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PREFACE

The International School of Space Science (ISSS), has been established since 1990
in L'Aquila (Italy) by the Conzorzio Interuniversitario per la Fisica Spaziale (CIFS) in
cooperation with the Scuola Superiore Guglielmo Reiss Romoli (SSGRR). The am of the
School is the organization of courses, for alimited number of attending young scientist, on
the different aspects of the space activities; previous courses addressed respectively :

1992-Ultraviolet and optical astronomy from space; 1993-Solar system plasma
physics; 1994-X-ray astronomy; 1995-Physics of planets and planetary environments,
1996-Space Sience from the space station; 1997-The sun as seen from space; 1998-3K
cosmology from space, 1999-High resolution observation in astronomy; 2000 Sun Earth
connection and space weather.

The 2001 Course of the Internationa School of Space Science was held from
August 30" to September 7th, 2001 a the Scuola Superiore "Guglielmo Reiss Romoli"”
near L'Aquila on Astroparticle and Gamma-ray Physics in Space and referred to the
study of the fundamental laws of the Nature through the observation of the most energetic
eventsin our Universe by the detection of cosmic rays and gamma rays from space. This
field isnow emerging as a very stimulating and active one and it is complementary to the
particle physics done at accelerators, underground, and on mountain laboratories. Its main
focus is the study of theoretical items concerning dark matter, cosmic ray origin and
propagation, gamma ray sources in the Universe and on the related balloon and space
experiments. The vitdity of the field is witnessed by the large number of experiments in
progress and planned, like the balloon experiments CAPRICE, BESS, ISOMAX, HEAT,
the space experiments PAMELA and AM S for antimatter cosmic rays detection, ACE and
the planned ACCESS for nuclear composition, NINA, SOHO and SAMPEX for the study
of Solar Energetic particles and low energy cosmic ray composition, AGILE and GLAST
for gamma rays, EUSO for the extreme high energy cosmic rays. Moreover, since this
field needs the use of advanced technologies both on earth and on space, it is a field where
advanced research meets advanced technological industries with very fruitful exchange and
offers achance to involve small and medium high-tech enterprises in a joint discussion on
the technology exchange between space research and space industries.



The credit for the scientific success of the Course mainly goes to the students, with
their active and stimulating participation and to the speakers for their effort in presenting
clear and deep talks, for their presence during ailmost al the period of the school, for their
availability to answer questions and to participate in discussions also outside the
"canonica" time and for supplying their written contributions within the very tough
schedule decided to have avery update reference book. Also we have to thank the Director
of the International School of Space Science, Umberto Villante, for al the support and
suggestions, al the staff of the Reiss Romoli for their professionalism and kindness, our
secretariat staff Gabriella Ardizzoia, Paola Solini and Simona Martana, our Sponsors:
INFN - Istituto Nazionale di Fisica Nucleare, ASl - Agenzia Spaziale Itdiana, University
of Roma “Tor Vergata’, University of L’Aquila, Area di Astrogeofisica, Regione
Abruzzo, Comune ddl'Aquila and Alenia Spazio; Liu Catena and Anna Mindla for her
help in the preparation of the Course, Luigina Invidia and Andrea Lionetto for the help in
the editoria procedure.

The book isavailablein dectronic format in
http://www.roma2.infn.it/infn/aldo/| SSS01.html

February 2002 The Editors
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INTRODUCTION TO HIGH ENERGY ASTROPHYSICS

Malcolm S. Longair
Cavendish Laboratory, Madingley Road, Cambridge CBS 0HE

ABSTRACT

This introduction to high energy astrophysics is on two parts. In the first,
the astrophysical framework within which high energy astrophysical phenom-
ena are observed is described, as well as a number of important astrophysical
processes associated with black holes, accretion, hot intracluster gas and jets in
active galaxies. In the second, many of the most important radiation processes
are described, including the radiation of accelerated electrons, bremsstrahlung,
synchrotron radiation, inverse Compton scattering, synchro-Compton radia-
tion, v-ray processes and relativistic beaming. The emphasis is upon clarity in
the description of the basic physics.

1 The Scope of High Energy Astrophysics

High energy astrophysics is a vast subject and this brief review can only scratch
the surface of this dynamic and extensive field. I have divided the article into



two parts, the first concerning the Astrophysical Framework for high energy
astrophysics, and the second Radiation Processes. These should provide some
of the essential background needed to understand the many excellent papers
presented at this School.

Linterpret the term High Energy Astrophysics to mean a number of things.
It certainly includes:

e The astrophysics of non-thermal processes, specifically, the physics of rel-
ativistic and non-relativistic protons, nuclei and electrons with power-law
energy spectra N(E) « E-7dE in a huge variety of different astrophys-
ical environments, and the processes by which the particles were acceler-
ated with this form of spectrum.

