spectrum denotes an “absence” of events, usually
ascribed to a new loss process that begins at an energy near the steepening. An
early explanation involved the loss of cosmic rays from the galaxy. Since we
now know that particles in the knee energy range are well confined in the
galaxy, it is doubtful that a new propagation loss from the galaxy occurs.
However, cosmic rays do spend some part of their lifetime in the galactic halo.
Suggestions have been offered that interactions with the dark matter in the halo
may become effective in the knee energy range, and this could constitute a new
loss mechanism.

Flux

E—»

Figure 3. Schematic representation of the “knee”.
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Other explanations invoke “new physics” or the termination of the
cosmic ray acceleration process. Figure 3 shows a sketch of the knee.
Extrapolation of the low energy spectrum to above the knee, as shown by the
dashed line, compared to the steeper portion of the spectrum, gives a flux
difference that increases with increasing energy. Now, suppose that a new
physical channel opens at these energies such that the interaction products are
not observable in air shower experiments. Further, the importance of this new
channel increases with energy. Then, the air shower observations would
interpret the data as shown in Figure 3, i.e. a spectral steepening, while the
actual spectrum in the galaxy would be the dashed continuation of the low
energy portion of the spectrum. Suggestions for such a new channel include
the production of new, “non-standard model” particles, or an increased
production of high energy muons. There is no evidence at the highest
accelerator energies of such “new physics”, but these ideas cannot be ruled out
until new experiments are performed, probably at the Large Hadron Coilider.

Another class of explanations attributes the knee to the termination of
the cosmic ray acceleration process, as is expected in models of shock
acceleration in, for example, supernova remnants. In this approach the
acceleration process reaches a maximum energy near 10'> eV resulting in a
rapid turn-over of the spectrum. However, we know that the GCR continue to
beyond 10 eV, so an additional component or new acceleration mechanism is
needed to supply the particles beyond the termination region. Moreover, if the
steeper spectrum beyond in knee is extrapolated to lower energy (c.f. Figure 3)
the flux would quickly dominate the spectrum. Thus, any “new component”
must turn-on and become important just in the energy region of the knee where
the low energy component is terminating — a difficult, “ad hoc” matching of
components.

We are accustomed to thinking of cosmic rays as coming from one class
of sources, currently supernova remnants (see next section). However, the
actual sources may involve a variety of astronomical objects or even a plethoria
of supernova remnants of various types. Each of these may show a different
high energy cut-off. Thus, by assuming a mixture of astrophysical objects, it is
possible to construct a model in which the entire knee region is the result of
terminating “accelerators,” giving rise to the spectral steepening and eventually
falling below an extra-galactic component in the vicinity of the ankle. To
reproduce the somewhat abrupt structure in the knee region (c.f. Fig. 2) it has
been suggested that superposed upon this general terminating spectrum are
particles from a nearby source such as a relatively recent supernova [9].  Other
sources being considered include the explosions giving rise to gamma ray
bursts, pulsars and other accretion driven objects.

In models with the effects of a number of sources/accelerators
superposed, one would expect to observe some structure in the measured
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energy spectra, quite possible in the knee region, and such an observation
would be of critical importance in understanding the knee. Moreover, the
various types of models discussed each imply a cosmic ray composition which
changes with energy up to and through the knee energy region. Measuring this
energy dependent composition is a major challenge, but the composition may
well be the crucial parameter for understanding the astrophysics of the knee.

3. The Standard Model: Supernova Remnant Acceleration

Cosmic rays and supernovae have long been associated due to the energy input
that supernovae can provide. Cosmic rays interact with the ambient interstellar
medium as well as escape from the galaxy. The mean confinement lifetime of
the particles is about 15 million years [1,10], so cosmic rays must be
replenished. This requires an energy input into cosmic rays of 10*-10*
ergs/second. This rather large power requirement led, historically, to the
presumed connection to supernova explosions which provide an overall power
of about 10* ergs/second. With 1-10% of this energy appearing as accelerated
particles, the cosmic ray energy density can be maintained.

The acceleration mechanism that has become the “standard™ for the past
several decades is diffusive shock acceleration -- first order Fermi acceleration
-- operating at the discontinuity where the outward moving blast wave from the
supernova explosion interacts with the surrounding medium. Here the
magnetic fields confine the particles, forcing many crossings of the shock
boundary, with the charged particle receiving an acceleration upon each
crossing [11]. The acceleration theory has been well developed and has been
tested with direct observations of particles accelerated at shocks within our
Heliosphere. The theory predicts power-law spectra with the same power law
index (in magnetic rigidity) for all nuclear species. The expected index is in the
range 2.0-2.2. In addition, there is a maximum energy for the accelerated
particles due to the finite lifetime and maximum size of a supernova remnant.
For a typical supernova remnant and an assumed magnetic field of 3 uG, this
maximum energy is Z x 10" eV where Z is the charge of the nucleus [12].

In environments with large magnetic fields, the maximum energy can be
larger. For example, “bare” supernova explosions expanding into the local
interstellar medium will be different than “clothed” events where the blast wave
interacts with previously expelled shells of matter from the star [13]. Further,
most of the massive stars are formed in groups (e.g. O-B associations) so that
the explosion of one star may encounter the remains of shells from earlier
supernovae. Matter densities and magnetic field strength are expected to vary
in these different environments, so that acceleration beyond the Z x 10" eV
limit cited above is quite feasible. For a more extensive treatment of the
maximum energy achievable, see [14].
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4. Experimental Data

Early results from the Proton satellite experiments indicated a possible break,
or steepening, in the energy spectrum of Hydrogen at energies of a few TeV.
Subsequent experiments, however, were unable to confirm such a change,
finding a continuous

spectrum up to near 100 TeV. However, a spectral difference between
Hydrogen and Helium has been reported as shown by the top two curves in
Figure 4, which summarizes

measurements of H, He and groups of heavier nuclei. (Note that the flux has
been multiplied by E>”, and the plot is in terms of kinetic energy.) The
differential spectral index for Hydrogen is about —2.80 while the index for
Helium appears to be closer to —2.68, based upon the JACEE data [6], giving a
two sigma difference in the measured indices. However, the recent results
reported by the RUNJOB experiment {7] show no difference in the Hydrogen
and Helium spectral index.

For the heavier nuclei, spectral differences are observed as well. The
CNO group shows a harder spectrum than Helium as does the medium heavy
elements and the iron peak elements. These last two groups have power law
spectral indices that appear to be between He and CNO. Extrapolation of this
behavior up to the knee predicts a radically different relative composition as
compared to the cosmic rays around 100 GeV/nucleon.

However, we must be careful in the interpretation of the existing data.
The current results have been derived from different experiments and, often,
many balloon flights of a single instrument have been added together to form
an overall dataset. Moreover, the statistical limitations on the current data are
evident in Figure 4. Clearly, qualitative and quantitative improvements in the
experimental situation are needed.

Even with these experimental limitations, it is instructive to compare the
current data to the predictions of the SNR acceleration model. Here there are
several major inconsistencies. The spectra of the different nuclear species do
not show the same spectral index, as the model predicts. The Hydrogen spectra
shows no apparent cut-off at 10° GeV (10" eV), and the corresponding Helium
maximum energy cut-off at 2 x 10" eV (5 x 10'* GeV/nucleon) also is not
evident in Figure 4. The observed spectral index is larger than the theory
predicts, but this is due to energy (rigidity) dependent diffusion/propagation in
the galaxy prior to observation at Earth. An interesting exercise is to
extrapolate the spectra of Figure 4 to a cut-off of energy Z x 10" eV, sum the
individual groups to form an all-particle spectrum, and compare the result to the
measured all-particle spectrum. The “fit” is quite good. This might indicate a
shock acceleration cut-off an order of magnitude higher in energy than
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Figure 4. Selected data for the differential energy spectra of the element groups, H, He, CNO, Ne-
S, and the iron group. Note that the flux has been multiplied by E*>™ to display the results.

predicted, but it does not explain the origin of the particles well beyond 10"
eVvV.

Moving to higher energy than the direct measurements of Figure 4
requires reliance upon air shower experiments which can traverse the knee
energy region. The sensitivity to composition in the air shower analyses is
relatively weak, resulting in presentation in terms of <ln A>. A compilation of
recent air shower results on composition is shown in Figure 5, with the results
of the direct experiments converted to <In A> at the low energy side. The data
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Figure 5. Relative composition <In A> as a function of total particle energy from a number of
recent direct and air shower experiments.

from the different air shower experiments display an enormous scatter [15],
with the two curves in Figure 5 showing the results of different models.

The upper curve predicts a composition becoming increasingly
dominated by heavy nuclei, i.e. the lighter components terminate earliest with
increasing energy. The lower curve models a scenario in which the SNR
acceleration process terminates and a new component, assumed to be
Hydrogen, becomes dominant, leading to a decreasing <Iln A> as the knee is
transited. Clearly, some of the current data can support either class of models.
What is required is (a) extend the direct measurements to as high an energy as
possible to anchor the air shower results (the shaded region in the center of Fig.
5 being a “goal”) and (b) improve the interpretation of the air shower data.
This is the challenge for the coming years.

5. Summary and Prospects

After half a century, the knee remains an enigma! There are more models than
there is data, and the current results are not fully consistent. Extending direct
measurements to higher energy, with good charge resolution, is urgently need
to both understand the knee region and provide a normalization point for the air
shower experiments. The ATIC and TRACER LDB experiments will provide
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new results in the next few years. A year or so later the CREAM experiment
[16] which combines calorimetry and transition radiation measurements will fly
as the first payload in the Ultra-Long Duration Balloon (ULDB) program. A
new balloon, closed at the bottom, is being developed for the ULDB effort.
The plan is to complete many circumnavigations of the Earth for a total flight
duration of ~100 days. All data is to be telemetered to the ground via satellite
link, protecting the results from the possibility that the apparatus may not be
recovered. CREAM will fly in late 2003 or 2004 depending upon the readiness
of the balloon, flight systems and the instrument.

Even with the ULDB capability, balloon systems still have limited
exposure. Better would be a space experiment with an exposure of ~3 or more
years. Such an investigation is ACCESS which was proposed to the NASA
Explorer Program, MIDEX competition, this past year. The idea is to put a ~5
ton instrument on either a free-flying satellite or on the experiment attach point
on the International Space Station. Proposed was an instrument that was a
combination of a calorimeter and a transition radiation detector, which could
provide an order of magnitude increase in exposure over the balloon
experiments. Unfortunately, ACCESS was not selected in this past round.
ACCESS may be re-proposed in 2004 for the next MIDEX competition.

Larger instruments are under consideration in Russia, PROTON-S and
INCA, which would be in the vicinity of 10 tons. These use the calorimeter
approach but modified to include neutron calorimetry. Both would obtain
reasonable statistics above 10'® eV, well beyond the knee. However, these
instruments are still in the concept and development phases. No mission, and
no launcher, has been identified for these very large payloads.

In most cases, the new experiments, either balloon or space, involve
international collaborations that have formed to further this important science
investigation. Each of the experiments was described in papers at the Hamburg
ICRC and the reader is referred there [8] for further details.

The air shower analysis is improving rapidly with the development of
new Monte Carlos and multi-parameter analysis. One of the most advanced is
the KASCADE group who has performed multi-variant analysis using the
shower parameters electron size, muon size, hadron size and most energetic
hadron.[17] It is not always possible to get complete consistency, but the
techniques being developed hold great promise for the future [15]. Further,
data from other arrays has improved [8]. Moreover, there are several arrays
undergoing expansion and improvement which will provide new data in years
to come.

Supernova remnant shock acceleration may well account for the butk of
the cosmic rays below the knee, but these models have difficulty in fully
explaining the knee region. In fact, such discrepancies have led to suggestions
that the venerable supernova remnant model should be abandoned [18]. With
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the x-ray data from Chandra revealing details of the CRAB and VELA pulsars
[19], there is renewed interest in pulsar acceleration models to complement the
supernova remnant process. Also, gamma ray burst sources are being
considered, as well as the galactic center region.

The data and models continue to improve, and we expect new
information to become available in the next few years from the new
experiments. The interest remains high, since the knee is such a challenging
astrophysical problem!
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The heliosphere is a very special region for us. It is mostly controlled by the
Sun, and is shielded from the plasma and the moderately energetic particles of the
interstellar environment. Compared to the main sources of cosmic rays the Sun and
the heliosphere are very ineflicient energetic particles producers. Because we are
so much closer to the Sun than to any other star, those locally produced energetic
particles are still competitive in their influence on Earth, and are also much more
accessible for detailed study than the much more energetic emissaries of far-away
violent events. Several clues on fundamental energetic particle acceleration and
propagation processes are due to heliospheric studies, and there is ample scope for
progress. Recent results and further prospects will be reviewed.

1. Introduction

The prime purpose of high energy astrophysics is the study of very ener-
getic processes in the Universe. Cosmic ray {(CR) physics, as reflected in
the topics discussed at the biennial International CR Conferences, is not
simply a subfield of that discipline, but it also deals with particles and
processes of local origin, even if the energies involved are much lower. In
particular, acceleration and propagation of energetic particles of solar and
heliospheric, and even magnetospheric origin are considered as important
topics. While the inclusion of those topics is partly a result of the history
of CR physics, there is also some sound logics behind it. CR sources are
associated with distant astronomical objects, only observable by telescopes
sensitive to certain frequency bands of electromagnetic radiation. Suppose
someone in Erice, on the top of the hill, was interested in the biological de-
tails of creatures living in the sea surrounding Sicily. A powerful telescope
certainly would give him or her a few glimpses of big fish well illuminated
near the surface, but most of those fish would soon submerge again to in-
visibility. The alternative strategy of getting hold of a bucket (or even a
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drop) of sea water and observe it in great detail might lead to a deeper
knowledge on certain aspects of sea life, even if no big fish is involved. The
tiny creatures that live in that water could then be studied by some kind of
microscope, and their behaviour and interactions could also be followed for
an extended period. Similarly, an intensive study of heliospheric accelera-
tion and propagation processes, partly by in situ observation, and partly
by “remote sensing” at distance scales that are minute compared to astro-
nomical ones, can provide clues that may not be accessed by observation
through telscopes. That does not mean, of course, that “big fish” should
not be observed.

2. The heliosphere and its environment
2.1. The solar syltem and the heliosphere

The term “solar system” is poorly defined. It usually refers to the Sun
and planets, also including their moons and some minor constituents like
asteroids, meteorids, comets and protocomets, dust. In spite of the recent
progress in observing extrasolar planets or exoplanets around nearby stars,
our knowledge on planetary systems around stars mainly comes from a
single example, our own solar system.

It is often stated that the two Voyager probes, celebrating their silver
jubilee in 2002, left the solar system when their radial distances from the
Sun exceded those of all major planets. But what about the comets that re-
turn periodically, even if that period is very long? According to Newtonian
mechanics, they should still be considered components of the solar system,
held together by the gravitational attraction of the Sun. The aperiodic
comets, on the other hand, are just visitors in the solar system and do not
belong to it, although the two populations cannot be separated purely by
their spatial position.

For the plasma regions surrounding the Sun, the criterion of gravita-
tional binding is still less applicable. Therefore the new term “heliosphere”
was introduced to include all plasma structures that are under the influ-
ence of the Sun and of the solar wind (SW) emanating from it, as distinct
from regions influenced primarily by the interstellar (IS) wind, in which
the elongated bubble of the heliosphere is embedded. The concept of the
heliosphere is similar to that of the terrestrial magnetosphere, to which
magnetic fields of terrestrial origin are confined. Telescopes are usually of
little use for mapping the boundaries of either the magnetosphere or the
heliosphere. Those fairly sharp but dilute magnetic and plasma boundaries
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emit namely very little electromagnetic radiation, and their identification
is much easier by in situ observations of magnetic fields, plasma, and en-
ergetic particles. This does not exclude a limited use of electromagnetic
signatures in the identification of some heliospheric boundaries, and some
tentative identifications have already been done (Gurnett et af 1993, Kurth
and Gurnett 1993, Ben-Jaffel et al 2000, Ratkiewicz and Ben-Jaffel 2002).

2.2. Dimensions and basic structure of the heliosphere

The size of the heliosphere, even if not precisely known, is certainly very
small compared to the distances to nearby stars — of the order of a light
day, or, in the downwind direction, perhaps several light days, while the
distances to nearby stars amount to several light years. Heliospheric struc-
ture is determined jointly by various flows entering through its inner (solar)
and outer (IS) boundary regions, and by processes taking place in between.

The heliosphere is separated from the Sun and from the local IS medium
(LISM) by complex regions. On the solar side, the convective zone, photo-
sphere, chromosphere, transition region, and corona provide a very dynamic
and structured inner environment that gives rise to the outward flowing su-
personic, magnetized solar wind (SW), the dominant component of the
heliosphere beyond a heliocentric distance of a few solar radii. The source
region of the SW can be studied only by remote sensing (for a good early
review, see Bird and Edenhofer, 1990; for more recent reviews, based on
SOHO and partly on Ulysses results, see Brekke and Fleck, 2002, and Fisk,
2001). It can only be hoped that the Solar Probe of NASA, planned to
approach the solar surface to a few solar radii, will be sooner or later real-
ized, opening up at least the outer part of the SW source region for in situ
study. ESA’s Solar Orbiter mission will monitor the Sun from a distance
of some tens of solar radii. Up to now, the Helios probes in the 1970’s
approached the Sun most (0.29 AU or 62 solar radii), while Voyager—1,
the outermost member of our small outer heliospheric flotilla, was at a he-
liocentric distance of 85 AU at the time of the Erice Summer School. It
overtook Pioneer-10 in 1998 (Pioneer-10 was launched in 1972 and is still
alive though weak; it was last contacted in March 2002, just after its 30-eth
birthday).

Effects propagating inward from the LISM through the bow shock (BS,
separating supersonic ionized IS wind from the subsonic one, diverted and
slowed by the heliosphere), the heliopause (HP, the surface separating SW
matter and magnetic field from IS fields and the charged component of the
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IS wind), and the termination shock (TS, separating supersonic and sub-
sonic SW) are less obvious than those propagating outward (see e.g. Kiraly
1998, 2001). Effects of solar activity, mostly mediated by the SW and by its
frozen-in interplanetary magnetic field (IMF), contribute much more to he-
liospheric variability than inward effects of the presumably slowly changing
LISM (although, in fact, the variability characteristics of the LISM are still
poorly known). The speed of the partially ionized LISM relative to the solar
rest frame is only about 26 km/s, while the SW speed at solar minimum is
400 to 800 km/s in the solar equatorial and polar regions, respectively. The
relative importance of inward and outward propagating heliospheric effects
differs from the case of the otherwise analogous terrestrial magnetosphere,
where external (solar—interplanetary) influences are more variable than the
slowly changing terrestrial magnetic fields of internal origin.

The most important parameters that set the scale size of heliospheric
structures are the SW dynamic pressure or ram pressure (the product of
SW density and squared speed), LISM speed in the solar frame and its
thermal pressure, interstellar ion density and temperature, and the magni-
tude and direction of the local IS magnetic field. While SW parameters as
well as LISM speed are directly measured, the degree of ionization of the
LISM and in particular the external magnetic field are only poorly known.
Thus pressure equilibrium calculations (e.g. Axford and Suess 1994) give
only tentative results. Some recent estimates for parameters of the local
interstellar cloud (Frisch 2002) are as follows: relative Sun-cloud speed 26
km s™!, temperature 7000 K, neutral H density 0.24 cm™2, electron density
0.13 cm™3. Typical estimates for the heliocentric distances of characteristic
surfaces in the upwind direction of the LISM: 85-110 AU for the TS, 120-
160 AU for the HP; for the BS, even its existence is unclear, and it may
also include separate subshocks in the distance range of 150 to 300 AU.
Every 10* to 10° years the heliosphere is expected to meet a cloud of about
10 cm™2 density. Immersion in such a cloud would reduce its scale size by
about a factor of 10, and the boundary regions might also become unstable
(Zank and Frisch 1999). Even more extreme densities like those of Fred
Hoyle’s Black Cloud would probably completely disrupt the heliosphere,
but such encounters should be extremely rare.

Several indirect clues (Stone and Cummings 2001) indicate that
Voyager—1 will reach the TS between 2003 and 2008, and might even cross
it several times during that period, as the speed of inward and outward
motions of the TS may excede that of our most distant probe (Whang and
Burlaga 2000, Stone and Cummings 2001). There is hope that Voyager-1
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will survive to cross the HP as well. For crossing the BS before its power
supply runs out around 2020, the chances are less, and they are diminishing
as the TS crossing is delayed.

2.3. Some complications

There are several complications omitted in the above schematic description.
Energetic particles streaming through plasma often give rise to instabilities,
thus the test particle description is not strictly valid. Bundaries, even if
thin, are not 2-dimensional structures, and may be strongly modified by
instabilities and wave generation. Inner and outer heliospheric boundary
regions are accessible only by remote sensing; in situ observations by space-
craft instrumentation are at present restricted to part of the supersonic SW
region, between solar distances of 0.3 AU (Helios) and 85 AU (Voyager-1).
One might expect that the inner boundary region should be well known and
understood, due to long-term observation of the Sun over all wavelengths
of the electromagnetic (EM) spectrum, both from ground-based and space
instruments. Most of the observations, however, refer to much lower levels
of the solar atmosphere than where the SW is accelerated to supersonic
speeds (at 2-10 solar radii, sometimes even further out). Magnetic fields,
as well as velocity and density variations are seen only in projection, with
limited spatial resolution, and the 3D structure can be only tentatively in-
ferred. Most of the electromagnetic (EM) radiation is related to electrons,
while the dynamically dominant part of the SW consists of ions. Gamma-
ray signatures of the interaction of accelerated ions with ambient gas are
actually seen in flares, but no detailed information on the behaviour of ions
in quiet regions and in coronal holes exists. The scarcity of EM information
is even more acute for the outer boundary region. Although solar UV light
backscattered from interstellar neutral atoms entering the heliosphere is
well observed (mainly Lyman-a and He-I lines), those observations provide
little informationon on the position and structure of boundaries.

The solar activity cycle (SAC) reverses large-scale solar magnetic dipole
fields with a periodicity of about 11 years (a complete magnetic cycle or
Hale-cycle lasts 22 years). On the solar surface the SAC is best observed
through variations of the number and latitudinal distribution of sunspots.
The SW drawing out coronal fields from the rotating Sun results in an
Archimedian spiral pattern of the interplanetary magnetic field, and also
causes an approximately 26-day recurrence tendency (in the inertial frame)
of solar wind structures. Fast solar wind streams overtake slow ones, creat-
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ing stable corotating interaction regions (CIRs) at relatively quiet periods,
bounded by forward and reverse shocks in the low-latitude SW at radial dis-
tances of about 2 to 10 AU. Beyond 10 AU, CIRs still persist but widen and
tend to form merged interaction regions (MIRs). As the SAC progresses
toward solar maxima, the dipole becomes more tilted and the separating
line between inward and outward oriented fields is also more complex. Mag-
netically unipolar fast SW streams emanating from polar coronal holes at
solar minima become fragmented at maxima, and the time scale of intrinsic
variation becomes shorter than the solar rotation time. Coronal mass ejec-
tions (CMEs), i.e. massive plasma clouds catapulted into interplanetary
space by coronal processes also become more frequent. The largest CMEs
give rise to outward moving magnetic barriers (global merged interaction
regions or GMIRs), and may sweep through the entire heliosphere. Those
barriers scatter and reflect both inward and outward propagating energetic
particles, causing step-like decreases in the galactic CR flux, and forming
expanding reservoirs for particles of internal origin.

3. Energetic particle populations in the heliosphere
3.1. Is there a baseline population?

There is a wide variety of suprathermal and energetic particle populations
in the heliosphere, from SW up to CR energies. The bulk of SW ions
have keV amu~! energies, essentially determined by SW speed; the com-
ponent of freshly ionized atoms ”"picked up” by the SW extends (without
further acceleration) to about twice the SW speed, i.e. to about 4 times
the SW energy. Any particle with energies from SW to a few hundred keV
is called suprathermal, above that energetic (although the terminology is
rather vague).

Intensity levels of suprathermal and energetic particles of solar and he-
liospheric origin in the near-Earth interplanetary space never seem to drop
below some energy-dependent threshold, even when solar-heliospheric ac-
tivity is at its lowest level. Those minimum intensities are often attributed
to a separate component called quiet-time or baseline population. It is not
clear, however, to what extent instrumental background effects contribute
to it even in the best data sets. For some discussion, see e.g. Kirdly and
Kecskeméty 1998, Logachev et al 1998, and Zeldovich et al 1998. The
spectrum of the baseline component seems to decrease from 10 to 20 keV
amu~! (i.e. from a few times the SW energy) to several MeV as a power
law. Since modulated CR energy rises almost proportionally to energy up
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to a few hundred MeV, and it also forms a fairly stable population, the
sum of the two differential spectra has to have a minimum somewhere. At
solar minima, it happens to be slightly below 10 MeV for protons at a level
of about 107! m™2 s7! st~! MeV~!. Flux levels in major solar events
excede the minimum by 5 to 7 orders of magnitude, and even minor solar
or heliospheric events may cause order of magnitude increases. In the total
fluence (integrated flux) over extended periods the baseline component is
quite negligible. A better understanding of its origin, however, is important
from the point of view of basic acceleration processes going on even when
other signs of solar-heliospheric activity are absent. There have been re-
cent advances on the dependence of the baseline component on heliospheric
radius and latitude (see Kecskeméty et al 2001, Mason 2001). It appears
that in the ecliptic the baseline component is lowest at about 0.6 AU, while
in the unipolar field regions far from the ecliptic the baseline is even lower.

3.2. Solar energetic particles

Solar processes are the direct or indirect drivers of most acceleration phe-
nomena in the heliosphere. The traditional name “solar energetic parti-
cles” (or SEPs) refers to particles accelerated in the vicinity of the Sun,
and then escaping to interplanetary space (those unable to escape can also
be detected by their EM signatures). The prime site of their acceleration
is either in chromospheric or coronal flares, or in CME shocks propagating
outward. SEPs were first observed in ground-level events (GLEs) in 1942,
and associated with solar flares by Forbush (1946). Before the space age,
SEP events were only detected when energy spectra extended beyond about
half GeV, and some events containing particles of several tens of GeV were
occasionally also observed. It was realized and emphasized only much later
that the largest events were not directly related to flares, but to shocks
generated by CMEs (Kahler 1978, Gosling 1993).

Solar energetic particle events are thus subdivided into flare (or im-
pulsive) and CME (or gradual) events, where the traditional names put
in parentheses refer to the duration of EM and particle emissions. The
two classes of events differ in many of their characteristics. Flare events
are shorter, smaller, their composition is both variable and quite distinct
from that of the corona or the SW, their charge states reflect a flare-heated
source region of 3 to 5 MK temperature (typically full ionization up to Si,
while Fe ions have a charge of about 20). Ouly fast CMEs (about 1 to
2 % of all CMEs) accelerate particles efficiently. CME particle events are



148

more extended in time than flare-originated ones, usually give rise to larger
events, the composition is closer to that of the SW, and the charge states
correspond to lower temperatures (1.5 to 2 MK, typical ionization state of
Fe is about 12). The time profiles of CME SEP events often display a peak
around the time of shock passage through the observation point. That peak
often indicates local shock acceleration, but also shock compression of ions
accelerated closer to the Sun may play a role.

Some CME shocks travelling outward continue to accelerate particles
beyond 1 AU, thus not all CME particles arrive from the vicinity of the Sun,
although the most energetic ones do. The sharp distinction between flare
and CME events has been questioned recently by several workers (see e.g.
Cane 2002), and a more complex paradigm is likely to emerge. In addition
to the shock accelerated component giving the major contribution, a flare-
related component appears to be always present in major CME events,
probably due to reconnection giving rise to the CME. It is also found that
the largest events are not due to single shocks, but to the interactions of
major shock events with previous weaker ones (Gopalswamy et al 2002,
Kallenrode and Cliver 2001). Such large events (also called rogue events)
often dominate the total particle fluence of entire solar cycles. One recent
example of such events is the much discussed “Bastille-day event” on 14
July 2000.

Magnetic energy of coronal loops tapped by reconnection provides most
of the heating and nonthermal EM radiation observed in flares, but the de-
tailed processes behind the very fast energy release are still unclear. At the
reconnection site strong electric fields accelerate prompt electron and possi-
bly also proton beams, later transforming their energy partly into a variety
of waves (or turbulence), partly into heating the plasma. The recently
launched RHESSI and TRACE X and gamma telescopes have identified
some fine details of that process, showing that electron acceleration really
precedes heating. A second generation of particles is later accelerated by
waves through the second-order Fermi process. A substantial fraction of
accelerated particles is guided downward into denser regions, where they
loose their energy by bremsstrahlung and are absorbed, emitting EM radi-
ation in various wave bands. Some particles escape along open field lines,
giving rise to impulsive SEP events. The ratio of absorbed and escaping
fractions varies widely. An important difference between flare and CME-
generated events is that the energy input in flares occurs in active regions
of the lower corona dominated by magnetic fields and waves, thus shocks
are expected to play a minor role relative to direct induction electric fields,
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resonant wave-particle interactions, and second-order Fermi acceleration.
One important peculiarity of impulsive events is the huge enhancement of
the 3He/*He isotope ratio up to several MeV, first observed by Hsieh and
Simpson (1970). While in the photosphere, corona and SW *He/‘He ~
0.0004, the ratio is above 1 in some events. 3He-rich events were found to
be associated with 10 to 100 keV electron beams and type III radio bursts,
and also with heavy ion enhancements. The now favoured explanation of
the effect is in terms of electromagnetic ion cyclotron (EMIC) waves, pro-
posed by Temerin and Roth (1992). The special property of *He that selects
it for preferential acceleration is its unusual charge to mass (Q/M) ratio of
2/3. Waves generated in an extended frequency and wave number range
are strongly damped for ratios near 1 (H*) and 0.5 (He** and other fully
ionized species), as those abundant species use up the wave energy very
fast (Reames 1999).

In the field of acceleration in CME shocks it is a very important new
development that the particles accelerated there should often not be con-
sidered as test particles, but they also modify shock structure (Reames and
Ng 1998, Reames 1990 and 2000). Of course such ”cosmic ray modified
shocks” have been theoretically discussed earlier, but this is the first time
that their effects have been actually seen. Particles streaming out of the
shock generate waves that throttle the streaming below some characteris-
tic energy. Spectra are flattened below this “knee”. As different particle
species having the same velocity resonate with different waves, the process
affects composition as well. Understanding CME-generated energetic par-
ticle transport in terms of self-generated waves near the shock apparently
solves some earlier discrepancies of interplanetary propagation. Obviously,
a close examination of self-generated wave effects is very important for un-
derstanding CR. generation as well.

3.3. Acceleration and propagation in the inner heliosphere

As already mentioned in the previous section, the acceleration by outward
travelling shocks of CME origin is not restricted to the solar neighbourhood,
but often continues beyond 1 AU. Another class of inner heliospheric ener-
getic particles is accelerated in CIR shocks, usually forming beyond 1 AU.
The shock-accelerated particles then stream inward at 1 AU, and are associ-
ated with fast, recurrent SW streams. CIR acceleration extends at least to
a heliocentric distance of 10-15 AU, with a maximum between 3 and 5 AU.
Under slowly changing heliospheric conditions CIRs are nearly stationary
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in the frame corotating with the Sun. The CIR peaks seen by a near-Earth
spacecraft are thus not proper ’events’, but represent the changing magnetic
connection between the source region and the spacecraft. For suprathermal
particles less energetic than 100 keV amu~!, however, inward propagation
is strongly inhibited by scattering on magnetic irregularities (Mason 2001).
Thus the suprathermal component has to be produced fairly close to the
observation point, and not at several AU where CIR. shocks accelerate effi-
ciently. The large contribution of singly ionized He at several AU found by
Glockler et al (1994) compared to low Ht content at 1 AU also supports
that claim. The energy spectra of CIR particles steepen above 1 MeV/amu.
Ulysses recorded a unique series of 36 consecutive CIR enhancements be-
tween June 1992 and December 1994, at southerly heliospheric latitudes
between 0 and 80 degrees. In those in situ observations acceleration was
found to be more efficient in the reverse shock of the forward-reverse shock
pair of the CIRs. For recent reviews on CIRs and their successors in both
the inner and outer heliosphere, see Gazis et al 2000.

At 1 AU corotating interaction regions contain steep field gradients, al-
though shocks are not yet present. Jokipii (2001) pointed out that those
gradients are sufficient for acceleration when some conditions on scattering
and field configuration are fulfilled. Due to their different charge, speed,
and phase space distribution, pick-up ions were shown to be much more
efficiently injected into the CIR accelerator than SW ions (Gloeckler et al
1994). It was thus demonstrated that some of the pick-up ions are accel-
erated prior to drifting out to the TS. A new, inner heliospheric source of
pick-up carbon was discovered by Geiss et al in 1995, followed by other
elements. As C is supposed to be bound up in grains in the LISM, practi-
cally no neutral C atoms are likely to enter the heliosphere, thus a pick-up
component was not expected. Recently Gloeckler et al (2000) showed that
inner source pick-up abundances can be explained in terms of SW compo-
sition {exept for H). The result was interpreted in terms of absorption of
SW ions by dust, and their re-emission as neutral atoms. Those atoms are
then efficiently ionized in the inner heliosphere. The importance of dust in
heliospheric acceleration reminds one of acceleration from evaporating dust
particles in SN shocks, suggested as an explanation of the FIP fractionation
in CRs (see e.g. Ellison et al 1997).

As already mentioned, one of the most surprising results of Ulysses was
that periodic CIR energetic particle enhancements under solar minimum
conditions continued to high heliospheric latitudes, far beyond the latitudes
where CIR shocks ceased to exist. During the 2000 to 2001 fast latitude
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scan of Ulysses solar maximum conditions prevailed, and CMEs predomi-
nated. A close association of the energetic particle events seen by Ulysses
at high latitudes and by the Advanced Composition Explorer (ACE) near
the ecliptic was, however, not less surprising.

3.4. Messengers from the outer heliosphere and beyond

Most neutral atoms, as well as ACRs and CRs arrive to the inner heliosphere
from the boundary regions or from IS space. ACRs were first observed in
1973 and interpreted as derivatives of interstellar neutral atoms by Fisk
et al in 1974. That was the start of a success story, revealing increasing
detail on both ACRs and their progenitors ever since. The ionization of
neutrals due to solar UV radiation and charge exchange reactions with SW
ions create singly-charged ions picked up by the SW and carried outward.
The SW is measurably slowed by the mass-loading effect of those ions (by
about 60 km s~!, see Wang and Richardson 2002). Those PU ions of
mostly interstellar ancestry (but containing some inner and perhaps outer
heliospheric source ions as well) are then preferentially accelerated at the
TS and partly return into the inner heliosphere as ACRs, still only singly
ionized below some energy threshold. An interesting trap for ACRs is the
terrestrial magnetosphere, where some of those singly charged ions loose
additional electrons due to interactions with the upper atmosphere, and
the higher charge tightens their trapping. Some persistent ACR radiation
belts are thus formed. ACRs also charge exchange in the heliosheath with
interstellar atoms, and return to the inner heliosphere as energetic neutral
atoms (ENAs), providing a chance to remotely sense the regions with weak
EM signatures but intense charge exchange. ENAs arriving from the tail
region of the heliosheath have been recently discovered by a Ulysses team
(Hilchenbach et al 1998).

The outward flowing magnetic disturbances modulate (i.e. reduce the
intensity) of both CRs and ACRs. As the ACR energy spectrum is much
softer, the shielding effect of heliospheric magnetic fields is much more effi-
cient for them. In fact, at solar maxima ACRs practically disappear from
the inner heliosphere (the flux ratio between solar minima and maxima is at
least 100). Thus ACRs provide a more sensitive probe for the state of dis-
turbence of the heliosphere than CRs do, but CRs of GeV energy give better
information about the domains of the boundary regions that are beyond
the site of acceleration of ACRs. A recent summary of modulation effects
was given by Heber (2002). One should also mention that modulation also
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depends on the dominant polarity of the Sun, because the predominantly
positive particles arrive along different routes for the two alternating po-
larities. Electrons of several MeV energies observed near Earth have also a
large contribution from Jupiter, thus the analysis of their intensity variation
is more complicated.

For CR researchers looking for the origin of CRs it would be impor-
tant to know how to demodulate the locally observed CR spectrum, i.e.
how to calculate fluxes in local IS space from those measured inside the
heliosphere. Unfortunately this cannot be reliably done for local interstel-
lar energies much lower than one GeV, because the energy loss processes
involved in modulation are of statistical nature, and even the lowest energy
CRs observed near Earth come from a population of several hundred MeV
energy. It is hoped that as the Voyagers continue their route out of the
heliosphere a better understanding of low-energy CR spectra may result.

4. Discussion and conclusions

Our heliosphere is a fairly well-equipped laboratory for the study of uni-
versal injection, acceleration, and propagation processes. Several results
discussed above seem relevant to CR astrophysics. Pre-acceleration in the
SW shows how ion species are selected for efficient further acceleration.
Flares are archetypes of reconnection processes in magnetic field domi-
nated plasma, even for those occuring on much larger scales. Generation of
intense particle beams, wave generation by the beams, particle scattering
on the waves and the resulting second-order Fermi acceleration, nonlin-
ear cascading of the waves and generation of turbulence, are all generic
processes occurring in many active sites of the Universe. Blast waves and
shock formation in plasma, diffusive and drift acceleration, and in particular
confinement of upstream particles by self-generated waves are undoubtably
important processes in cosmic ray sources or in the interstellar medium pro-
cessed by powerful supernova shocks. Magnetic bottles created by previous
mass ejections should also be ubiquitous features, found e.g. in and around
galactic arms or in molecular clouds giving rise to a series of supernovae.
Current sheets, termination shocks, and corotating shocks reminiscent of
heliospheric CIRs should also occur in many rotating systems spewing out
some sort of magnetized wind. Magnetospheric boundaries and bow shocks
are probably even more common.

Several space probes have contributed or are going to contribute to the
understanding of the energetic component of the heliosphere. The Voyagers
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are sampling the effects of high solar activity in the outer heliosphere, and
are approaching the most extensive heliospheric shock. Ulysses has seen
a very different latitudinal variation recently than earlier, during its so-
lar minimum fast latitude scan. SOHO continues its complex analysis of
the Sun and of its immediate environment. Very efficient new instruments
aboard TRACE and RHESSI provide unprecedented fine detail on energetic
solar processes. IMAGE is just opening a new window — neutral atom
spectroscopy. IMP-8 has finished its 28-year monitoring at 1 AU last Oc-
tober, but data taking was resumed in February 2002 with more restricted
coverage. New missions are also being prepared or planned for most of
the fields discussed in this review. The two STEREO spacecraft will study
CMEs and their energetic particles from two different directions. Solar-B,
the successor of Yohkoh is to continue its work with improved resolution
and spectral coverage. The heliospheric radial distance coverage of in situ
observations will be extended both inward and outward, beyond the records
set by the Helios and Voyager probes. NASA’s Solar Probe is planned to
sample the outer solar corona at about 4 solar radii. ESA’s Solar Orbiter
will study the Sun and its plasma environment from a distance of 45 solar
radii, both from the solar equatorial plane and from higher latitudes. To
study the distant heliosphere and our IS environment an Interstellar Probe
is being planned.

All those efforts are being spent on a single one in at least 10! stellar
environments in our Galaxy. Will it be worth it? Shall we better understand
the ocean by knowing a single droplet? We very much hope so. But only
future will tell.
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ON THE ORIGIN AND PROPAGATION OF THE
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The ultrahigh energy (UHE) cosmic rays (E > 101° eV) are of particular interest
for astrophysicists. Not only because of the highest parlicle energies involved but
also because quite a lot can be predicted about their propagation in the extra-
galactic and Galactic space .The best example is the prediction of the cutoff in
the energy spectrum. In these lectures we review in some detail the UHE cos-
mic ray propagation, their deflections and delays in the extragalactic chaotic fields
together with energy losses on the universal radiations. The latest experimental
results on energy spectrum and distribution of the arrival directions are reviewed
and confronted with various assumptions about the source spatial distribution.
The probabilities of multiple events observed by AGASA are calculated and seem
to indicate an existence of point sources, although their nature is not yet clear.

1. Introduction

Cosmic ray (CR) energy spectrum extends from below 1 GeV up to values
estimated as over 10%° eV. These lectures are devoted to the high-energy
end of the spectrum, i.e. to cosmic rays with £ > 10!° eV. This en-
ergy region is a subject of a particular interest as (contrary to CRs with
106 — 10'° eV) quite a lot can be predicted about particle propagation in
the Galactic and extragalactic space. The most important prediction was
made by Zatsepin and Kuzmin (1) and Greisen (2) just after the discovery
by Wilson and Penzias in 1964 (Nobel Prize in 1978) that the extragalac-
tic space is pervaded by microwaves interpreted quickly as the black body
radiation, a relict of the hot early Universe. The prediction was (known
now as the GZK effect) that the Universe becomes nontransparent for CRs
with energies above ~ 5 - 10'° eV because of particle interactions with the
microwave background. If the observed CRs below that energy were to be
produced by extragalactic sources (together with CRs above ~ 5-1019 eV)
then the observed spectrum should be dramatically cutoff at high energies.
The observation of such a cutoff would be almost a proof of an extragalac-
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tic CR origin in this energy region. As we shall see later, however, the
experimental situation is not yet conclusive.

Another prediction which can be made is that about the angular distri-
bution of the particle arrival directions. The Galactic magnetic field seems
to be too weak to confine and isotropize CR protons above ~ 10'® eV, so
that if CRs of those energies were produced in the Galaxy, their arrival
directions should be rather strongly correlated with the Galactic disk. This
prediction is not as absolute as the previous one (the GZK cutoff) because
the extent of the Galactic magnetic halo is not well known. Moreover, if a
CR source was not producing particles continuously and the magnetic halo
was very large (~ 20 kpc) there could be an isotropic flux of > 10'® eV
iron nuclei observed at the Earth [3]. The observations do not indicate any
particle excess from the Galactic disk, this being after all a point for the
extragalactic origin.

The third prediction concerns a possibility of detecting relatively nearby
extragalactic point sources. Charged particles with such high energies
should travel in the extragalactic space along almost straight lines, being
only slightly deflected by the magnetic fields, indicating directions towards
their origin sites. Indeed, the observations of the AGASA experiment of
multiple events [4] (two or three showers arriving from almost the same
direction) is a rather strong indication that, despite the small statistics, we
are beginning to see some point sources.

In these lectures all the above aspects of the UHE CRs will be discussed
in more detail.

However, I owe to the Erice School participants one explanation why
this text is a bit different from what I presented in Erice in June 2002. At
that time the only published CR energy spectrum at the highest energies,
was that from the AGASA experiment [5], extending up to ~ 3-10%° eV
without any cutoff. Together with the observed particle isotropy that really
was a conundrum. Thus the main stress of my talk was put on finding a
way out of it, by mainly reviewing papers which were trying to do this.

In August 2002, however, new results from the HiRes experiment were
published [6]. According to the authors the CR energy spectrum, mea-
sured by the fluorescence light technique, does steepen above ~ 6-10'° eV,
agreeing well with the prediction of the universal origin. So now we are
facing two different experimental results, leading to different conclusions
about the CR origin! Thus, the discrepancy must be due to the different
experimental methods and ways of determining the shower primary energy.
More attention will be given here to this problem than it was done in Erice
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(although, as I must admit, without much of a conclusion).

2, The energy spectrum

In this chapter we shall describe in more detail what sort of energy spectrum
one should expect if CR particles were of the extragalactic origin suggested
by their arrival direction distribution. We shall show that CR propagation
in the extragalactic space changes dramatically above a few times 10'° eV,
modifying the particle energy spectrum at production. It is because CRs
(both protons and heavier nuclei) interact with the extragalactic radiations
(mainly with the cosmic microwave background, CMB, but also with the
infrared radiation) and lose energy. We do not know whether the highest
energy CRs arriving to us are protons or heavy nuclei, so we shall discuss
both possibilities. This subject has been already described in many papers
and reviews, see e.g. [7].

2.1. Energy losses of protons

If a high energy proton interacts with a CMB photon if may produce a new
particle X. If the particle has mass M then the threshold energy for the
process

p+X -+ N+X (1)
where N is a nucleon, can be derived from kinematics only:
_ M(mp + M/2)
Een = g(1 — cos ) @

where ¢ is the photon energy, m, is the proton mass and 6 is the angle
between the momenta of the proton and the photon in the laboratory sys-
tem. The “new particle” X can be an electron-positron pair (M = 1 MeV).
Adopting for € the average CMB photon energy (6-10~% eV) we get that the
pair production can occur if the proton energy E > 108 eV. The produced
particle can be a pion (7° or nt) but only if £ > 10%° eV. (In reality the
processes start at lower energies, because there are a lot of photons with
€ < € and/or with 8 > 7/2).

For the CR propagation problem it is important to know how these
interactions affect the proton energy. The relevant parameter is the particle
ebergy attenuation length A,s;, defined as

Aml(m - %<)% > = <Ak> (3)
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where Aipn; is the mean interaction length with photons of a given energy,
incident at a given angle and & is the inelasticity coefficient in those inter-
actions. The averaging is over all photon energies and angles.

The inelasticity k at the threshold can be derived from kinematics only:

kn =1- [1+22 (1- g)]—w (4)

where z = M/m,,. If z < 1 (well fulfilled for pair production) then k;, ~
and we have that kg, =~ 1072 and 0.11 for pair and pion production respec-
tively. Above the threshold k& does not change much and if we assume that
it is not correlated with \;,: then

Aot (B) = (k(E)) - (A (B)) (5)

The integration over photon energies € and angles 6 is represented by
the following expression

00 1
(AGLE)) = / da/ [v + c- cos(m — 8)] %a(s)d(cos 9) (6)

Emin -1
where p(e)de is the number density of photons with energies (g, € + de) per
unit solid angle and v is the proton velocity. The velocity in brackets is the
relative velocity of the proton and photon as seen in the laboratory system.
The cross section for a given process depends only on the total energy /s
in the center of mass system. Actually the integral over cos in (6) can be
simplified a bit when s is the new variable

<)‘z_n1t(E)> = -8_% /°° dagp;2(6) /Smw o(s)(s — mi)ds (7

where s depends on &.

The cross section for pion production is shown in Fig.1 [8]. It can be
seen that it has a resonant character with a maximum for s close to the
threshold (1.16 GeV?), so that the inelasticity is not much different from
that calculated above. A,y for protons is shown as a solid curve in Fig.2.
The drastic decrease of )\, above ~ 3-10'? eV is due to a strong increase
of the number of photons above the threshold for pion production. At
1020 eV A,z ~ 100 Mpc, what is small on the Universe scale. At ~ 10?1 eV
practically all photons are above this threshold and \,;; flattens out on the
level of only (3-4) Mpc!

At lower energies, where even pair production becomes uneffective the
Universe expansion comes to the scenes. The present rate of energy de-
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300

S (pb)

s (Gev®)
Figure 1. Cross section of photopion production. (1) — the summation of all channels,
(2) - vp = pn°, (3) - vp = n7wt, (4) — ¥yp — n or p + doublepion, (5) - vp = p+
triplepion.

crease, A\pr, equals
Ec c
AH= = = — 8
"~ 1dEJdt| ~ H, ®
where H, is the present Hubble constant. For H, = 60 km-s~!-Mpc~! we
obtain that Ap = 5 Gpc as drawn on Fig.2.

2.2. Energy losses of heavy nuclei

First important thing to notice is that a nucleus of the same energy as
proton has the Lorentz factor A times smaller (A is its mass number).
As the threshold Lorentz factor for producing a pair or a pion on a CMB
photon does not depend on the nucleus mass (i.e. it is the same as that
of the proton) then the nucleus energy threshold is ~ A times higher than
that of a proton. For iron we have

. [6-10'% eV for ete™ production
Eth - 20 .
6-10“° eV for w production

9

if the photon energy equals to its mean value 6-10~* eV. We can estimate
the nucleus attenuation length for this process from what we already know
for protons:

’\:zqtt(E) = EX:A—WI (10)
At the threshold energy the inelasticity is ~ A times smaller than that for
a proton. As the cross section fulfils the relation

oa(E) = Z%0,(E/A) (11)
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Figure 2. The attenuation lenght of cosmic rays as a function of energy. The solid
curve shows the case for nucleons calculated by Yoshida and Teshima [12]. The dashed
curve shows the case for iron calculated by Puget et al [10], but later calculations [9]
show that it may be shifted up. The bound given by redshift (adiabatic energy loss) are

applicable to all primares.

we obtain
A A
Xate(B) = 3 Aau(B/4) (12)
A/Z? ~ 0.082 for iron meaning that these nuclei would attenuate
much quicker than protons with energies 56 times smaller. At 10%° eV
AFe ~ 3.102? Mpc for pair production .

There is, however, another process, which turns out to be more im-
portant — it is the photodisintegration of the nuclei, consisting mainly in
emitting one nucleon after a collision with a background photon. The pro-
cess has a resonant character and the experimental data on the cross section
can be approximated as follows

(e*T)?
(e + (= T)2
for e* < 30 MeV, where ¢* is the photon energy in the rest frame of the
nucleus, T = 8 MeV and ¢, ~ 18 MeV for iron nucleus. For ¢* > 30 MeV
oa(e*) ~ A/8 mb. For a CMB photon (¢ = 6-10"* eV) to have

o(e*) =145 mb- A - (13)
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£* = 18 MeV one needs 74 = £*/2¢ = 1.5 - 10'° for a head on collision,
corresponding to Ep, = 8 -10%° eV.

Another radiation background, with shorter wavelengths, makes this
energy lower. The infrared photon has an energy err ~(1072-10"1) eV and
the iron nucleus energy needed now for the resonant interaction is about
1.6 - 10'° eV, i.e. typically about 50 times smaller than that with a CMB
photon. The problem with the IR is that its density is still uncertain, in
contrast to the CMB density following from its well measured black body
temperature. The attenuation length for a nucleus needs to be defined
again as it depends also on processes when the nucleus loses its identity. It
is defined as [9]

1 _ 1 d’)/ R1 2R2 (AA) Rk
e yam T AT A T2
where R, R are the reaction rates (per unit path) for one-and two-nucleon
emission, and Ry is the reaction rate for more than 2 nucleon loss. Its
dependence on energy calculated by Puget [10] for iron is shown in Fig.2.
It can be seen that at ~ 10%° eV proton and iron have almost the same
Aot~ However, as we shall see later it may be that the IR background is
lower than that adopted here, so that heavier nuclei could reach us from
further distances than protons can do.

(14)

2.3. Mazimum path length

Here we shall show that if a particle loses energy quickly enough then is
path length (life time) before it reaches a given energy E, is finite.
If the particle relative energy loss rate equals

1dE

— = _h
T di (E)}, where h(E)>0 (15)
then the time needed to decrease its energy from the initial E, to E equals
dE’
E
H(E, = B) = / T (16)
Let us assume, just for illustration, that
h(E) = bE* (17)

Then, solving (16) we obtain for @ # 1 that

o

HEy — E) = %(E“" _ B (18)
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If « > 0 then t = tyu = (abE®)™1 if E, = oo. It means that if the
relative energy loss rate grows with energy (« > 0) then the particle, born
even with an infinite energy, reaches a given energy E after a finite time,
meaning that there is a maximum distance l,,,; = Ctmaes from where it can
arrive.

We have assumed above that there are no fluctuations in the energy
loss processes so that F(E,,t) is a unique function of time for a given E,.
However, the effect of fluctuations is not negligible, so that #,,,; can be
exceeded to some extent.

2.4. Predictions of the ambient CR energy spectrum

Firstly, we shall show how to calculate the expected energy spectrum for the
most simple model of the Universe, i.e. the homogeneous, closed, nonevolv-
ing box. Assuming moreover that it is an equilibrium spectrum (and ne-
glecting the fluctuations in dE/dt) we have

B = 55 (@) (19)

where N(E) is the differential ambient spectrum and Q(E) is the CR pro-
duction rate (both e.g. per unit volume). The solution to (19) is

N(E) = m /E " QBB (20)

Assuming that the production rate has a power law shape - Q(E) ~ E~7
we get

N(E) — )\att(E)

(y—1)c
Now we see that, in this model, A, (E) gives in a straightforward way the
expected spectrum, once Q(E) is assumed.

The Universe, however, does evolve and fortunately we know that the
CMB temperature and photon density at an epoch z were larger by (1+ 2)
and (1 + 2)3 correspondingly. Then, for the energy losses on CMB we have
that

QUE)  (v#1) (21)

ME,z) = (1+2)*h[(1 + 2)E, z = 0)] (22)
so that

Matt(E, 2) = (L+ 2)*Aau [(1+ 2)E, z = 0] (23)
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The evolution of the IR background, important for the propagation of
nuclei, is much more uncertain as it is a results of the evolution of galaxies,
not known very well. Thus, our prediction of the effect of intergalactic
propagation of nuclei on their energy spectrum is much less robust than in
the case of protons.

Many authors have calculated in the past the expected proton (and
nuclei) energy spectrum, assuming a power-law spectrum at production,
Q(E), and an homogeneous spatial density of the sources (for references
see e.g. [13]). In figure 3a we present the result of the calculations by
Yoshida and Teshima [12] (dotted line) for Q(E) ~ E~3. The dramactic
decrease of the predicted flux for E < 8- 10!° eV is the result of such a
behavior of Ay (E).

2.5. The observations

We will not describe here in detail the experimental methods for observing
the extensive air showers produced by the UHECRs in the atmosphere, as
it has recently been done very clearly and thoroughly in the review paper
by Nagano and Watson [13]. We will present the measurement results,
comment on their possible accuracies and compare with predictions.

Fig.3a (taken from [14]) represents the energy spectrum determined by
the AGASA experiment and its exposure (for zenith angles < 45°). Despite
large errors in the flux the highest energy AGASA data do not agree with
the predictions of the universal origin of protons (see §2.4).

The conclusion about the non-existence of the GZK cutoff would be
extremely important for models of the particle origin. Thus, of the same
importance is a proper and critical determination of the primary energy of
a shower.

In the AGASA experiment located at 667 m a.s.l. the local density
of charged particles at 600 m from the shower core, S(600), is used as
the primary energy F indicator. The detectors are plastic, 5 cm thick
scintillators of 2.2 m? area each, with 1 km spacing [15]. Shower simulations
have shown [16] that S(600) depends only weakly on the primary mass,
interaction model and shower fluctuations. Its experimental determination,
however, involves (among other factors) a good shower core localization and
a true lateral distribution function (LDF) to be applied for different zenith
angles. The AGASA collaboration has recently devoted a whole paper [14]
to the energy determination problems in their experiment and concluded
that AE/E = £25% in event reconstruction and +18% as a systematic
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Figure 3a.  Energy spectrum determined by AGASA and the exposure with zenith
angles smaller than 45° (until July 2001). Open circles: well contained events; closed
circles: all events. The vertical axis is multiplied by E3. Error bars represent the Poisson
upper and lower limits at 68% confidence level and arrows are 90% C.L. upper limits.
Numbers attached to the points show number of events in each energy bin. The dashed
curve represents the spectrum expected for extragalactic sources distributed uniformly
in the Universe, taking into account the energy determination errors. The uncertainty

in the exposure is shown by the shaded region. (Figure taken from [14]).

error around 10%° eV, confirming the observation of events above 1020 eV
(no cutoff!). The systematic error of 18% contains all possible detector
uncertainties, estimated by the authors as ~ 9%, air shower phenomenology
as ~ 11% and S(600) theoretical uncertainty as ~ 12%.

An analysis of S(600) uncertainty has also been done by Capdevielle
et al [17]. These authors obtain, however, that depending on the LDF
used, AS/S(600) for some actually registered showers is ~ 30%, whereas
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the intrinsic S(600) fluctuation are 20 — 30% - adding up to as much as
~ 40%, being more than the uncertainty given by AGASA. One should also
keep in mind that the energies studied here are 4 + § orders of magnitude
higher than those achieved by accelerators, so that our bunch of models
used for simulations may predict systematically shifted shower parameters.
Thus, we think that 40% should be considered as a lower limit to the energy
uncertainly (E is almost proportional to S(600)).

The High Resolution Fly’s Eye experiment [18] (HiRes) uses a differ-
ent technique for studying the UHECRs. By measuring the shower image
in the fluorescence light excited in the atmosphere by charged particles of
the shower, it is possible to reconstruct the electromagnetic cascade curve,
N.(X), where X is the atmospheric slant depth in g-cm™2. Determining
the primary energy from the whole cascade curve, when N, is known on
many levels in the atmosphere rather than on the ground level only, is
believed to be much more accurate and much less model dependent. To
reconstruct N(X) is not an easy task, however, since there are many fac-
tors contributing to its uncertainty (as atmospheric transmission, scattered
Cherenkov light contribution to the fluorescence flux or absolute calibration
of the telescopes.)

The results obtained by HiRes [6] (published after the Erice School)
are shown in Fig.3b, together with the AGASA [14] and the Haverah Park
spectrum {11]. The HiRes data extending to the highest energies and com-
plying with the predicted cutoff curve, comes from the first of their two
detectors, HiRes I, operating since 1997. The data from HiRes II having
~ twice as large angular field of view and accurate time distributions of
the light signals due to FADC, contain fewer events but are in very good
agreement with HiRes L.

At first sight there is a large discrepancy between AGASA and HiRes,
particularly for E > 6-10'% eV. This figure is, however, misleading to some
extent as the vertical error bars (as presented by the authors) represent
(apparently) the flux uncertainties only, or rather statistical fluctuations
of the number of events in a given energy bin. The uncertainties in the
energy determination have not been shown by the authors. Thus at one
of the AGASA points (at 4.5 - 101° eV), we have put the hypothetical
error bars of the quantity E3J(E), if the energy uncertainty was 30%.
However, if the energy uncertainty had a statistical character only then
the disagreement between the results of the two experiments would not
disappear. The comparison of the two results strongly suggest that, at
least for E < 5- 10 eV, there is a systematic error in either energy or
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Figure 3b. Differential energy spectrum multiplied by E3, observed by: HiRes [
(squares) and HiRes II (circles), AGASA (triangles) and Haverah Park (region marked
by lines).

flux determination in at least one of the experiments. In figure 3c we
assumed that there was a 30% overestimating systematic error in energy
(Etrue = 0.7- E) in the AGASA experiment. Then E3J(E) goes down by
factor of 2 (0.72 ~ 0.5). Five of the 10 AGASA showers with E > 10%°
eV are shifted now below this value, and the agreement between the two
experiments is very good up to ~ 6-10'? eV and almost satisfactory above
it. HiRes observed 1 event above 10?° eV whereas AGASA would be left
with 5 (the exposures of the two experiments are similar). Decreasing the
energy by 40% would leave only 2 events with £ > 10%° eV. Assuming that
the AGASA energy overestimation is much greater (say factor of 2) would
shift its highest energy point down close to the prediction curve but then
the points with E < 10'® eV would go too much below the HiRes data, so
that this assumption is rather unlikely. Anyway the problem whether there
is the cutoff in the spectrum would not be resolved.

Certainly, more data is being collected by HiRes II but, even if the
HiRes 1 results were confirmed by them in the near future, the cutoff prob-
lem would still be there.
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factor 0.7. The HP data have been omitted for a clearer comparison with HiRes.

2.6. Attempts to explain the AGASA spectrum (no cutoff)

Before the HiRes spectrum was published there appeared many papers try-
ing to reconcile the flat AGASA spectrum with a UHECR origin model.
Here we shall discuss some of the recent ones to illustrate various possibil-
ities.

Berezinsky et al.[19] consider a uniform distribution of the proton
sources in the Universe, with and without evolution of the source emis-
sivity. They describe in great detail the adopted formulas for the proton
energy losses, both for ete~ and pion production. A very good agree-
ment with the AGASA data is obtained in the energy region from 10!7 eV
up to 10%° eV for a production spectrum E~2*5dE and source evolution
~ (1 + 2)*. However, the three highest energy data points stick out above
the cutting-off predictions, having (according to the authors) another ori-
gin.

Stecker and Salamon [20] on the other hand, assume a universal pro-
duction of iron nuclei. They calculate the intergalactic propagation of the
nuclei using their new determination of the infrared background (from the
IRAS data) and a more accurate treatment of the photodisintegration of
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individual nuclides. The cutoff energy in the obtained spectrum for all
produced nuclei depends on the propagation time and exceeds 10?° eV for
source distances < 200 Mpc, much larger than the author’s previous esti-
mations. They do not produce the final spectrum expected from all sources
in the Universe but conclude that heavy nuclei origin could be important
for understanding the highest energy air shower events.

To a similar conclusion arrive Szabelski et al. [21]. Assuming a flat
(v = 2.1) production spectrum of iron nuclei they can explain the world’s
data with E > 10'° eV, normalizing at 10! eV (the data from various
experiments have also been “normalized” to each other). This scenario
implies, however, that the CR origin below ~ 3-10'® eV must be different.

Another approach is undertaken by Medina-Tanco [22] where the reason
for discrepancy lies neither in a wrong primary mass assumed, nor in the
slope of the production spectrum but in the spatial distribution of the
sources. The author assumes that CRs are produced by luminous matter,
i.e. by normal galaxies. This matter is not distributed isotropically, at least
for z < 0.001, but there is an excess of it in that region, as compared with
the mean density for higher z. If CR source intensity was proportional to
the density of galaxies and the production spectrum was ~ E~3dE then the
observed spectrum would cutoff at a higher energy, say ~ 10%° eV (Fig.4)
and the AGASA points would just be acceptable.
This approach, although reminding us about the importance of the local
distribution of CR sources, has a drawback: once normal galaxies are as-
sumed to produce high energy particles, one should not ezclude our Galazy,
as it has been done in that paper.

Let us estimate, assuming a most simple model, how big a contribution
of the Galaxy to the total flux would be. The number N of cosmic ray
particles in the Galaxy equals

N = Ng + N, (24)

where Ng and N, are particles of galactic and extragalactic origin respec-
tively. Assuming that extragalactic particles pervade freely the insides of
galaxies (in particular, that of ours) we can write

Ne __QTs
Nez VG Ng QTez

where @ is the CR production rate per galaxy (canceling out), Vg — CR
confinement volume in the Galaxy, n, — number density of galaxies, Tg
and T.; — CR lifetime in the Galaxy and in the Universe correspondingly.
Particular values for Vg, Tg and T, depend strongly on energy, so let us

(25)



171

26 1T L L L L LA L A LA L

| Non-uniform source distribution ]
— [ dN,/dEs<E” withv=3 ]
/(,)\ L —
L
7] I~ .
£ 251 -
A
~ ~ B
> 4
S Preea _
5
~
S [ ]
& - i
on L 4
9 HEl 63 % conf. level

B 95 9, conf. level T

ozl | I B R
18.5 19.0 19.5 20.0 20.5 21.0

log E [eV]

Figure 4.  Differential energy spectrum (X E3). Points — the AGASA data, as in [5].
Hatched areas - predictions by Medina-Tanco (22] for the luminous matter model of CR
origin. (Figure taken from [22])

fix E = 10%° eV. Vi and T can be estimated only roughly from our poor
knowledge of the large scale Galactic magnetic field and the extension of
its halo. Here we assume that

Vo =n(15 kpc)2 10 kpc ~ 7-107% Mpc? ,

To < 10° yr, (26)
Aatt 100 MpC 8
Tex = = ~16-1 s
(v—1)e 2¢ 0%y

where v is the power index of the differential energy spectrum,
ng = 2-10"2Mpc ™2, and obtain Ng/N., ~ 5103 !

Even if one increases the (local) n, by factor of 10 and decreases Tz by
10 (7 can hardly be smaller than 104 yr) it will still be that Ng [Nez >> 1.
This ratio should, however, be smaller for lower energies (T, increases
strongly). Nevertheless, above the cutoff the contribution from the Galaxy
should be dominant. Thus, some correlation with the Galactic disk should
be expected, contrary to observations (see later).
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A way to save the Medina-Tanco idea would be to assume that UHECR
sources are distributed in the Universe in a similar way as luminous matter,
but normal galazies as ours, are not the sources. Nevertheless, the highest
energy AGASA points stick out above the predictions of this model.

In view of the latest HiRes data it may turn out, however, that the
reason of the flat AGASA spectrum is much more trivial and connected
. with a hidden systematic error in the energy determination of the largest
showers. It would be a malicious joke of nature if some systematics in HiRes
produced a cutoff in the spectrum, just as predicted by the universal origin.

3. Angular distribution of arrival directions
3.1. Large scale anisotropy

It is expected that for E > 10'° eV the arrival directions, particularly those
of protons, should generally indicate towards their sources. Thus, a study
of the shower angular distribution should provide important information
about particle origin sites. A shower direction can be now determined with
an accuracy of a few degrees, so that anisotropy in a large angular scale as
well as in a small scale can be studied.

Any extensive air shower detector, working contantly with its charac-
teristics unchanged with time, should observe a homogeneous distribution
of the right-ascension (RA) of the registered events. However, their decli-
nation distribution depends on the detector latitude ¢, on the maximum
zenith angle z,.. Of the shower accepted for analysis and on the depen-
dence of the detector response (probability of detection) on the zenith (or
azimuth) angle. Assuming that above some threshold energy this response
is independent of the shower angle (detection probability = 1 if e.g. the
shower core is within a fixed distance from the center of the array) one can
derive that the declination distribution £(8) of the registered showers, if the
incident directions of the CR particles are isotropic, equals

€(8) = sin(20) - sinp - @, + 2 - cos? § - cosp - sina, (27)
where a, is defined by

COS Zmaz — SING - sin

cosa, = (28)

cosd - cosp

The function €(8)dd is the effective solid angle of the strip (8,5 +dd) (mean-
ing that each direction is multiplied by cosd,, to allow for the decrease of
the array surface as “seen” by the shower) and it is called the exposure of
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the array. This formula applied e.g. to the AGASA array describes quite
well the exposure quoted by the collaboration [4].

C.R. distribution E>40EeV
+30°

360°

Figure 5. Arrival directions of CR with E > 4-10!° eV (Galactic coordinates). Squares
— AGASA, diamonds - Haverah Park, circles ~ Yakutsk, stars ~ Volano Ranch. Dotted

line is the terrestrial equator. Thick dotted line is the Supergalactic plane.

Any large scale anisotropy should manifest itself as a deviation of the
shower declination distribution from the array exposure £(8). Of particular
interest are showers with the determined energies above the expected cutoff.
Fig.5 shows CR arrival directions for E > 4 - 10'° eV as measured by four
experiments AGASA (23], Haverah Park, Yakutsk and Volcano Ranch [24].
No obvious anisotropy can be seen. There is no correlation with the Galactic
disk, although there might be some small excess close to the Supergalactic
plane (SP)(Fig.6). There are three events lying on this plane, very close
to each other (a triplet) and another two events forming a doublet. This
coincidence has been noticed by Stanev et al. [25], and the evidence for
some directional correlation with SP is even stronger when analyzing 92
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Figure 6. Distribution of 92 events with E > 4-10'° eV (up to 2000 yr) in Galactic and
Supergalactic latitude (histograms). Lines show predictions for isotropic distribution of

arriving showers. (Figure taken from Uchihori et al. [4])

world events [4]: for E > 4-10'° eV there are two triplets lying within ~ 2°
on the SP and 8 doublets, two of them on SP, another one ~ 5° away from
it. We think that these coincidences should not be disregarded, although
there are another interesting hypotheses as well.

One of them is a supposition that luminous infrared galaxies (LIRGSs)
may be the origin sites of the UHE particles [26]. These are mainly interact-
ing systems (colliding or merging galaxies), thus having probably favourable
conditions for high energy particle acceleration [27,28]. Another strong
point, for this hypothesis is that the AGASA triplet coincides with such
an object (Arp 299) consisting of two merging starburst galaxies. It is the
brightest infrared source within 70 Mpc, at the distance 42 Mpc (see 3.2.2).
Smiatkowski et al. [26] considered in some detail this hypothesis. They have
chosen ~ 2800 LIRCs (with Lrrg > 10! - L) from the PSCz catalogue ,
as the proton sources with a source spectrum ~ E~2dE. The absolute CR
intensity of a source was assumed to be proportional to its infrared emissiv-
ity. Including energy losses on microwave background and scattering in the
intergalactic irregular magnetic field (with (B21)1/2 = 1 nG- Mpc'/2) they
calculated the expected directional distribution of the arriving particles.
The obtained maps, together with the AGASA point, are shown in figure
7a,b. It can be seen by eye that the coincidence of the observed showers
with the map is not bad for lower energies, but rather poor for those with
E > 8-101% eV.

One of the statistical tests, used to check the LIRG hypothesis against
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isotropy, was based on the orientation matrix produced from the unit vec-
tors indicating shower arrival directions [29]. This test was first used for
CR anisotropy analysis by Medina-Tanco [30]. In principle, the test as-
sumes that there are directional data from the whole solid angle 47, which
is not the case for the UHECR data. Thus, by using it in that case one
has to be cautious in interpretation of the obtained results. In particular
the two parameters v and £ , which are to be determined from the data,
should correspond to the shape of an anisotropy pattern and its strength
correspondingly, for the full sky data obtained with an homogeneous ex-
posure. In our case, however, they lose their simple meaning, nevertheless
they can still serve as parameters differentiating between various anisotropy
hypotheses.

Figure 7a. Expected map of proton intensites without influence of the regular Galactic
magnetic field for protons 40-80 EeV originating in LIRGs to be seen by AGASA, with
superimposed 47 AGASA shower directions in this energy range (stars scaled with en-
ergy). Contours of constant flux per unit solid angle are spaced linearly, with the second

lighest line describing the intensity lower by factor 0.85 than that for the highest one.
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Figure 7b. As above but for E > 80 EeV, with superimposed 11 AGASA showers.

The dots in Fig.8 show the expected distribution of (v,£) values if the
arrival directions were isotropically distributed. Crosses correspond to the
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LIRG scenario. On the left graph each point corresponds to 47 simulated
events, on the right one — to 500 events. The two AGASA points (from
two different samples, see figure caption) are marked by the cross and the
open square. The error of any point due to uncertainties of the shower
arrival directions is small as compared to their spread. It is seen that
the predictions for isotropy and the LIRG scenario overlap significantly if
the data sample is small (47) so that the data points can not distinguish
between them (although the open square does lie in the region where LIRG
scenario is more probable). In the near future (the Auger experiment!) the
statistics will greatly improve. With 500 events the predictions for the two
assumptions separate very well on the (v,£) plane, making this test decisive
then.

On figure 8 (left) we have also marked the point (thick cross) calcu-
lated by Medina-Tanco [30] for the same AGASA data as were used by
Smiatkowski et al. — big star. Madina-Tanco used this test to check shower
isotropic distribution against his (mentioned earlier) hypothesis of UHE-
CRs originating in the normal galaxies (luminous matter). The calculated
by him point from AGASA data lies between the well separated regions
corresponding to isotropy and the luminous matter hypothesis, leaving the
question unresolved (according to the author). According to Smiatkowski
et al., however, his data point is erroneous, and should lie in the region be-
ing consistent with isotropy (big star) and, as such, excluding the luminous
matter origin.

3.2. Multiple events
3.2.1. Observations

As it was mentioned earlier an intriguing feature of the shower directions
distribution are the multiplets: two or three showers arriving practically
from the same direction. An extensive study of this subject using the
world data has been done by the AGASA group [4].

AGASA itself has observed one triple event (Af < 2.5°) in their data
set with E > 4-10%° eV. All three estimated energies are quite close: 5.4,
5.5 and 7.8 - 10'® eV, being almost within energy uncertainty. This triplet
coincides with the supergalactic plane. As it has been already mentioned it
also comes from the direction of the most luminous infrared colliding galaxy
system Arp 299. AGASA sees also 3 doublets, one on the SP. When adding
Haverah Park (HP) data the doublet on the SP becomes a triplet. Away by
9° from this triplet position lies again a pair of colliding galaxies, VV338, in
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Figure 8. Orientation matrix analysis of the large scale anisotropy. Each dot corre-

sponds to (,€) point calculated for 47 (left) and 500 (right) “events” simulated from
isotropic distribution (with AGASA exposure). Small crosses describe the same but for
the LIRG hypothesis. The AGASA 47 events with E > 4-1019 eV are represented by the
star [26], but according to [30] by the thick cross (!?). The open square corresponds to
new AGASA events with (4+-8)-101% eV (by chance also 47 events). The two hypotheses
separate very well for large samples (500, right)

the distance of only 5.7 Mpc [28]. At a smaller angular distance of 2° there
is Mrk 359 but this is an object much more distant, lying ~ 70 Mpc away.
Together with the Volcano Ranch showers it adds up to 2 more doublets on
the SP. One of the doublets has also arrived from a direction of colliding
galaxies. It is the object VV89 at 15.5 Mpc (another one, VV101, lies far
behind it, at 100 Mpc). All this suggest that colliding galaxies may play a
role in the CR. acceleration to ultra high energies, as it has been proposed
[27] and studied [28] earlier. Anyway, the multiplet distribution on the sky
does not correlate with that of the galaxies within 100 Mpc [4].

3.2.2. Multiplet probabilities

Here we want to study the obvious problem arising: are the observed mul-
tiplets a manifestation of point sources or just fluctuations of an isotropic
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(or a more or less smoothly depending on direction) CR flux. To this aim
one has to know what is the probability that a given number of multiplets
occurs. This depends, of course, on the total number N of the observed
showers and on the assumed angular distribution of the arriving CR. flux
A{w, §). Monte-Carlo methods and computers allow to calculate these prob-
abilities quickly and without much effort (but if one wants to improve the
accuracy of the result, say, by factor 2, one needs to use altogether 4 times
more of the computer time).

Below we show how to derive these probabilities analytically [26] (we
hope not to have to convince the reader about advantages of analytical
solutions over those obtained numerically).

First, we notice that the angular distribution of the registered showers
p{a, d) differs from that of the arriving showers because of the experiment
exposure n(a, §), so that

pla,8) = n(a,8) - A, 0) (29)

where fozw n(a, §)da = £(8) (see §3.1).
The total number of the observed showers equals

N :/p(a,é)dﬂ (30)

where the integration region covers the part of the sky seen by the experi-
ment.

The occurrence of a doublet takes place if within a small angle R around
a shower direction (a, d) there is another shower. The expected number of
showers to be registered within this small solid angle equals

w(a,8) = 7R p(a, 6) (31)

As we assume that showers arrive independently the probability P, of
detecting two of them is given by the Poisson distribution, with the mean

p(ex, 6)

2
-l
P2 =¢ u‘2—? (32)
so that the local density of doublets equals
po = HEE (33)

Thus, the mean number of doublets from the whole sky observed can be
obtained by integrating p, over the solid angle

Ny = / pa(a, 6)d) = —;-ﬂ'Rz / (n\)2e~*dQ (34)
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The actual number of the observed doublets has also the Poisson distribu-
tion, so that the probability of observing k; doublets is

ka
NNy
kq!

The idea in the derivation of the analoguous probabilities for a given number
of triplets is exactly the same, although in this case the definition of a triplet
is not as obvious as that of a doublet. We refer the reader to the paper by
Smiatkowski et al. [26] for the details of this derivation. The result for the
mean number N3 of the observed triplets is

N3 = é (7rR2)2 <1 + %?) /(n)\)3e_“dQ (36)

and, of course, the actual number of triplets observed undergoes the Pois-
sonian fluctuations.

Let us note, however, that in the above derivations the total number of
showers IV is not strictly fixed, being the total expected (mean) number of
showers in a given period of time. As it usually is large, the normalization
of A(a, d) to the actual number of events N rather than to the expected one
(unknown) is quite justified.

For the AGASA experiment (¢ = 35°47', 20, = 45°, R = 2.5°) the
expected number of doublets and triplets for isotropic CRs, calculated from
the above formulae, equals: Ny = 1.02, N3 = 2.7-1072. The observed
numbers are 2 doublets and 1 triplet (for E = (4 = 8) - 101° eV).

Whereas the probability of the result being 2, when the random variable
has the Poisson distribution with the mean 1.02, is quite large {0.19), that
for observing 1 triplet with the expected value 2.7 - 10~2 equals 2.6 - 10~2
(about 7 times smaller). Thus, the combined probability (for the observed
set of multiplets to occur) is ~ 4.9 - 1073,

This number is small but its meaning must be treated with caution be-
cause we deal here with probabilities of a two-dimensional random variable:
number of doublets and that of triplets. One could think that calculating
the probability of 2 or more doublets and 1 or more triplets, being ~ 7-1073,
is the right way. However, it is not, because it would not take into account
several other possibilities with small probabilities. (The author thanks Pe-
ter Kiraly for pointing this to her.) Such a case is e.g. zero triplets and 5
or more doublets. Thus, we think that the proper approach is to sum up
the probabilities of all multiplet combinations (events) with values smaller
than that of the event which accually has occurred (2 doublets and 1 triplet,

p(kg; No) = e (35)
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p = 4.9-1073). After adding this sum to p we obtain the probability of
any of the events with individual probabilities equal or smaller than that
of the event accually happened. Doing this we get 1.1-10~2 i.e. about
two times more. This value could be compared with confidence levels 0.1
or 0.05, usually assumed in the x? test, and then the isotropy hypothesis
would be definitely rejected.

A similar analysis can be performed for any other angular distribution
assumed. As N2 (N3z) depends on the square (cube) of the local angular
density (integrated over ) it is clear that any non-isotropic distribution will
predict larger numbers of multiplets (unless, by some strange chance, the
distribution of the arriving showers, multiplied by the exposure, results in a
flatter function on the sky than the exposure itself). E.g. the already men-
tioned hypothesis on CRs originating in luminous infrared galaxies (mostly
colliding systems) predicts for the probability of 2 doublets and 1 triplet
a value ~ 13 times larger. This itself does not necessarily mean that the
above distribution describes better the CR sky than isotropy.
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Figure 9. Distribution of cos ©, where O is the separation angle between AGASA
showers (47 events with (4 < 8)-10!® eV) and 5000 directions drawn from isotropic (flat
line) and LIRG (solid line) distributions. Dashed line is for separation of LIRG-LIRG

simulated events.
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An analysis which would indicate whether the LIRG (or any other ob-
jects) directions are actually correlated with the directions of the showers
is to study distribution of cos ©, where © is the angular distance between
a registered shower from one side and “events” drawn from the distribu-
tion predicted by the particular hypothesis. Fig.9 shows the result of such
analysis [26] for the AGASA showers with E = (40 + 80) EeV and the
LIRG hypothesis. An excess of small separation angles can be seen for the
AGASA-LIRGsS line (solid). It should be confess, however, that the main
contribution to this excess is provided by the triplet, coinciding with the
Arp 299 source. The LIRG hypothesis, although plausible, must await its
verification by more data.

Another analysis, strongly indicating an existence of the point sources
against the isotropic distribution, has been done by Tinyakov and Tkachev
[31]. These authors calculated the correlation function (difference between
the observed number of pairs and that expect from isotropy, expressed in
units of the standard deviation of the latter, as a function of the angu-
lar distance of the two showers in a pair) for the AGASA showers (with
E > 48 EeV) and those from Yakutsk (E > 24 EeV). The result is pre-
sented in Fig.10 taken from their paper. It is seen that for both data sets
there is a large, (5— 7)o, excess of shower pairs within the angular resolution
of the experiments (2.5° and 4° for AGASA and Yakutsk respectively). It
is the only statistically significant deviation from isotropy of the correlation
function in the whole range of ©.

AGASA 4 6 Yakutsk |

(N-N)/o
(N-R)/o

o s nA j nn jLHrrl nﬂrr
UL I

Figure 10.  Angular correlation function for: left — AGASA (E > 4.8 -10'° eV) and
right — Yakutsk (E > 2.4-10!° eV). Binning angles correspond to the experiment angular

resolution 2.5° and 4° correspondingly. (Figure taken from{31])

The nature of the possible astrophysical objects associated directionally
with the UHE events, different than those discussed already, has been a
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subject of several papers. Farrar and Bierman [32] found that 5 events
(two from AGASA, two from Haverah Park and one from the Fly’s Eye
experiment), correlate with positions of 5 quasars, with z = 0.29 — 2.177.
The chance probability, 5- 1072 eV, estimated by the authors seems rather
small. However, z = 0.3 corresponds to a distance of about 1.5 Gpc, not
to mention the higher z values! Neither a proton nor a nulceus can survive
such a distance with E ~ 10%° eV! Or these particles have much lower
energies (below the cutoff), either it is a coincidence, otherwise one would
have to call for new physics(!?).

3.3. Implication for the intergalactic matter

Particle trajectories from their sources to the observer undergo deflections
in the ambient magnetic fields. It is usually assumed that there may be
an irregular B in the intergalactic space. A study of this sub ject was done
by Kronberg [33] who estimated that B < 10~° nG if the field correlation
length is about 1 Mpc (strictly speaking the author speakes about “reversal
scale”). On this basis one can calculate the expected deflection @ of a
charged particle trajectory (i.e. of its velocity vector) and the resulting
deviation 7 of its arrival direction from that towards the source (note that
these angles are not the same [34,26]; see later).