¢ The physics of high temperature plasmas.

e Astrophysics in extreme astrophysical environments.

More details of my approach to these and many others topics can be found
in my books High Energy Astrophysics. Vol. 1 and 2 (1997) (hereafter HEA1
and HEAZ2), as well as my review in the volume X-ray Spectroscopy in Astro-
physics (1999) (hereafter XSA). I will place the emphasis upon the physics of
the processes involved.

Part 1 The Astrophysical Framework

2 White Dwarfs, Neutron Stars and Black Holes

Much of the discussion of high energy astrophysical phenomena centres around
the discussion of compact objects. The most compact stars are white dwarfs,
neutron stars and black holes. Their stability criteria can be found from the
virial theorem for degenerate stars. In the case of stellar material with a non-
relativistic, non-degenerate equation of state, the condition for stability is given
by the virial theorem in the form 3(y — 1)U + 2 = 0, where U is the total
internal thermal energy, -y is the ratio of specific heats of the stellar material
and 0 = GM?/R is the gravitational potential energy of the star. M is its
mass and R a suitably chosen radius.

An important extension of these results is to the case of degenerate stars.
The pressure is associated with the fact that fermions such as electrons, pro-
tons and neutrons cannot occupy the same quantum mechanical state. Simple



arguments show that, in both the relativistic and non-relativistic cases, the
pressure is independent of temperature:

B[ p 5/3 p 4/3
Non-relativistic : p~ — (—) , Relativistic : p = hc (—) .
Me \Mp Mp
Inserting the non-relativistic formula into the equation of hydrostatic support
enables solutions for low-mass white dwarfs and neutron stars to be found.
In the relativistic case, the total internal energy U is

1/3

U=Ve=3VpaVhe (L> , (1)
mp

where ¢ is the energy density of the gas, which in the relativistic limit is related

to the pressure by p = %5. Therefore, the virial theorem becomes:

4/3 2
M
2U = |, 2th( ”) =%GR . 2)

Mp

We can now approximate V = R* and pV = M. Therefore, (2) becomes

4/3 2
e (M) _yaur: -

R \m, 2?2 R
This is the important result. Both the right and left-hand sides of the expression
depend upon radius R in the same way. Dropping constants of order unity, the

3/2
M=~ 1 (%) ~ 2Mg. (4)

D)
mp

mass of the star is:

This is the famous expression for the Chandrasekhar mass and is the upper
limit for the mass of relativistic degenerate stars. If the mass were any greater,
the gravitational term would always dominate and, since both the pressure and
gravitational terms depend upon mass in the same way, the star would collapse
indefinitely. The exact expression is

5.836

2
[

Men = Mo, (5)

where 1., is the average particle mass per electron, which is 2 for a relativistic
degenerate gas, except for hydrogen. A similar result applies for neutron stars,



but the exact result is more difficult to work out since the effects of general
relativity cannot be ignored.

It is instructive to write the Chandrasekhar mass in terms of the grav-
itational fine-structure constant. The usual fine-structure constant is a =
e?/Areghc = 1/137. The equivalent for gravity can be found by replacing
e? [4meo by Gm.

G 2
ag = ;Z” ~ 5.6 x 102, (6)

reflecting the different strengths of the electrostatic and gravitational forces.
/

Therefore the Chandrasekhar mass is M =~ mpa(_33 2. In terms of fundamental
constants, stars are objects which possess about 10%® protons.

If the mass of the compact star is greater than about 2My,, it is inevitable
that the object collapses to a black hole. It is convenient to consider separately
the spherically symmetric, non-rotating black holes and those with non-zero

angular momentum.

¢ Schwarzschild Black Holes are non-rotating and spherically symmet-
ric. There is a surface of infinite redshift at the Schwarzschild radius

R,.
B =2 () -

For an observer at infinity, radiation emitted at this radius is redshifted
to zero frequency — this is why the black holes are called ‘black’. There
is a last stable circular orbit about the black hole at radius r = 3R,. If
matter were placed on a circular orbit at radial distance less than 3R, it
would rapidly spiral into the black hole - this is why the black holes are
called ‘holes’.

¢ Kerr Black Holes possess angular momentum J. The surface of infinite
redshift occurs at radius

1/2

()




For a maximally rotating Kerr black hole, the term in square brackets is

zero and then
GM GM?

2 Jmax =
& c

(9)
The last stable circular orbit depends upon whether the test particle is
corotating or counter-rotating with respect to the black hole:

, GM IGM
Corotating r=-a =—a

Counter-rotating r (10)
The corotating case in (10) is very important since it demonstrates that matter
can approach much closer to » = 0 for a maximally rotating Kerr black hole
than it can for a Schwarzschild black hole.