For the simplest situation, it is usually assumed that the distance D
between the source and the observer is divided into cells of equal length [,
the magnetic field Ei in each cell is independent of those in other cells and
all B; are isotropic. If the final deflection angle is small, we have

7= (L) B (37)

where ¢ is the particle charge and E — its energy. This angle, however, is
not observable, since the initial velocity is not known. The angle of more
interest is the deviation angle n (see above). It can be shown [34,26] that

7’ =62/3 (38)

It is the deviation n angle which is relevant if we want to correlate the
particular objects on the sky with HE particle directions. From (37) and
(38) we obtain

B,m. 10% eV( I D )1/2

=14°Z. : :
fhrms 2106~ E \IMpc 30 Mpe

(39)

where Z in the particle charge (in e units).
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The assumption about all cells being equal is certainly not realistic. A
more accurate treatment should allow for a distribution of their lengths
and a (possible) correlation of the cell length and the value of the magnetic
field in it. This is automatically taken into account when one starts from a
power spectrum of the intergalactic field B [35], instead of single cells. The
correlation length I is defined then by the following relation

Foo , -
/ (Bo) B®)ara.s2,, (40)
and the deflection angle 1y, (following the formula for 8,.,, by Harari [35])
equals

1 g V=
nrms—\/(—iEBrms I.D (41)

This value is by factor /3/4 = 0.87 times smaller than that for constant cell
size I, if I = l.. Thus, the difference is not large and, since the power spec-
trum is not known anyway, the constant cell approximation seems sufficient
at this stage. (It is interesting to learn, however, that for the Kolmogorov
power spectrum I, =~ lp4./5, where [, is the maximum wavelength of
the Fourier modes [35]).

So far, the CR sources are not identified but if the observed multiple
members do come from a single source, their relative separation angle «a
can be used to restrict the parameters of the intergalactic medium. For the
constant cell model we have that

a?=n+ni= g—qu2Dl (Eif + El—zz—) (42)
where for simplicity we have assumed that both particles have the same
charge q. E; and E; can be determined and if we adopt that the measured
& ™ Orms then the value qBrmsm could be evaluated.

However, as the deviation angles n are of the same order as shower
direction resolution, one should take the latter into consideration. Then we
have

o =2+ 0% + 12 + o} (43)

Takeda et al.[36] gives 019 ~ 2.8° and 029 ~ 1.2° as resolutions for E = 101°
eV and 10%° eV respectively. Taking as an example the AGASA doublet
with F; = 51 EeV, and E; = 2.13 EeV, 0; ~ 1.7° and o3 ~ 1.56° we can
estimate an upper limit for qB\/ﬁ such that a value of a smaller than
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that measured has a given (small) probability (say 0.1). As a has two
dimensional Gaussian distribution, it can be calculated that

B(nG)[(D/30 Mpc) - {(Mpc)]/? < 0.9 (44)

if the particles were protons. (Without taking the direction resolutions into
account, this upper limit would be over two times smaller). If we knew the
source, hence its distance (and the particle charge!), we could obtain an
estimation for BI!/2.

In the above considerations we tacitly assumed that the particle energy
does not change on their way from a source to the observer. For large
source distances often considered this assumption is no more valid. This
effect can be taken into account analytically [26]. On the assumption that
a particle loses its energy in an average way (no fluctuations in this process
are allowed for) it can be derived that

W::&EE-/Olu? (E—E(Z—))zdu (45)

where E; is the particle final energy, 7o is the deviation angle without
energy losses, and u measures the fraction of particle full trajectory passed
from the start to the point where particle energy is E(u) (E(1) = Ey). If a
proton loses its energy on the microwave background then, after traversing
100 Mpc, its frms goes down by 0.96 and 0.9 for E; = 10'® eV and 10%°
eV correspondingly, with respect to values 7o,rms. Thus, this effect is not
large up to D < 100 Mpc.

The observation of doublets was first used by Cronin [37] to estimate
particle charges, by assigning the angular separation of the doublet mem-
bers as due to particle deflection in the regular Galactic magnetic field.
Adopting a particular model of the field [38], he traced back the two parti-
cles of a doublet (of measured energies) to the outside of the Galaxy (with
the halo size ~ 0.8 kpc) and calculated the particle angular separation de-
pending on their charge. For the doublet considered above, with a ~ 1.6°,
the Galactic separation was 0.3° for protons, 0.9° for a particles and 5.9°
for carbon nuclei. The latter is over 3 times larger than the observed «,
hence carbon should be excluded.

Our knowledge of the large scale Galactic regular field is rather poor
(particularly in the halo) and it would be interesting to calculate the same
for another reasonable model of the field, just to know how sensitive the
results are (we think that they are).

Returning to the effects of the intergalactic medium on the multiple
events one could use another parameter to study particle propagation — the
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time delay 7 (the difference between the particle propagation time from
the source to the observer and D/c¢). It can only be useful, however, if
one assumes that the multiplet members were emitted by the source at
the same time (strictly speaking, if the emitting time difference was much
shorter than the difference of the arriving times). The average particle time
delay has been correctly derived by Achterberg et al [34] as

1 —
iy
13 D/e

or (46)

B 10®eV D )2_ l
1 nG E 30 Mpc 1 Mpc

for the model of small scattering angles and cells with equal lengths [.

Further development has been made by Giller et al [39] where the dispersion
of 7 has been derived:

F

il

7=14-10" yr- (Z

1 .0 (47)

so that &, /7 = \/% = 0.63.

As it is seen, the relative dispersion of the time delay is always the
same, i.e. does not depend on propagation conditions, nor on particle en-
ergy (if the energy losses are disregarded). The same ratio (1/2/5) would
be obtained if 7 had the x? distribution (gamma) with 5 degrees of free-
dom. (Our numerical calculations have shown that it really is a very good
approximation to the actual 7 distribution.)

The above result that the dispersion of the time delay is almost as
large as the mean has an implication for drawing conclusions about the
nature of CR ejection from the source, i.e. for distinguishing between a
continous and explosive (instantaneous) emission. When considering this
question for a multiple event, assuming common origin of its members, it
is often argued that if the less energetic shower arrives earlier then the
instantaneuos emission is impossible. This is not necessarily true: if the
time delay (and its dispersion) is of the order of the difference of the two
shower arrival times, it is quite possible that a less energetic particle hits
the Earth earlier than that with higher energy.

Another thing to be noticed here is that for some multiplets the energy
difference of two showers is not much larger than its uncertainty, which
should also be taken into account when concluding about the same origin
of the two showers (in space and time).
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Conclusions

In view of the new cutting-off energy spectrum obtained by the HiRes ex-
periment our conclusion are now different from those drawn during the
Erice School. Then, the main weight was put on looking for models ex-
plaining the AGASA flat spectrum. It seemed that universal protons (with
10'7-102° ¢V) were excluded but primary heavies (Fe) could find their way
to us in a low level of the infrared background. Now, we are almost certain
that at least one of the two experiments has a much larger error of the flux
measurement above ~ 3 -10'? eV, than quoted.

The observation of multiplets, with a rather small probability of their
being statistical fluctuations, looks promising. They may indicate the di-
rections towards the sources (the AGASA triplet!) and provide limits on
the intergalactic irregular magnetic field characteristics.

In a few years time, there will be data from the Pierre Auger Observa-
tory. We just remind here the main advantage of this experiment: it will
be able to measure the same shower by the two methods, used separately
by HiRes (fluorescence) and AGASA (ground particles). The two energies
of a shower must agree, otherwise we miss something in our understand-
ing of the shower development in the atmosphere (I assume here that the
detectors are well understood).

In a more distant future there could be a quantum leap in the UHECR
observations: the shower fluorescence and scattered Cherenkov emission
could be observed from above, by telescopes on a satellite having a field
of view orders of magnitude larger than that of the ground arrays (OWL
experiment [41]).
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Progress in the solution of the mystery of gamma ray bursts (GRBs) is leading to
the solution of the mystery of cosmic ray origin. Successes and difficulties with the
hypothesis that cosmic rays originate from galactic supernovae (SNe) are outlined.
In particular, SNe satisfy power requirements, and first-order shock acceleration in
supernova remnant (SNR) shocks explains the power-law spectrum of cosmic rays
below the knee. The lack of detection of the #° bump and weakness of hadronic
TeV emission from SNRs suggests, however, that cosmic rays are accelerated by a
rare type of supernova. Statistical arguments show that the average kinetic power
of GRBs and clean and dirty fireballs into an L* galaxy like the Milky Way is at
the level of 10%° ergs s~!, with ~ 1 event every 103-10% years. This power and
rate is sufficient to explain the origin of hadronic cosmic rays observed locally. The
rare SNe that give rise to GRBs are proposed to be those which accelerate cosmic
rays.

1. Introduction

The strongest argument that hadronic cosmic rays (CRs) are powered by
SNRs may be the claim that only SNe inject sufficient power into the Galaxy
to provide the measured energy density of CRs.»? The local energy density
of CRs is ucgr ~ 1 eV ecm™3 ~ 10712 ergs cm™2. The required CR power is
thus Lor & ucRrRVgal [tesc, where Vg is the effective volume of the Galaxy
from which CRs escape on a timescale t.;.. If CRs are produced in a
disk of 15 kpc radius and 100 pc scale height, then Vy, &~ 4 x 10% cm3.
Observations of the light elements Li, Be, and B that are formed through
spallation of C, O, and N indicate that CRs with energies of a few GeV
per nucleon, which carry the bulk of the CR power, pass through =~ 10 gm
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cm™2 before escaping from the disk of the Galaxy. A mean disk density of
one H atom cm™2 gives tes. ~ 6 x 10° yr, implying that Log = 2 x 1040
ergs s~!. Analysis of the composition of isotopic CR. 1°Be yields a larger
value of ¢.s., implying a smaller mean matter density but a larger effective
containment volume of the Galaxy, so that in either case

ucrVa

Lor ~ ~ 5 x 10%° ergs s7! . (1)

esc
The galactic SN luminosity Lgy = (1 SN/30 yrs) x 10%! ergs/SN ~ 10*2 ergs
s~ which, given a 10% efficiency for converting the directed kinetic energy
of SNe into CRs that seems feasible through the shock Fermi mechanism,
is completely adequate to power the hadronic cosmic radiation.

Although ~-ray astronomy was supposed to solve the cosmic-ray origin
problem, this has not happened. The predicted 7° decay features at 70
MeV have not been detected from SNRs with EGRET,® and the Whipple
imaging air Cherenkov telescope has not detected emission consistent with
hadronic CR acceleration by SNRs.* Observations show that TeV electrons
are accelerated by SNRs, but there is as yet no direct observational evidence
for hadronic CR acceleration by SNRs except in the case of Cas A, though at
an unexpectedly low level.® Moreover, it is becoming increasingly clear that
the stochastic nature of explosive phenomena in the Galaxy is important
for interpreting radio and gamma radiation emitted by Galactic CRs.%7
The shock Fermi mechanism explains the CR injection index due to strong
nonrelativistic shocks.?

The EGRET observations of the diffuse galactic v radiation® contradicts
the assumption that hadronic CRs are uniformly distributed throughout
the Galaxy, so that the required power could be significantly smaller if CR
leptons emit most of the diffuse galactic radiation. Alternately, we could live
in a region of enhanced CR hadron energy density compared to the Galactic
average. This is more likely if CRs are produced by rare powerful events,
in which case the power requirements are also reduced. Our location in
the Gould belt shows that we live near a region of enhanced star formation
activity.!? These rare powerful events could be the stellar collapse events
associated with GRBs.

The redshifts of over 20 GRBs are now measured, with the mean redshift
near unity and the largest at 2 = 4.5. The corresponding distances imply
apparent isotropic y-ray energy releases in the range from =~ 105!-10%*
ergs. Recent results suggest that GRB emissions are strongly beamed,!! so
that the total energy release is actually in the neighborhood of 10°! ergs,
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corresponding to the typical total energies released in the kinetic outflow of
a supernova. Delayed reddened enhancements detected in the optical light
curves of a few GRBs could also be a consequence of a supernova emission
component. If the beaming results are correct, then many more sources of
GRBs exist than are implied through direct statistical studies of detected
GRBs. The implied rate of both aligned and misdirected GRB sources
begins to approach the expected rate of Type Ib/c supernovae (SNe). These
and other lines of evidence indicate that GRBs are related to a rare type
of supernova.

In this paper, I briefly review GRBs from the point of view that GRB
sources accelerate the bulk of the hadronic GeV-TeV CRs,!3 as well as
CRs above the knee, including the ultrahigh energy (> 10*® eV) cosmic
rays (UHECRs). The confirming prediction of this model is that one out
of every 10-50 SNRs display intense hadronic emission and signatures of
earlier GRBs (e.g., bipolar outflows, remnant black holes, and neutron-
decay halos!?).

See reviews!41%12 for more detail.

2. Observations of GRBs

The integral size distribution of BATSE GRBs in terms of 50-300 keV peak
flux ¢, is very flat below ~ 3 ph cm™2 s71, and becomes steeper than the
—3/2 behavior expected from a Euclidean distribution of sources at ¢, > 10
ph cm™2 s71.18:12 GRBs typically show a very hard spectrum in the hard
X-ray to soft y-ray regime, with a photon index breaking from =~ —1 at
photon energies Ey, < 50 keV to a —2 to —3 spectrum at Ep, 2 several
hundred keV.1¢ Consequently, the distribution of the peak photon energies
Ep, of the time-averaged vF, spectra of BATSE GRBs are typically found
in the 100 keV - several MeV range.!”

The duration of a GRB is defined by the time during which the middle
50% (tso) or 90% (tgo) of counts above background are measured. A bi-
modal duration distribution is measured in both the 59 or tgq durations.2?
About two-thirds of BATSE GRBs are long-duration GRBs with tgq 22s,
with the remainder comprising the short-duration GRBs.

The Beppo-SAX GRB observations revealed that essentially all long-
duration GRBs have fading X-ray afterglows.?! The small X-ray error boxes
allow deep optical and radio follow-up studies. GRB 970228 was the first
GRB from which an optical counterpart was reliably identified,?? and GRB
970508 was the first GRB for which a redshift was measured.?%24 Redshifts
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of GRBs are inferred from host galaxy optical emission lines, X-ray spectral
features, and absorption lines in the fading optical afterglow due to the
presence of intervening gas.? No optical counterparts are detected from
approximately one-half of GRBs with well-localized X-ray afterglows, and
are termed “dark” bursts. These sources may be undetected in the optical
band because of dusty media.?® Approximately 40% of GRBs have radio
counterparts. The transition from a scintillating to smooth behavior in the
radio afterglow of GRB 980425 provides evidence for an expanding source.?”

X-ray features have been detected in 6 GRBs, including variable Fe ab-
sorption during the «y-ray luminous phase of GRB 990705,%% X-ray emission
features in the afterglow spectra of GRB 991216,%° low significance X-ray Fe
K features observed in GRB 970508,3° GRB 970828,%! and GRB 000214,32
and multiple high-ionization emission features detected in GRB 011211.33

3. GRB Source Models

Keeping in mind that only members of the class of long-duration GRBs have
measured redshifts, considerable evidence connects GRBs to star-forming
regions®® and, consequently, to high-mass stars. For example, the asso-
clated host galaxies have blue colors, consistent with galaxy types that
are undergoing active star formation. GRB counterparts are found within
the optical radii and central regions of the host galaxies.?* Lack of optical
counterparts in some GRBs could be due to extreme reddening from large
quantities of gas and dust in the host galaxy.3> Supernovae-like emissions
have been detected in the late-time optical decay curves of a few GRBs.36:37

The two leading scenarios to explain the origin of gamma-ray bursts
are the collapsar and supranova models. The collapsar model®®:3 assumes
that GRBs originate from the direct collapse of a massive star to a black
hole. During the collapse process, a nuclear-density, several Solar-mass
accretion disk forms and accretes at the rate of ~ 0.1-1 Mg s~ to drive a
baryon-dilute, relativistic outflow through the surrounding stellar envelope.
The duration of the accretion episode corresponds to the prompt gamma-
ray luminous phase, which is commonly thought to involve internal shocks,
though this interpretation is disputed.*® A wide variety of collapsar models
can be envisaged,*! but their central feature is the one-step collapse of the
core of a massive star to a black hole. A major difficulty of this model is
to drive a baryon-dilute, relativistic outflow through the stellar envelope.*2
The delayed reddened optical excesses are claimed to be SN optical light
curves, and the light curve of SN 1998bw is often used as a template to
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model these exceses.

The supranova model*® involves a two-step collapse process of an
evolved massive star to a black hole through the intermediate formation
of a neutron star with mass exceeding several Solar masses. The neutron
star is initially stabilized against collapse by rotation, but the loss of angu-
lar momentum support through magnetic dipole and gravitational radiation
leads to collapse of the neutron star to a black hole after some weeks to
years. The accretion-induced collapse of a neutron star in a binary system
could also form a GRB.** A two-step collapse process means that the neu-
tron star is surrounded by a SN shell of enriched material at distances of
~ 10'%-10'7 c¢m from the central source. The earlier SN could yield ~ 0.1-
1 Mg of Fe in the surrounding vicinity. The X-ray features in prompt and
afterglow spectra can be explained in the context of the supranova model.

A pulsar wind and pulsar wind bubble consisting of a quasi-uniform,
low density, highly magnetized pair-enriched medium within the SNR shell
is formed by a highly magnetized neutron star during the period of activ-
ity preceding its collapse to a black hole.*® The interaction of the pulsar
wind with the shell material will fragment and accelerate the SNR shell,
and the pulsar wind emission will be a source of ambient radiation that
can be Comptonized to gamma-ray energies.*® In the context of the supra-
nova model, the delayed reddened excesses could be the cooling thermal
emissions of a SNR shell heated by the pulsar wind.*”

4. Cosmic Ray Production by GRBs

Several lines of evidence!* indicate that GRBs are closely related to a sub-
set of SNe that drive relativistic outflows in addition to the nonrelativistic
ejecta expelled during the collapse of the massive core to a neutron star.
The relativistic ejecta decelerate to nonrelativistic speeds at the Sedov ra-
dius by sweeping up matter from the external medium. Particle acceleration
occurs at these shocks, just as in the nonrelativistic shocks from “normal”
Type Ia and Type II supernova remnants (see lectures by Danziger), though
with the addition of an earlier relativistic shock phase. The first-order shock
Fermi mechanism is generally recognized as the mechanism that accelerates
GeV-PeV cosmic rays in the converging flows formed by the forward shock.
In addition, second-order Fermi acceleration of particles through gyroreso-
nant particle-wave interactions with magnetic turbulence generated in the
shocked fluid can also accelerate particles to ultra-high energies.*® First-
order Fermi processes cannot accelerate particles to ultra-high energies for



194

particles accelerated from low energies for typical ISM conditions.*?

4.1. UHECR Production by GRBs

The Larmor radius of a particle with energy 102°Es eV is =
100E4/(ZByc) kpe. Unless UHECRs are heavy nuclei, they probably
originate from outside our Galaxy. The energy density of UHECRs is com-
parable to the energy density that would be produced by GRB sources
within the GZK radius, assuming that the y-ray and UHECR. power from
GRBs are roughly equal.5%-®! The energy density of UHECRs observed near
Earth is

UUH v C L(;thesc (2)

prod

where Lggp is the power of GRBs throughout the production volume Vo4
of the universe. UHECRs are produced with an efficiency { compared
with the «-ray power and “escape” from the universe primarily through
photohadronic processes with an effective escape time tegc.

The mean -ray fluence of BATSE GRBs is F,, ~ 3x 1076 ergs cm™3 and
their rate over the full sky is Ngrp = 2 /day. If most GRBs are at redshift
(z) ~ 1, then their mean distance is {d) = 2 x 10° cm, so that the average
isotropic energy release of a typical GRB source is (E,) = 4n(d)?F, /(1 +
z) = 8x10°! ergs, implying a mean GRB power into the universe of Lgrp ~
2 x 1047 ergs s~!. (This estimate is independent of the beaming fraction,
because a smaller beaming fraction implies a proportionately larger number
of sources.) UHECR protons lose energy due to photomeson processes
with CMB photons in the reaction p +v = p+ 7% n + n+. The effective
distance for 10%° eV protons to lose 50% of their energy is 140 Mpc,%? so
that tese = 1.5 x 10'% 5. This implies that the energy density observed
locally is uygm ~ 107225 ergs cm™2. This estimate is about equal to the
energy density of super-GZK particles with energies exceeding 10%° eV, as
measured with the High Res air fluorescence detector.

This coincidence is verified in a detailed estimate of GRB power in the
context of the external shock model for GRBs.5%13 A testable prediction of
the hypothesis is that star-forming galaxies which host GRB activity will
be surrounded by neutron-decay halos.

4.2. Rate and Power of GRBs in the Milky Way

The preceding estimates were made for extragalactic sources of cosmic rays.
GRBs taking place in galaxies such as our own will also power cosmic rays
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with energies below the knee of the cosmic ray spectrum.

The local density of L* galaxies can be derived from the Schechter lu-
minosity function, and is ~ 1/(200-500 Mpc?®). The BATSE observations
imply, as already noted, ~ 2 GRBs/day over the full sky. Due to beaming,
this rate is increased by a factor of 500 fs00, where fs00 ~ 1. Given that
the volume of the universe is ~ 4m(4000 Mpc)3/3, this implies a rate per
L* galaxy of

300 Mpc®*/L* 2 365

— —— —— x 500 X SFRx K
-431(4000 Mpc)? day yr X 500500 Fr

SFR K _
~2x107% (T/6_) X (%) X fsoo yr ! . (3)

pLe R

The star-formation rate factor SF R corrects for the star-formation activity
at the present epoch [SFR(z = 0) = (1/6)SFR(z = 1)}, and the factor
Kpr accounts for dirty and clean fireball transients that are not detected
as GRBs. Thus a GRB occurs about once every several thousand years
throughout the Milky Way.

Explosion Outflow (BoT0) Rate
Type Speed (km s71) (century~1)
SN Ia <2x10* 0.03 0.42
SN II ~ 10%-2 x 10* 0.01 1.7

SN Ib/c ~ 1.5 x 10%-2 x 10° 0.2 0.28
Dirty 3 x 10° 30 ?
GRB 3 x10° 300 ~ 0.02
Clean 3 x 10° 3000 ?

Table 1 gives the outflow speeds and rates of different types of SNe
and GRBs in the Galaxy. The data for the outflow speeds of Types Ia, II,
and Ib/c are from 3* and 55. The mean values of the initial dimensionless
momentum (Fplp) of the outflows are also given. The GRB rate is about
10% as frequent as Type Ib/c SNe, and about 1% as frequent as Type
II SNe. The rates of dirty and clean fireballs are unknown, but if the
X-ray rich v-ray bursts comprise the dirty fireball limit of the BATSE
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GRB population, then they could be even more frequent than the GRB
population. Statistical fits®® to the BATSE data suggest that the rate of
clean fireballs is smaller than the GRB rate.

By weighting the GRB rate, equation (3), by the mean energy of 3 x
10%/(n,/0.2) ergs (n, is the efficiency to convert total energy to ~-ray
energy), we see that the time-averaged power of GRBs throughout the
Milky Way or other L, galaxies is

fs00 SFR, Krr
s 1) s

Lyw~2x1 )ergss™!. (4)

Because each GRB has a total energy release of a few x105! ergs, compa-
rable to SNe, but occur ~ 100 times less frequently, the available power
from the sources of GRBs is only a few per cent of the power from Type Ia
and Type II SNe. This would suggest that GRB sources can only make a
minor contribution to cosmic ray production below the knee, but the effi-
ciency for accelerating cosmic rays in the nonrelativistic SN outflows could
be considerably less than in the relativistic outflows of GRBs.

In this regard, note that Cas A has recently been detected with HEGRA
at TeV energies at the level of ~ 8 x 10713 ergs cm~2 s71.8 Spectral con-
siderations suggest that the emission is hadronic. The expected level of 100
MeV- TeV ~-ray production can be estimated to be

Fy =~ (4rd®)™ x 10°" ergs n, X coppno =

d
3.4 kpc

where the strong interaction cross section opp, &~ 30 mb. This expression
may underestimate the spectral energy flux measured at a fixed frequency
range and the y-ray production efficiency, but unless the density is unusu-
ally tenuous in the vicinity of Cas A and other SNRs examined with the
Whipple telescope,? the TeV observations suggest that most SNRs do not
accelerate cosmic rays with high efficiency.

We propose that cosmic rays are predominantly accelerated by the sub-
set of SNe that eject relativistic outflows. Bright enhancements of hadronic
emission from those SNe which host GRB events are implied. From the
rate estimates shown in Table 1, we see that about 1 in 10 to 1 in 100
SNRs would exhibit this enhanced emission. The better imaging and sensi-
tivity of the GLAST telescope and the next generation of ground-based air
Cherenkov telescopes, including HESS, VERITAS, and MAGIC will test
this hypothesis.

7x 1071 (%) no ( Y2 ergscm 257!, (5)
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5. Conclusions

GRB sources release energy into an L* galaxy such as the Milky Way at
the time-averaged rate of ~ 10%°*! ergs s™1, which is nearly equal to the
cosmic ray power into our Galaxy. Relativistic blast waves can accelerate
particles well beyond the knee of the cosmic-ray spectrum through second-
order processes,*® overcoming difficulties that first-order Fermi acceleration
faces to accelerate cosmic rays to energies above the knee of the cosmic ray
spectrum in SNe. If the beaming results are correct, then GRBs occur
in our Galaxy at the rate of once every several thousand years, suggesting
that GRBs are associated with a subset of SNe.!®> GRB sources are probably
related to an unusual type of supernova occuring at ~ 1% of the rate of
Type II SNe, with energy releases several times greater than Type Ia or
Type II SNe. The stochastic nature of these rather rare GRB-associated
SNe is in accord with recent inferences from CR observations, including the
hard spectrum in the diffuse galactic gamma-radiation.
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THE ALPHA MAGNETIC SPECTROMETER (AMS)

MARIA IONICA*

INFN Sezione di Perugia, Via A. Pascoli,Perugia, I- 06100
E-mail: maria.ionica@pg.infn.it

The Alpha Magnetic Spectrometer (AMS), once installed on the International
Space Station will provide precise measurements of the cosmic ray spectra up to
TeV energy range, and will search for cosmological antimatter and missing matter.
A prototype version of the detector was operated successfully on the space shuttle
Discovery in June 1998 (STS-91). Here we briefly report on the design of the AMS
apparatus and present the results of the measurements of the fluxes of proton,
electron, positron and helium from the STS-91 flight.

1. Introduction

The existence of the cosmological matter-antimatter asymmetry [!] is one
of the puzzles of modern astroparticle physics. Due to the limited energy
which can be reached at accelerators, this problem can only be studied by
performing very accurate measurement of the composition of Cosmic Rays.
To perform these measurements, a high energy particle physics experiment,
the Alpha Magnetic Spectrometer (AMS)[?], is scheduled for installation on
the International Space Station (ISS) in 2005 for an operational period of
three years. The aims of the AMS experiment are twofold: to search for
new physics in the form of antimatter and dark matter of cosmological
origin and to measure with high precision the cosmic ray energy spectra
in the rigidity range of 0.1GV to several TV. In preparation for the ISS
mission, a protoype AMS experiment was flown for ten days on the space
shuttle Discovery, in June 1998 (STS-91). During this flight, at low earth
orbital altitude, the protoype AMS apparatus collected almost 100 millions
of Cosmic Rays. Here we present the AMS apparatus and some important
results obtained by AMS during the STS-91 mission.

*Permanent address: LM.T. - Bucharest, Erou Iancu Nicolae Street 32, R-72996,
Bucharest, Romania
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2. The AMS detector on the STS-91 mission

The AMS apparatus in STS-91 configuration (Figure 1) consists in a per-
manent magnet with silicon microstrip tracker planes, scintillation counters
hodoscopes above and below the magnet, two layers of Aerogel Threshold
Cerenkov and scintilator veto counters covering the inner surface of the
magnet.

Figure 1. The AMS apparatus on the space shuttle during STS-91 precursor flight

The AMS magnet has a cylindrical shape of 800mm length with an
inner diameter of 1115mm and an outer diameter of 1298mm. The magnet
is made of blocks of high-grade Nd-Fe-B with BL? = 0.14T'm? and a total
weight about of 1.9tons. The magnetic field vector is orthogonal to the
cylinder longitudinal axis.

The Time of Flight system, was composed of four planes of coincidence
scintillation counters. It is used to measure the absolute charge, the di-
rection (upward or downward) of charged particles and the velocity of the
particles traversing the spectrometer, with a resolution of 120ps over a dis-
tance of almost 1.4m. It also provides the first level trigger by coincidence.

Pattern recognition and tracking is performed using large area, high
accuracy silicon tracker [>+*] that consist of six planes of double sided silicon
microstrip detectors, mounted on light-weight carbon fiber support planes.
The silicon tracker measures both position and energy loss of particles. Four
layers of silicon sensors are mounted on 1m diameter support planes within
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the magnet. Two additional layers each mounted on a 1.25m diameter
support plane are placed at the entrance and exit of the magnet. The total
sensitive area of the silicon was 2m? for the STS-91 mission.

The momentum resolution for AMS on the STS-91 mission was about
(%}2 ~ 7% ) at 10GV, reaching (ép2 ~ 100%) at about 400GV.

By combining various measurements it is possible to determine the type
of each particle traversing the spectrometer.

3. Physics results from the AMS experiment on the STS-91
flight

During the ten days STS-91 flight, June 274 to June 12t*, the shuttle Dis-
covery performed 154 orbits at an inclination 51.7° and at an altitude be-
tween 320Km to 390Km, across all geomagnetic longitudes. More then 100
millions of triggers have been collected at various attitudes. The experi-
ment was successfully producing the first high quality CR data collected
with a magnetic spectrometer located outside the atmosphere [°].

3.1. Search for Anti-helium

Within 2.8millions He events collected by AMS during the STS-91 flight no
anti-helium have been found up to a rigidity of 140GV . Assuming identical
He and anti-He spectra we obtain a superior limit on the ratio anti-He/He
of 1.1-107% over the rigidity interval 1 to 140GV [€].

3.2. Measurements of the Cosmic Ray spectrum

In this section we review the result obtained from data collected with AMS
during STS-91 to study cosmic ray proton spectrum from energies of 0.1
to 200GeV [7-8], the helium spectrum over the kinetic energy range 0.1 to
100GeV/nucleon [°] and the spectra of electrons and positrons over the
respective energy ranges of 0.2 to 30GeV and 0.2 to 3GeV [19], the later
spectra being limited by proton background. Data taken near the South
Atlantic Anomaly were excluded.

The high statistics, 107 protons and 10° electrons, available allow the
variation of the spectrum with position to be measured both above and
below the geomagnetic cutoff.

The differential proton flux as a function of geomagnetic latitude (Fig-
ure 2) shows that in addition to the primary CR spectrum visible above
the geomagnetic cutoff, there is a substantial second spectrum, below the
cutoff.
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Figure 2. Proton spectra measured by AMS for different geomagnetic latitudes intervals

Figure 3 shows the results for electrons and positrons for three intervals
of geomagnetic latitudes at which they were observed.
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Figure 3. Flux spectra for downward going electrons (a,b) and positrons (c,d), separated
g going

according to the geomagnetic latitude at which they were detected

Adding all data collected above the geomagnetic cutoff is possible to
obtain a precise estimate of the primary CR differential flux. The AMS
data was taken during a period of maximum solar activity, therefore it
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Figure 4. Primary proton flux measured Figure 5. Primary He flux measured by

by AMS and compared with existing bal-  AMS and compared with existing balloons
loons measurements measurements

is meaningful to compare the spectra at high energies (R > 20GV) with
previous balloons experiments [!! ~16]. In Figure 4 and Figure 5 are shown
the primary spectra for protons and helium compared with existing balloons
measurements.

The primary spectrum has been parameterized by a power law func-
tion in rigidity of type ®(R) = ®, x R~ . Fitting the measured
proton spectra over the rigidity range 10 < R < 200GV yields v =
2.78 & 0.009(fit) + 0.019(syst) and ®¢ = 17.1 & 0.15(fit) + 1.3(syst) £
1.5(y)GV%"8(m?.sr.sec.MeV)™!. For the helium primary spectra, fit-
ting over the rigidity range 20 < R < 200GV we obtained v =
2.740 £ 0.010( fit) £+ 0.016(syst) and @y = 2.52 £ 0.09(fit) £ 0.13(syst) £
0.14(y)GV " (m?.sr.sec.MeV) L.

4. Conclusions and outlook

The performance and results from the first version of the AMS experiment
on STS-91 were extremely encouraging. In 2005 an improved AMS exper-
iment is scheduled to be installed on the International Space Station for
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an operational period of three years. The new apparatus [17] will have im-
proved particle identification by including a superconducting magnet with
a stronger magnetic field (B = 0.8T"), a fully equipped silicon tracker (sensi-
tive area of 7.2m?), the Time of Flight system together with three powerful
particle identification detectors, a Transition Radiation Detector, a Ring
Imaging Cerenkov (RICH) detector and an Electromagnetic Calorimeter.
This configuration will allow precise particle identification up to O(TeV) of
energy.
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THE DECONVOLUTION OF THE ENERGY SPECTRUM
FOR THE TRACER EXPERIMENT
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Chicago, IL 60637, USA
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TRACER (Transition Radiation Array for Cosmic Energetic Radiation) is a large
area detector built at the University of Chicago for direct measurements of heavy
cosmic ray nuclei up to about 10 TeV/amu. The deconvolution of the energy
spectra for different nuclei, from the data collected by TRACER, is one component
of our data analysis efforts. Two methods used to estimate the spectra will be
discussed and the deconvoluted spectrum for iron will be presented.

1. Introduction

TRACER is a balloon-borne, large area detector system built at the Univer-
sity of Chicago to study high energy cosmic rays. A description of TRACER
is given by Horandel et al.! The observational goals of TRACER include
the measurement of the energy spectra of O, Ne, Mg, Si and Fe nuclei up to
10 TeV/amu using a combination of proportional tubes and transition ra-
diation detectors. In the following sections, we will discuss two methods for
the deconvolution of the energy spectra and present the estimated spectrum
for iron. TRACER was designed for a circumglobal, long duration flight,
but the following discussion refers to the data collected during the one-day
test flight which took place in September 1999 from Ft. Sumner, NM. Due
to the short duration of this flight not many events above 1 TeV/amu,
which would produce transition radiation, were recorded. Therefore, the
present work attempts to determine the energy spectra at lower energy,
just utilizing the logarithmic dependence of the specific ionization in gas on
the Lorentz factor of the particle. The energy resolution in this region is
much inferior than that expected for the transition radiation region above
1 TeV/amu.
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2. The Deconvolution of the Energy Spectrum

Estimating the incident spectrum from the measured data with the response
function of the instrument, is a nontrivial deconvolution problem. The
following describes the deconvolution methods used for the TRACER data.

2.1. Method A

The true flux V;, in the energy interval ¢, is derived from the measured flux
M;, in the apparent energy interval j, by correcting for inefficiencies and
finite energy resolution (overlap corrections) according to Buckley et al.?:

1 n
Nizg-ZA,-j-Mj (1)
) j=1

The energy overlap matrix A;; and the efficiency ; are determined from
a complete Monte Carlo simulation of TRACER’s response. Figure 1 il-
lustrates the simulated response for iron nuclei (Z=26) by displaying the
“measured” signals (intervals j) versus the true energies (intervals 7). The
relativistic increase is clearly visible, but the fluctuations in response are sig-
nificant. The simulation assumes a power law differential spectrum (E77)
of primary particles above 10 GeV/amu with a power law index . The
number a;; gives the total count of events in cell (i,j). Then:
Qi

Aij = (2)

The efficiency ¢; is the ratio of the number of events which pass the data
cuts in the energy bin ¢ to the total number of events in the same energy
bin.

The estimated spectrum obtained with this method may depend on the
spectral index of the power law assumed when the detector’s response (fig.1)
was generated.

To investigate this question we generated a reference data set from a
primary spectrum with the index v = 2.5. Then we generated a set of
response functions for spectral indexes ranging from v = 1.7 to v = 3.0.
With these, we attempted to reconstruct the primary spectrum of the refer-
ence data set according to equation (1). The reconstructed primary spectra
were then characterized by spectral indexes vg which may be expected to
be different from ~4. However, as figure 2 illustrates, yg approximate the
true value vp fairly well, even if the assumed response function has been
derived with an index -~ which is quite different from . Thus, the de-
pendence of the deconvolution technique on the choice of - for the energy
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Figure 1. Scatter plot of TRACER’s response in the relativistic rise region. Each event
is simulated with GEANT4. A single power law spectrum of cosmic rays was assumed

above 10 GeV/amu.

overlap matrix A;; is not very strong in this case.

Based on these observations we analysed the measured iron flight data
with response functions corresponding to several different spectral indexes.
The result is shown in table 1 and in figure 3.

Table 1. (7y) - the spectral index of the
response function, (Yr) - the spectral in-
dex of the reconstructed spectrum

Simulations () | Flight Data (vr)
2.5 2.564
2.2 2.572
2.7 2.510




208

2.6

g

]

o
T

Ind
o
1

Reconstructed Spectral Index 7y,
® N
~ o
I A
.
.

]

¥

o
T

P U BN
2.4

26 28 3
Spectral Index y

3. S IR N S
1.6 1.8 2 2.2

Figure 2. The spectral index (vg) of the reconstructed primary spectrum of the refer-
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this spectrum. A typical error bar is also shown.

TRACER’s differential energy spectrum of the iron nuclei above 10
GeV/amu is characterized by a power law index v = 2.56 £ 0.09, well in
agreement with the results of previous measurements by the CRN (Miiller
et al.®) and the HEAO 3 C-2 (Engelmann et al.?) experiments. The data
points of TRACER (fig. 3) still include an arbitrary normalization to agree
with the CRN flux at ~ 50 GeV/amu, and thus are to be regarded as
preliminary.

2.2. Method B

This method was developed by Loredo & Epstein® and uses a more general
algorithm which does not depend on the spectral index used to generate
the response of the instrument.
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The incident spectrum is estimated with a linear combination of data -
M j*

§(Ex) = zn:aj(Ek M; = / Za, E)s(E)dE (3)

E} is the energy where the spectrum is estimated, s(E) is the true spectrum
function and R;(E) is the energy distribution of all events in a certain signal
bin j. If the resolution function

8(E,Ex) = _ a;(Ex)R;(E) 4)

j=1
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is a Dirac function, then the estimate of the spectrum is perfect. However,
no set of a;(Ey) coefficients can generate ideal, Dirac resolution functions.
In order to see how close the resolution function is to a Dirac function, a
spread of the resolution function should be defined. On the other hand, any
spectral estimate will be uncertain due to statistical fluctuations in the data
and the propagated variance of the estimate should be taken into account.
The a;(Ey) coefficients are chosen so that they minimize the weighted sum
of spread and variance (Loredo & Epstein®). '

This technique applied to the iron flight data collected by TRACER
estimated the differential energy spectrum only with a large uncertainty.
This situation may improve when longer duration flights lead to data with
better statistical accuracy.

3. Conclusions

Two methods were used to estimate the differential energy spectrum in the
case of the iron data from the first flight of TRACER. Method A generated
a spectral index of —2.561+0.09. The deconvolution of the energy spectra for
other cosmic ray nuclei (O, Ne, Mg, Si) using this method is in progress.
Method B, very sensitive to the response of the instrument and to the
statistical fluctuations of the analyzed data, estimated the spectral index
with a large uncertainty. However, both methods should provide higher
quality estimates when the statistical fluctuations of the data are reduced.
Also, studies are currently in progress to determine the optimum trade-off
between energy intervals (bin-sizes) and statistical fluctuations in the data.
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COMPTON SCATTER TRANSITION RADIATION
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The detection of transition radiation x-rays can provide a direct, non-destructive
measurement of a particle’s Lorentz factor. Standard transition radiation detec-
tors (TRDs) typically incorporate thin plastic foil radiators and gas-filled x-ray
detectors, and are sensitive up to ¥ ~ 10%. To reach higher Lorentz factors (up to
v~ 105), thicker, denser radiators can be used, which consequently produce x-rays
of harder energies (> 100 keV). At these energies, scintillator detectors are more
efficient in detecting the hard x-rays, and Compton scattering of the x-rays out
of the path of the particle becomes an important effect. The Compton scattering
can be utilized to separate the transition radiation from the ionization background
spatially. We have designed and built a Compton Scatter TRD optimized for high
Lorentz factors and exposed it to the electron beam at the CERN SPS. In this
paper, we discuss the design principles for a high energy TRD; present preliminary
results of the accelerator tests, demonstrating the effectiveness of the Compton
Scatter TRD approach; and finally, discuss the application of this technique to the
ACCESS cosmic-ray mission.

1. Introduction

Transition radiation (TR) is produced when a charged particle crosses the

interface between two materials with different dielectric constants, resulting

in the rapid rearrangement of the particle’s electric field as it passes from
g jY

one material to the next. Detailed calculations of the TR phenomenon are

given in the literature,>?3 but a brief description is given here. The emitted

TR intensity can be derived from the Lienard-Wiechart potentials.* We will
limit ourselves to the case of high frequencies and assume that the incident

particle is highly relativistic (y = E/mc? >> 1). The formation zone, the
distance in the medium over which the electric field of the particle changes

AR
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and hence the transition radiation is generated, is then defined as

-1
4c 1 W%Q

Zig=—|—=+ =246 , 1

1,2 w<72+w2+ (1)

where w2 is the plasma frequency of medium 1 and 2, respectively, 8 is
the angle the radiation makes with respect to the direction of the incident
particle and w is the frequency of the radiation. For definiteness, material
1 is assumed to be a solid and material 2 is assumed to be a gas or vacuum,
such that w > w; > wy. The radiated intensity is then
2 2

R
where ¢ is the charge of the incident particle. At frequencies above vw;,
Zy = Zy and the intensity vanishes. The total intensity emitted from a
single interface is proportional to g2+, i.e. the total intensity increases with
v as the spectrum extends to higher frequencies yw;.

4dre

2. Optimizing TRDs for high energies

For a highly relativistic particle the TR is emitted at x-ray frequencies, and
the spectrum produced depends on the plasma frequencies and thicknesses
of the two materials as well as the energy of the particle. The TR intensity
emitted from a single interface is weak, and in practical applications, a
radiator is constructed with a large number N of thin foils of thickness I3
separated by a distance I», with TR produced at each of the 2NV interfaces.
Interference effects from the superposition of the amplitudes produced at
each interface give rise to pronounced minima and maxima in the spectrum,
with the last (highest frequency) maximum near

Wmax = —(1 + p) P (3)

where p is 1 for a metal and 0 for a nonconductor.® As the particle energy
increases, the total radiated intensity increases up to a Lorentz factor

0.6w
%R L /Lils(1+p), (4)

above which saturation sets in due to the interference. The saturation
energy and characteristic frequency can be tuned by varying the radiator
foil material, thickness, and separation.

An x-ray detector appropriate for absorbing the TR x-rays must be
placed after the radiator. Since the TR is strongly beamed forward (8 ~
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1/4), the x-rays are coincident with the ionization energy deposited in the
detector by the particle itself. Therefore, in conventional applications, the
detector must be made thin in order to minimize the ionization signal,
yet with sufficient stopping power to absorb the x-rays. For wpmax less
than about 40 keV, gaseous detectors (e.g. Xenon-filled wire chambers)
are typically employed. In order to improve statistics and for redundancy,
a complete transition radiation detector (TRD) consists of multiple layers
of radiators and x-ray detectors. Such TRDs have been used successfully®
at accelerators, underground, in ground-based cosmic-ray experiments, on
balloons, and in space, where the energies of cosmic ray nuclei with v >
3 x 103 have been measured by the Space Shuttle CRN experiment.®*?

In order to increase the maximum particle energy -, that the TRD can
measure, one must increase the plasma frequency (or equivalently, density),
thickness, and/or spacing of the foils (Eq. 4). In a space instrument, the
overall length will be constrained, putting a limit on Nly (assuming 5 >
l1). Increasing w; and/or !; results in a hardening of the x-ray spectrum
produced (Eq. 3). With v &~ 10° and a typical spacing I, = 0.1 — 1 cm,
wmax = 0.492¢c/ly can be in excess of several hundred keV. Gas detectors
are then no longer efficient in detecting these hard x-rays. Although the
potential use of gas TRDs near s &~ 10° by optimizing the radiator design
has been described recently'® and preliminary results of accelerator tests
of such TRDs have been discussed at this meeting,'! scintillators such as
Nal or Csl provide an efficient alternative at these high Lorentz factors and
the corresponding high x-ray energies. The high density of the scintillators
leads to an increase in the ionization energy deposited by the particle as
it traverses the detector. However, as the TR spectrum hardens, Compton
scattering in the radiators becomes important. A significant portion of
the x-rays produced are scattered out of the path of the incident particle.
Thus, a detector that is segmented or positioned outside of the beam can
efficiently detect the TR signal spatially separated from the ionization.

3. Accelerator test of Compton Scatter TRD

A scintillator-based Compton Scatter TRD was designed to investigate the
predicted increase in saturation energy obtained by using thick, dense ra-
diator materials. The instrument consisted of 6 identical modules, each
consisting of a stack of radiators (see Table 1) and viewed by three Nal

*These applications of TRDs have been described in recent reviews®:?
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Table 1. Parameters of radiator configurations tested

Radiator wy 2] Iz N Wmax Ys
(V) (pum) (mm) (keV)

Thin Mylar 244 125 3.4 50 61 4.9 x 104

Thick Mylar 244 250 34 50 122 6.9 x10%

Thin Teflon  28.5 125 34 50 83 5.8 X 104

Thick Teflon 28.5 200 3.4 50 133 7.2x10%

Aluminum 32.7 135 3.8 48 230 9.9 x 10*

detectors positioned outside of and parallel to the trajectory of the inci-
dent particles. The instrument was exposed to high energy electrons at the
CERN SPS in August/September 1999 and again in August/September
2001. Beam energies ranged from 7 to 150 GeV, covering the range of
Lorentz factors v = 1.4 x 10* — 2.9 x 10%. Materials investigated included
Mylar (p = 1.4 g/cm?®), Teflon (p = 2.0 g/cm®) and aluminum (p = 2.7
g/cm®). The parameters of each configuration tested are given in Table 1.

Spectra produced by 150 GeV electrons passing through aluminum hon-
eycomb radiators and detected in a downstream scintillator are shown in
Fig. 1. Two things are immediately evident: first, Compton scattered TR
is being detected away from the path of the incident electron; and second,
the detected TR x-ray spectrum peaks about 120 keV, with some x-rays
detected at energies > 300 keV. In order to compare the detected yields of
the different radiator configurations, the total number of photons detected
per Nal detector was summed over the energy range 35 — 500 keV. Figure 2

200 T T T T T "‘:
150 ]

100}

Counts

50

i 1l ]
0 100 200 300 400 500 600
Energy (keV)

Figure 1. Spectra measured in a single downstream detector using 150 GeV electrons
with aluminum honeycomb radiators (upper curve) and solid aluminum background
plates (lower curve) in place.



215

0.04 0.04
0.03 ; 5 - 0.03
2] 3
&
B3
£
2 0.02 +40.02
°
8
-
S 001 ‘ , {001
%5 e 8 Thick teflon -~ % Thin tefion
" w3 Aluminum  ---~=- 4+ Thin mylar
! ween M Thick mylar
0.00 . 4 L L } 0.00
0 50 100 150 200

Electron energy (GeV)

Figure 2. Average number of photons detected in the energy range 35 — 500 keV per
detector per event in the first module as a function of electron energy for various radiator
configurations. The symbols represent experimental data and solid lines represent results
of calculations. The error bars represent statistical errors.

shows the detected yield as a function of electron energy. The observed sat-
uration Lorentz factors are ~ 10°, as expected from the calculated values
in Table 1 and from simulations.

4. Application to ACCESS

The Advanced Cosmic-Ray Composition Experiment for Space Sciences
(ACCESS) is a proposed cosmic-ray mission for either the space station or
a satellite.!13:14 The goal of this mission is to measure the composition
and energy spectra of individual elements up to energies of ~ 100 TeV per
nucleon. ACCESS will consist of a calorimeter, TRD and charge detector.
As stated above, standard TRDs will need to be modified in order to achieve
the required sensitivity at v ~ 10° for Z > 3. The Compton Scatter TRD
described here meets these requirements, and work has been undertaken to
design an appropriate high energy TRD for ACCESS using this technique.

5. Conclusion

TRDs can be used to make direct, nondestructive measurements of the
Lorentz factor of charged particles. Increasing the saturation threshold of
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the TRD by using thicker, denser foils results in x-rays of harder energies
being produced, suggesting the use of scintillators as the x-ray detector. At
these hard x-ray energies, Compton scattering becomes important, and the
TR signal can be detected spatially separated from the ionization signal of
the incident particle if a segmented detector or detector outside the particle
beam is employed. A prototype high energy Compton Scatter TRD was
tested at CERN using high energy electrons. The results verify that the
technique provides an effective means of determining the energy of charged
particles with v ~ 10°. A Compton Scatter TRD has been developed for
the ACCESS cosmic-ray mission.
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A NEW MEASUREMENT OF THE ut AND p~ SPECTRA
AT SEVERAL ATMOSPHERIC DEPTHS
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A new measurements of the u and p~spectra at several atmospheric depths in
the momentum range 0.3-20 GeV/c was made by the balloon-borne experiment
CAPRICE98. The data were collected during the ascent of the payload on the
28 May 1998 from Fort Summer, New Mexico, USA. This apparatus consists of a
magnet spectrometer, with a superconducting magnet and a drift-chamber tracking
device, a time of flight scintillator system, a silicon-tungsten imaging calorimeter
and a gas ring imaging Cherenkov detector. This gas RICH radiator made it
possible to safely identify u+ up to 20 GeV/c. This is the first time that the pT
component has been measurement over a wide momentum range.

1. Introduction

Atmospheric neutrinos are produced from the decay of muons, pions and
kaons. The production of electron and muon neutrinos is dominated by the
processes nt — pt + v, followed by p* — et + ¥, + ve (and their charge
conjugates). Therefore there will be two muon neutrinos for each electron
neutrino and it will give an expected ratio v, /v, of the flux of v, + 7, to
the flux of v + 7¢ of about 2. The v, /v, flux ratio has been measured in
deep underground experiments. The measurements are reported as R =
(Vu/Ve) gata | (ViulVe) o Where (v, /ve) 4, is the flux ratio observed in the
detector and (v, /ve) o is obtained by the Monte Carlo simulation. This
ratio cancels many experimental and theoretical uncertainties, especially
the uncertainty in the absolute flux. A value of R = 1 is expected if the
physics and the models used in the simulation are correct.

The deep underground experiments have obtained significantly smaller
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values of R . This disagreement with theoretical predictions has been inter-
preted in terms of possible neutrino oscillations.

The correct interpretation of the results requires a detailed understand-
ing of neutrino production in the atmosphere. This can be accomplished
by comparing the simulations with other detectable particles, like muons
(M. Boezio et al. 1)

We present in this paper results of the muon spectra in the atmosphere
obtained with the CAPRICE98 instrument. We describe the experiment
and the detector system in section 2, the data analysis in section 3 and give
the results in section 4.

It is worth pointing out that the primary cosmic ray hydrogen and he-
lium spectra (M. Boezio et al. %) were also measured with the CAPRICE98
instrument. These can be used as the input spectra for the cascade simula-
tion in order to reduce the overall systematic uncertainties associated with
the comparison of observed and calculated muon fluxes.

2. The experiment

The experiment was launched from Ft. Summer, New Mexico, USA on the
28" of May 1998. The flight lasted 24 hour. It was more than 20 hours
above 35000 meters. At this altitude, which corresponds to approximately
5 g/cm? of residual atmosphere above the experiment, the spectrometer
collected data from more than 5.3 million cosmic ray events.

The CAPRICE98 apparatus (M. Ambriola, et al. 3), from top to bot-
tom, counsisted of a gas-RICH detector, a time-of-flight (TOF) device, a
magnet spectrometer, and a silicon-tungsten imaging calorimeter (see fig-
ure 1).

2.1. Rich

The solid radiator Rich, in the CAPRICE94 flight was changed to a 1 m
long gas RICH with a proton threshold at 18 GeV/c in the flights of 1997
and 1998. The CAPRICE94 spectrometer were able to identify positive
muons up to 2 GeV/c, whereas the gas rich radiator of CAPRICE98 made
it possible to safely identify u* up to 20 GeV/c. The CAPRICE98 Rich
detector (see figure 2) consists of a 1 m tall aluminum radiator box filled
with a volume of about 800 [ with C4Fio gas (at an average pressure of 911
mbar), a Multi Wire Proportional Chamber (MWPC) with pad readout
and a spherical mirror. (T. Francke et al. ) (D. Bergstrém et al. 5)
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Figure 1. A schematic view of the CAPRICE98 detector

A charged particle entering the RICH traverses the MWPC and gives
an ionization signal in the pad plane.

If 8 > 1/n, (8 = v/c where v is the particle velocity). Cherenkov light
is emitted in the gas (C,Fio) radiator, along the trajectory of the particle.

The particle exits through the bottom of the radiator box but the pro-
duced light is reflected and focused back up onto the MWPC by a spherical
mirror on the bottom of the radiator box. In the MWPC the photons are
converted to photoelectrons by the photo-electric effect. For § ~ 1 charge
one particles, an average of 12 photoelectrons per event were detected in
the pad plane. The Cherenkov angle was calculated using a Gaussian po-
tential method. The reconstructed Cherenkov angle of 50 mrad fora g ~ 1
particle had a resolution of 1.2 mrad (D. Bergstrém et al. 5).

2.2. The time of flight

The time of flight (TOF) system consists of four 25 x 50 ecm? plastic scintil-
lating paddles with a thickness of 1 ¢m, two above the tracking system and
two below. They were placed in pairs to cover the detector area of 50 x 50
cm?. The distance between the two scintillator layers was 1.19 m. This
system gave the time-of-flight measurement an accuracy of approximately

230 ps. The purpose of the TOF system is:

e The TOF provides the read out trigger for the data recorded on
board.

e The TOF gives velocity of the particle and distinguishes upward
moving particle from downward moving particles. Consequently
albedo particles can be rejected.
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Figure 2. A schematic view of the CAPRICE98 RICH detector. The left upper ex-
panded view illustrate how the gas is ionized by the cosmic ray particle. The location of
the pads, wires and strips are indicated. The ’-> and '+’ in the figures refer to electron
and ions liberated in the ethane gas. In the lower part the Cherenkov light emitted in
the C3F1p gas close to the particle track is indicated by the shaded area.The light is
reflected by a spherical mirror back up onto the MWPC. In the right upper expanded
part two Cherenkov photons () enter the MWPC through the quartz window

o Separation of particles of different charge can be done by the energy
loss in the scintillators.

2.3. The tracking system

The tracking system of CAPRICE98 consists of three drift chambers mod-
ules (M. Hof et al. ®) and a superconducting magnetic field. The outer
diameter of the magnet is 61 ¢m and the inner 36 cm. The operating
current is 120 A which produces a field of 4 T in the center of the coil.

The drift chambers provide 12 measurements of the particle position in
the non-bending view and 18 measurements in the bending view.
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The rigidity is calculated from the measured deflection of the particle in
the magnetic field. This deflection is derived from the fitted trajectory in
the drift chambers. The fitting of the track is done with an iterative least
square method in which a particle is described by five parameters: = and
y coordinates, two direction angles (8z/8z and dy/8z), and the particle
deflection.

2.4. The calorimeter

The CAPRICE98 calorimeter configuration (M. Bocciolini et al. 7, M.
Ricci et al. ®) was the same as for CAPRICE94 and CAPRICE97. It was
designed to distinguish between minimum ionizing particles, hadronic and
electromagnetic showers.

3. Data Analysis
3.1. Particle selection

The CAPRICE98 instrument was well suited to measure the muon spectra
and charge ratio in the atmosphere against a background of electrons, pro-
tons and heavier particles. The background in the muon sample depended
strongly on the atmospheric depth. At float the dominant background
for positive muons was protons. With increasing atmospheric depths, the
abundance of the proton component decreased, becoming a few percent of
the positive muon component at ground level.

It is important to stress that the spectrometer accepted particles with a
zenith angle less than 20 degrees around the vertical and the average zenith
angle was about 9 degrees.

3.1.1. Tracking

To achieve a reliable estimation of the rigidity, a set of conditions were
imposed on the fitted tracks:

At least 10 (out of the 18) position measurements in the z direction and
6 (out of the 12) in the y direction were used in the fit.

There should be an acceptable chi-square for the fitted track in both
directions with stronger requirements on the z-direction.

3.1.2. Scintillators and time-of-flight

The ionization loss dE/dz in the TOF scintillators was used to select min-
imum ionizing single charged particles by requiring a measured dE/dz of
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less than 1.8 times the most probable energy loss by a minimum ionizing
particle {mip).

Multiple track events were also rejected by requiring that not more than
one of the two top scintillator paddles was hit.

With the TOF information, the particle velocity can be estimated. By
requiring # > 0, downward moving particles can be selected and they assure
that no contamination of albedo particles remained in the selected sample.

The velocity B of the particle from the TOF was compared to the 3
obtained from the fitted deflection assuming that the particle had the mass
of a muon. An event is accepted as a muon if it has a 8 greater than the
B obtained from the fitted deflection minus one standard deviation of the
resolution.

3.1.3. The Rich

The RICH was used to measure the Cherenkov angle of the particle and
thereby its velocity. Muons started to produce Cherenkov photons in the
C4Fy gas at about 2 GeV/c and protons at about 18 GeV/c¢ while electrons
were above threshold in the whole momentum range of interest. Hence,
below about 2 GeV/c muons were selected requiring no light while above it
muons were selected according to their reconstructed Cherenkov angle. To
accept a particle as a muon it was required that the measured Cherenkov
angle agrees within three standard deviation of the resolution from the
expected Cherenkov angle of muon.

The RICH was also used to reject events with multiple charged particles.
Since ionization from charged particles produced significantly higher signals
than converting Cherenkov photons, we required that an event contained
only one cluster of pads with high signal.

It is important to stress that in our selection we used a condition to
reject pions. The reconstructed Cherenkov angle was required to be more
than 3 mrad (about 1 standard deviation for pions below 5 GeV/c) away
from the expected Cherenkov angle for pions. This was done for momenta
smaller than 5 GeV/c because at higher rigidities the difference between
the Cherenkov angle for muons and pions is too small.

3.1.4. The Calorimeter

The calorimeter was used to separate non-interacting particles from show-
ers. It was very powerful to reject electrons or interacting hadrons but it
could no distinguish muons from non-interacting pions or protons except
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at low momenta where the particles could be separated using their energy
losses in the silicon detector.

3.2. Contamination

We estimated the contamination of protons in the muon sample with the
data at float, because in that way it was easy to select a clean and large sam-
ple of protons. Below 1.5 GeV/c the TOF system was efficient in rejection
protons and the RICH started to reject them about 2.1 GeV/c. The overall
proton rejection factor was better than 10% and, hence, proton contami-
nation was essentially negligible in all momentum intervals of this analysis
with the exception of the interval 1.5 to 2.1 GeV/c where p* could not be
separated from protons. Therefore, no results on u* are presented in this
momentum interval. Electrons were efficiently rejected by the calorimeter
in the whole momentum range and by the RICH below about 5 GeV/c ,
hence the remaining electron contamination was negligible.

To calculate the contamination of pions we select interacting hadrons
with the calorimeter and by a simulation we calculate the efficiency and
contamination in this selection. This have been done with a simulation
because it is not possible to select a clean sample of pions with the others
detectors, only within a small interval of rigidity with the RICH. This was
used to check that the result obtained with the simulation is correct. So
selecting interacting pions with the calorimeter and knowing the efficiency
and contamination of this selection it was possible to determine the pion
contamination in the muon sample.

At higher altitudes (25¢g/cm?) in the atmosphere the contamination of
pions was very large at low momentum and for this reason we exclude the
data from momentum 0.3 GeV/c till 2 GeV/c.

3.3. Efficiency determination

For the efficiency study, a large sample of negative muons collected at
ground prior the flight was used. Then, the results were cross-checked
with smaller samples of negative muons from flight data (P. Hansen et al.
%) To determine the efficiency of a given detector, a data set of muons was
selected by the remaining detectors. The number of muons correctly identi-
fied by the detector under test divided by the number of events in the data
set provided a measure of the efficiency. This procedure was repeated for
each detector. The efliciency of each detector was determined as a function
of rigidity in a number of discrete bins and then parameterized to allow an



224

interpolation between bins.

4. Results

The absolute particle fluxes were calculated from the number of observed
muons taking into account the spectrometer geometrical factor and live
time as well as selection efficiencies. The Figure 3 shows the muon flux
as function of the momentum for positive and negative muons at different
atmospheric depth. The data are compare with data of CAPRICE94 (M.
Boezio et al. !°) and in the case of negative muons also with MASS89
(R. Bellotti et al. ') and MASS91 (A. Codino et al. '?). For negative
muons there is a good agreement with the data of CAPRICE94 and also
with MASS data. In the case of positive muons there is a good agreement
between the CAPRICE data from 1998 and 1994 for muon momenta below
2 GeV/e. It is worth pointing out that this is the first time that atmo-
spheric positive muons were measured up to 20 GeV/c in a balloon-borne
experiment. It was possible because the CAPRICE98 apparatus used a
gas RICH detector with an average threshold Lorentz factor of about 19 at
float (corresponding to a muon momentum of about 2 GeV/c). It is also
possible to see in figure 3 that below 1 GeV/c, the CAPRICE9S results are
lower than the results from CAPRICE94 which could indicate geomagnetic
effects. It is important to stress that for CAPRICE98 and CAPRICE94 the
solar modulation was close to the minimum. For momenta above 2 GeV/c
the CAPRICE98 data follows an approximate exponential decrease as a
function of momentum, similar to the negative muon data. This measure-
ment of the flux of muons is a powerful tool to check and/or calibrate air
shower simulation programs. There is a new project discussed for the Wiz-
- ard Collaboration to re fly CAPRICE98 stopping at different atmospheric
depths to sample the muon flux. This new experiment will improve the
muon statistic and will also get rid of the problem of averaging the value
of atmospheric depth of measurements, since the data will be collected at
approximately fixed altitudes (M. Circella et al. 13).
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Figure 3. Different curves represent different altitudes (in g/cm?): (1) 25g/cm?, scaled
by 10%8. (2) 50g/cm?, scaled by 10%6. (3) 77.5g/cm?, scaled by 104. (4) 105g/cm?,

scaled by 102,

(5) 135g/em?, scaled by 1010,

(6) 170g/cm?, scaled by 10°.

(7)

220g/cm?, scaled by 10°. (8) 315g/cm?, scaled by 10%. (9) 480g/cm?2, scaled by 102.
(10) 735g/cm?, scaled by 1.
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ULTRA HIGH ENERGY COSMIC RAYS: PRESENT STATUS
AND FUTURE PROSPECTS

A A WATSON

Department of Physics and Astronomy
University of Leeds
Leeds LS2 9JT, UK

Reasons for the current interest in cosmic rays above 1019 eV are described. The
latest results on the energy spectrum, arrival direction distribution and mass com-
position of cosmic rays are reviewed. The enigma set by the existence of ultra
high-energy cosmic rays remains. Ideas proposed to explain it are discussed and
progress with the construction of the Pierre Auger Observatory is outlined.

1. Introduction

For the purposes of this paper I define ultra high-energy cosmic rays (UHE-
CRs) as those cosmic rays having energies above 10'? eV. There is currently
great interest in them, partly because we have little idea as to how Nature
creates particles or photons of these energies. Also we know enough about
their energy spectrum and arrival direction distribution to believe that
we have an additional problem: their sources must be reasonably nearby
(within 100 Mpc) but there is no evidence of the anisotropies anticipated if
the galactic and inter-galactic magnetic fields are as weak as astronomers
tell us.

The distance limit comes from a combination of well-understood par-
ticle physics and the universality of the 2.7 K radiation. Interactions of
protons and heavier nuclei with this, and other, radiation fields degrade
the energy of particles rather rapidly. In the case of protons, the reaction
is photopion production, while heavier nuclei are photodisintegrated by the
2.7 K radiation and the diffuse infrared background. These effects were
first recognised by Greisen [1], and by Zatsepin and Kuzmin [2], and lead
to the expectation that the energy spectrum of cosmic rays should termi-
nate rather sharply above 4 x 10'% eV (the GZK cut-off). Above 4 x 10°
eV about 50% of particles must come from within 130 Mpc, while at 102°
eV the corresponding distance is 20 Mpc.
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The most recent data suggest that particles do exist with energies be-
yond the GZK cut-off and that the arrival direction distribution is isotropic.
The mass of the cosmic rays above 10!° eV is not known, although there
are experimental limits on the fraction of photons that constrain one of the
models proposed to resolve the enigma. A relatively recent, and detailed,
review can be found in [3].

2. Measurement of UHECR

The properties of UHECRs are obtained by studying the cascades, or ex-
tensive air showers (EAS), they create in the atmosphere. Many methods
of observing these cascades have been explored. Currently two approaches
seem to be most effective. In one, the density pattern of particles striking
an array of detectors laid out on the ground is used to infer the primary
energy. At 10'° eV the footprint of the EAS on the ground is several
square kilometres so detectors can be spaced many hundreds of metres
apart. Alternatively, on clear moonless nights, the fluorescence light emit-
ted when shower particles excite nitrogen molecules in the atmosphere can
be observed by massive photomultiplier cameras. This technique, uniquely,
allows the rise and fall of the cascade in the atmosphere to be inferred.

The primary energy of the initiating particle or photon is deduced in dif-
ferent ways. For the detector arrays, Monte Carlo calculations have shown
that the particle density at distances from 400 — 1200 m is closely propor-
tional to the primary energy and that the fluctuations expected from the
stochastic nature of shower development should be small [4, 5]. Such a
density can be measured accurately (usually to around 20%) and the pri-
mary energy inferred from parameters found by calculation. The estimate
of the energy depends on the realism of the representation of features of
particle interactions within the Monte Carlo model, at energies well above
accelerator energies. The currently favoured model (QGSjet) is based on
QCD and is matched to accelerator measurements. Although this model
appears to describe a variety of data from TeV energies up to 10%° eV [6]
one cannot be certain of the systematic error in the energy estimates. An-
other model, Sibyll 2.1 [7] predicts quite different numbers of muons for the
same primary and a much higher cross-section for proton or pion collisions
with air nuclei.

For the fluorescence detectors, the primary energy is found by integrat-
ing the number of electrons in the cascade curve and assuming that their
rate of energy loss is close to that at the minimum of the dE/dx curve for
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electrons, ~2.2 MeV per g cm~?2 in the case of air. A model-dependent cor-
rection, at the 10% level, must be made to account for the energy carried
by muons and neutrinos into the ground (8]. Ideally, one wants to compare
estimates of the primary energy made in the same shower by the two tech-
niques operating simultaneously, but this has yet to be done at the energies
of interest. So far, all that has been possible is to compare estimates of the
fluxes at nominally the same energy, but the dual measurement is a strong
feature of the hybrid Pierre Auger Observatory now under construction and
is expected to be decisive.

3. The Energy Spectrum, Arrival Direction Distribution
and Mass of UHECRs

3.1. Energy Spectrum

A spectrum summarising data from Fly’s Eye (the earliest fluorescence
experiment), Haverah Park (a ground array that used water-Cherenkov
detectors), HiRes and AGASA is shown in figure 1. This set of spectra
is very different from the summary plot given in [3]. There are several
points to note in understanding the changes. Firstly, the HiRes data have
been reported in detail for the first time [9, 10] and are very different
from preliminary results presented at the ICRC in Utah in 1999. Secondly,
the Haverah Park energy estimates have been re-assessed [11] using the
QGSjet98 model. In the range 3 x 1017 to 3 x 108 eV there is very good
agreement between the Fly’s Eye, Haverah Park and HiRes results. A
recent analysis of Haverah Park data on the lateral distribution in showers
[12] suggests that protons and iron are in the ratio 35:65 in this energy
range. With this mixture the intensity agreement is remarkable. This
implies that the QGSjet98 provides an adequate description of important
features of showers up to 10'® eV. However, the AGASA energies have
also been estimated with a QGSjet model under the assumption that the
primaries are protons at energies above 3 x 10'® eV, the lowest AGASA
energy plotted. There is no evidence as to what mass species is appropriate
at the highest energies but the method used (measurement of the scintillator
density at 600m) would lead to an estimate lower by only about 20% if
iron nuclei were assumed. This change would be sufficient to reconcile the
AGASA-HiRes differences, particularly with regard to the point at which
the spectrum slope flattens above 10'8 eV. A combination of a change in
the QGSjet model and iron primaries (for which there is no evidence) might
go some way to aligning the different results at the highest energies. This
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Figure 1. A composite energy spectrum from AGASA Fly’s Eye, Haverah Park and
HiRes. This plot was prepared with the help of Maximo Ave.

change would be insufficient to reconcile the AGASA-HiRes differences,
particularly with regard to the point at which the spectrum slope flattens
above 10'® eV. Here uncertainties in the aperture of the AGASA instrument
may be important.

There are also unanswered questions about the HiRes data. The ‘dis-
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appearance’ of the events reported as being above 10?° eV in 1999 is at-
tributed to a better understanding of the atmosphere which is now claimed
to be clearer than had previously been supposed. The Hamburg results
were prepared using an ‘average atmosphere’ so presumably some events
will subsequently be assigned larger energies and some smaller ones. Two
further issues need resolving. Firstly, an accelerator-based calibration of
the fluorescence yield [13] claimed ‘that the fluorescence yield of air be-
tween 300 and 400 nm is proportional to the electron dE/dx.” This claim is
not consistent with information tabulated in the paper, where it is shown
that the yield from 50 keV electrons is very similar to that from 1.4 MeV
electrons, or with the dE/dx curve plotted there, normalised to the 1.4
MeV measurements, which does not fit the accelerator data for 300, 650
and 1000 MeV electrons. The latter discrepancy is about 15 — 20% and in
such a direction as would increase the HiRes energies. Secondly, Nagano
et al. [14] has described a new measurement of the yield in air from 1.4
MeV electrons. In what seems to be a very careful study, they find that the
earlier results give a higher yield at 356.3 nm and 391.9 nm than is found
now. Nagano attributes the absence of background corrections as being
responsible for at least some of the discrepancies [15]. These long wave-
lengths become increasingly important when showers are observed at the
large distances needed at the highest energies because of Rayleigh scatter-
ing. The magnitude of the adjustments that need to be made to the HiRes
data are presently unclear and further fluorescence yield measurements are
certainly required.

At the Hamburg meeting, the HiRes group also reported data from
their stereo system. In 20% of the monocular exposure they found one
event with an energy estimated as being close to 3 x 10%° eV, the energy of
the largest event found with the Fly’s Eye detector [16]. The significance of
this event was stressed strongly at a meeting in April 2002 [17]. My opinion
is that the spectra from AGASA and HiRes will come together as further
understanding is gained of the models and of the atmosphere. Knowledge
of the mass composition will also help considerably. For now it seems that
trans-GZK events do exist but that the flux of them is less certain than
appeared a few years ago.

3.2. Arrival Direction Distribution

The angular resolution of shower arrays and of fluorescence detectors is
typically 2 — 3°. The arrival direction of the 59 events with energy above
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4 x 10'° eV registered by the AGASA group is shown in figure 2[18]. It is
evident that the distribution is isotropic and that there is no preference for
events to come from close to the galactic or the super-galactic planes. The
AGASA group draw attention to a number of clusters, where a cluster is
defined as a grouping of 2 or more events within 2.5°, It is claimed that
the number of doublets (5) and triplets (1) could have arisen by chance,
with probabilities of 0.1% and 1%. The implications of such clusters would
be profound but my view is that the case for them is not proven. The
angular bin was not defined a priori and the data set used to make the
claim for clusters is being used in what has become the ‘hypothesis testing’
phase. Furthermore, I note that the directions of the 7 most energetic
events observed by Fly’s Eye, Haverah Park, Yakutsk and Volcano Ranch
do not line up with any of the 6 cluster directions.

Supergalactic
Plane

901

Q

Figure 2. AGASA arrival direction distribution for 59 events above 4 x 10!® eV. The
most energetic events (> 1020 eV) are shown by squares [18].

It is hard to understand the isotropy if the local extragalactic magnetic
field is really 1072 gauss. A proton of 10%° eV would be deflected by only
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about 2° over a distance of 20 Mpc if the field has a 1 Mpc correlation
length [19]. If the fields were much higher, as has been suggested [20], then
the lack of anisotropy might be understood, but more energy is then stored
in the magnetic field and this might create other difficulties. Similarly, if
the charge of the particles initiating the showers was much higher than
Z=1, the isotropy could be explained.

3.3. Mass Composition

Interpretation of the data on UHECRs is hampered by our lack of knowl-
edge of the mass of the incoming particles. There are data from several
experiments which can be interpreted as showing a change from a domi-
nantly iron beam near 3 x 1017 eV to a dominantly proton beam at 10'°
eV, but with another model a quite different interpretation can be made.
The situation is very unclear (and highly unsatisfactory) and is quite open
at higher energies: the data are just too limited and the interpretations are
ambiguous. A difficulty is that both the fluorescence detectors and ground
arrays must rely on shower models to deduce composition information.
Some progress has been made at constraining the photon flux. It is
unlikely that the majority of the events claimed to be near 10%° eV have
photons as parents as some of the showers seem to have normal numbers of
muons (the tracers of primaries that are nuclei) and the cascade profile of
the most energetic fluorescence event is inconsistent with that of a photon
primary {21]. Furthermore, there is now evidence that less than 40% of
the events at 10!° eV are photons. This limit has been set in two ways.
Taking the energy spectrum as measured by Fly’s Eye as being independent
of the mass of the incoming particles, the rate of showers coming at large
angles to the vertical can be calculated. Using Haverah Park data, it has
been found that the observed rate of inclined showers is much higher than
would be expected if the primary particles were mainly photons [22]. For
the Haverah Park data, it was shown that the energy of the primaries could
be estimated with reasonable precision and an energy spectrum could be
derived. This has led to a demonstration that the photon flux at 10'° eV is
less than 40% of the baryonic primary component. In addition to this novel
approach, a more traditional attack on the problem by the AGASA group,
searching for showers, which have significantly fewer muons than normal,
has given the same answer [23]. These experimental limits are in contrast
to the predictions of large photon fluxes from the decay of super-heavy relic
particles, discussed below. It is also unlikely that the majority of events are
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created by neutrinos as the distribution of zenith angles would be different
from that observed. Indeed, in all aspects so far measured, events of 1020
eV look like events of 101% eV, but ten times larger, and this statement can
be reiterated as we go to lower and lower energies were nuclei seem certain
to be the progenitors of showers.

4. Theoretical Interpretations

The UHECR enigma is attracting significant theoretical attention. Many
of the ideas suppose a form of electromagnetic acceleration while others
invoke processes that demand new physics.

4.1. Electromagnetic Processes

Currently, it is popularly believed that cosmic rays with energies up to
about 10'® eV are energised by a process known as ‘diffusive shock accel-
eration’. Supernovae explosions are identified as the likely sites, although
so far there is no direct evidence of acceleration of nuclei by supernova
remnants at any energy. The diffusive shock process, which has its roots in
some early ideas of Fermi, has been extensively studied since its conception
in the late 1970s. In [24] it is shown that the maximum energy attainable
is given by E = kZeBRfc, where B is the magnetic field in the region of
the shock, R is the size of the shock region and k is a constant less than 1.
The same result has been obtained by a number of people and most authors
agree upon it. However, some claim that the diffusive shock acceleration
process can be modified to give much higher energies than indicated by
the equation and that radio galaxy lobes, in particular, are probable ac-
celeration sites. It is difficult to see how an energy of 3 x 102° eV can be
accounted for if the size of the shock region is 10 kpc and the magnetic
field is 10 G (values thought typical of lobes of radio galaxies), as even
the optimum estimate of the energy is lower by a factor of 3 than the ob-
servational upper limit. It could be that the magnetic fields are less well
known than is usually supposed, a line of argument that also comes from
the arrival direction work mentioned above.

4.2. Non-electromagnetic Processes

A number of proposals have been made which dispense with the need for
electromagnetic acceleration. In general, attention has been focused on the
very highest energy events (> 10%° eV). However, it is my view that pro-
posers of some of the more exotic mechanisms often overlook one or more
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important points. Any mechanism able to explain the very highest energy
events must also explain those above about 3 x 10! eV, where the galactic
component possibly disappears. The spectrum above this point is probably
too smooth to imagine that there are two or more radically different com-
ponents — although this might be seen by some as an almost philosophical
argument, particularly in view of the scatter seen in figure 1! In addition,
the solutions proposed must produce particles at the top of the atmosphere
that can generate showers of the type we see, and now understand rather
well. Finally, source energetics cannot be ignored: there seems little point
in inventing a mechanism to ‘solve’ the GZK cut-off problem that requires
a source region that is unrealistically energetic.

An overview of the various mechanisms proposed can be found in [3] and
I will only discuss one of these here. It has been suggested that UHECR,
arise from the decay of super-heavy relic particles. In this picture, the cold
dark matter is supposed to contain a small admixture of long-lived super-
heavy particles with a mass > 10'2 GeV and a lifetime greater than the age
of the Universe [25]. It is argued that such particles can be produced dur-
ing reheating following inflation or through the decay of hybrid topological
defects such as monopoles connected by strings. 1 find it hard to judge how
realistic these ideas are but the decay cascade from a particular candidate
(26] has been studied in some detail [27, 28]. A feature of the decay cas-
cade is that an accompanying flux of photons and neutrinos is predicted
which may be detectable with a large enough installation. The anisotropy
question has been examined by several authors and specific predictions for
the anisotropy that would be seen by a Southern Hemisphere observatory
have been made. The observation of the predicted anisotropy, plus the
identification of appropriate numbers of neutrinos and photons, would be
suggestive of a super-heavy relic origin. While the super-heavy relic idea
has received much attention, the experimental result on the photon/proton
ratio at 10'® eV appears not to support it (figure 3). Predictions of the
photon/proton ratio are in the range 2 to 10.

5. Detectors of the Future
5.1. The Pierre Auger Observatory

The Pierre Auger Observatory was conceived to measure the properties
of the highest energy cosmic rays with unprecedented statistical precision.
When completed, it will consist of two instruments, constructed in the
Northern and Southern Hemispheres, each covering an area of 3000 km?.
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Figure 3. The measured spectrum of inclined showers (60° < 8 < 80°) compared with
predictions made for protons, iron nuclei and photons [22].

The design calls for a hybrid detector system with 1600 particle detector
elements and three or four fluorescence detectors at each of the sites. The
particle detectors will be deep water-Cherenkov tanks arranged on a 1.5
km hexagonal grid. These detectors have been selected because water acts
as a very effective absorber of the multitude of low energy electrons and
photons found at distances of about 1 km from the shower axis.

At the Southern site (see figure 4) fluorescence detectors will be set
up at four locations, on small promontories at the array edge: the site is
close to the town of Malargue. During clear moonless nights, signals will
be recorded in both the fluorescence detectors and the particle detectors,
while for roughly 90% of the time only particle detector data will be avail-
able. Construction of an engineering array in Mendoza Province, Argentina,
containing 40 water tanks and a section of a fluorescence detector has been
completed (September 2001) and all of the sub-systems of the Observatory
have been demonstrated. The array includes many novel features in its
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design [29]. The first ‘hybrid’ events were recorded in December 2001 and
there is great confidence that the observatory will work as designed. When
the Auger Observatory at Malargue has operated for 10 years, we would
expect to have recorded over 300 events above 10%° eV.
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Figure 4. Plan of the Pierre Auger Observatory near Malargue, Mendoza Province,
Argentina. Most of the water tanks will be located on the Pampa to the north east of
the town of Malargue, which is about 200 km south of the city of San Rafael. Each
dot, within the area to the left of route 40, marks the planned position of a water tank.
The tanks are separated by 1.5 km. Fluorescence detectors will be established at 4 sites
(from Auger plot library).

6. EUSO and OWL

Achieving an exposure greater than that targeted by the Auger Observatory
is a formidable challenge. A promising line is the development of an idea
due to Linsley [30]. The concept is to observe fluorescence light produced by
showers from space with satellite-borne equipment. It is proposed to moni-
tor ~ 10° km? sr (after allowing for an estimated 8% on-time). Preliminary
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design studies have been carried out in Italy and the USA. An Italian-led
collaboration has proposed a design that is under study for flight in the
International Space Station and is now (September 2002) in Phase A. This
is known as EUSO (the Extreme Universe Space Observatory), and has the
potential to detect neutrinos in large numbers as well as UHECRs. Obser-
vations are scheduled to start in 2008: the twin satellite OWL project will
follow sometime later. These projects require considerable technological
development but may be the only way to push to energies beyond whatever
energy limits are found with the Auger instruments.
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1. Introduction

The energy spectrum of cosmic rays (CR) extends over at least 12 decades
in energy and 30 decades in intensity. It follows a power law with only few
features, the most prominent is a change of the spectral index at about 4
PeV, the so called knee. Little is known about the origin of the knee.This is
mainly due to the very low fluxes of CR at these energies of about 1 particle
per square meter and year. Direct measurements, usually with balloons and
satellites, are impossible at these low fluxes. CR are therefore studied at
ground level with large detector systems via their secondary particles in
extensive air showers (EAS).

An EAS induced by a primary particle with an energy of e.g. 1 PeV
consists at sea, level typically of about 10® particles, mainly photons and
electrons but also muons and hadrons. The secondary particles form a
shower disk with a thickness of typically 1 m in the center with a lat-
eral extension of up to few hundred meters. In a simplified picture, the
number of muons of an EAS is an estimator of the energy of the primary
particles, the number of electrons is more sensitive to their mass. Detailed
measurements of many different components of individual EAS allow the
reconstruction of the primary energy spectra and chemical compositions of
cosmic rays.

2. The KASCADE experiment

The KASCADE? (Karlsruhe Shower Core and Array Detector) experiment!
is located at the Forschungszentrum Karlsruhe, Germany (110 m a.s.l.). It
consists of three major detector systems (see Fig. 1), the 200x200 m? field
array with electron and muon counters, a central detector with a large
hadronic calorimeter and muon detectors with different threshold energies
and a muon tracking detector in an underground tunnel. Lateral distribu-
tions and time profiles for all particle types as well as incident angles of
individual high energetic muons or hadrons and the energies of the hadrons
are reconstructed. This gives a very complete picture of single air showers
and in combination with detailed EAS simulations, answers to the main
scientific questions of KASCADE, the energy spectra and chemical compo-
sitions of cosmic rays can be expected.

This paper will focus on the field array. More details about the other
components of KASCADE can be found in Ref.!.

SWWW pages of KASCADE: http://www-ik.fzk.de/KASCADE_home.htmi
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Figure 1. Schematic layout of the KASCADE experiment (left) and KASCADE field
array detector station (right).

3. Field Array

The purpose of the field array is the reconstruction of the incident angle,
shower core, and electron and muon numbers of individual air showers.

The 252 detector stations of the field array are arranged on a rectan-
gular grid of 13 m spacing (Fig. 1, left). The stations are organized in 16
electronically independent clusters each with 16 stations in the 12 outer
clusters and 15 stations in the four inner clusters.

The stations (Fig. 1, right) contain four detectors in the four inner
resp. two in the 12 outer clusters filled with 5 cm thick custom made liquid
scintillator (PMP) with an area of 0.8 m? each for the electromagnetic com-
ponent. The energy resolution of the detectors at 12 MeV (energy deposit of
m.i.p) is about 12%, the time resolution 0.8 ns. Energy deposits equivalent
to 1250 m.i.p. are detected linearly with a threshold of 0.25 m.i.p. (about 3
MeV). The 192 stations in the 12 outer clusters are additionally equipped
with four sheets of plastic scintillator detectors, 90 x 90 x 3 cm? each. These
detectors, mounted below an absorber of 10 cm lead and 4 cm iron which
corresponds to more than 20 radiation lengths and to a muon threshold of
0.3 GeV, are used to measure the muonic component of an air shower. The
total detector area is about 490 m? for the electromagnetic and 622 m?
for muon detectors. The energy sum, the arrival time of the first shower
particle in a station and the hit detectors are read out individually for the
muon and e/ detectors. In addition, 16 Flash ADCs are installed in one
cluster to measure more detailed the time profile of electrons and muons in
the shower disk.

The present trigger conditions are a detector multiplicity of 10/20 out
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of 32/60 e/~ detectors fired in at least one of the outer/inner clusters. This
results in a 3 Hz trigger rate and a threshold in primary energy of about
0.6 PeV for proton and 0.8 PeV for iron showers.

]

[ns

energy deposit [MeVImzl
arrival time

Figure 2. Energy deposits (left) and arrival times (right) of the particles in an air
shower measured by the e/ detectors. The reconstructed electron number is about
258000 electrons, the shower core is at x = 40 m, y = 0.6 m and the zenith angle 32
degrees.

4. Reconstruction of extensive air showers

A typical shower event seen by the KASCADE electron detectors in the
field array is shown in Fig. 2. The reconstruction of the shower parameters
is done by an threefold iteration procedure.

In the reconstruction, detector signals are corrected for *wrong’ particle
contributions, i.e. the electron detectors are corrected for contributions of
particles others than electrons, the muon detectors for the punch-through of
other particles than muons. The expected contamination of wrong particles
is estimated from their fitted lateral distributions of previous reconstruc-
tion levels. These corrections are obtained from CORSIKA? air shower
simulations followed by a detailed detector simulation based on GEANTS3.

In the first reconstruction level the shower core is obtained by a center
of gravity of the signals in the electron detectors, the shower direction by
applying a gradient method using the arrival times in these detectors. Elec-
tron and muon shower sizes are obtained by weighted sums of the relevant
detector signals. No minimizations are used in this level, its main purpose
is giving good starting parameters for the following levels.

In level 2 and 3, the shower direction fit takes into account expectation
values and spreads of the arrival time distributions dependent on the dis-
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Figure 3. 'Two examples of arrival time distributions (left) for two and 50 particles per
station and 30-35 m shower core distance. The right figure shows three examples of the
median of these distributions vs. the shower core distance for 1, 2 and 5 particles per
station. The arrival times are relative to a plane fitted to the shower front.

tance to the shower core and the particle numbers in the stations?. Fig. 3
shows as an example the arrival time distributions for 2 and 50 particles per
station for a distance of 30-35 m from the shower core. Stations with more
particles have arrival time distributions with expectation values shifted to
earlier times and a smaller spread compared to stations with less particles.
The latter gives them a larger weight in the direction fit. The distance
dependence of the median of the arrival time distributions can also be seen
for some. particle numbers in Fig. 3. A parameterization of the median and
spread of these measured distributions is used in a robust absolute value
minimization to determine the shower direction.

A fit of the Nishimura-Kamata-Greisen (NKG) function to the particle
densities gives the core position and the electron and muon numbers. The
NKG-function is an approximation of an analytical calculation of electro-
magnetic showers and describes the particle density at a distance r from
the shower core for an vertical EAS with particle number N and form pa-
rameter (age) s:

N ]_"(45 B S) r s—2 r s—4.5
_ v — 1+ —
pNkaG(r,s, N) 2, 2 (s)['(4.5 — 25) (TM) < i TM)

The Moliere radius rps is fixed because of its strong correlation to the
shower age (see Fig. 4 in Ref.®) to 89 m respectively 420 m for the fit to
the electron resp. muon lateral distribution.

The accuracy of the direction and core reconstruction can be seen in
Fig. 4, the accuracy of the electron and muon reconstruction in Fig. 5.
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Figure 4. Angular and core position resolution obtained by the chessboard method for
KASCADE array data. The stated values correspond to 68% confidence levels of the
associated distributions. The core position resolution worsens due to detector overflows
at very large shower sizes.
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Figure 5. Systematic error and statistical accuracy of reconstructed electron (left) and
muon (right) number obtained from Monte Carlo simulations. The truncated muon
number is the number of muons reconstructed between 40 and 200m.

5. Summary and Conclusion

The KASCADE array is in operation since December 1995, more than 650
millions events have been measured. The measured electron and muon
number spectra (Fig. 6) of KASCADE at various zenith angles show the
changing of the power law index due to the knee. The more prominent knee
in the electron size spectra attenuates as expected with zenith angle of the
EAS due to the increasing thickness of the passed atmosphere®.

Several analysis of the electron and muon size spectra have been carried
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out to obtain the primary energy spectra’®9%1%, An overview over recent
results of KASCADE is given in Ref.!1.
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Figure 6. Electron (left) and muon (right) size spectra for different angular bins.
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The Fluorescence Technique is one of the two methods used by the Pierre Auger
Observatory to detect Extensive Air Showers. An overview of the reconstruction
chain developed in our group as well as some analyzed real data concerning the
geometrical reconstruction is shown. Finally an outlook of future work due to the

reconstruction of the longitudinal shower development is presented.

1. Introduction

The Fluorescence Detector of the Pierre Auger Observatory (PAO) mea-
sures the longitudinal profile of Extensive Air Showers (EAS). An EAS is
initiated by Cosmic Rays (CR) arriving on Earth and interacting with the
molecules of the atmosphere. Mainly it consists of three parts, the hadronic,
the muonic and the electromagnetic component. One main goal of the PAQ
is to measure the energy spectrum of CR at the very high end of the energy
spectrum exceeding 108 eV to clarify whether there is the predicted GZK
cutoff or any directional anisotropy as well as what is the composition. Fur-
thermore aims are to investigate how such energies are reached (so-called
Bottom-Up or Top-Down scenarios), what the sources are and the question
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how particles of such energies propagate to the Earth?. By the PAQO, with
two complementary detector types, the longitudinal profile and the particle
distribution on ground are measured.

2. Experimental Setup

The PAO is situated near Marlagiie in Argentina and contains of two differ-
ent detectors. On the one hand there is the Surface Detector (SD) consisting
of 1600 water Cerenkov tanks on a 1.5 km grid covering an area of 3000
km? and on the other hand the Fluorescence Detector (FD) observing the
atmosphere above. The FD contains of 24 fluorescence telescopes {30° x 30°
each) distributed over 4 so-called 'eyes’ (180° x 30°) and sensitive in the
wavelength band of 300 — 400 nm. Each camera of these telescopes is built
of 440 photomultipliertubes (PMT). The SD measures the Cerenkov yield
of ground particles in water (lateral distribution). As the charged particles
excite the nitrogen of the atmosphere, which de-excites by emitting - with
small efficiency - fluorescence light, the longitudinal profile is detected by
the FD, for more detailed technical information see Ref.[1] . For predictions
about the shower geometry, the primary energy and the composition, one
has to reconstruct the CR from the raw data in the form of ADC counts.

3. Reconstruction Chain

There are different possibilities concerning reconstructing data, particularly
at which level to compare the data with simulations. In this article the way
for a comparison of photons at the diaphragm is described. After introduc-
ing the basic parameters concerning the shower geometry, an overview of
the whole reconstruction chain is given. The geometrical reconstruction is
discussed in more detail with reference to examples of real data. Later, a
couple of improvements are introduced.

3.1. Shower Geometry

As it is also needed for the energy and composition the geometrical re-
construction is the most basic step. Considering the EAS being detected
at large distance of the detector and the fluorescence light being emitted
isotropically the shower can be assumed as a point source with speed of
light. Fig.1 shows the Shower Geometry within the so-called Shower De-
tector Plane (SDP), which is the plane spanned by the Shower Axis (SA)

®for more details, see also the contribution of A. Watson in these proceedings
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and the detector. The unit normal to this plane is determined by fitting a
plane to all the direction vectors of PMT which detect scintillation light.
The SA is determined within the SDP by the angle xo, the impact param-
eter R, and the time Tj related to this parameter, see Ref.[9].

Eye Impact Point

Figure 1. Shower Geometry

The trigger times t; of each pixel are connected with these parameters as
given by the following equation.

R i
ti =Ty + —cﬂmn(’“’—zﬁ) )

Thus after fitting Eq. (1) the shower geometry is determined.

3.2. Querview

The raw data of the FD consist in ADC counts as a function of time.
Taking into account the detector calibration the ADC counts are directly
connected to the number of photons at the diaphragm as a function of
altitude and time. As result of the geometrical reconstruction the shower
axis, i.e. its zenith and azimuth angle as well as the impact point are known
(see Fig. 2). Having determined the SDP and the SA, an algorithm using
the brightest pixel is employed to make an energy estimate, for details see
Ref[3]. In the case of hybrid events, i.e. showers which are detected by
both the SD and the FD, additional information coming from the SD as e.g.
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the SD core position is used to improve the minimization concerning the
geometry. This provides a first geometry and energy guess which is given as
input to CORSIKAP, see Ref.[4]. As output CORSIKA gives the number
of charged particles along the shower track. Taking into account, the energy

Raw Data

¥ s at diaphragm

Geom. Rec.!

« SDP, SA ,
o Zenith, Azimuth
¢ Impact Point.

using:
* gecmelry
» brightest pixel .47

Figure 2. Example of a reconstruction scheme

deposit as well as the flourescence yield and an atmospheric model¢, the
number of photons reaching the detector is calculated. Knowing the field of
view of each PMT one can loop over the triggered (here simulated) pixels
and get finally the simulated number of photons at the diaphragm? as a

®Cosmic Ray Simulation for Kascade and Auger

“These items are not yet known with satisfying accuracy, e.g. the fluarescence yield has
uncertainties up to about 10%, see Ref.[6].

din units of 370 nm equivalent photons per 100 ns time bin, as described in Ref.[10]
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function of time and altitude®, which is the level of comparison to the data.
Varying the primary energy and the composition within the simulationsf
implies different (simulated) photons as a function of time profiles at the
telescope diaphragm. A maximum likelihood or x? is then used to extract
the primary energy and composition.

3.3. Some Results

From December 2001 until the end of the prototype phase, at the end of
March 2002, the so-called Engineering Array consisting of about 30 water-
tanks and two telescopes were already taking data in hybrid mode succes-
fully. Fig.3 and Fig.4 show exemplary the geometrical reconstruction of an
event.
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Figure 3. Time Fit
In Fig.3 the time-fit corresponding to Eq.1 is given for this particular hy-

brid event. All the information about the SA geometry is contained within
this curve.

This is done in the box ”Sim Rec” in Fig. 2, for detailed description see Ref.[3].

fOf course finally this should be done more carefully using some unfolding to get rid of
large fluctuations in the energy spectrum as well as using as many observables as possible
measured by the SD.
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Fig.4 shows a three dimensional view of this event. The small spots are the
triggered pixels within the SDP, the larger ones on the ground stand for

“E336:R236
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Figure 4. 3D-view of E336R236

the tanks of the Engineering Array while the crossed ones were not working
that time.

3.4. Pizel Pointing

As the shower geometry is used to calculate the primary energy and the
composition, it is important to determine it as precisely as possible. Since
the optical axis of the cameras are not aligned perfectly and due to opti-
cal aberration as well as other optical unalignments in general the pixels
are not pointing as theoretically planned and constructed. Using the star
background one can calculate the real pointings, Ref.[8]. Therefore the pre-
dicted positions of bright stars within the wavelength band of 300 — 400
nm are compared with the measured ones, i.e. the pointing of these pix-
els viewing that star are determined. Fig.5 shows a star traversing a FD
camera. Plotted are the variances of the outputs of those pixels pointing
towards the star at a certain time. When the maximum of a light curve is
reached and the surrounding pixels detect no signal, the star is close to the
real center of the field of view of this pixel.
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By averaging over a large number of stars the effective pointings of each
pixel are available more precisely by using this method.
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Figure 5. Star traversing FD Camera

3.5. Cerenkov Contamination

The FD measures fluorescence photons produced by charged particles in
the atmosphere. Since these particles have velocities close to the speed
of light, additionally Cerenkov photons are produced in this medium also
in the fluorescence band. After traversing the atmosphere, a certain ratio
of scattered (Mie and Rayleigh) and where appropriate of direct Cerenkov
photons reach the cameras. As by doing the reconstruction it is calculated
from the raw data over photons to energy deposit of charged particles in
the atmosphere these Cerenkov photons can disturb the data interpreta-
tion. Thus, the amount of Cerenkov photons within the raw data has to be
subtracted. In Fig.6 and 7 the number of Cerenkov photons per solid angle
at three different atmospheric depths is plotted versus the angle with re-
spect to the shower axis. The calculation is done by CORSIKA for vertical
showers induced by an iron and a proton of 10!® eV each. Also plotted is the
amount of fluorescence photons. These curves are horizontal as the fluores-
cence light is emitted isotropically. The ratio of Cerenkov to fluorescence
light is not negligible especially for smaller angles to the shower axis, see
Fig.6 and 7. While around 20° the contribution of different kinds of light
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is comparable at least for larger atmospheric depths, the contamination
decreéases with increasing angles to the shower axis.
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Figure 6. Emission of Cerenkov photons compared to Fluorescence for Iron
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Figure 7. Emission of Cerenkav photons compared to Fluorescence for Proton

4. Conclusions & outlook

The Engineering Array of the PAO is working. Having detected nearly one
hundred hybrid events the prototype phase was succesful. The geometrical
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reconstruction is also working. Not yet taken into account is the uncer-
tainty of the pixel pointing but a possibility of improvement was presented
and further calculations are under progress. An example of a reconstruc-
tion chain concerning energy and composition has been presented, in which
particularly three aspects were not yet included. First the Cerenkov Con-
tamination, which was shown to be not negligible. It is planned to connect
the Cerenkov output given by CORSIKA to the simulation within the re-
construction for substracting the appropriate amount of photons. Secondly
the important factor of fluorescence yield, which is up to now not known
precisely enough. Some new measurements are already planned, see Ref.[5].
Finally since the fluorescence yield as well as the Mie and Rayleigh scatter-
ing depend on the atmosphere‘s conditions (mainly pressure and tempera-
ture}, one needs a very good knowledge of this at the site in Argentina, see
Ref.[7]. Therefore ballon measurements with radio sondes have been per-
formed and are planned also for future to get a more precise atmospheric
model. Additionally a good monitoring of the atmosphere is needed, that
is why some groups are working on Lidar systems as well, see e.g. Ref.[2].
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‘We have developed a fast one-dimensional hybrid method to calculate the develop-
ment of extensive air showers. Based on precalculated pion induced showers and
a bootstrap technique, this method allow us to simulate ultra-high energy showers
with the collection of sufficiently high Monte Carlo statistics. It predicts the av-
erage shower profile, the number of muons at detector level above several energy
thresholds as well as the fluctuations of the electromagnetic and muon components
of the shower. As an application of this code we investigate the main character-
istics of of proton-induced air showers up to ultra-high energy, as predict by four
hadronic interaction models: SIBYLL 1.7, SIBYLL 2.1, QGSjet98 and QGSjet01.

1. Introduction

Extensive air showers (EAS) generated by cosmic rays in the Earth’s
atmosphere are the only way to study cosmic rays of energies above 10*® eV.
Air shower experiments are either ground arrays of detectors that trigger
in coincidence when the shower passes through them, or optical detectors
that observe the longitudinal development of EAS. The most commonly
observed EAS parameters are the number of charged particles at ground
level for the shower arrays, or at shower maximum (Sy,,) for the optical
detectors; the depth of shower maximum (X ,,x) itself, and the number of
muons (N,) above different energy thresholds.

The analysis of air shower data relies on simulations that use the current
knowledge of hadronic interactions to predict the observable shower pa-
rameters. Different hadronic models predict in fact different, and at times
contradicting distributions for the values of important observable quanti-
ties for a set of showers generated by primary particles of a fixed type,
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energy and zenith angle. The main source of these differences arises from
the uncertainties in the extrapolations of the hadronic interaction proper-
ties, performed by different models over a wide range of energy. This is
due to the gap between the shower energy and the energy range studied in
accelerator experiments, which increases with cosmic ray energy.

Once a hadronic interaction model has been chosen, it remains a tech-
nical but nonetheless very difficult problem: the calculation of the gigantic
showers that corresponds to the cosmic ray energy spectrum (>10'% eV).
This is due to the huge number of charged particles that have to be followed
in the Monte Carlo scheme, in which is proportional to the shower energy.
For instance, highest energy cosmic ray showers!'2 can have more than 101!
charged particles at Xy.x. As a consequence the direct simulation of the
shower following each individual particle becomes practically impossible.

The widely used solution to this problem is the simulation of EAS using
the thinning technique as suggested by Hillas®. This method is extremely
useful to estimate detectable signals 5. To keep the complexity of the
problem at an affordable level, interactions, propagation and decay are
simulated only for a representative number of EAS particles which are given
higher weights. Due to this, artificial fluctuations are introduced even when
small thinning thresholds are used. Various methods of reducing artificial
fluctuations have been proposed recently®’, optimizing the compromise
between time-consuming simulations and fluctuation-enhancing thinning.

In this paper we explore a different way of calculating the air shower
development - an efficient one-dimensional hybrid calculation of the elec-
tromagnetic and muon component of EAS. Here we follow the approach
of Gaisser et al® and treat the subthreshold particles with a library of
shower profiles based on presimulated pion-initiated showers. This idea
can be combined in a bootstrap procedure® to extend the shower library
to high energy. The novelty of this work is that we extend the method®-?
by accounting for fluctuations in the subshowers generated with the shower
library, and also calculate the number of muons at detector level above
several energy thresholds.

Some of the results obtainede with the method have been already
published!®. We briefly introduce the method and present results for more
interaction methods.
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2. A Hybrid Simulation Technique

The hybrid method used in this work consists of calculating shower ob-
servables by a direct simulation of the initial part of the shower. We track
all particles with E > fEg, where Ey is the primary energy and f is an
appropriate fraction of it (in the following we will use f = 0.01). Then
presimulated showers for all subthreshold particles are superimposed after
their first interaction point is simulated. The subshowers are described with
parametrizations that give the correct average behavior and at the same
time describe the fluctuations in shower development. This method allows
naturally to “bootstrap” itself to higher and higher energy, because the
results for showers of energy Eg can then be used to calculate the develop-
ment of showers of higher energy E; > Eg, and so on recursively. Although
we do not need to account for the sub-PeV pion shower fluctuations for
the calculation of 100 EeV showers, we parametrize the fluctuations in the
whole energy range to be able to calculate correctly showers that could be
simulated with direct Monte Carlo, and check and normalize the bootstrap
procedure.

We build a library of presimulated showers by injecting pions of fixed
energy E,, at fixed zenith angle 6 and depth X measured along the shower
axis. The atmospheric density adopted here corresponds to Shibata’s fit of
the US Standard Atmosphere!®17, very similar to Linsley’s parametriza-
tion. We limit the injection zenith angles to < 45°. Nucleons are followed
explicitly in the Monte Carlo down to the particle production threshold.

Photon and electron/positron induced cascades are treated with a full
screening electromagnetic Monte Carlo in combination with a modified
Greisen parametrization. The electromagnetic branch of the Monte Carlo
includes photoproduction of hadrons. For energies above 1 EeV, the
Landau-Pomeranchuk-Migdal (LPM) effect!819:20 is taken into account us-
ing an implementation by Vankov?!,

When building the library we have accounted for fluctuations in the
main observables describing the behavior of the longitudinal development
of the subthreshold showers namely: Sp,.x, the maximum number of e~ +et
in the shower; Xmax, the depth at which the maximum of the shower occurs
and N 2bs, the number of muons above the threshold energies of 0.3, 1, 3,
10 and 30 GeV both at sea level and at a depth of 400 g/cm? above the sea
level measured along the shower axis.

We have simulated primary pions of energies between 10 GeV and 3 EeV
with a step in energy of half a decade, interacting at fixed atmospheric
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depths X, = 5, 50, 100, 200, 500 and 800 g/cm?. 10,000 (5,000) pion
showers were fully simulated for each interaction depth at energies Ey from
10 GeV to 300 GeV (from 1 TeV to 316 EeV), 2 energies per decade. For
each energy, injection zenith angle and depth (i.e. a point in the library)
we obtain the distributions of Xjax and Spax, the correlation between
them, the distributions of NV, I‘jbs with energies above the thresholds indicated
above, and the slope of the muon longitudinal profile between sea level and
a slant depth of 400 g/cm? above sea level.

Although it is unlikely to produce a high energy pion deep in the at-
mosphere, we also calculate their interactions at depths as large as 500
and 800 g/cm? to obtain an accurate description of the muon numbers at
sea level and a better description of the late developing electromagnetic
showers. For showers initiated after 500 g/cm? the atmosphere has been
artificially extended beyond ground level. The distributions of muons are
easily extended to other depths (corresponding to the observation level of
different experiments) by extrapolation. For this task we use the slope of
the muon longitudinal profile.

The longitudinal development of subthreshold meson induced showers
is parametrized using a slightly modified version of the well-known Gaisser-
Hillas function®? that gives the number of charged particles at atmospheric
depth X:

X exp [_ (X ;())g,)n)] 1)

Here A(X) = Ag+bX +cX? where Ag, b and c are treated as free parameters.
Xo is the depth at which the first interaction occurs. The parameters b and
c are assumed to be the same for all showers initiated at a given depth,
angle, and energy. They are determined by fitting the mean shower profile
of the parametrized showers to that obtained from the simulated shower
profiles.

Instead of using the average values of Xax and Spax to generate sub-
threshold meson showers of a certain energy, we sample their values (as well
as the number of muons) from their corresponding presimulated distribu-
tions, taking into account the correlation between them. This procedure
accounts for the fluctuations in the subshower development. A technical
remark is that we sample the observables directly from their precalculated
histograms, i.e. we do not assume any functional form for the distribution.
In this way our code is very flexible - it allows the study of hadronic mod-
els that predict distributions of observables not easily fitted by analytical
functions.

X _ XO >(Xrnux_X0)/A(X)

SGH(X) = Smax (m
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We sample meson subshowers at a zenith angle, depth and/or pri-
mary energy different from those we have presimulated by interpo-
lating between the relevant parameters of the shower development:
Xmax, Smax, Xo, b, C, Nu-

To ensure the consistency of our simulation approach, we have com-
pared full simulations of pion showers to hybrid simulations for the same
initial energy and depth using several energy thresholds. We find a very
good agreement between the average values of the different observables and
their fluctuations in the direct and hybrid simulations. Table 1 compares
the direct simulations and the hybrid method for 5,000 vertical pion show-
ers with fixed first interaction point at Xo=5 g/cm?, energy 10*¢ eV for
the four hadronic models. It is very important to note that the differences
between the two methods of calculation are much smaller than those intro-
duced by the different hadronic interaction models, i.e. by using the hybrid
approach we do not lose sensitivity to the models we are considering. At
primary energy 10'® eV, the saving in CPU time over direct simulations
is a factor about 25 for the nominal energy threshold of 0.01E. All CPU
times illustrated in this work refer to a 1 GHz AMD Athlon processor.

The relative differences in the average numbers (Tab. 1) are less than
0.5% for all hadronic interaction models. The same comparison for showers
generated by primary pions with incident zenith angle of 45° shows larger
differences between direct and hybrid simulations, but they are smaller than
2%. We believe these relatively small errors come mostly from the repre-
sentation of the intrinsic fluctuations in the shower development and from
the interpolation in energy and atmospheric depth that the code performs.

Our results also show a remarkable stability under changes of the energy
threshold, from which we conclude that the primary to threshold energy
ratio we have used (Finy = F/100) is sufficient to achieve a very good
description of the average values and fluctuations of observables in nucleon
and pion initiated showers.

3. Results for proton-initiated showers

In this section we apply the hybrid approach described above to simu-
late proton-initiated showers at fixed energy. In the following we consider
the hadronic interaction models SIBYLL, and QGSjet. We have created li-
braries for the model versions SIBYLL 1.723, SIBYLL 2.12425, QGSjet9826
and QGSjet012”. QGSjet and SIBYLL are sufficiently different to illustrate
various important points of how properties of hadronic interactions are re-
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Figure 1. Average depth of maximum (left panel) and its fluctuation (right panel) of
proton showers as function of primary energy. The lines represent 5,000 events gen-
erated by our hybrid method, at § = 45°, using SIBYLL 1.7 (dotted), SIBYLL 2.1
(solid), QGSjet98 (dashed) and QGSjet0l (thick dashed). The symbols show the val-
ues of (Xmax) averaged over 500 showers obtained with CORSIKA using the thinning
procedure.

flected in shower observables. In addition they are commonly used for the
analysis of air shower measurements.

3.1. Depth of Maximum Development

Xmax is a typical shower parameter measured by fluorescence and
Cherenkov light detectors in several experiments. Knowing the shower en-
ergy, the mean depth of shower maximum and its fluctuations can be used
to infer the primary cosmic ray composition. In Fig. 1 we compare our pre-
dictions for proton showers to those obtained in the framework of the COR-
SIKA code®® using similar (or identical) hadronic interaction models29:39,
Each of the points generated with CORSIKA represents the mean value
of Xmax over 500 showers using the thinning procedure. The values of
(Xmax) and o calculated by both codes for the same models are in very
good agreement?!, within the larger statistical uncertainty of this particu-
lar CORSIKA calculation. This provides us a further check on the validity
of the hybrid simulation method.

Fig. 1 shows the average values of X;,ax and o as function of primary
energy for proton showers injected at a zenith angle § = 45°. The lines were
produced averaging Xpmax over 5,000 showers. The predictions of SIBYLL
1.7, SIBYLL 2.1, QGSjet98 and QGSjet01 are shown. The first important
feature is that SIBYLL 2.1 predicts smaller (Xyax) values than SIBYLL 1.7
by about 20 g/cm? from 10 to 3 x 1020 eV. The predictions of SIBYLL 2.1
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are closer to the values produced by QGSjet98. In fact, at energies below
about 3 x 10'7 eV the difference is smaller than 10 g/cm? and it increases
with energy up to a maximum of 27 g/cm? at 3x10%° eV. QGSjet01 predicts
smaller values of (Xax) than QGSjet98 by ~7 g/cm? at 1017 eV and up to
12 g/cm? at 3x10%° eV. QGSjet predicts values of (Xmay) systematically
smaller than the ones produced by SIBYLL. This is due to the much higher
average particle multiplicity generated by both versions of QGSjet and ther
lower elasticity compared to SIBYLL. These two features are responsible
for the accelerated shower development in QGSjet. The width of the X nax
distribution is a measure of the fluctuations (o) of the position of the shower
maximum. As shown in Fig. 1, the fluctuations become less important at
very high energy. First of all, the fluctuations due to the position of the
first interaction point are smaller at high energy due to the large cross
section (small mean free path). Secondly, the large multiplicity of secondary
particles produces a correspondingly larger number of subshowers.

3.2. Number of Muons

The number of muons in a shower is an important observable which
depends strongly on the mass of the primary particle and is used in the
studies of the elemental composition of cosmic rays. It also directly reflects
the hadronic component of the shower and hence it is a sensitive probe of
the hadronic interactions.

Fig. 2 depicts the distribution in number of muons for five energy thresh-
olds obtained for 5,000 vertical primary proton showers at 10'%V. The
shape of the distributions for a fixed muon energy threshold is very similar
for the four models. One could see that the average numbers of muons
are higher, and their distributions wider, when calculated with QGSjet98
and QGSjet01 than in the distributions calculated with SIBYLL 1.7 and
SIBYLL 2.1, for all energy thresholds illustrated in Fig. 2. This is a conse-
quence of the higher multiplicity and multiplicity fluctuations in both ver-
sions of QGSjet. The difference in the averages (widths) between QGSjet98
and SIBYLL 2.1 is ~17% (~7%) for all energy thresholds while it becomes
larger between QGSjet98 and SIBYLL 1.7, increasing from ~28% (~17%)
at Ef*=0.3 GeV to ~35% (~27%) at EY'*=30 GeV. QGSjet01 produces
more muons than QGSjet98. The difference in the averages (widths) be-
tween these versions of QGSjet is ~8% (~5%) for all energy thresholds.
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Figure 2. Shower distribution in number of muons at sea level. The results are obtained
for 5,000 vertical primary proton showers at 1018eV for different muon energy threshold,
using different hadronic interaction models. The solid {(dotted) line represents the values
predicted by SIBYLL 2.1 (SIBYLL 1.7), while the dashed (thick dashed) line illustrates
the values for QGSjet98 (QGSjet01).

4. Summary

We have discussed an efficient, one-dimensional hybrid method to sim-
ulate the development of extensive air showers. The combination of Monte
Carlo techniques for the interactions of the shower particles above a cer-
tain hybrid energy threshold with a presimulated library of pion-induced
showers, allows us to simulate the development of large statistical samples
of air showers up to the highest energies observed. This technique accounts
for fluctuations in the shower development as well as the correlations be-
tween the different parameters describing the electromagnetic and muon
components of EAS. Showers simulated in this way can be used as input
to simulations for experiments measuring the longitudinal development of
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the shower. Besides this, hybrid simulations are very helpful for comparing
shower parameters predicted by different hadronic interaction models and
to aid the interpretation of the experimental results in this way.

We have shown the influence of different hadronic interaction models,
namely SIBYLL 1.7, SIBYLL 2.1, QGSjet98 and QGSjet01, on some shower
observables which are relevant for the determination of the energy and
chemical composition of the primary cosmic ray flux. We also have pre-
sented average values of X, and the number of muons above 0.3, 1, 3, 10
and 30 GeV at sea level, as well as the fluctuations of these quantities.
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Table 1. Average values of different observables and standard deviation of their
distributjons obtained by direct and hybrid simulations of 5,000 vertical pion
showers with fixed interaction point Xo=>5 g/cm?, and primary energy E = 1016
eV. The predictions of SIBYLL 1.7, SIBYLL 2.1, QGSjet98 and QGSjet01 are
presented. The energy threshold in the hybrid calculation is 0.01 E=1014 eV.

Model SIBYLL 1.7 SIBYLL 2.1
Direct Hybrid Direct Hybrid
(Xmax) [g/cm?] 603 602 587 586
0 {Xmax) [g/cm?] 49 50 51 49
{Smax)/E [GeV~1] 0.75 0.76 0.75 0.75

0 (Smax/E) [GeV~1] | 6.8x 102 6.8x10~2 | 6.3x10-2 6.2 x 10~2
(Nu) (> 0.3 GeV) 539 x 104 541 x 10% | 6.10 x 107 6.13 x 104

o (Ny,) 1.79x 10*  1.81 x 10* | 1.86 x 10*  1.87 x 10?
CPU Time [min] 935 33 1091 41
Model QGSjet98 QGSjet01
Direct Hybrid Direct Hybrid
(Xmax) {g/cm?] 574 576 570 568
0 (Xmax) [g/cm?] 55 56 56 57
(Smax)/E [GeV™I] 0.75 0.75 0.74 0.74

0 (Smax/E) [GeV™1] | 6.5x 1072 6.5x 1072 | 6.3x1072 6.3 x10~?
(Nu) (> 0.3 GeV) 6.87 x 10 6.91 x 102 | 7.14x10% 7.12x10%
o (Nu) 2.25 x 104 2.28 x 10* | 2.26x10% 2.24x10%

CPU Time [min] 1398 79 1512 99
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DELAYED SIGNALS —- NEW METHOD OF HADRON
STUDIES

KAROL JEDRZEJCZAK

Andrzej Sottan Institute for Nuclear Studies

Cosmic Ray Laboratory
Boz 447, 90-950 LédZ, Poland
E-mail: kj@zpk.u.lodz.pl

In the L6dz array data we observe signals over a very long time ( ~ 600ps) after
the EAS front. The possibility of applying this phenomenon to building a new
type of hadron detector is considered.

1. Introduction

A few years ago two teams reported signals registered by neutron monitors,
which occurred several hundred microseconds after passing of the front of
an extensive air shower (EAS) 123, It is a very long time, considering
the fact that an EAS signal in detectors lasts 10000 times shorter (most of
particles are recorded within 50 ns). Such long delays, and the fact of their
registration by specialised detectors, may suggest that they may be due
thermal neutrons produced by a shower and diffusing in the matter around
the detectors. If there neutrons come from EAS hadrons interaction with
the detectors or arround them, there is the chance of constructing a hadron
detector, using this phenomenon. Because of its simplicity and the possi-
bility of building it in a large size, it may be a useful tool for research mass
composition of primary cosmic rays. As this interesting phenomenon has
not been much investigated so far, we have undertaken to register " delayed
signals” (DS) using the Lodz array.

2. The Array

The Lodz EAS array is located in LédZ, Poland, close to the building
of Cosmic Ray Laboratory of the A. Soltan Institute for Nuclear Studies
(http://ipj.ulodz.pl). It consists of several parts (figure 2):
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(1) Three muon detectors (marked as black rectangles in figure 2) con-
taining altogether 104 units of Geiger - Mueller (GM) counters, cov-
ered by a layer of iron and lead for muon energy threshold 0.5 GeV'.

(2) Four electron trays (marked as open rectangles ) containing 72 GM
counters covered only by a wooden roof.

(3) Three scintillation counters with a surface of 0.5 m? each and three
with a surface of 1 m? each (marked sl - s6). They produce trigger
for the array.

(4) A block of counters designed to register ”delayed signals” (DS),
(marked as dashe rectangle).

‘Lodz EAS Arra
15 -
...................... .86
.
s4
T
-
o — s
-
10 0 10 20

Figure 1. Plan of L6dz Shower Array, dimensions in meters

3. Delayed signals

Information about DS is collected in two ways. Firstly the sums of counts
of 56 GM counters are recorded separately during twelve periods of 200
microseconds, started 5 us after the EAS trigger (we can also switch the
system to shorter 100 microsecond periods). The measurements using both
electron and muon GM counters have shown DS. They will be discussed
later. Secondly we use the set of counters, designed to register DS (shown
in figure 3). It now consists of three 0.5m? scintillation counters, a 0.004m?
stilben counter (a neutron sensitive organic scintillator) and a boron gas
counter.
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Figure 2. Set of counters, designed to register DS

The counters are connected to a special FADC (fast analogue to digital
converter), which enables to investigate the time distribution of signals,
similarly to digital oscilloscope. When the array is working the signal am-
plitude is measured every 100 ns. The result is recorded in the internal
memory of the FADC in a cyclic way, i.e. recording the latest measurement
removes (”pushes out”) the oldest one from the memory. This way, at every
moment, the memory stores 32 000 measurements (figure 3).

0 5000 10000 15000 20000 25000 30000
x 100 ns

Figure 3. [EAS signal in 0.5m? scintillation counter

After the trigger the FADC still works for an allotted time, and then the
memory content is moved to the central computer. This way we receive a
continuous record of a counter’s work before, during and after an EAS, 3.2
miliseconds in total (figure 4). The described above working method makes
our array different from standard shower detectors which make only one
measurement at the moment of a trigger signal. The necessity of a radical
change of the equipment operating method makes it difficult to register DS
in the presently existing EAS arrays.
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4. Results
4.1. Delayed signals in GM counters

We present here the analysis based on registration of 173267 EAS. The
time distribution of DS for all collected showers does not show any differ-
ences from the expected background. However, the situation will change
completely if we choose events of high energy EAS i.e. a number of muons,
registered while passing the EAS front, N, > 40.

Figure 4 shows the time distribution of the number of DS for different
EAS size. Figure 5 shows the same normalise to one EAS. The counters first
register the remnants from the EAS front, then there is a break (minimum
about 300us), after with they start to register delayed signals (maximum
about 600us). The fact, that the DSs appear at nearly the same time,
constitutes an argument for a physical, not random, character of the signals.

no of EAS = 173267

delayed signials from EM GM counters

Figure 4. Time distribution of the number of DS for different EAS size

4.2. Delayed signals in a set of counters

We do not have fully reliable results from the scintillation counters yet, as
they are still in the process of calibration. On the other hand, the signals
from the boron gas counter were observedonly after EASs and this is an
argument for assumption that DS come from neutrons.
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Figure 5. Time distribution of the number of DS for different EAS size, normalised to
one EAS

5. Hypotheses on DS phenomenon

According to a current opinion “delayed signals” come from neutrons.
There are two main hypotheses as to their origin:

(1) They are created during the EAS development, and for some un-
known reason they arrive so late - the simulations seem to contradict
it, because the lateral distribution of neutrons would be so flat, that
DS would be registered with showers falling far from the array.

(2) They are created as a result of EAS hadron interactions in the lead
detector, ground and ground water - if this were true, and were it
possible to find the correlation between the number of DS and the
number, or the total energy, of EAS hadrons, we could build a large
and cheap hadron calorimeter. As the number of hadronds in EAS
depends on on the nature of primary particle,it would be a step
towards discovering mass composition of high energy cosmic rays.

6. Conclusion

Using the Lodz EAS array it has been possible to observe signals over a very
long time ( ~ 600us) after the passing of the EAS front. The results are
in agreement with earlier publications 1'23. The possibility of applying the
phenomenon of ”delayed signals” to building a new type of hadron detector
is considered. The work is in progress.
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THE ROLAND MAZE PROJECT

KAROL JEDRZEJCZAK

Andrzej Soltan Institute for Nuclear Studies
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Boz 447, 90-950 LédZ, Poland
E-mail: kj@zpk.u.lodz.pl

We are going to build in Lédz, Poland, EAS array for energy higher than 10!8eV.
The detection stations will placed on the roofs of high schools all over the city. We
call our project with the name of Profesor Roland Maze, EAS codiscoverer.

1. Introduction

The Roland Maze Project is a project of an experiment for investigation
of Cosmic Rays from GeV energy to the highest energy showers of above
10'8eV. We are going to build detection stations on the roofs of high shools
in L6dz, Poland. This way, we will use the existing infrastructure of a big
city, in particular the power and telecommunication networks, to decrease
the cost of our enterprise. More over the detection stations will be con-
structed from mass produced elements. Our array will be comparable to
the largest experiments in the world, but cheaper (see fig. 1). School stu-
dent would be involed to popularise science, especially cosmic ray studies.

2. The main aim of the experiment

The main aim of the experiment is to investigate the Ultra High Energy
Cosmic Ray (UHECR) of energy over 10!8eV . This is the only possibility to
observe interactions between particles of energy 100 min. times higher than
those studied in laboratory experiments. In addition it is very interesting
what astrophysical mechanizm is the source of so highly energetic particles.
Because the flux of UHECR is very small (of the order of 1particle/m>year,
see fig. 2) we need a very big array to register them with sufficient frequency.
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Schools in the R.Maze Project
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Figure 1. Sizes of Maze and AGASA

3. The idea of the experiment

As mentioned before, the array will consist of detection stations on the roofs
of high schools all over the city. The stations will be connected via Internet
to form one large experiment. Figure 3 shows the plan of a single station.
This is an independent micro-array. It consist of 4 scintillation counters
of an area 1m?, separated from each other by about 10 m. The electronic
system should enable us to measure the relative times {with accuracy of
~ 5ns) and the signal amplitudes from all the detectors. The results will
be stored in a local PC computer.

Thanks to a GPS receiver, the time of an EAS arrival will be known
with accuracy £300ns. Which makes it possible to synchronise events at
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Figure 3. The plan of a single station

different stations. Once a day the stored data will be transmitted via
Internet to the main server, for storing and making them accessible to all
interested ( see fig. 3)

4. The additional subject

The realisation of the main aim of the project will require analising data
from all over array, but the construction of a single station will allow to
investigate also smaller EAS (~ 10'%¢V). The following list contains ex-
amples of phenomena, that can be examined using a single station:
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(i) Tasks related to energies around 10'°eV (for one school array):

(a) energy spectrum around the "knee”
(b) fluctuations of E-M component

(if) Tasks related single detector counting rate:

(a) atmospheric effects

(b) counting rate vs. solar activity

(c) daily, seasonal, 11-years variation
(d) Forbush effect

(e) barometric and temperature effects
(f) thunderstorms

Another, important or maybe more important than the physics aspect,
is the educational of our project. The possibility of participating in the
real experiment is going to popularise cosmic ray physics among high school
students. Although the detectors will work automatically, a group of several
students will be able to investigate the real physical problems using their
"own” array.

5. Why Roland Maze ?

In the year 1938 Pierre Auger and Roland Maze discoverd the EAS phe-
nomenon. The first EAS array was built by Maze on the roof of Ecole
Normale Superieure in Paris. In the early fifties when the L6dZ cosmic ray
laboratory was established, Roland Maze closely collaborated with Polish
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physicists. At present when a great Pierre Auger experiment is being build,
we have decided to call our project with the name of Roland Maze.

6. Summary

We are going to build in LédZ, Poland, EAS array for energy higher than
10'8eV. Using the existing city infrastructure, and dividing the array in to
independent stations (micro-arrays) we will considerably lower the costs.
In addition, by placing the station on the roofs of high school buildings, we
will achive an important educational effect. 30 secundary schools (students
of ages 16 — 19) from the LédZ expressed their will to join the project.

We keep current information about the experiment status on our web
page: "http://ipj.u.lodz.pl”.
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TEV OBSERVATIONS OF EXTRAGALACTIC SOURCES AT
THE WHIPPLE OBSERVATORY

DEIRDRE HORAN!

1. Harvard-Smithsonian Center for Astrophysics
P.O. Boz 97, Amado, Arizona, 85645-0097
E-mail: dhoran@cfa.harvard.edu

After a brief introduction to the imaging atmospheric Cerenkov technique, the
method by which very high energy «y-rays are detected, the most recent results from
observations of extragalactic sources at the Whipple Observatory are described.

1. Detecting Very High Energy (VHE) v-rays From The
Ground

In most branches of astronomy, the Earth’s atmosphere places a serious
limit on the earth-bound astronomer. It is opaque to y-rays, x-rays and ul-
traviolet photons and, although transparent to optical photons, resolution
is seriously limited by atmospheric seeing. Observations of infrared pho-
tons can only be carried out in wave bands that are free of water vapour
absorption. To very high energy (VHE) astronomers however, the Earth’s
atmosphere is essential to their technique, being an integral part of the
detector!.

This technique, the imaging atmospheric Cerenkov technique, is cur-
rently used to detect photons in the range 10'! to 10!2 eV; the VHE regime.
The VHE v-rays are not detected directly, but rather through their interac-
tions in the Earth’s atmosphere, which is essentially the calorimeter in this
technique. VHE +-rays initiate extensive air showers in the Earth’s atmo-
sphere, and the charged particles subsequently generated, induce Cerenkov
radiation which is detectable on Earth with large optical reflectors. These
instruments are not wide-field survey instruments and so, like a conven-
tional optical or radio telescope, they require a predetermined target which,
for some reason is predicted to be an emitter of TeV ~-rays (Section 2.2).

The vast majority (>99%) of extensive air showers that propagate
through the Earth’s atmosphere are initiated by cosmic rays. Therefore,
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essential to performing ground based VHE astronomy is a means to extract
the ~-ray signal from this very intense isotropic background of hadronic
cosmic rays - one such approach is the imaging atmospheric Cerenkov tech-
nique.

First proposed in 19772, the imaging atmospheric Cerenkov technique
utilises differences in the distribution of the Cerenkov light induced by
cosmic rays and vy-rays, to effectively reject far more than 99% of the back-
ground, while retaining greater than 50% of the y-ray signal.

The Whipple IACT, is located at an altitude of 2.3 km above sea level,
on Mount Hopkins in Southern Arizona. The telescope consists of a large
reflecting surface with the imaging camera at the focal plane. The Cerenkov
images are recorded and processed using fast electronics. Currently, it
is sensitive in the energy range ~250 GeV to 10 TeV with a maximum
sensitivity at ~ 400 GeV. Its evolution and current status are described
elsewhere in these proceedings®.

2. Extragalactic Sources of VHE ~-rays

Active Galactic Nuclei (AGN) emit an unusually large amount of energy
from a very compact central source and are among the most violent regions,
embodying some of the most extreme conditions, to be found anywhere in
the universe. Although much of the detailed physics is literally hidden
from view because of their strongly anisotropic radiation patterns, there is
general agreement on the basic components which comprise AGN. At the
centre is a supermassive black hole whose gravitational potential energy is
the ultimate source of the AGN luminosity.

AGN fall into two main categories: radio-loud AGN, which are powerful
radio emitters with their radio-power output lying in the range 103 to
1038 watts; and radio-quiet AGN, which emit most of their radiation in the
infrared, and are not powerful at radio wavelengths. In radio-loud objects,
jets emanate from the region near the black hole, initially at relativistic
speeds.

It is now well established that the appearance of an AGN depends
strongly on its orientation relative to the observer’s the line of sight. Classes
of apparently different AGN might actually be intrinsically similar, only
viewed at different angles?. All of the AGN that have been detected at y-ray
energies, both with satellites and ground-based instruments, are members
the Blazar subclass.
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2.1. Blazars

Among AGN, blazars are the most extreme and powerful sources known
and are believed to have their jets more aligned with the line of sight than
any other class of radio loud AGN. They are high luminosity objects, char-
acterized by large, rapid, irregular amplitude variability in all accessible
spectral bands. Their overall spectral energy distribution (SED) is charac-
terized by two broad emission peaks, the first located in the IR - extreme
UV and sometimes the x-ray band, the second in the MeV - GeV band®.

Several models, still in competition, have been proposed to explain the
~-ray emission from blazars. Depending on the dominant mechanism con-
sidered for the production of y-rays, these models can be divided into two
main groups: those in which the y-rays are of leptonic origin (high energy
electrons upscatter x-rays to y-ray energies) and those in which the y-rays
are of hadronic origin (high energy protons produce neutral pions which
subsequently decay into high-energy ~-rays).

Although united in a single class because of their similar properties,
blazars come in different flavours - flat spectrum radio quasars (FSRQs)
and BL Lacertae objects (BL Lacs). The main difference between the two
subclasses lies in their emission lines, which are strong in FSRQs and are
weak or non-existent in BL Lacs. Thus, contrary to most other astronomi-
cal sources, BL Lacs have been almost exclusively discovered at either x-ray
or radio frequencies. Because BL Lacs found in x-ray and radio surveys had
quite different properties, they were further designated as either x-ray or
radio selected BL Lacs (XBLs and RBLs). Later, the terminology, 'High-
frequency peaked BL Lacs’ (HBLs) for those blazars that were strong x-ray
emitters, and 'Low-frequency peaked BL Lacs’ (LBLs) for those that were
brighter in the radio band, was introduced®. This re-classification really
only represented a change in nomenclature because objects tended to be
discovered in the waveband at which they were the brightest. Recently
however, deeper BL Lac surveys are revealing evidence which implies that
rather than being separate subclasses, these objects may represent the ex-
tremes of a sequence of progressively different BL Lacs.

2.2, The Blazar Sequence

It has recently been proposed that blazars can be unified in terms of a
luminosity sequence from HBLs through LBLs to FSRQs’. This model
predicts that blazars form a well defined sequence and that knowledge of
the properties of a particular object in one frequency band can be used to
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predict its emission characteristics in other regions of the spectrum. This
unification scheme has had important implications for the search for TeV
emission from blazars because it makes specific predictions about the x-ray
properties that TeV emitters should have.

The BeppoSAX observations of the TeV blazars, Markarian 5018 and
1ES2344+514°, revealed that, at least in flaring state, the peak of the
synchrotron emission can reach very high energies, around 100 keV, with
a consequently flat synchrotron x-ray spectral index. The term “extreme
BL Lac” was introduced to describe such low luminosity BL Lacs whose
synchrotron peak is located in the hard x-ray band?®.

3. Detected Sources of VHE ~-rays

All of the AGN detected sofar at TeV energies are BL Lacs. To date, from
seven ground-based vy-ray observatories operating around the world, there
have been eight claimed detections of sources of extragalactic y-rays. The
extragalactic TeV source catalog ¢.2002 is shown in Table 1. Currently, out
of the eight claimed detections, four have been independently confirmed.
The most recent results on the five Whipple-detected BL Lacs are summa-
rized in the following sections.

Table 1. The Catalog of Extragalactic TeV <-ray sources ¢.2002.

o =

2 g8  Ev

& < < g 9 ER

& o v & & % 8=

£ 0 B Zz E £ 28 §<€

. £ B <« < 7 3 BEH TS

Object Discovery 2 ©Z U O O A % EO
HBLs

Mrk421 Whipplel? v v Vv Vv v YES

Mrk501 Whipple!! vV vV v v Vv YES

1ES2344 Whipplel2 v yes?

PKS2155 Durham?!3 v no

1ES1959  Telescope Array't v YES

H1426 Whipple!5 v v Y YES
LBLs

3C66A Crimeal® v no

BL Lac Crimeal” v no

@ Confirmed by the group that originally reported the detection but, to date, not inde-
pendently confirmed by another group.
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3.1. Markarian 421 (Mrk421)

Markarian 421 (Mrk421), the first extragalactic source of VHE ~-rays ever
discovered!®, at a redshift of 0.031, is perhaps the best studied of the TeV
blazars. Since its detection, Mrk421 has exhibited extreme variability on
timescales of minutes to years. In May 1996, a flare with doubling and
decay time of less than 15 minutes was observed by Whipple®.

Many multiwavelength campaigns have been carried out on-
Mrk42119:20,21 " Evidence for correlated variability at x-ray and +-ray has
been observed during a number of these campaigns.

During March of 2001, Mrk421 went into an exceptionally long-lasting
active state, with an average y-ray rate of 3.7 times that of the Crab,
enabling over 23,000 photons above 260 GeV to be detected at the Whipple
Observatory. From this huge photon database, a very detailed spectrum
was derived (AN/dE ~ E~214£003o—(E/Eo) 1~25-1TeV—1) and the first
evidence for curvature in the spectrum of Mrk421 was seen??. The break
energy of Eg=4.3+0.3 TeV is similar to that found for Mrk501 (Section 3.2).

Perhaps the most remarkable result to arise from this database however,
was the indication of a correlation between the spectral index and flux?3.
The data were binned a priori into eight independent subsets with com-
parable numbers of excess events and average ~y-ray rates, and a spectrum
was derived for each of these datasets. A tight correlation between spectral
index and flux was found. There is however, no evidence for variation of the
cutoff energy with flux, all spectra are consistent with an average value for
the cutoff energy of 4.3 TeV. The results are shown in Figure 1. Spectral
measurements of Mrk421 from previous years by the Whipple collaboration
are consistent with this flux-spectral index correlation, which suggests that
this may be a constant or a long-term property of the source. If a similar
flux-spectral index correlation were found for other y-ray blazars, this could
help disentangle the intrinsic emission mechanism from external absorption
effects.

3.2. Markarian 501 (Mrk501)

Markarian 501 (Mrk501), at a redshift of 0.034, was the first ever source of
extragalactic y-rays to be discovered from the ground!!. It can be classified
as an extreme BL Lac because, during flaring episodes, the first peak in its
SED shifts to above 10 keV. It was only during such flaring episodes that
Mrk501 was detected by the EGRET instrument on board CGRO.
Mrk501 was the first TeV blazar discovered to have a curved energy
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Figure 1. Left: Mrk421 spectra at different flux levels averaged for data over the
2000/2001 season. The shaded areas indicated the systematic errors on the flux mea-
surements. Right: The flux-spectral index relation found in the Whipple Mrk421 data
from 1995/1996, 1999 and 2000/2001. Both Figures are from Krennrich et al. (2002).

spectrum?. The initial discovery of curvature by Whipple was subsequently
confirmed by the HEGRA group??; there is extremely good agreement be-
tween the derived spectra from both groups. The spectral break was found
to occur at ~ Eg=4.6+0.8 TeV. This is very close to the energy at which the
spectral break occurs for Mrk421 and therefore, since the two BL Lacs lie
at very similar redshifts, it is difficult to say whether the break is intrinsic
to this class of AGN or whether is due to these photons being attenu-
ated by the infrared background photon field (discussed elsewhere in these
proceedings?®).

3.3. 1ES2344+514 (1ES2344)

The detection of 1ES2344+514 (2 = 0.044), the third AGN to be seen at
TeV energies, was reported by the Whipple collaboration in 1998 12. Most
of the emission came from a single night, on which a flux of approximately
half that of the Crab Nebula was detected with a significance of 60. Re-
cently, the Whipple collaboration have once again reported evidence for
emission from 1ES2344+514, this time at the 3¢ level 27. This object has
not been detected by any of the other VHE observatories to date.

3.4. H1/26+428 (H1426)

H1426+428 (H1426), at a redshift of 0.129, is the most distant confirmed
source of TeV «-rays ever detected. In 1999, the BeppoSAX Collabora-
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tion carried out observations aimed at finding other objects as extreme as
Mrk501 is in its flaring state?®:2%. Of the four candidate objects selected
for observation, H1426 was singled out as the most likely among them to be
a TeV emitter. This was because the peak of its x-ray emission was found
to occur ~ 100 keV, even when it was not flaring. This indicates the pres-
ence of highly relativistic electrons which made H1426 a prime candidate
for TeV v-ray emission.

H1426 was observed at the Whipple Observatory, as part of a BL Lac
monitoring campaign between 1995 and 1999; this was when the first evi-
dence for TeV emission, in the form of a flare in March 1999, was detected'®.
This flare, and the indication from x-ray observations that H1426 would be
a TeV emitter, prompted more extensive observations to be carried out at
the Whipple Observatory in the 2000 and 2001 observing seasons. These
observations led to the discovery of a weak, but statistically significant,
TeV flux from H1426 during both observing seasons®®. Since then, the TeV
emission has been confirmed by both the HEGRA3! and CAT3? collabora-
tions thus firmly establishing H1426 as a TeV source.

Using the 2001 data, the spectrum of H1426 was examined above 250
GeV3. The time-averaged spectrum was found to agree with a power law
of the shape

dF

dE
The spectrum is consistent with the (non-contemporaneous) measurement
by the HEGRA group?®! both in shape and normalization. Below 800 GeV,
the data clearly favour a spectrum steeper than that of any other TeV
blazars so far indicating a difference in the processes involved either at the
source or in the intervening space.

)E) = 10~7-31£0.15,40a£0.16.y0e | [—3.50£0.35,10¢£0.085y0¢ 1 =2 g1y —1

3.5. 1ES1959+650 (1ES1959)

1ES1959+650 (1ES1959) is the most recently confirmed extragalactic
source of VHE v-rays. The Telescope Array collaboration initially reported
the detection of TeV 7-rays from 1ES1959 in 1999'4. This object, at a dis-
tance of z = 0.048, was confirmed as a TeV emitter by both the HEGRA34
and Whipple®® groups this year during a period of prolonged activity.
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The Very Energetic Radiation Imaging Telescope Array System (VERITAS) rep-
resents an important step forward in the study of extreme astrophysical processes
in the universe. By employing an array of large atmospheric Cerenkov telescopes,
VERITAS will combine the power of the imaging atmospheric Cerenkov technique
with that of stereoscopic observations. The seven identical VERITAS telescopes,
each of aperture 10m, which will be deployed in a hexagonal pattern of side 80m;
each telescope will consist of 499 pixels with a field of view of 3.5°. VERITAS
will substantially increase the catalog of very high energy (E > 100 GeV) 7-ray
sources and will greatly improve measurements of established sources. This paper
describes the main science goals of the VERITAS project.

1. Introduction

The field of ground-based 7y-ray astronomy was revolutionized with the
development of the imaging Cerenkov technique. This technique, which
was largely developed by the Whipple y-ray Collaboration!, enabled many
discrete sources of Very High Energy (VHE) radiation (E > 250 GeV) to be
discovered. Although less than 1% of the sky has been surveyed using this
technique, fifteen sources have now been reported by ground-based groups:
three pulsar-powered nebulae, eight active galactic nuclei, three shell-type
supernova remnants, and one X-ray binary system. These measurements
have advanced our understanding of the origin of cosmic rays, the nature of
AGN jets, the density of the extragalactic infra-red background radiation,
and the magnetic fields within supernova remnants. The VERITAS array?,
with its substantially improved resolution and sensitivity, will significantly
advance our understanding of existing TeV ~-ray emitters by allowing us
to carry out deeper, more detailed studies as well as enabling the discovery
of new sources and new fundamental physical phenomena.
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2. Science Goals
2.1. Active Galactic Nuclei (AGN)

Active Galactic Nuclei (AGN) are galaxies in which a compact nucleus
outshines the rest of the galaxy. Their broadband emission is dominated
by non-thermal processes and is widely believed to be powered by accretion
onto a supermassive black hole. To date, all AGN detected at TeV energies
are members of the blazar subclass®.

VHE observations of blazars, have proved critical in advancing our un-
derstanding of the physics of AGN. Whipple observations of the blazars
Markarian 421 (Mrk 421) and Markarian 501 (Mrk 501) have revealed their
emission to be extremely variable on timescales of years to minutes. Opac-
ity arguments reveal that the variability observed on 15 minute timescales
from Mrk 421 implies a compact y-ray emitting region of 10~* parsec, only
an order of magnitude larger than the event horizon of a 108 solar mass
black hole.

The only way to truly distinguish between different blazar emission
models is through simultaneous observations of their flux at different en-
ergies. To date, the coverage provided by multiwavelength campaigns, has
not been detailed enough to rule out any of the proposed emission models.
With its increased sensitivity, VERITAS will both allow the «-ray signals
from AGN to be detected with much higher temporal resolution and will
also enable us to detect new objects and the already detected objects when
they are in lower flux states. With these capabilities both the sensitivity
and the possible baselines of multiwavelength campaigns will be signifi-
cantly increased.

To date, confirmed TeV emission has only been detected from four AGN:
Mrk 4214, Mrk 501°, H1426+428% and 1ES1959+650". In order to further
understand and characterize the VHE emission from AGN, a much larger
database of TeV-emitting objects is required. VERITAS, with its increased
sensitivity, will enable us to detect nearby AGN that are intrinsically weaker
at TeV energies and those whose emission is weaker because they lie at
larger redshifts.

2.1.1. Extragalactic Infra-red Background (IRB) Radiation

The cross-section for high energy photons to pair-produce with the infra-
red background (IRB) photon field that permeates our universe, peaks at
~ 1 TeV. Hence the flux of photons of energy above about 1 TeV decreases
rapidly as a function of redshift. In order to study this effect in detail
and thus to indirectly gain valuable information about the density of the
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extragalactic IRB fleld, a search can be made for absorption signatures in
the spectra of distant AGN. In order to decouple intrinsic cutoffs in AGN
spectra from those due to attenuation by background IR photons however,
the spectra of TeV sources at several different redshifts must be compared
so that a relation between the energy at which a spectral break is found,
and the distance to the source can be established.

To date, detailed spectral information has only been obtained for the two
nearest TeV blazars: Mrk 421 (2=0.031) and Mrk 501 (2=0.034). Although
there is evidence for a break in the VHE spectrum at around 4 TeV for both
of these sources® °, since they lie at similar redshifts, it is difficult to say
whether the break is intrinsic to this class of AGN or whether is due to
these photons being attenuated by the IRB photon field. The VHE spectra
from Mrk 421 and Mrk 501 have been used however, to set upper limits
on the IRB from 0.025 eV to 0.3eV1%:11:12 At some wavelengths, these
limits are as much as an order of magnitude below the upper limits set by
the DIRE/COBE satellite. The current limits on the IRB density are ~ 10
times higher than those predicted from galaxy formation and evolution!3:14,
VERITAS will enable more detailed spectral information to be gathered on
the known TeV sources and will also increase the TeV source catalog at
both low and high redshifts. Thus, the energetics of many more AGN will
be studied which will allow many more points to be added to the redshift
versus spectral-cutoff curve. In this way, the density of the IRB photon
field can be studied in detail.

2.2. Shell-type Supernova Remnants (SNRs)

Supernova Remnants (SNRs) are widely believed to be the sources of
hadronic cosmic rays up to energies of approximately Z x 10'* eV, where
Z is the nuclear charge of the particle. However, a clear indication for the
acceleration of hadronic particles in SNRs is still missing. The existence of
energetic electrons is well known from observations of synchrotron emission
at radio and X-ray energies. Recently, the detection of TeV ~y-rays from
the shell-type remnants, SN 1006, RXJ 1713 and Cassiopeia A has been
reported!®. When information from radio and X-ray observations is also
taken into account, it can be determined whether the y-ray emission is of
hadronic or leptonic origin.

To date however, y-ray observations of the VHE spectra of SNRs are
not sensitive enough to tell whether they are of hadronic or leptonic ori-
gin. The combined, multiwavelength observations can also give information
about SNR shell environments such as the maximum particle energy and
strength of the magnetic field. Both quantities are important but unknown



298

parameters in shock acceleration. Previous Whipple upper limits for the
SNR IC 443 already eliminate much of the allowed parameter space for
-ray emission from these objects (from hadrons and electrons), and raise
some questions about the validity of current models for the objects stud-
ied and even for the SNR origin of cosmic rays. Taking a typical SNR
luminosity and angular extent and applying the hadronic model of Drury,
Aharonian and Volk!®, one finds that VERITAS should be able to detect
SNRs that lie within 4 kpc of Earth. Approximately twenty shell-type
SNRs, with known distances, lie within this distance range thus providing
a good selection of objects to be investigated with VERITAS.

2.3. Diffuse galactic v-ray emission

High energy ~y-rays traverse the Galaxy without significant attenuation im-
plying that the diffuse emission traces high energy processes in the Galaxy
as a whole. EGRET studies show generally good agreement with detailed
theoretical models both in spatial and in spectral features. A striking excep-
tion is that there is a 40% excess in measured flux at the highest EGRET en-
ergies, with the measured spectrum systematically rising above predictions.
In some models!”>!8 this is attributed to the inverse Compton scattering of
energetic SNR electrons although this appears to be in contradiction with
upper limits at TeV energies!®. Detailed spectral studies in the GeV-TeV
energy bands are necessary to understand these discrepancies.

2.4. vy-ray pulsars

The attenuation of vy-rays by pair production interactions in the intense
magnetic field near pulsars leads to a super-exponential cut-off in the spec-
tra predicted by polar cap models. Because the outer gap models do not
predict such sharp cut-offs, the detection of pulsed GeV-TeV ~-rays may
be decisive in favouring the outer gap model over the polar cap model. The
excellent sensitivity, energy resolution and the broad energy range of VER-
ITAS will allow spectral measurements to be conducted even though these
objects are expected to have rapidly falling spectra in the GeV-TeV range.

2.5. Particle Physics and Fundamental Physics
2.5.1. Cosmic Ray Composition

VERITAS, with its fine pixelation, large mirror area and stereoscopic ca-
pabilities will be able to measure the Cerenkov light emitted by primary
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cosmic ray nuclei before they interact with the atmosphere, thereby pro-
viding a high resolution (AZ/Z < 5% for Z > 10) charge measurement of
cosmic rays around the knee of the all-particle spectrum. This measure-
ment will be essentially independent of any assumed nuclear interaction
model; therefore VERITAS can provide a tagged nuclear beam that will
determine the true air-nucleus interaction characteristics as a function of
primary charge and energy. This should provide a method to eliminate in-
teraction model-dependent biases in the interpretation of results, and will
also provide other experiments with an experimentally determined interac-
tion model with which to re analyze their data. In addition, VERITAS will
be sensitive to nuclei heavier than iron in the PeV energy regime, and to ex-
otic particle states such as magnetic monopoles or strange quark matter2°.

2.5.2. Neutralino annihilation in the galactic center

Current astrophysical data indicates the need for a cold dark matter compo-
nent with  ~ 0.3. A good candidate for this component is the neutralino,
the lightest super-symmetric particle. If neutralinos do comprise dark mat-
ter and are concentrated near very massive astrophysical objects, like the
centre of our Galaxy, their direct annihilation into ~y-rays should produce a
unique signal not easily mimicked by other astrophysical processes: a mono-
energetic annihilation line with mean energy equal to the neutralino mass.
Cosmological constraints and limits from accelerator experiments restrict
the neutralino mass to within the range 30 GeV - 3 TeV. Thus, VERITAS
and GLAST together will allow a sensitive search over the entire allowed
neutralino mass range. Indeed, recent estimates of the annihilation line flux
for neutralinos at the galactic centre using a galactic model, with central
cusps in the density distribution of the dark matter halos, predict a y-ray
signal which may be of sufficient intensity to be detected with VERITAS
and GLAST. The better sensitivity and lower energy threshold of VERI-
TAS mean that a broad part of the allowed range of neutralino and dark
matter parameters can be probed.

2.5.3. y-ray bursts (GRBs)

Today, over thirty years after their discovery?!, the origin of y-ray bursts
(GRBs) still remains unknown. The detection of an 18 GeV photon from
GRB940217 by EGRET more than 90 minutes after the GRB was detected
by BATSE demonstrates that high energy 7-rays play an important role
in the energetics of GRBs?2. Indeed, many after-glow models®® 24 predict
a delayed TeV component in GRBs. In 1999, the Milagro Collaboration
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reported a weak (~ 30) detection of TeV emission from a GRB raising
the possibility that TeV photons may carry a significant fraction of the
energy emitted in a GRB?®. With its low energy threshold and fast slew
capabilities (~ 1°s7!), VERITAS will be able to search for VHE emission
from GRBs out to redshifts of about 1.

2.5.4. Quantum Gravity

Quantum gravity can manifest itself as an effective energy-dependence to
the velocity of light in a vacuum caused by propagation through a gravita-
tional medium containing quantum fluctuations on distance scales near the
Planck length (~ 1073%)26, If the quantum gravity correction to vacuum
refractive index exists, it should appear at the energy scale comparable
to Planck mass (= 10'® GeV). Recent work within the context of string
theory indicates, however, that the quantum gravity scale may occur at a
much lower energy, perhaps as low as 106 GeV ?7. TeV observations of
variable emission from astrophysical objects provide a means of searching
for the effects of quantum gravity?®. VERITAS will significantly improve
short timescale variability measurements and also will detect more distant
objects. Variability on the short timescales from sources at z > 0.1 would
be sensitive to quantum gravity effects and would provide a test of the va-
lidity of Lorentz symmetry at energies within a factor of five of the Planck
mass (in some models).

2.5.5. Primordial black holes

Primordial black holes, if they exist, should emit a burst of radiation in
the final stages of their evaporation?. In the standard model of particle
physics, this last burst of radiation should release about 10%0 erg in 1 s
with the energy distribution peaked near 1 TeV 3°. In two years of op-
eration VERITAS would be able to reach a sensitivity level for this type
of evaporation of 700 pc~3 yr~!. More extreme models®' would produce
lower energy events on much shorter time-scales which may be detectable
with VERITAS using a special trigger and a flash ADC system3?.

3. Summary

The VERITAS system represents an important step forward in the study of
extreme astrophysical processes in the universe. VERITAS will complement
GLAST, the next generation space telescope, and will help close one of the
last remaining windows of the electromagnetic spectrum.
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EXPLORING THE GAMMA RAY HORIZON WITH THE
NEXT GENERATION OF GAMMA RAY TELESCOPES
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E-mail: blanch@ifae.es, martinez@ifae.es

The physics potential of the next generation of Gamma Ray Telescopes in exploring
the Gamma Ray Horizon is discussed. It is shown that the reduction in the Gamma
Ray detection threshold might open the window to use precise determinations of the
Gamma Ray Horizon as a function of the redshift to either put strong constraints
on the Extragalactic Background Light modeling or to obtain relevant independent
constraints in some fundamental cosmological parameters.

1. Introduction

Imaging Cerenkov Telescopes (CT) have proven to be the most successful
tool developed so far to explore the cosmic gamma rays of energies above
few hundred GeV. A pioneering generation of installations has been able to
detect a handful of sources and to start a whole program of very exciting
physics studies. Nowadays a second generation of more sophisticated Tele-
scopes is under construction and will provide soon with new observations.
One of the main characteristics of some of the new Telescopes ! is the poten-
tial ability to reduce the gamma ray energy threshold below ~ 10—20 GeV,
helping to fill the existing observational energy gap between the detector
on satellites and the ground-based installations.

In the framework of the Standard Model of particle interactions, high
energy gamma rays traversing cosmological distances are expected to be
absorbed by their interaction with the diffuse background radiation fields,
or “Extragalactic Background Light” (EBL), producing e*e™ pairs. The
YHEYEBL — €tTe™ cross section is strongly picked to Ecar ~ 1.8 x (2m.c?).
Therefore, there is a specific range in the EBL energy which is “probed”
by each gamma ray energy.
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1.1. Optical Depth

Gamma rays of energy E can interact with low-energy photons of energy ¢
from the EBL over cosmological distance scales. Then the flux is attenuated
as a function of the gamma energy E and the redshift z, of the gamma ray
source. It can be parameterised by the optical depth 7(E,z,), which is
defined as the number of e-fold reductions of the observed flux as compared
with the initial flux at z,. This means that the optical depth introduces an
attenuation factor exp[—7(E, z,)] modifying the gamma ray source energy
spectrum.

The optical depth can be written with its explicit redshift and energy
dependence? as

z 2 0
7(E, z) :/ dz'% dmg/ .y de-n(e, 2') - o[2zEe(1 + 2')?] (1)
0 0 Be(it:)2

where £ = 1 — cosf and n(e, z') is the spectral density at the given z’.

1.2. Gamma Ray Horizon

For any given gamma ray energy, the Gamma Ray Horizon (GRH) is defined
as the source redshift for which the optical depth is 7(E,2) = 1.

In practice, the cut-off due to the Optical Depth is completely folded
with the spectral emission of the gamma source. Nevertheless, the sup-
pression factor in the gamma flux due to the Optical Depth depends only
(assuming a specific cosmology and spectral EBL density) on the gamma
energy and the redshift of the source. Therefore, a common gamma energy
spectrum behaviour of a set of different gamma sources at the same redshift
is most likely due to the Optical Depth.

1.3. Eztragalactic Background Light

The actual value of the Optical Depth and the GRH horizon distance for
gamma rays of a given energy depends on the number density of the diffuse
background radiation of the relevant energy range that is traversed by the
gamma rays. In the range of gamma ray energies which can be effectively
studied by the next generation of Gamma Ray telescopes (from, say, 10 GeV
to 50 TeV), the most relevant EBL component is the infrared contribution.

There exists observational data with determinations and bounds of the
background energy density at z = 0 for several energies >. Based on this
data, several models have been developed to predict that EBL density at
redshift z*°.
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2. Measurement of the GRH

Quantitative predictions of the Gamma Ray Horizon have already been
made, but so far no clear confirmation can be drawn from the observations
of the present generation of Gamma Ray Telescopes.

The fact that the next generation of CT will have a considerably lower
energy threshold than the present one should be of paramount importance
in improving the present experimental situation for, at least, two reasons:

o Lower energy points will allow to disentangle much better the over-
all flux and spectral index from the cutoff position.

o Sources at higher redshift should be observable, giving the possibil-
ity of observing a plethora of new sources that will allow unfolding
the emission spectrum and the gamma absorption.

To understand the capability of the next generation of CT to measure
the GRH, several assumptions at the level of the detector and sources are
needed.

We assumed a source with a similar spectrum to the current TeV ex-
tragalactic sources {(Mkn501 and Mkn421): dF/dNf, - E~%, where f, ~
9-10711 and a ~ 3.0. We did not consider any energy cutoff since it comes
from the GRH predictions and any intrinsic cutoff is neglected. Then, it
is extrapolated at lower energy and higher redshift. The characteristics of
the MAGIC Telescope ! have been used for the energy extrapolation using
its energy threshold (30 GeV) and its energy resolution.

Under these conditions the next generation of CT should be able to
measure the GRH up to high redshifts with a reasonable significance (Fig-
ure 1),That will allow us to exclude some of the EBL models. Actually,
the gamma rays that are going to be observed by these detectors inter-
act mainly with the unexplored infrared EBL providing the possibility of
performing some measurements of the EBL at these wavelength.

3. Cosmological Parameters

Some fundamental cosmological parameters such as the Hubble constant
and the cosmological densities play also an important role in the calcula-
tion of the GRH since they provide the bulk of the z dependence of the
predictions:

dl 1/(1+ 2)

2 _.. )
=~ ° Ho[Qar(1+ 2)3 + Qr (1 + 2)2 + Qp)1/2 (2)
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Gamma Ray Horizon Energy (GeV)

Redshift (z)

Figure 1. Points and error bars show the foreseen GRH values and its precision of a
source like Mkn at some redshifts for a Cherenkov Telescope of 30 GeV threshold. Solid
lines are the GRH predictions based on several of the current EBL models.

Over the last few years, the confidence in the experimental determina-
tions of these cosmological parameters has increased dramatically. Table 1
shows best fit current values for these cosmological parameters®.

Table 1. Best current fit values for cosmolog-
ical parameters with 2 o confidence level.

Cosmological Parameter | Allowed range

Hy 6816
Qa 0.65+0.15
Qm 0.35%0.1

Before discussing the impact of each one of these parameters in our
predictions, we would like to see how the observables that will be measured
(Optical Depths and GRH) depend on the redshift z. For that we have
plotted the prediction for their z evolution in Figure 2. For comparison,
the z variation of the Luminosity-Distance, used for the determination of
the cosmological parameters using Supernova 1A and of the Geodesical-
Distance are shown. One can see that each observable behaves differently
with z. Hence, any measurement done with the GRH or the Optical Depth
is complementary with the current ones.

The sensitivity of the measurement of the GRH energy as a function
of the redshift z on each one of the parameters has been computed and is
plotted in Figure 3. In that figure the sensitivity for each parameter p is
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Figure 2. Redshift dependence of different observables. The predictions are normalized
to their value at z = 0.01. The solid lines correspond to the Optical Depth prediction
for gamma rays of different energies (20 GeV to 20 TeV) while the dashed line is the
prediction for a flat I, EBL spectrum. The GRH curve gives the z dependence of the
inverse of the GRH energy.

actually defined as

50 = p o) Ecate

Relative Sensitivity

R | " "

Redshift (z)

Figure 3. Sensitivity of the GRH energy to relative variations in Ho (solid line), Qs
(dashed line) and Q4 (dotted line).

Then one can foresee the relative precision in the single-parameter de-
termination of p from the sensitivity and the uncertainty in the estimation
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of the GRH energy (shown in Sec. 2). On top of that, the systematic uncer-
tainty, which comes mainly from the poor current knowledge of the infrared
EBL, should be added. With this current knowledge and one source Mkn-
like, one will get the Hubble constant with an uncertainty around 30%. On
the other hand, the sensitivity of the GRH to Q24 and Qur is much smaller
and both better precision in the GRH energy and more precise knowledge
of the infrared EBL will be needed to get some measurements. Although,
one should remember that the observations of tens of sources is very likely
and then it will be enough to get measurements of 24 and Qs with errors
around 50%.

4. Conclusions

Assuming sources Mkn-like will be found, the next generations of CT should
be able to measure the Gamma Ray Horizon up to high redshifts, with a
reasonable significance, although this depends on the number of sources.

The determination of the GRH will provide the possibility of excluding
some EBL models, since the actual EBL changes the GRH prediction. The
dependence on the cosmological parameters gives a method to calculate
them that is independent on the current ones. This method will allow to
get the Hubble constant with precisions below 30% with very few sources.
The cosmological densities {25 and £23s may be also measured with precision
at the order of the current measurements but some tens of sources will be
needed together with a better understanding of the EBL.
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THE PRESENT STATUS OF THE MAGIC TELESCOPE
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MAGIC is a new generation Imagining Air Cherenkov Telescope which is placed
in the the observatory of El Roque de los Muchachos at the Canary island of La
Palma. MAGIC is in the commissioning phase, becoming operative before the end
of year 2002. An overview of the status of the Telescope will be reported, giving
special importance to the status of every part of it.

1. Introduction

Imaging Air Cherenkov Telescopes (IACTs) have turned out to be the most
efficient technique to detect Gamma Rays in the so-called Very High Energy
range, i.e. above 300 GeV. In the last decades there has been a first gen-
eration of IACTs which have established without any doubt the detection
of few VHE v-rays sources. The MAGIC Telescope ! is a new generation
TACT whose main goal is to achieve a energy threshold of 30 GeV to be
able to explore the virtually unobserved energy range from 10 GeV to 300
GeV and match the IACT and satellite observations.

2. The MAGIC Project Status

In order to reach lower energy threshold and also higher sensitivity than
the previous generation IACTs, many new elements are incorporated in the
MAGIC Telescope design. They are explained in the following sections.

2.1. The Structure

Two main characteristics define the 10 tons carbon fiber structure of
MAGIC: lightness and strength. The first one allows a fast reposition-
ing of the Telescope (less than 30” for 180°) which in the case of short-time
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events such as Gamma Ray Bursts detection 2 is very important. The sec-
ond one guarantees a small deformation of the reflector disk (less than 3
mm of sagging) during the Telescope movement. This is necessary for a
permanent good alignment between the mirrors and the camera.

The MAGIC structure is already constructed and assembled since the
end of year 2001 (see the figure 1).

Figure 1. The MAGIC Telescope structure at El Rogue de los Muchachos site.

The space frame is steered using a drive system composed by two inde-
pendent motors, one for azimuthal motion and one for zenithal movement.
The installation of the Drive system has started during summer of this year
2002 and is planned to be finished by next autumn.

2.2. The Reflector

Due to a 17 m diameter reflector, MAGIC will collect 3 times more light
than a typical first generation 10 m diameter IACT. The surface of this
reflector has a parabolic shape, i.e. isochronous for light collection, which
will improve the background rejection power of MAGIC. An Active Mirror
Control system 2 is used to guarantee the maximum stability of the reflector
shape. This means that every four mirrors are controlled using stepper
motors in order to correct possible deformations in the space frame.

All the components of the reflector surface, 980 50x50 m? aluminum,
diamond milled, quartz coated mirrors elements %, are in mass production.
Moreover, there are already installed 45 m?, i.e. around 20% of the final



3N

reflector surface. It is planed to install around half of the reflector before
the end of the year 2002.

2.3. The Camera

The camera of 1.5 m diameter is composed by 577 pixels with a total Field
of View of 4° (see the figure 2). Compact photo-multipliers > with quantum
efficiency of 20% in the 300-500 nm range and ultra-fast and very low noise
pixel pre-amplifier 8 are used.

Figure 2. Front view of the MAGIC camera.

From the point of view of the structure, the camera is required to be
watertight and robust, and include a water-cooling system. On the other
hand, due to its very high position, about 17 m above the reflector, it has
to be as light as possible. Our final version takes into account all these
requirements being only 500 Kg weight.

The mechanics of the camera were finished by the beginning of this
year 2002. All the electronic components have been already produced and
installed in the camera. The camera ready to be assembled in the Telescope
frame will be sent to the site in October of year 2002.

In the future it is planned to construct a second MAGIC Telescope in
order to do stereoscopic observations. The camera of this new MAGIC will
be equipped with Hybrid Photo Detectors with a QE around 40% in a wider
wavelength range, i.e. 330-660 nm.
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2.4. The Readout

Cherenkov light is produced in very short flashes, i.e. few ns, in Gamma
ray air showers. MAGIC introduces some improvements in order to record
this time information to use it in the reduction of background. The signal
produced in the camera is transmitted using analog optical fiber 7 which
reduce the cable weight and also the noise related with the transmission.
This signal is digitized using 300 MHz Flash-ADCs 8. Finally this data is
recorded by a DAQ system at 1 Kevent/s.

All the components of the readout chain are nowadays in mass produc-
tion.

3. Conclusions

We have reported the present status of the MAGIC Telescope project.
MAGIC is in the commissioning phase and it is planned to be operative by
the end of the year 2002. Next year 2003 we will concentrate in the MAGIC
physics goals which are wide and covers subjects like Active Galactic Nuclei,
SNRs, Gamma Ray Burst, Pulsars, etc.
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THE MAGIC TELESCOPE AS A DETECTOR OF
GAMMA-RAY PULSARS ABOVE 10-30 GEV
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To date, no confirmed pulsed y-ray emission from EGRET pulsars has been seen
from any ground-based ~-ray telescope, which suggests that their pulsed spectra
terminate at energies below a few hundred GeV. Only with next generation of
ground-based -ray telescopes we can expect to detect such pulsed emission. The
17 meter MAGIC Telescope is one of such instruments, with the capability to
trigger on 10 GeV cosmic ~-rays and to overlap with EGRET in the 10-30 GeV
range. This paper investigates the potential of MAGIC to detect GeV pulsed
emission from EGRET pulsars, given the assumption of super exponential cutoffs
as expected from polar cap emission and using the spectral information obtained by
EGRET. We find that MAGIC should be able to detect pulsed emission from Crab
and PSR B1951+32 within a few hours, if background rejection based on shower
size and distance cuts is applied. In addition, some hard-spectrum unidentified
EGRET sources may also be pulsars, and if their spectra extend to the 10 - 30
GeV range, searches for pulsations would also be possible.

1. Introduction

Observations with the CGRO/EGRET instrument® during its mission be-
tween 1991 and 2000 have led to the detection of seven y-ray pulsars and
a few more likely candidates’. Whereas some of these pulsars are amongst
the brightest sources in the 1-30 GeV range, only their plerions appear to be
visible at TeV energies. The non-detection by current Cerenkov telescopes
of pulsed sub-TeV ~-rays from EGRET pulsars, proves that their pulsed
spectra should terminate at energies below a few hundred GeV. This is not
unexpected, since both polar cap? and outer gap® models predict that the
spectra of y-ray pulsars should cut off at energies between a few GeV and
a few tens of GeV. In the polar cap model, electrons are accelerated above

2EGRET is the high-energy v-ray telescope on board Compton Gamma-Ray Observa-
tory.
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the polar cap radiating ~y-rays via synchro-curvature radiation and inverse
Compton scattering on thermal photons emitted by the hot surface of the
neutron star. And since these «y-rays are created in superstrong magnetic
fields, magnetic pair production is unavoidable. This produces electron-
positron pairs which in turn radiate more y-rays, and y-ray/ et/= cascade
develops. Only those secondary photons which survive pair creation (a few
GeV for typical pulsars) escape to infinity as an observed pulsed emission.
A natural consequence of the polar cap process is a superexponential cutoff
of the spectrum above a characteristic energy E,, as discussed by Nel & de
Jager?. In the outer gap model y-ray production is expected to occur near
the pulsar light cylinder. In this case the cutoff is determined by photon-
photon pair production, which has a weaker energy dependence compared
to magnetic pair production, and therefore a larger £, may be observable.
Based on these considerations, a generic model (polar cap and/or outer
gap) for the tails of pulsed differential spectra is given by de Jager® as:

dN,/dE = K1E " exp(—(E/E;)") + K2 E M2exp(—(E/Ey)°) (1)

where the second component would be absent in the case of pure polar cap
~-ray emitters.

Next generation of ground-based ~7-ray telescopes, and specially
MAGIC® with its low energy threshold of 10-30 GeV, should. be able to
overcome the superexponential cutoffs expected near 10 GeV and detect
pulsed ~-rays. This would allow to measure the spectral shape of the pulsed
emission in the relevant energy range (above 10 GeV), and therefore to dis-
criminate between polar cap and outer gap models.

In this paper we investigate the capability of MAGIC for detecting -
ray pulsars above 10 GeV, by calculating the pulsed rates and minimal
detection times required for MAGIC to detect such sources.

2. Detection Capability of MAGIC for EGRET Pulsars
2.1. MAGIC Detection Rates for Pulsed Emission

To obtain conservative estimates for the detection rates, we have to employ
the most conservative model for the pulsar spectra above 1 GeV. Following
the procedure described by de Jager et al.®, we will assume that the polar
cap mechanism is the only responsible for the pulsed y-ray emission. As
discussed above, outer gap model would lead to larger values of the energy
cutoff, and thus to most optimistic detection rates. We therefore model
the pulsar spectra above 1 GeV as a power law times an exponential cutoff
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with cutoff energy Ejy:

Wy K (BJEn)™" exp (- b

a5~ K(B/En)" exp (=(E/Eo)"). (2)
The constant K represents the monochromatic flux at the normalising en-
ergy E, < E,. We will normalise spectra at £, near 1 GeV. The strength
of the cutoff is determined by the index b.

Nel & de Jager* were able to constrain some of the parameters of equa-
tion 2 by fitting the total pulsed spectra of the six brightest EGRET ~-ray
pulsars. But only for the case of Vela and Geminga the cutoffs are well
defined by the EGRET data. For Crab and PSR B1055-52 an evidence of
a turnover is seen above 10 GeV, but it is difficult to obtain a reliable mea-
sure of Fy. In the case of PSR B1951+32 and PSR B1706-44 no evidence
of a turnover was seen up to 30 GeV in the EGRET data, and a minimum
value of Ey = 40 GeV (consistent with EGRET) was selected. For those
unconstrained pulsars where Ej is not well defined we have selected b = 2
(a typical value in a polar cap scenario) to obtain conservative detection
rates. Table 1 shows the spectral parameters for the EGRET pulsars for
E > 1 GeV, which will be used below for the calculation of detection rates.

The expected rate of triggers R, for pulsed vy-rays is calculated by in-
tegrating the product of the energy dependent collection area A(FE), with
the differential pulsed spectrum, which includes the cutoff:

R, = / A(E)%dE 3)

The background rate was calculated assuming incident cosmic ray showers
with the known cosmic ray spectrum, obtaining a value of Rg ~ 200 Hz.

2.2, Detection Times for Pulsars

Next we calculate the minimal observation times required for MAGIC to
detect the EGRET pulsars at a given significance level. As the expected
values for the cutoff energies Ey are near the detection threshold of MAGIC
(10-30 GeV), we assume that we will have no imaging capability. In this
situation we have to rely on timing analysis, using a periodicity test.

To calculate detection sensitivities for periodicity searches we calculate
the basic scaling parameter © = pv/N which holds for any test for uni-
formity on a circle’, where p = R,/(Rp + R,) is the pulsed fraction and
N = (R, + Rp)T is the total number of events, with T the observation
time (R, and Rp are the pulsed and background rates respectively). As
it was shown by Thompson' that the pulse profiles above 5 GeV consist
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mostly of one strong narrow peak, as opposed to the two peaks at lower
energies, we will assume that only a single sharp peak with a duty cycle
d = 5% survives above 10 GeV. In this case the Z2-test with number
of harmonics m = 1/(26) = 10 should be optimal”, with expected value
< ZZ% >= z°® + 20, where ® = 5.8 for a single peak (Gaussian) with a 5%
FWHM. A DC excess of z = 3¢ above the sky background in an spatial
analysis, should give in timing analysis a detection with < Z2; >= 72,
which gives a chance probability of 8 x 10~8 (~ 90¢) if the period is known.

If the period is unknown, we have to multiply the probabilities by the
number of trials. For instance, for a 6 hour observation and searching for
periods as short as 33 ms, for the same DC excess of 30 we would have a
chance probability of 0.5 after multiplying with all the trials M = nTAf =
6.5 x 108 (with n ~ 10 the factor of oversampling”). This should bury the
true frequency amongst one of many candidate frequencies. A detection
within a single night restricts the number of independent frequencies to be
searched, which enables the identification of a single frequency, or at least,
a number of candidate frequencies which can be confirmed within a few
days of follow up observations.

Table 1 shows the expected pulsed rates and required observation times
for the EGRET pulsars, calculated assuming a DC excess of £ = 3¢ and
solving for T. The time Ty correspond to the background rate of 200 Hz,
whereas the time Tbs5 is calculated assuming some degree of background
rejection, based on size and distance cut on the events. Specifically, we
assume a final background rate of Rg ~ 25 Hz (or equivalently, an increase
in the signal-to-noise ratio by a factor = 3), but still detailed simulations
are required to determine the best rejection factor against background.

From Table 1 it is clear that we can detect Crab and PSR B1951+32
within a single night, if we can reach a background rate of less than 25 Hz
after making suitable size and distance cuts. These two pulsars also transit

Table 1. Assumed ~-ray spectral parameters above 1 GeV and corresponding MAGIC

rates and observation times for detection.
Object k (x1078%) r E, b Ry Ta00 T2s

(/cm?/s/GeV) (GeV) (hr=')  (hour) (hour)

Crab 24.0 2.08 30 2 455 31 4
Vela 138 1.62 8.0 1.7 14 326 36
Geminga 73.0 1.42 5.0 2.2 1 107 108
PSR B19514-32 3.80 1.74 40 2 440 33 4
PSR B1055-52 4.00 1.80 20 2 62 108 180
PSR B1706-44 20.5 2.10 40 2 670 14 2
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close to La Palma, so that the minimum threshold energy can be realised
at transit.

3. MAGIC Sensitivity for Unidentified EGRET Sources

In addition to the seven well established y-ray pulsars, EGRET discovered
several hard-spectrum unidentified sources which are thought to be ~-ray
pulsars, for which the EGRET statistics are too small to resolve the period-
icity. The recent discovery of three young energetic radio pulsars associated
with unidentified EGRET sources®? seems to confirm this general belief.
If the spectra of the unidentified sources extend to the 10 - 30 GeV range,
searches for pulsations with MAGIC would be possible. But, since in gen-
eral their periods are unknown in advance, the constraint for this capability
is the detection within a single night, with confirmation runs the following
few nights (as discussed above).

From the GeV source catalogue!®, we find that the fluxes of the
galactic unidentified EGRET sources range from F(> 1 GeV) = 1 to
25-1078cm~2s~!. Assuming that the photons seen by EGRET from these
sources are pulsed, we calculate the MAGIC sensitivity for pulsed detection.
For that, as we don’t know what the cutoff energy is, we calculate the re-
quired observation times as a function of the cutoff energy and their fluxes.
Figure 1 gives the MAGIC sensitivity for a wide range of possible pulsar
photon spectral indices between 1 and 2, requiring a detection within T=3
to 6 hours for a minimum “DC significance” of 2 = 30 (assuming a final
background of 25 Hz). We see that even weak EGRET sources may be de-
tectable within a single night, provided that E, exceeds the levels prescribe
by Fig. 1 (above ~ 20 GeV for moderate spectral indices of I' = 1.5).

4. Conclusions

The construction of a 17 meter class telescope such as MAGIC allows the
detection of showers induced by y-rays as low as 10 GeV, covering the so
far unexplored gap between 30 and 250 GeV, and overlapping with EGRET
in the 10-30 GeV range.

Assuming a polar cap scenario to obtain conservative spectral expecta-
tions above 10 GeV, we show that MAGIC should be able to detect Crab
and PSR 1951432 from its location at La Palma, within a few hours. The
condition for such a detection within a single night is the reduction of the
background rate to less than 25 Hz, which could be achieved after making
suitable shower size and distance cuts.
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Figure 1. MAGIC sensitivity for the detection of unknown pulsars within one night in
the parameter space K vs. E,, using a timing analysis approach and assuming a DC
excess of £ = 30. Three different photon spectral indices of 1, 1.5 and 2 are used.

Finally, some unidentified EGRET sources may also be detectable by
MAGIC. The detection of pulsations from these sources would allow to
determine whether some of the unidentified EGRET sources are indeed
radio quiet pulsars, either due to unfavorable radio beaming or very high
radio dispersion in a molecular cloud.
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The energy range between 100 GeV and 100 TeV is the domain of very high energy
(VHE) 7-ray astronomy. This band of the electromagnetic spectrum is essential
for the multifrequency study of extreme astrophysical sources. Determination of
the spectra of detected gamma-rays is necessary for developing models for accel-
eration, emission, absorption and propagation of VHE particles at their sources
and in space. The Whipple Collaboration has pioneered the imaging Atmospheric
Cherenkov technique over the last 30 years and in the process established the field
of VHE +y-ray astronomy. This paper offers a brief chronology of the major mile-
stones in this development and offers a glimpse at some important results obtained
in the process. Next generation telescopes based on the Whipple 10m are under
construction and will increase dramatically the knowledge available at this extreme
end of the cosmic electromagnetic spectrum.

1. Introduction

The detection of VHE ~-rays uses ground based sampling of the Cherenkov
light generated by extensive air-showers (EAS). EAS comprise the sec-
ondary particles generated as primary ~y-ray and cosmic rays interact with
the Earth’s atmosphere. The Cherenkov signature of EAS carries infor-
mation about the primary particle’s direction, energy and nature. First
proposed in 1977', the imaging atmospheric Cherenkov technique distin-
guishes y-ray induced showers from the more numerous background induced
by cosmic rays by utilizing differences in the distribution of the Cherenkov
light. Due to its excellent imaging properties, the Whipple Observatory 10
meter reflector has been instrumental in pioneering the IACT. The Whip-
ple Observatory, located on Mount Hopkins in southern Arizona (elevation
2.3 km, latitude 31°.5), is ideally suited for VHE v-ray astronomy as it is
at a dark location with a high percentage of clear skies. The reflector was
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originally intended to search for the origin of cosmic radiation by observing
v-rays produced through hadron acceleration, however, every y-ray source
that has been discovered can be explained as a source of cosmic electron
acceleration and interaction?. The VHE ~-rays have, instead, been indica-
tive of a whole new set of astrophysical processes whose study has been
interesting and rewarding. Thus, although the origin of the highest energy
cosmic rays is still unknown, VHE ~-ray astronomy has been established
as a field in its own right.

2. Whipple Observatory ~«-ray Telescope
2.1. 10m Optical Reflector

The Whipple Observatory 10m optical reflector has a unique optical struc-
ture based on a design by Davies-Cotton®*. Its 248 hexagonal mirror facets
each have a spherical figure with a 14.6 meter radius of curvature and are
individually mounted on a 7.3 m radius spherical support structure. Each
facet then functions as an off-axis spherical mirror focusing light parallel
to the optic axis of the reflector to the center of the 7.3 m sphere. The
spherical design gives superior off-axis properties, however, it introduces a
spread of about 6ns for the arrival times for photons from different mirrors.
The full width half maximum of the on-axis point spread function of the
reflector is ~ 0.15°.

2.2. First Generation : 1968 - 1976

The first camera mounted on the Whipple 10m reflector consisted of a single
12.5 cm phototube which gave a field of view (fov) of 1.0° and a collection
area of 75m?. Although the camera had no imaging properties, 90% of the
reflected light from a distant point source on the axis of the reflector fell
within a circle of 5 cm diameter in the focal plane.

In general, the stability of atmospheric Cherenkov detectors is increased
if two or more light receivers are operated in coincidence. Since only one
reflector was available at the time, a two channel system was achieved by
refocusing the elements of the reflector so that there were two focal points,
30 cm (2.4° apart), in a plane perpendicular to the reflector axis. Using
this experimental setup, upper limits were presented for twenty seven celes-
tial sources ranging from Supernova remnants and Magnetic Variables to
Galaxies and Quasars®. After three years of observations Fazio® reported a
~-ray detection of the Crab Nebula above 250 GeV at 3 standard deviations
above background.
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2.3. First Imaging Camera : 1982 - 1987

In 1982, using a grant of $10,000 from the Irish National Board of Science
and Technology, the first imaging camera was built and implemented on the
10m reflector. The camera consisted of 37 PMTs arranged in a hexagonal
pattern. The diameter of each PMT was 5 cm and the spacing between
pixel centers was 6.25 cm. The full aperture of the camera was 3.5°.

In 1985, Micheal Hillas presented a paper at the ICRC in La Jolla® de-
tailing the ability to distinguish between background hadronic showers and
VHE +v-ray showers on the basis of the shape of their image. This allowed
for the rejection of hadronic showers with an efficiency of over 99.7%. To
date this is one of the most important milestones in the development of -
ray astronomy. Although the imaging technique was originally proposed in
1977, the technique was not demonstrated until 10 years later when, using
the method presented by Hillas, the Crab Nebula was detected. The Crab
detection was at 9 standard deviations above background after 90 hours of
data taking at an energy threshold of 700 GeV”.

2.4. High-Resolution Camera : 1988 - 1996

The next milestone was the development of the High-Resolution Camera
(HRC) which was installed on the 10m reflector in April 1988. The HRC
consisted of 91 pixels of 0.25° (2.5 cm diameter phototubes) surrounded by
an outer ring of 18 pixels of 0.5° (5cm diameter tubes) giving a full field
of view of 3.75° diameter. The smaller pixel size resulted in a lower energy
threshold for #y-ray detection than that reported for the original imaging
camera. The overall improvement in signal-to-noise compared with the
original camera was of the order of 3-4°. With this improvement the HRC
detected the Crab at 20 standard deviations in 65 hours with an energy
threshold of 400 GeV*°.

The BL Lac object Markarian 421 (z = 0.031) was detected as the first
extragalactic source in 1992!!. This discovery was followed by a number
of papers proposing the use of VHE ~-ray spectra from these extragalactic
sources to constrain the extragalactic infrared radiation field'?. VHE v-ray
emission was discovered from the second closest BL Lac Markarian 501 (2
= 0.034) in 1995!3. Mrk 501 was not detected as a significant source of
~-rays by EGRET, so this was the first object to be discovered as a -
ray source from the ground. A second BL Lac not detected by EGRET,
1ES2344+514 (2 = 0.044), was detected by the Whipple Observatory in
1995'4. Most of the emission came from a single night in which a flux of
approximately half the Crab was detected. The hypothesis that the y-ray
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emission of BL Lacs could flare on sub-day timescales was borne out in
spectacular fashion with observations of two flares from Mrk 421 in 199615,
Variability on a 15 minute time-scale observed in the second flare implies
a compact emission region of dimension R < 10™* parsec which is only an
order of magnitude larger than the event horizon for a 10® solar mass black
hole. This flare also allowed the most stringent limit to date to be inferred
for the energy scale of Quantum Gravity (> 4 x 106 GeV)?. Hence,
ground based «y-ray astronomy was established as a legitimate channel of
astronomical investigations in its own right, and not just an adjunct of
high-energy observations from space.

2.5. High-Resolution Camera II : 1996 - 1999

In the summer of 1996 the first stage of the HRC upgrade was completed.
The camera was expanded from 109 to 151 2.5 cm phototubes giving a
fov of 3.3°. As in the original HRC, only the inner 91 PMTs were used
to trigger the camera. In the summer of 1997 the camera was expanded
further to 331 PMTs with a fov of 4.8°. The introduction of a pattern
selection trigger?! allowed the entire fov to act as an active trigger, this
allowed for the routine detection of the Crab at 50 above background in
one hour. With the expanded fov, the emphasis for this period shifted
from point sources to extended objects such as supernova remnants'? and
the Galactic plane!® and to objects where the position is uncertain such as
EGRET unidentified objects!® and gamma-ray bursts?°.

Upper limits were obtained from observations on six shell-type SNRs (IC
443, v Cygni, W44, W51, W63, and Tycho) selected as strong candidate
~-ray emitters based on their radio properties, distance, small angular size
and possible association with a molecular cloud??. The upper limits in some
(e.g IC 443) are significantly below the predicted fluxes from the model of
Drury et al?4.

For an understanding of the mechanisms at work in AGN jets, multi-
wavelength campaigns are needed. Using the HRC II a number of simul-
taneous X-ray and VHE ~-ray observational campaigns were carried out;
these are reported elsewhere'®. Multiwavelength observations of Mrk 501
during its high emission in 1997 revealed for the first time, clear correla-
tions between its VHE ~y-ray and X-ray emission. The results from this
campaign show that for Mrk 501, like Mrk 421, the VHE +-rays and the
soft X-rays vary together and the variability in the synchrotron emission
increases with increasing energy. These observations also showed that hard
X-ray observations hold the promise of identifying a new class of extreme
blazars which would have detectable and variable VHE v-ray emission.
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2.6. Granite III : 1999 - present

During the summer and fall of 1999, a 490 HRC was installed on the 10m
reflector. The camera consisted of 379 1.3 cm PMTs constituting a 2.6°
inner camera. This is surrounded by 111 2.5 cm PMTs which fills out the
fov to 4.0° diameter. The system is triggered on the innermost 331 pixels.
The peak energy response to a Crab-like spectrum is 390+80 GeV, however,
it still has a good response down to &~ 200 GeV?2.

In 2000, the BL Lac H1426+428 (2 = 0.129) was singled out by the
BeppoSAX collaboration as a probable VHE «-ray emitter because of the
high frequency of its synchrotron peak. Whipple observations of H1426 in
1999 revealed marginal evidence for a flaring signal®”’. Subsequent obser-
vations at Whipple during 2000 and 2001 led to the discovery of a weak,
but statistically significant TeV flux during both seasons®®. These obser-
vations are an important addition to the catalog of VHE emitting objects
as H1246 is the most distant BL Lac detected thus far. Stronger detec-
tions of such sources, which allow an accurate measure of the VHE energy
spectrum, may place significant limits on the density of the extragalactic
infrared background. Also that the source was predicted to be a VHE emit-
ter based on its X-ray spectrum signifies the maturity of the observational
techniques and the theoretical understanding of BL Lac objects. It rein-
forces the symbiosis between observations at X-ray wavelengths and those
at VHE energies, particularly those with sensitivity below 1 TeV. Also the
existence of a population of sources whose most prominent emission is at
energies of 10-100 keV and 300-1000 GeV points to a fruitful overlap be-
tween the next generation of ground based atmospheric telescopes and the
future hard X-ray experiment, EXIST.

3. Future of VHE ~-ray Astronomy

The Whipple Observatory «y-ray telescope has firmly established ground
based VHE ~-ray astronomy as a highly regarded discipline. The imag-
ing technique has now been utilized by seven other groups throughout the
world. Although less than 1% of the sky has been surveyed at 300 GeV,
fifteen sources, have now been reported by ground-based groups using the
imaging techniques : three pulsar-powered nebulae, eight BL Lacs, three
shell-type supernova remnants and one X-ray binary system. These mea-
surements, while they have not provided conclusive evidence for the origin
of cosmic rays, have advanced our understanding of the nature of AGN jets,
the density of the extragalactic infrared background, quantum gravity and
magnetic fields within supernova remnants.
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Figure 1. Comparison of point source sensitivity of next generation gamma-ray tele-
scopes : VERITAS, MAGIC, CELESTE/STACEE, GLAST, EGRET and MILAGRO
(see Weekes, 2002 and references therein)

However, to exploit fully the potential of ground-based y-ray astron-
omy detection techniques must be improved. The next few years will see
the completion of several new imaging Atmospheric Cherenkov telescopes,
which will significantly improve the scientific potential of the discipline.
Three new facilities, VERITAS??, in the northern hemisphere, and HESS3?
and SuperCANGAROO3!, both in the southern hemisphere, will consist
of arrays of telescopes based on the Whipple «-ray telescope. All three
projects are similar to one another in concept and will cover the energy
range 50 GeV - 100 TeV. Another northern hemisphere project is MAGIC32
which consists of a single 17m imaging telescope and will utilize new de-
tector technologies to cover a lower energy range of 10 - 1000 GeV. The
next generation y-ray space telescope, GLAST is scheduled for launch in
200633. GLAST will cover the energy range 20 MeV - 300 GeV comple-
menting ground based y-ray telescopes and closing one of the last windows
of the electromagnetic spectrum.
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GAMMA RAYS AND NEUTRINOS FROM BLAZARS
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Blazar active galactic nuclei are thought to be a subset of radio galaxies where the
jets are pointed towards us. A brief review of the properties of blazars is presented,
and the central features of leptonic and hadronic models are summarized. Differ-
ences between BL Lac objects and flat spectrum radio quasars (FSRQs) are con-
sidered with regard to dominant radiation processes and an evolutionary scenario
for blazar evolution. Features of a proton blazar model are described, including a
calculation of hadronic cascade radiation from photomeson processes. The AGN
broad line region (BLR) provides an intense external radiation field in FSRQs that
is important for producing detectable fluxes of neutrinos. Neutral beams formed
through hadronic processes in the inner jets of blazars could power the extended
jets and account for morphological differences between BL Lac objects and FSRQs.

1. Introduction

Large-scale jets of radio galaxies are thought to be powered by mass ac-
cretion onto supermassive black holes which drive collimated relativistic
outflows in the poleward directions.!*? In advection-dominated accretion
disk models,? transitions between spectral states follow a progression due
to changes in the Eddington ratio fggq = nmc?/Lrqqq, where 7 is the
efficiency to transform the energy of matter accreting at the rate m into
radiant energy, and Lgqq is the Eddington luminosity. States with €gqq 2 1
represent the soft high state, with the optically-thick disk pushing close to
the innermost stable orbit. The convectively unstable, low Eddington lu-
minosity (fpqaq < 0.1) regime is thought to give rise to black-hole sources
with radio-emitting jets. Here we give a brief review of blazar jet physics,
with emphasis on the role that black hole growth and evolution play, the
prospects for high-energy neutrino detection of blazars, and the conjecture

*Work supported by the Office of Naval Research and NASA DPR # S-15634-Y.
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that neutral beams of high-energy neutrons and gamma-rays transport en-
ergy to form the extended jets of radio galaxies.

2. Active Galactic Nuclei: A Brief Review

The observational characteristics of an AGN are primary, and the pictures
or models that we carry around in our heads to understand these sources are
simply mental aids that, we hope, are in at least some crude correspondence
to reality.

2.1. Radio-Quiet AGNs

If the flux density F (e.g., in units of ergs cm~2 s=! Hz™!) of a sample of
AGNs is measured at radio and optical frequencies, then there is a tendency
for the ratio R = F(5 GHz)/F(B band) to cluster at values R < 10 and
R 2 100 in optically selected samples of quasars. For example, analysis of
the 114 quasars in the Palomar Bright Quasar Survey* shows that 85-90%
of these objects are radio-quiet with R < 10. By contrast, a radio-selected
sample at some limiting flux magnitude, for example, the 1 Jansky NRAO-
MPI catalog of extragalactic radio sources,® will preferentially identify radio
galaxies with R >> 100, and typically in the range 103-10%. Although it
is conventionally stated that ~ 10% of active galaxies are radio-loud with
R > 10, it is important to note that such statements depend on the selection
and search criteria and, indeed, the criteria that define AGNs.

Radio-quiet AGNs are typically classified according to their optical/UV
lines. Seyfert galaxies, which show a bluish compact nucleus, are divided
into Seyfert 1 and Seyfert 2 galaxies.5 In the former case, broad (~ 2,000-
20,000 km s™!) permitted lines and narrow (~ 500 km s~!) permitted
and forbidden lines are seen, whereas only narrow permitted and forbidden
lines are measured from Seyfert 2 galaxies. The conventional explanation
is that the BLRs of Sy 2s are obscured from our line-of-sight by a gaseous
torus.” Quasi-stellar objects (QSOs) are scaled-up Seyfert galaxies, with
the dividing line conventionally set at 10*° ergs s~1, though Seyfert AGNs
and QSOs appear to represent a continuous sequence.® Radio-quiet Seyfert
galaxies and QSOs show intense hard X-ray emission that is truncated
above several hundred keV, and there is no evidence for 3> MeV emission
from these sources. The hard X-rays are generally thought to originate
from a hot, optically thin accretion disk.
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2.2. Radio Galazies

Radio emission from a radio galaxy originates primarily from directed
plasma outflows produced by a central active black-hole core. Fanaroff and
Riley? identified a striking relationship between the morphology and radio
power of radio galaxies. They correlated the separation between the points
of peak intensity of the extended radio galaxy jet emission with radio power.
Radio galaxies with a separation smaller than half the largest size of the
source, as represented by the edge-darkened twin jet sources, are primarily
low luminosity sources, with 178 MHz radio power < 2 x 10%° Watts/Hz
(=2 4 x 100 ergs s71). These twin jet radio sources have low radio powers.
Radio galaxies with radio jets larger than half the largest size of the source,
which includes the classical radio doubles such as Cygnus A and galaxies
with edge-brightened hot spots and radio lobes, have large radio powers.
This morphology/radio-power correlation is very striking, and represents
an important clue to the nature of radio galaxies. The twin jet sources
are referred to as FR1 galaxies, and the high radio-power, lobe-dominated
sources are referred to as FR2s. Optical emission lines in FR2s are brighter
by an order of magnitude than in FR1s for the same galaxy-host bright-
ness, suggesting greater dust and gas near the central black hole. The host
galaxies of radio galaxies are generally found to be elliptical or disturbed
(tidally interacting or merging) systems.

2.3. Blazars

Blazars comprise sources that exhibit some or all or the following proper-
ties: extreme and rapid optical variability; flat (F, o »=* with a < 0.5)
radio spectra; strong (> 3%) linear polarization; superluminal motion;
and broadband nonthermal continuum radiation extending from the radio
though 100 MeV-GeV gamma ray energies.'® Blazar emission may extend
to higher photon energies, but pair production attenuation of high-energy
gamma rays by the diffuse intergalactic infrared radiation field hides TeV
blazar emission at redshifts z > 0.2.11:12 TeV-PeV neutrinos suffer no such
attenuation, and will give us an important new channel of information
about black-hole jet sources.

The blazar class divides into two subclasses. The first comprises the
nearly lineless BL Lac objects which display a featureless continua, and are
technically defined as sources with equivalent optical-emission line widths
< 5 A. The second subclass comprises the FSRQs, which have strong
emission lines as defined by equivalent widths > 5 A. Dilute gas surrounding
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the central active nuclei in BL Lac objects, and dense BLR clouds near the
central powerhouse in FSRQs, could qualitatively account for the differences
in the strengths of the atomic lines of these two subclasses.

A number of lines of evidence indicate that blazar emission is produced
by collimated relativistic outflows of radiating plasma. The first evidence
is provided by the so-called Compton catastrophe. By measuring the ra-
dio flux and the synchrotron self-absorption frequency, the magnetic field
can be inferred from Compton-synchrotron theory. The size scale of the
region can be determined by direct observation or through inferences from
the variability time scale. These results yield the ratio of the synchrotron
to magnetic field energy density, which implies large fluxes of unobserved
synchrotron self-Compton X-rays. Bulk relativistic motion provides an ex-
planation of these results.

Observations of apparent superluminal motion provides additional sup-
port for this inference. Superluminal motion has now been detected from
scores of extragalactic radio sources, with apparent superluminal speeds
typically between 1 and 10, though with a few reaching ~ 20.!® These
observations are explained in terms of bulk relativistic radiating regions
moving at Lorentz factors I' ~ 10-30, and directed at an angle § ~ 1/T" to
our line of sight. Further arguments for relativistic motion in blazars in-
clude the Elliot-Shapiro relation,'* where the variability time scale is used
to derive the maximum size of the emitting region, which should not to be
smaller than the Schwarzschild radius of a central black hole. The black
hole mass implies the Eddington luminosity. Super-Eddington luminosities
can be avoided by arguing that the radiating region is moving at relativistic
speeds. An additional arguments'®1® for relativistic bulk motion in blazars
include the requirement that the radiating region is optically thin to vy
pair production attenuation.

Various lines of evidence based upon the statistics of radio galaxies
and blazars indicate that FR2 radio galaxies are the parent population of
FSRQs,? so that the major difference between these two classes of sources
is the orientation of the jets to the observer. Orientation effects are also
thought to unify FR I radio galaxies with BL Lac objects. The BL-Lac/FR-
I subclasses have lower average luminosities than the radio-quasar/FR-II
subclasses. There appears to be an almost continuous sequence of proper-
ties from FSRQs through LBLs to HBLs. This trend is characterized by
decreasing bolometric luminosities, a shift of the peak frequencies of their
broadband spectral components towards higher values, and a decreasing
fraction of power in ~y rays compared with lower-frequency radiation.!7-18
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3. Gamma Rays from Blazars

A major discovery of the Compton Gamma Ray Observatory is that blazars
are prominent sources in the gamma-ray sky. The Third EGRET (Ener-
getic Gamma Ray Experiment Telescope) catalog!® lists 66 high (> 50)
confidence and 27 lower (4-50) confidence detections of blazars. Non-
simultaneous and simultaneous multiwavelength observations reveal two
broadband features in the spectral energy distributions (SEDs) of blazars.
The lower energy feature is interpreted as synchrotron radiation from non-
thermal electrons. The vF, peak photon energies Ep of the synchrotron
emission radiated by FSRQs are in the far IR foptical range. BL Lacs have
synchrotron Epy values in the infrared/X-ray range. The Ep; values for
the gamma-ray component are at 2 10-100 MeV for the FSRQs and at
100 GeV- TeV energies for BL Lac objects. The intrinsic values of E,
for the gamma-ray component are not well known, however, because of yy
attenuation within the sources and due to the diffuse extragalactic infrared
and optical radiation fields. The intrinsic y-ray spectra of FSRQs is likely
to extend to photon energies > 100 GeV.

The y-ray components are generally thought to originate from Compton
scattering by the same population of nonthermal electrons that radiate
the nonthermal synchrotron continua. A wide variety of photon sources is
possible. In the high-energy peaked BL Lac objects (HBLs), where E, is
in the X-ray range, a simple one-zone synchrotron self-Compton model is
usually adequate to fit the SED data, and correlated X-ray and TeV v-ray
observations suggest?® a purely leptonic model for BL Lacs such as Mrk
421 and Mrk 501, at least during some periods of activity.

In contrast to the BL objects, a Compton-scattering component that
arises from photons which originate from outside the jet is required to
model the broadband SEDs of FSRQs in leptonic models. This is because
the gamma-ray component can be a factor of ~ 10 more luminous than
the synchrotron feature, and can display rather sharp spectral breaks that
are difficult to model with a synchrotron self-Compton model.?! External
photon fields include the cosmic microwave background radiation field,?223,
the accretion-disk radiation field,?4?? a scattered radiation field due to sur-
rounding gas and dust,?>2¢ infrared emissions from hot dust or a molecu-
lar torus,?"28:29 reflected synchrotron radiation,3%3! and BLR atomic-line
radiation.3?

Blazar models where nonthermal hadrons are the primary radiating
components have been devised, as discussed in Section 4. Although emis-
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sions from nonthermal hadrons can, and probably do, contribute to blazar
emission at gamma-ray energies, a directly accelerated nonthermal lep-
ton population seems required to form the synchrotron component at low
energies.®® This is because cascade secondaries form single component
gamma-ray spectra with photon spectral indices between —1.5 and -2,
without forming two distinct components.

Fig. 1 shows the separate spectral components that comprise a standard-
model FSRQ blazar,3* as explained in the figure caption. For this calcu-
lation, it is assumed that relativistic plasma with Lorentz factor I' = 20
is expelled from a central supermassive black hole with mass Mgy = 10°
Mp at redshift z = 1 that accretes near the Eddington limit. The radia-
tion is viewed at an angle @ = 1/T, and the effective Thomson scattering
optical depth of the BLR clouds is 75 = 0.01 in a region of radius 0.1 pc.
Power-law nonthermal electrons are injected with comoving power of 1044
ergs s~! into a spherical ball of ball of plasma with a size corresponding
to a measured variability time scale of 1 day (a jet power corresponding to
fgaa ~4%). The minimum and maximum Lorentz factors of the injected
electron distributions are 10* and 10°, respectively, and the electrons are
injected with dN/dy o< v~2-3. The injection is uniform between 1000 and
10000 gravitational radii r, (= GMgn/c?). The disk radiation spectrum is
described by a thermal Shakura-Sunyaev spectrum as shown in the figure.

Such blazar models describe the basic qualitative features of the overall
SEDs of FSRQs, including the double-peaked SEDs, and the luminosity
and peak frequencies of the separate components. When viewing at large
angles, the beamed components become much weaker, especially the Comp-
ton component from external photons due to its narrower beaming factor,3?
and the disk emission becomes pronounced. A third component thought to
be accretion-disk radiation is observed in the SED of some blazar sources
such as 3C 273, which is thought to be a slightly misaligned blazar.

Fig. 2 shows how the SED changes with distance from the black-hole
engine for this blazar model. The duration as measured by an observer at
0 = 1/T" of an episode where the relativistic plasma is uniformly energized
between 10% and 10*ry is 24 ksec. A pivoting behavior about 1 GeV is
observed due to the decline in importance of the accretion disk radiation,
whereas the quasi-isotropic scattered radiation field remains at roughly the
same intensity within this region of the jet. Observations with the Gamma,
Ray Large Area Space Telescope (GLAST), now scheduled for launch in
2006, are well-suited to explore this timescale and energy range. Different
injection profiles can change the detailed behavior, but the discovery of
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Figure 1. Spectral components in a FSRQ blazar model. Plotted are the nonthermal
synchrotron radiation (syn), the Compton-scattered accretion disk radiation, divided into
near-field (NF) and far-field components, a Compton-scattered quasi-isotropic radiation
component (ECS) associated with the accretion-disk radiation scattered by BLR clouds,
the synchrotron self-Compton radiation (SSC), the disk radiation field (disk), and the
total radiation field (tot). Parameters of the calculation are given in the text.

~-ray spectral components that pivot in this manner would provide strong
evidence for the effects of the accretion-disk radiation on the jet.

As summarized above, the FSRQs are distinguished by strong atomic
lines in their optical/UV spectra, whereas BL Lac objects are weak or nearly
lineless sources. This would mean that the spectral component associated
with the quasi-isotropic radiation field would be absent or very weak in
lineless or weakly-lined BL Lac objects. It is indeed the case that this
component is not needed to fit BL Lac objects where Ey; is in the X-ray
range, although an external Compton scattering component is needed in
the case of BL Lac, which has E,y in the optical range.®¢

In a recently-proposed scenario,”-3® BL Lac objects are AGN jet sources
at a stage in their lives where the fueling is in decline and the black-hole
engine is most massive. This evolutionary scenario links FSRQs, low-
frequency peak BL Lac objects (LBLs), and high-frequency peak BL Lac
objects (HBLs) through gradual depletion of the circumnuclear environ-
ment of a supermassive black hole. The formation of radio jets in blazars
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Figure 2. Multiwavelength variability behavior for a uniform injection event for the
model in Fig. 2, beginning when the jet is at 1000 gravitational radii. Note the decline
of the direct disk-radiation field component with distance from the black hole.

and radio galaxies, if related to an advection-dominated accretion mode in
the inner portions of the accretion flow, is triggered by a decreasing Edding-
ton ratio.®” In the scenario of %, the Blandford-Znajek mechanism plays
a major role in jet activity. The decline of fg4q might be due to a com-
bination of a decreasing accretion rate and an increasing black-hole mass.
A sequence of blazar spectra, starting with the parameters derived for 3C
279, is shown in Fig. 3. The accretion-disk luminosity and the efficiency for
this radiation to be reprocessed into an external radiation field, are param-
eterized by the Thomson depth 7,.p, of the circumnuclear material. The
magnetic field is chosen to be a constant fraction of the equipartition mag-
netic field. The resulting sequence of broadband spectra due to a reduction
in Tyepr is shown in Fig. 3. This behavior provides a quantitative explana-
tion for the observed!”'® trend of luminosities and peak photon energies in
the FSRQ— LBL — HBL sequence.

An implication of this scenario is that the masses of the central black
holes in galaxies which host BL Lacs should, on average, be greater than
the masses of black holes in galaxies which host FSRQs or QSOs. Moreover,
subclasses at earlier stages in the blazar sequence should exhibit increas-



335

P -9

o =
g 10
O]

N~

0 10

o 10 L
1}

—

o

g
S IRPPEE

o 10 3
o

£

o

@

12

> 10" |
2,

>

L

> s

-13 11/ .

26

10" 10” 10" 10" 10" 10® 10® 10* 10
v [Hz]

Figure 3. One-parameter model sequence of broadband blazar spectra that reproduces
the trend in the spectral energy distributions of FSRQs, LBLs, and HBLs. Starting
with typical FSRQ parameters, the sequence is generated by reducing the optical depth
Trepr Of the circumnuclear scattering material, and assuming that the accretion disk
luminosity is proportional to Trepr . The comoving magnetic field B = 0.3 Beq, where
Beq is the equipartition magnetic field with electrons.

ingly stronger cosmological evolution. Evidence for negative cosmological
evolution of X-ray selected BL Lac objects,?® and for positive cosmological
evolution in a radio-selected BL Lac sample,*® in accord with this picture.

4. Neutrinos and Neutral Beams from Blazars

The multiwavelength observations of blazars, and the models designed to
explain their SEDs, convincingly demonstrate that intense radiation fields
and efficient particle acceleration to high energies are found in these sources.
Based on Fermi acceleration theory, acceleration of hadrons is expected with
at least the same power as that of the leptons. Acceleration of hadrons
in blazar jets would be directly confirmed with the detection of neutrinos,
which are produced provided that there are significant interactions of accel-
erated hadrons with ambient material or photon fields. Proton synchrotron
emission would also be radiated at TeV energies by ultrarelativistic protons
and ions (with no associated neutrino emission), but this requires extremely
strong magnetic fields (~ 20-100 G) in BL Lac objects.*!:33
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One group of hadronic blazar models invokes interactions with ambient
matter?43 through the process p+ p = 7t — v,e*. Nuclear interac-
tion models require, however, large masses and kinetic energies.** A sec-
ond group of hadronic models is based upon photomeson interactions of
relativistic hadrons with ambient photon fields in the jet. The relevant
proton-photon processes are p + v — p + 7° followed by n° — 2+, and
p+v = n+at followed by 7% — pt +v, = et +2 v, +ve. In about half
of these inelastic collisions, the primary relativistic proton will be converted
to a relativistic neutron.

Most of the models of this type take into account collisions of high-
energy protons with the internal synchrotron photons,?®4647 while others
also take into account external radiation that originates either directly from
the accretion disk*® or from disk radiation that is scattered by surrounding
clouds to form a quasi-isotropic radiation field.#® BL Lac objects have weak
emission lines, so in these sources the dominant soft photon field is thought
to be the internal synchrotron emission. The strong optical emission lines
from the illumination of BLR clouds in FSRQs reveal luminous accretion-
disk and scattered disk radiation.

In the case of internal synchrotron radiation, the energy output of sec-
ondary particles formed in photohadronic processes is generally peaked in
the energy range from ~ 10%6-10'® eV in either low- or high-frequency
peaked BL Lac objects,*” which implies that such models can only be effi-
cient if protons are accelerated to even higher energies. This demand upon
proton acceleration for efficient photomeson production on the internal syn-
chrotron photons also holds for FSRQs, which have similar nonthermal soft
radiation spectra as low-frequency peaked BL Lac objects. The presence
of the isotropic external radiation field in the vicinity of the jets of FSRQs
increases the photomeson production efficiency and relaxes the very high
minimum proton energies needed for efficient production of secondaries.*?

In the model of Atoyan and Dermer,*?** protons are assumed to be
accelerated in an outflowing plasma bleb moving with bulk Lorentz factor
T along the symmetry axis of the accretion-disk/jet system. The relativis-
tic protons are assumed to have an isotropic pitch-angle distribution in the
comoving frame of a plasma blob, within which is entrained a tangled mag-
netic field. The high-energy neutrino flux is calculated under the assump-
tion that the power to accelerate relativistic protons is equal to the power
injected into nonthermal electrons which explains the observed gamma-ray
emission.

Fig. 4 shows the integrated neutrino fluences over the time it takes for
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the blob to pass through the BLR. Model parameters relevant to the 1996
February 4-6 flare from 3C 279 detected by EGRET®? are used. The solid
and dashed curves show the fluences calculated for § = 6 and 10, respec-
tively. The thick and thin curves represent the fluences of neutrinos pro-
duced by photopion interactions inside and outside the blob, respectively.
For the spectral fluences shown in Fig. 4, the total number of neutrinos that
could be detected by a 1 km? detector such as IceCube, using calculated
neutrino detection efficiencies,?? are 0.29 and 0.078 for § = 6, and 0.13 and
0.076 for § = 10, where the pair of numbers refer to neutrinos formed inside
and outside the blob, respectively.
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Figure 4. Fluences of neutrinos integrated over several days in the observer frame de-
termined by the time for the blob to pass through the BLR. The solid and dashed curves
show the fluences calculated for § = 6 and 10, and the thick and thin curves repre-
sent the fluences of neutrinos produced by photopion interactions inside and outside the
blob, respectively. The dot-dashed and 3-dot — dashed curves show the fluences due to
py collisions if external radiation field is not taken into account.

Over the course of one year, several neutrinos should be detected from
FSRQs such as 3C 279 with km-scale neutrino detectors, and possibly many
more neutrinos if the efficiency to accelerate hadrons is much greater than
for electrons. The presence of a quasi-isotropic external radiation field
enhances the neutrino detection rate by an order-of-magnitude or more
over the case where the field is absent, so we predict that FSRQs will be
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detected with km-scale neutrino detectors, whereas BL Lac objects are not
promising for neutrino detection.
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Figure 5. Radiation flux produced in and escaping from the blob (full dots) following
the electromagnetic cascade initiated by energetic electrons and gamma rays produced
in photopion interactions for the case § = 10. The thick and thin curves correspond
to synchrotron and Compton scattered radiation, respectively. The radiation of the
first generation of electrons, which includes both the electrons from 7% decay and the
electrons produced by absorption of 70-decay gamma, rays in the blob, are shown by the
solid curves. The dashed, dot-dashed and 3-dot—dashed curves show contributions from
the 2d, 3d and 4th generations of cascade electrons, respectively.

We also calculated** the associated radiation from the cascades induced
by photohadronic processes. Fig. 5 shows the multiple generations of cas-
cade radiation and the total emergent flux associated with the neutrino
production given in Fig. 4. This illustrates the difficulty of explaining the
SEDs of blazars using a purely hadronic model. As can be seen, the effi-
ciency of accelerating protons is limited by the intensity of the cascade ra-
diation. In particular, X-ray observations will limit the proton-to-electron
ratio in the accelerated particle distribution in order that the cascade radi-
ation does not exceed the observed flux. By comparing with the SED of 3C
279 during its flaring state, Fig. 5 indicates that this ratio cannot exceed
=~ 10.

The model also takes into account the effects of relativistic neutrons,
which can escape from the blob unless they are converted back to protons
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due to decay or further photohadronic collisions inside the blob. Ultra-high
energy gamma-rays can escape from the BLR and avoid vy attenuation
when they are produced by n+~y — 7% — 2 reactions near the edge of the
BLR. The escaping neutron and ultra-high energy gamma ray beams trans-
port energy to large distances from the compact nucleus following neutron
decay and vy — eT attenuation®** on the cosmic microwave background
radiation field. This method of energy transport avoids quenching of the
Jjet by BLR material and explains the appearance of extremely straight jets
as seen in Cygnus A and Pictor A. The more luminous radio lobes in FR2
galaxies than in FR1 galaxies is, in this model,** a consequence of the more
intense neutral beams formed in FSRQs than BL Lac objects. High-energy
neutrino and GLAST gamma-ray observations will test this scenario.

Acknowledgments

Collaboration with Armen Atoyan and Markus Bottcher is gratefully ac-
knowledged.

References

1. Begelman, M. C., Blandford, R. D., & Rees, M. J. 1984, Rev. Modern Phys.,
56, 255

2. Urry, C. M. & Padovani, P. 1995, Proc. Astron. Soc. of the Pacific, 107, 803

Esin, A. A., McClintock, J. E., & Narayan, R. 1997, Astrophys. J., 489, 865

4. Kellermann, K. I., Sramek, R.., Schmidt, M., Shaffer, D. B., & Green, R. 1989,
Astronomical Journal, 98, 1195

5. Netzer, H. 1990, Saas-Fee Advanced Course 20, (Berlin: Springer-Verlag), 57

6. Kiihr, H., Witzel, A., Pauliny-Toth, 1. I. K., & Nauber, U. 1981, Astronomy
and Astrophysics Supplement Series, 45, 367

7. Antonucci R., 1993, Annual Reviews of Astronomy and Astrophysics, 31, 473

8. Reynolds, C. S. 1996, Ph.D. Thesis, University of Cambridge

9. Fanaroff, B. L. & Riley, J. M. 1974, Monthly Notices of the Royal Astronomical
Society, 167, 31P

10. Impey, C. 1996, Astronomical Journal, 112, 2667

11. Salamon, M. H. & Stecker, F. W. 1998, Astrophys. J., 493, 547

12. Primack, J. R., Bullock, J. S., Somerville, R. S., & MacMinn, D. 1999,
Astroparticle Phys., 11, 93

13. Vermeulen, R. C. & Cohen, M. H. 1994, Astrophys. J., 430, 467

14. Elliot, J. L. & Shapiro, S. L. 1974, Astrophys. J., 192, L3

15. Dermer, C. D. & Gehrels, N. 1995, Astrophys. J., 447, 103

16. Maraschi, L., Ghisellini, G., & Celotti, A. 1992, Astrophys. J., 397, L5

17. Sambruna, R., et al., 1997, Astrophys. J., 474, 639

18. Fossati, G., Maraschi, L., Celotti, A., Comastri, A., & Ghisellini, G., 1998,
Monthly Not. Roy. Astron. Soc., 299, 433

w



340

19.
20.

21.
22.
23.

24.

25.
26.

27.
28.

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

41.
42.
43.
44.

45.
46.
47.
48.
49.
50.
51.

52.

Hartman, R. C. et al. 1999, Astrophysical Journal Supplements, 123, 79

Krawczynski, H., Coppi, P. S., & Aharonian, F. 2002, Monthly Not. Roy.
Astron. Soc., 336, 721

Hartman, R. C. et al. 2001, Astrophys. J., 553, 683

Dermer, C. D., and Schlickeiser, R. 1993, Astrophys. J., 416, 458

Tavecchio, F., Maraschi, L., Sambruna, R. M., & Urry, C. M. 2000, Astro-
phys. J., 544, L23

Dermer, C. D., Schlickeiser, R., and Mastichiadis, A. 1992, Astron. & Astro-
phys., 256, L27

Sikora, M., Begelman, M. C., and Rees, M. J. 1994, Astrophys. J., 421, 153

Dermer, C. D., Sturner, S. J., and Schlickeiser, R. 1997, Astrophys. J. Supp.,
109, 103

Protheroe, R. J., and Biermann, P. 1997, Astroparticle Phys., 6, 293

Blazejowski, M., Sikora, M., Moderski, R., and Madejski, G. M. 2000, As-
trophys. J., 545, 107

Arbeiter, K., Poh], M., & Schlickeiser, R. 2002, Astron. Astrophys., 386, 415

Ghisellini, G., and Madau, P. 1996, Monthly Not. Roy. Astron. Soc., 280, 67

Béttcher, M., and Dermer, C. D. 1998, Astrophys. J., 501, L51

Koratkar, A., Pian, E., Urry, C., & Pesce, J. E. 1998, Astrophys. J., 492, 173

Miicke, A. & Protheroe, R. J. 2001, Astroparticle Physics, 15, 121

Dermer, C. D., and Schlickeiser, R. 2002, Astrophys. J., 575, 667

Dermer, C. D. 1995, Astrophys. J., 446, L63

Boéttcher, M. & Bloom, S. D. 2000, Astrophys. J., 119, 469

Bottcher, M. & Dermer, C. D. 2002, Astrophys. J., 564, 86

Cavaliere, A. & D’Elia, V. 2002, Astrophys. J., 571, 226

Bade, N., et al. 1998, Astron. & Astrophys., 334, 459

Stickel, M., Fried, J. W., Kuehr, H., Padovani, P., & Urry, C. M. 1991,
Astrophys. J., 374, 431

Aharonian, F. A. 2000, New Astronomy, 5, 377

Beall, J. H. & Bednarek, W. 1999, Astrophys. J., 510, 188

Schuster, C., Pohl, M., & Schlickeiser, R. 2002, Astron. Astrophys., 382, 829

Atoyan, A., & Dermer, C. D. 2002, Astrophys. J., submitted (astro-
ph/0209231)

Mannheim, K., and Biermann, P.L.. 1992, Astron. Astrophys. 253, L21

Mannheim, K. 1993, Astron. Astrophys. 269, 67

Miicke, A., Protheroe, R.J., Engel, R., Rachen, J.P., Stanev, T. 2002, As-
tropart. Phys., in press (astro-ph/0206164)

Bednarek, W., and Protheroe, R. J. 1999, Monthly Not. Roy. Astron. Soc.,
302, 373

Atoyan, A., & Dermer, C. D. 2001, Phys. Rev. Letters, 87, 221102

Wehrle, A. E. et al. 1998, Astrophys. J., 497, 178

Neronov, A., Semikoz, D., Aharonian, F., & Kalashev, O. 2002, Phys. Rev.
Letters, 89, 51101

Gaisser, T. K., Halzen, F., & Stanev, T. 1995, Phys. Reports, 258, 173



HIGH ENERGY NEUTRINO ASTRONOMY
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Neutrino astronomy is a very young and fast developing field of cosmic ray astro-
physics. We give a very basic introduction of what it is and links to the web pages
of the new experiments that also contain some of the theoretical ideas.

1. Why would one want one more astronomy ?

The usual argument for extending the frequency range of telescopes and
creating a new type of astronomy is that multiwavelength observations
reveal much better the total energy output, as well as the dynamics of an
astrophysical object. The argument for neutrino astronomy is based on two
very important arguments. The emission of many luminous astrophysical
systems is absorbed from intervening bodies or clouds, which are often
related to the emission of the system itself. A typical example would be
a star with very heavy stellar winds that shield the star emission in many
frequencies. Multiwavelength observations help, but generally the optical
depth of an astrophysical object does not change drastically with frequency.

Let me explain what a drastic change means here: if the typical electro-

magnetic cross section is Thomson’s cross section or = 6.65x1072% cm?,

neutrinos of energy 1 GeV have interaction cross section of 5x1073° cm?.
GeV neutrinos can propagate without interactions not only through the
densest molecular clouds, but also through whole stars. The best example
here are the MeV solar neutrinos (that have even smaller interaction cross
sections). Solar neutrinos are generated in nuclear processes in the core of
the Sun and are not absorbed by interactions in the matter of the star. I
will not discuss here solar neutrinos and the great successes in understand-

ing the dynamics and structure of the Sun by studies of solar neutrinos.? I

2Ray Davis Jr received the Nobel price for physics in 2002 for his pioneering observation
of solar neutrinos.
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will concentrate on neutrinos of much higher energy.
The neutrino cross section grows with energy, but never becomes even
close to or. The neutrino nucleon cross section is proportional to the
neutrino energy. The relation is expressed as
4
My,

0y & By—p W
v Q2

1)
where Q2 is the momentum transfer in the interaction and My is the mass
of the intermediate vector boson, which carries the interaction. When the
neutrino energy is much smaller than M3, (81 GeV/c?) the cross section is
really proportional to E,. At energies above M3, the momentum transfer
can reach very high values and the cross section increase slows down.

So the very large penetration ability of neutrinos make them impor-
tant for the observation of hidden sources and processes. There is a catch,
however. Neutrinos are produced only in hadronic processes, that are prac-
tically not studied in astrophysics. If we turn the argument around, we
can state that the possible future detection of astrophysical neutrinos will
reveal the importance of hadronic processes in the dynamics of the source
system.

1.1. How are these neutrinos generated

Neutrinos are generated in the decay chain of charged pions, that are the
most common product of hadronic interactions. Other meson decays also
contribute at high energy, but the typical process is

p+p — pn)+ma®+ 2mat

the production of neutral and charged secondary pions. The number of
charged pions is roughly twice as large. At moderate energies the interac-
tion proton loses on the average one half of its energy and the other half
is distributed between the secondary particles. Charged pions decay into
a muons and muon neutrinos, and in the astrophysical environment muons
also always decay into a muon neutrino, electron neutrino and an elec-
tron. So imagine an interaction where one secondary pion of every charge
is produced.

70 s T p

1 L 1 1

8 6 6 2
yylet ve vy Uyle b D, v,
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The two ~y-rays share equally the 7° energy and the four particles from the
charge pion - muon decay chain get approximately 1/4 of the the 7% energy.
So the total amount of energy that goes into electromagnetic particles (vy-
rays and et) is about equal to energy in neutrinos, while the energy of
the individual neutrinos is smaller that that of y-rays. Folded with the
steep cosmic ray spectrum E~¢ the flux of neutrinos is smaller than that
of y-rays -

¢, = ¢'y(1 _Tw)a; (2)

where r,; = (m,/mg)2.
The 7° gamma ray spectrum peaks at one half m,o - about 70 MeV.
The neutrino spectra peak at about m /4.

1.2. How are the pions produced

Pions and other mesons that contribute to the neutrino flux at higher en-
ergies are generated in two types of interactions - nucleus-nucleus interac-
tions, which in astrophysical environment are mostly pp with about 10%
contribution from He, and photoproduction interactions pry.

The cross section for pp interactions oy, is about 3x1072% cm? at 100
GeV and increases as s0:93-0-04 at higher energy. s is the total interaction
energy in the center of mass system. The mean free path for interaction
App is then 60 g/cm?. The neutrino production then requires targets of
thickness of order Ap,, which are infrequent in astrophysical systems. Such
targets can be found in accretion disks and in the companion star in binary
star systems. Magnetic fields, that are needed to accelerate protons anyway,
help since they scatter the charged protons and effectively increase their
pathlength inside and around the system.

The photoproduction cross section o, is much smaller - it reaches max-
imum of 5% 10728 cm? at the AT resonance peak, falls to 10728 cm? after
that and increases approximately as oy, at higher energy. The mean free
path Ap, = (opyn4)~! depends on the ambient photon density and energy
spectrum. For the best known photon background - the 2.7° microwave ra-
diation with density 400 cm™2 - ), is of order 3 - 10 Mpc. The threshold
energy for photoproduction interactions is high

(mp ;Emw)2 , (3)

where € is the energy of the ambient photon. The thresholds of interactions
of different photon fields are very different - from 10?° eV for interactions

thr
Eth ~
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on 10~3 eV photons to 107 eV for interactions on optical (1 eV) photons
to 10'* eV for interactions on KeV X-rays. The situation is very different
from pp interactions with a threshold (1.232 GeV) slightly above the proton
mass.

Photoproduction interactions need both high energy protons and high
energy photon seed radiation. We know, however, that high energy nonter-
mal radiation is observed from many powerful astrophysical systems.

2. Sources of astrophysical neutrinos

Since no extraterrestrial neutrinos of energy above 50 MeV have been de-
tected yet we can only discuss the sources from theoretical point of view.
We can roughly divide them in Galactic and extragalactic sources. The
current prejudice is that the Galactic sources are based on pp interactions.
Typical examples of such sources are powerful binary systems, where one
of the objects (neutron star or black hole) is powered by accretion of its
companion matter and supernova remnants, where we assume all Galactic
cosmic rays are accelerated.

In the binary systems the assumption is that protons are accelerated in
the magnetic field of the neutron star and interact either in the accretion
disk or the companion star. Supernova remnants may present enough mat-
ter density for interactions of the accelerated cosmic rays, especially if they
are associated with dense molecular clouds . The EGRET instrument of
the Compton gamma ray observatory detected emission of several super-
nova remnants 2 that may be of 7% origin, since the best fits of its spectral
shape identify a 7° peak 3. Such objects have been suggested as possible
neutrino sources long ago °. Another obvious source, that should exist, is
the Galaxy itself. GeV cosmic ray diffuse for 108 - 107 years, during which
they cross more than 10 g/cm? of Galactic matter. Diffuse Galactic y-rays
has also been observed by EGRET ¢ and there are no doubts about a corre-
sponding diffuse neutrino flux. Similar neutrino fluxes certainly also come
from some of the nearby galaxies. These ‘certain’ neutrinos are, however,
of minor astrophysical interest.

More recent astronomical discoveries of microquasars, galactic objects
with extended jets, may suggest neutrino production via photoproduction
interactions.

Extragalactic neutrino sources are expected to utilize the photoproduc-
tion interaction. The expectations are based on the fact that many extra-
galactic objects are much more powerful than our own Galaxy. The sources
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that have been theoretically analysed are active galactic nuclei (AGN) and
gamma ray bursts (GRB). There are at least two ways to produce neutrinos
at an AGN: near to the central black hole engine 7 or in the AGN jet 8.

Almost nothing is know about the region close to the AGN nucleus ex-
cept for its very high power. The models thus can not be compared to other
observations and constrained in this way. AGN jets are better observed and
the models based on their features suggest that certain number of neutrinos
will be produced. Only the most important question - how large the flux is
- does not yet have an answer.

GRBs are in many respects similar to AGN jets. The basic difference is
that while AGN jets can be active for long periods (10® years), GRBs last
on the hour to day scales. The GRB signals are observed at Earth on the 1
to 10 second time scale, although some high energy (20 GeV) ~-rays have
been seen with hour delays. From observational viewpoint this is good, as
the timing could reveal the neutrino-GRB connection.

2.1. Diffuse extragalactic neutrino flures

Even if we can not observe source neutrinos there is a chance to see the
diffuse neutrino flux from unidentified sources. each of which is not pow-
erful enough to be observed individually. A simple example is to imagine
50 sources in the Universe, each of which generates only one event in a
detector. We can never be certain that this neutrino event came from an
astrophysical source, but could define the diffuse flux of 50 events if they
had a distinguished signature. Such signature is most likely their energy
spectrum.

The neutrinos generated by cosmic rays in the atmosphere - atmospheric
neutrinos - have a steep energy spectrum. It is partially due to the steep
galactic cosmic ray spectrum, but also to the small dimensions of the at-
mosphere. High energy pions start interacting before they decay and high
energy muons hit the ground and lose their energy. In astrophysical environ-
ment secondary interactions are not very likely and all unstable particles
decay. Thus the diffuse neutrino background is expected to have indeed
much flatter energy spectrum.

A reliable estimate of the diffuse neutrino flux is not easy because one
has to account not only for the processes that happen in individual sources,
but also for the luminosity spectrum of these sources and their cosmological

evolution. The diffuse flux is calculated as

dF c 1 —adL
ol FOE—Rg-/dLI/dzp(Lm,z)(l-i-z) E(EzaLm) (4)
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Here Hg is the Hubble constant and p is the luminosity evolution of the
sources with redshift z. (1 + 2)~® is the matrix element with a = 5/2 for
the Einstein-deSitter Universe.

2.2. Neutrinos from propagation of ultra high energy
cosmic rays

The existence of such neutrinos was proposed independently by
V.S. Berezinsky and by F.W. Stecker a few years after the microwave back-
ground was discovered. In Fig. 1 we show the results of a recent calcula-
tion °.

'
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Figure 1. Fluxes of neutrinos from propagation of UHECR. Solid line shows the sum of
v, + Py and the dashed shows ve + P.. The shades show the limits of Waxman&Bahcall
and of Mannheim, Protheroe & Rachen.

Muon neutrino fluxes peak at about 10!7 eV. At lower energy the flux is
cut-off by the decreasing effective photoproduction cross section and on the
higher end by the assumption for a cutoff of the proton spectrum. Electron
neutrinos exhibit a double peak. The higher energy peak coincides with the
v, spectral shape and shows v, from muon decay. The lower peak contains
7, from neutron decay. The calculation uses cosmological neutrino of the
cosmic ray sources proportional to (1 + 2)3.

The two shaded bands show the upper limits of extragalactic source neu-
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trinos calculated from estimates of the luminosity of cosmic ray sources.
The wide band is from Waxman&Bahcall ! and the narrow one - from
Mannheim, Protheroe&Rachen !!. The idea is that if extragalactic neu-
trinos are produced in the sources of the ultra high energy cosmic rays
(UHECR), one can set a limit of the magnitude of their fluxes using the
flux of UHECR itself. W&B limit is obtained using a flat @ = 2 proton
spectrum and a luminosity of 4.5x10%* ergs/Mpc?/year. The lower end of
the band shows the case of no cosmological evolution and the upper one
- with (1 + 2)® evolution. The limit of MPR is not that restrictive - it
accounts for many uncertainties in the modeling of the neutrino flux.

3. Detection of extraterrestrial neutrinos

The classical method for neutrino astronomy is the detection of upward
going neutrino induced muons. A fraction of the muon neutrinos inter-
act in the Earth and produce muons. Downgoing neutrino induced muons
are swamped by the flux of atmospheric muons that is higher by at least
5-6 orders of magnitude. Upward going neutrino induced muons have to
background - only neutrinos can penetrate the Earth. The disadvantage
is that only muon neutrinos are detected this way - electrons from v, in-
teractions are absorbed very fast, and that only 27 solid angle is available
for observation. The advantage is that the effective volume of the detector
is determined by the range of the muon R, i.e. the amount of matter
that a muon can penetrate without stopping. GeV muons lose roughly 2
MeV/(g/cm?) on ionization, i.e. a 100 GeV muon can penetrate through
50,000 g/cm? or 0.5 km water equivalent. In standard rock with density
2.65 g/cm® this would correspond to a length of almost 200 meters. A
detectors of instrumented volume 50x50x50 m® turns into a 50x50x200
m?, i.e. the effective volume increases by a factor of 4. For higher energy
muons the increase is bigger. At energy above 500 GeV, however, muon
radiation losses start dominating the energy loss and R, grow slower with
energy.

The flux of upward going muons can be calculated easily using the
probability P,, that a neutrino of energy E, can generate a muon of energy
bigger than E, at the detector. The flux of upward going muons can then
be obtained by an integration over the neutrino energy spectrum:

dF,
F(>E,) = /E Puv JEdE, (5)

P,,, is calculated by folding the fraction of neutrino energy that a muon
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receives in the neutrino interaction with the muon range. Fig. 2 shows its
values for muons of energy above 1 GeV and 1 TeV. The flux of upward
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Figure 2. Probability for generation of muons of energy above 1 GeV and 1 TeV at the
detector in standard rock as a function of the neutrino energy.

going muons is not very sensitive to the muon energy in the GeV range.
The reason is that both the neutrino cross section and the muon range
increase linearly with energy. For these reasons a power law neutrino flux
E;® will generate a power law muon flux E, (@=2) at muon energies up
to 100 GeV or so. At higher energies o, and R, increase slows down and
the muon spectrum is steeper. Nevertheless existing and planned neutrino
telescopes aim at the detection of higher energy muons to be well above the
atmospheric neutrino background.

The growth of the neutrino cross section makes the Earth opaque to
neutrinos at high energy. Fig. 3 shows the mean free path for neutrinos
as a function of energy and compares it to the column density through
the Earth as a function of the zenith angle §. Neutrinos of energy 10°
GeV are absorbed if they penetrate the Earth vertically upwards, where
the column density is about 10!° g/cm®. At energies above 4x10° GeV
the Earth is opaque at all zenith angles. There are some secondary effects
that decrease the effect. One is the existence of the neutral current (NC)
neutrino interactions that generate hadrons and a secondary neutrino. In
such interactions the neutrino energy is only decreased. Part of the neutrino
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Figure 3. The neutrino mean free path for CC interactions is shown as a function of
the neutrino energy and is compared to the column density of the Earth.

flux is recovered and the loss cone in the Earth is decreased. Fluxes of
v, that are expected to exist because of v, oscillations are also absorbed
differently because of the 7 energy loss and decay time. But generally with
increased neutrino energy neutrino astronomy becomes more difficult with
upward going muons.

At such energies, as is the case with the diffuse neutrinos in Fig. 1
one has to use other methods. One is the detection of very high energy
cascades generated by v,’s. The total energy of an electron neutrino goes
into a cascade in a CC neutrino interaction. Atmospheric neutrinos have
a very steep energy spectrum and vanish before v, do. Extraterrestrial
electron neutrinos have the the same spectra as muon neutrinos and there
is no background if the detectors can measure the cascade energy.

Many current ideas about the detection of ultra high energy neutrinos
are linked to the oscillations of muon into tau neutrinos. Although the ratio
of different neutrino flavors at production is ve : v, : v = 1:2:0 the
fluxes arriving at Earth will have approximately ve : v, 1 vy = 1:1:1
Tau neutrinos and mesons create unique spectacular signatures that could
identify them immediately. The number of events with such signatures is
not, however, expected to be significant.
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3.1. Neuirino telescopes

All underground detectors that can identify upward going neutrino induced
muons have published skymaps of their muons and have set limits on the
flux of extraterrestrial neutrinos. In this section I will only briefly mention
detectors that are specifically designed and build for neutrino astronomy
or others that could be very efficient at extremely high energy.

The deep underwater/ice detectors are the classical example for neutrino
telescopes. The first one, DUMAND, was proposed in the early 1970s.
This pioneering detector was never completed. The first one that indeed
detected neutrinos is in lake Baikal and is commonly referred to as the
BAIKAL detector.

The idea is to put photomultiplier tubes (PMT) deep in the ocean (lake
in this case). Upward going neutrino induced muons emit Cherenkov light
that can be seen in the darkness of the deep ocean. There are, of course,
problems with underwater construction, bioluminescence and other sources
of light. Currently there are three such projects in the Mediterranean -
NESTOR 12, ANTARES !2 and Nemo. All three of them aim at a sensitive
area of about 0.1 kmm? by instrumenting strings of PMTs that are anchored
at the bottom of the sea. NESTOR is the oldest one off the coast of Greece.
It uses ‘towers’ containing sets of PMTs on the same level instead of strings.
ANTARES is the best developed as a concept and will start deployment
in 2003. Nemo is a still young italian effort off the coast of Sicily that is
expected to join the efforts of the other groups in building even bigger 1
km? detector.

The example for such a detector is ICECUBE 4 at the South Pole that
is already proposed and partially funded. ICECUBE is a km? detector that
follows on the success of the AMANDA detector of effective area 0.1 km3.
This is the same idea as in underwater experiments. The PMTs this time
are deployed in the holes drilled in clean ice at depths 1.5 - 2.5 km. Ice
has the advantage of relatively easy construction - there are no waves on
the surface. It has no background light and long absorption length for the
Cherenkov light. The ice is, however, less uniform than water and the light
scatters relatively more than in sea water. Detectors cannot be put deeper
than 2.5 km and thus have relatively high background.

The AMANDA collaboration was able to overcome these and other
problems related to the South Pole location and prove the concept of neu-
trino detection in the ice. If there are no surprises ICECUBE will be com-
pleted and will start full operation in 2008/9. It will collect data during
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deployment together with the AMANDA strings. On top of ICECUBE is
the km? air shower detector ICETOP that will be used for calibration and
veto shielding for cascade events in addition to other cosmic ray science.

Ultrahigh energy neutrino interactions will be difficult to contain and
measure even in a km? detector. Besides such detector may be too small for
10° GeV and higher energy neutrinos, that could be related to the sources of
UHECR and many exotic, not very likely but very important, phenomena.
Such neutrinos can be detected either by giant air shower arrays or by
radio detectors. The best example of a giant air shower array is the Auger
Observatory 15 that is being built in Argentina. It has an area of 3,000
km?. As a neutrino detector Auger will have target mass of about 30 km?3
of water and a threshold of about 10'® eV. The EUSO 1% project, optical
air shower detector, is being considered for a flight on the Space station.
EUSO will have much higher sensitivity as well as energy threshold as a
neutrino detector.

The detection of radio signals (a fraction of the Cherenkov radiation is
in that frequency) is another alternative method for detection of neutrino
induced cascades. The RICE detector !” was deployed with AMANDA
in the South Pole ice, and was successful as a prototype experiment that
set important limits on the fluxes of very high energy neutrinos. Another
experiment, ANITA, will circle the Antarctic in a balloon and look for radio
signals from neutrino interactions in the ice.

With so many projects being developed and constructed now the neu-
trino astronomy is the critical stage of its growth. It will open a new window
to the Universe, through which we will see one of its unexplored sides.
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THE RADIO ICE CERENKOV EXPERIMENT (RICE)
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The RICE detector is an array of radio antennas deployed in the ice at the
geographic South Pole. The array is tuned to detect Ultra High Energy
neutrinos(E, > 1015eV) using the radio Cerenkov technique. An Ultra High En-
ergy neutrino interacting in Antarctic ice produces a electron which carries away
about eighty percent of the neutrino’s energy. The electron will initiate an elec-
tromagnetic cascade which develops a net negative charge as atomic electrons are
knocked out. Each charged track emits Cerenkov radiation which is coherent at
radio wavelengths. We describe the general concept of radio detection and details
of the RICE experiment

1. Introduction

Ultra High Energy neutrinos which travel through large distances without
scattering may prove to be useful probes of astrophysics and cosmology.
They can also be used to study the Standard Model of particle physics at
energies which are orders of magnitude beyond those reached by terrestrial
particle accelerators. The flux of neutrinos falls steeply with energy so de-
tectors with large target volumes are required to capture enough events for
any physics study. The RICE experiment is designed to use the concept of
coherent Cerenkov radio emission to extend the energy range of detectable
neutrinos to PeV energies. The large target mass is an approximately kilo-
meter ice cube of sensitive volume surrounding an array of radio receivers.
When a high energy neutrino interacts with a nucleon in the ice, the sec-
ondary lepton carries away, on average, 80% of the neutrino’s energy. In
the case of high energy electron neutrinos, an energetic electron is created

*For the RICE collaboration
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which then generates an electromagnetic cascade. A negative excess charge
develops as atomic electrons are knocked out and transported forward with
the cascade. Each charged track emits broadband Cerenkov radiation and,
because of the compact size of the cascade, the radiation is coherent at
radio wavelengths corresponding to frequencies of 200M Hz — 1GHz. This
was first predicted by Askaryan! and the effect was recently experimentally
observed at a test beam?. Figure 1 depicts this sequence of events which
lead to the detection of a neutrino by RICE. Detailed Monte Carlo® stud-
ies have confirmed the feasibility of using the Askaryan effect to efficiently
study ultra high energy neutrinos.

Electromagnetic P
Cascad(N %

Coherent Radio
Cerenkov Emission

Nucleon Hadronic Cascade
in Ice

Figure 1. Events leading to the detection of an ultra high energy neutrino signal(not
to scale).

2. Radio Signal From Electromagnetic Cascades

As described above, when a high energy neutrino interacts in the target
volume of ice it produces an electron which initiates a cascade(shower)
that develops primarily in the direction of the incident neutrino. At the
beginning of the shower, bremsstrahlung and pair production are the dom-
inant processes and the number of particles increases exponentially. At
high energies the population of photons quickly dominates that of electrons
or positrons. The exponential production of particles is halted when the
charged particles reach a critical energy where ionization loss overtakes ra-
diation loss as the most important electron energy loss mechanism. The
particle population also reaches its maximum at this point. Below the crit-
ical energy, charged particles lose their energy mostly via ionization of the
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medium and the number of particles decline. Multiple Coulomb scatter-
ing is responsible for the transverse spread of the developing shower. The
shower core is populated by the highest energy particles. Other processes,
Compton, Moller and Bhabha scattering, and positron annihilation, build
up a net excess of electrons in the shower. Each charged particle which
travels with velocity, v, greater than the speed of light in the medium, of
refractive index n, emits broadband Cerenkov radiation. The electric field
at a distance R given by?,

iwst(1—A-Gn) _ 1)
1—n. ﬁn

RE(w) _ _Fr (3) eiw%eiw(tl—"ﬁ'ﬁ){)‘T (e

Vo \c?

where p, is the relative permeability. The condition 1—#- ﬁn = 0 defines the
Cerenkov angle 6. as cos§, = 1/n3. Equation (1) is valid when the distance
from the track to the observer is large compared to the length of the track
and the wavelength is of order the track length or greater. The net electric
field from a shower is the contribution from the excess charged tracks in
the shower. An appreciable signal can be obtained at the Cerenkov angle,
f.. Figure 2 shows the angular distribution of the average radio signal from
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Figure 2. Angular pulse distribution, at four frequencies, of a 100 GeV shower (averaged
over 50 showers) with 0.611 MeV total energy threshold from GEANT.

100GeV showers. The signal clearly peaks at the Cerenkov angle in ice of
55.8°.
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3. The RICE Detector: Hardware and Triggers

In its current configuration, Figure 2, RICE consists of a 16-channel array
of dipole receivers deployed within a 200m x 200m x 200m cube between
100 — 300m depths. Most channels are co-located in holes drilled for the
AMANDA experiment?. Each antenna is a fat dipole with a peak response
at 250M Hz consistent with the expected signal and compatible with the
rest of the data acquisition system(DAQ). The signal from each channel

Figure 3. The RICE array, viewed from below and drawn to scale, showing cables and
antenna locations. Two cones, drawn at 6. =+ 3°, depict an approximate 3 dB range of
signal strength.

is boosted by an in-ice amplifier(36dB) and is fed to the surface through
coaxial cable. The DAQ is housed in the MAPO building on the surface.
The signal below 200M H z is filtered to suppress both galactic noise and the
impulsive low frequency background generated by AMANDA phototubes.
The filtered signal is then re-amplified(52 or 60dB) before being fed into
a CAMAC crate. From there the signal is split with each of two identical
copies going to a bank of four digital oscilloscopes and the trigger logic
hardware respectively. There are also four transmitters in the ice which are
used for calibration and three surface horn antennas used to reject surface
noise. For details of the numerous calibration procedures done for RICE,

ahttp://amanda.physics.wisc.edu/
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see I. Kravchenko, et. al.%.

There are three sets of criteria which can initiate the recording of an
event. The main trigger requires at least four channels hit above a pre-
determined threshold and all hits occurring within a 1.2us time window.
This time is set by the geometry of the array and the travel time of a
signal across it, and four hits is the minimum number required for vertex
reconstruction. Data is also taken if at least one RICE module is hit in
coincidence (within 1.25us) with a big SPASE® or AMANDA trigger. The
third trigger is a forced trigger designed to take random noise ‘events’ used
for calibration.

4. Analysis

The vertex reconstruction routine searches a grid around the RICE array
to find a location where the times of hits are consistent with the a radio
signal originating from that point. The changing refractive index, due to
the temperature gradient in the ice, is taken into account in this procedure.
If there are more than four hits for an event, and the x? formed by the
timing residuals between the found vertex and the measured times is large,
one of the channels is removed and the vertex location is re-calculated.
This accounts for the possibility that a random noise excursion in one of
the channels may have occurred in coincidence with a valid trigger. Once a
suitable vertex is found based on timing, the pattern of hits is checked for
consistency with a Cerenkov cone. The configuration of the RICE array has
been dynamic since initial deployment. This reflects the continuing process
of understanding noise backgrounds and expected event signal characteris-
tics and improvements in the DAQ hardware and software. For consistent
data analysis we look at the data in subsets corresponding to frozen settings
of the whole detector. I. Kravchenko et. al.’ contains a detailed descrip-
tion of the analysis of the data taken in August 2000. This analysis found
no events consistent with an ultra high energy neutrino. However, even a
single event found in this data would have severely challenge most source
models of Ultra High Energy neutrinos. One further remarkable feature of
radio technology will be mentioned. The attenuation length of radio in ice
is long® and a single radio receiver can probe a large volume of ice. The
effective volume averaged over the August 2000 exposure is shown as the
bold curve in Figure 4. For E; = 300PeV, V.s; ~ 1km3 . For energies

bSouth Pole Air Shower Experiment
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Figure 4. RICE effective volume, as a function of shower energy, for the August 2000
configuration. The nominal result corresponds to the bold curve. The region in medium
gray spans variations in response due to variation in the attenuation length by factors
of (0.5-2.0). The region in light gray the to changes in signal strength by (0.5-2.0). The
region shaded in dark gray is both variations.

below about 50PeV, Vs ~ E3 as aresult of the nearly linear scaling of the
signal strength with shower energy®. Above 50PeV other effects become
important and the linear scaling breaks down®. Nonetheless, at 300PeV
for the above configuration, the ratio of effective volume to instrumented
volume is 1km3/.008km3 ~ 102,
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