3 Accretion onto Compact Objects

Accretion of matter under gravity onto compact objects is a very powerful
source of energy. Consider a mass m falling from infinity onto a compact mass
M which has radius R. The kinetic energy of collapse is dissipated as heat
when it hits the surface of the star.

GMm

7 +mv’® = Heat Dissipated. (11)
Suppose the matter is accreted at a rate rh. Then, the rate of dissipation of
energy is
dE  GMm
= _Z7 12
di R (12)
Expressing this result in terms of the Schwarzschild radius,
dE _ mc® (R
= sy 13
w5 (%) 12

For a neutron star of mass 1 Mg, R = 10 km, according to this estimate, about
1/6 of the rest mass energy of the infalling matter is dissipated at heat. This is
an overestimate since this calculation neglects the eflects of general relativity
which cannot be ignored in such compact objects. It is convenient to write the
rate of energy generation, or the luminosity, of the source as

N Umc ’ (14)



where 7 describes the efficiency of the accretion process. The following table
shows the maximum efficiencies obtainable by various astrophysical processes.

Efficiency of Energy Production: Energy Released = nmc?

Form of energy production i

Chemical energy 1079
Nuclear energy 102
Schwarzschild black holes 0.06
Kerr black holes 0.43
Rotational energy of black hole 0.29

e Thus, the accretion of matter onto rotating black holes is the most pow-
erful energy source for objects such as X-ray binaries and active galactic
nuclei.

e Black holes are the most compact objects which a mass M can have and
so the shortest time-scale which can be associated with an object of mass
Mist~Rg/cr~ 107°(M/Mg) s.

The amount of energy which can be obtained from accretion is not, how-
ever, unlimited. The maximum luminosity L is set by the balance between the
attractive force of gravity acting on the protons and the repulsive force of ra-
diation pressure acting on the electrons. In a fully ionised plasma, the protons
and electrons are strongly coupled by electrostatic forces between protons and
electrons:

GM h
mp’ frad = O'TNphTya

fgrav = 2

where Ny, = L/4nr?c is the flux density of photons at distance r from the
source and o is the Thomson cross-section. Thus, the attractive and repulsive
forces both depend upon r—2. Equating these forces, the Eddington luminosity
LE is

M
Ly = 2GMmye 510 <—> . (15)
ar M@

The Eddington limit depends only upon the mass of the star or black hole and
applies to steady accretion. There are various ways by which super-Eddington
luminosities can be obtained, but (15) is a useful guideline for the maximum
luminosity which can be liberated in the steady state.



4 Accretion Discs

How is the potential energy of the matter onto the black hole released? It is
most unlikely that the matter has zero angular momentum, because of random
gravitational perturbations acting on the infalling matter. The matter then
collapses along the angular momentum axis of the infalling material. The same
process occurs in the formation of stars.

In the case of a black hole, a disc forms about the black hole and extends
in to the last stable orbit. To do this, the matter must transfer its angular
momentum outwards through the disc through the action of viscous forces,
which at the same time results the material of the disc is heated by the viscous
forces. These models for accretion discs have been the subject of a great deal
of study.

Evidence for this picture has been found in the X-ray spectra of the
nuclei of certain Seyfert 1 galaxies. There is convincing evidence from spectral
observations with the ASCA X-ray observatory for the presence of fluorescent
Ka emission at 6.4 keV in their spectra. The line is broadened on its low
energy wing. The effect has been observed with reasonable signal-to-noise ratio
in the spectrum of the Seyfert galaxy MCG-6-30-15. The intriguing aspect of
these observations is that the redshift of the line extends to about 4.5 keV.
The preferred model to account for this large redshift is that it is associated
with the combined gravitational and transverse Doppler shifts associated with
matter close to the last stable orbit about the black hole. For a Schwarzschild
black hole, the rotational speed of matter at the last stable orbit is ¢/2 and
that the maximum combined gravitational plus Doppler shift is vops = v/v/2.
If this interpretation is correct, it is of the greatest importance since it would
mean that we can observe matter very close to the last stable orbit about the
black hole and so have the opportunity to study the behaviour of matter in
strong gravitational fields.

5 The Masses of Black Holes in X-ray binaries and the Nuclei of
Galaxies

The methods of classical astrometry can be used to estimate the masses of the
invisible compact objects which are the source of the intense X-rays observed
in X-ray binary systems. In those systems in which the compact companion



is undoubtedly a rapidly rotating neutron star, their masses always turn out
to be about 1.4 M. In some of the cases in which there is no evidence for
a neutron star, the masses of the unseen objects are significantly greater than
3 Mg, indicating that the objects must be stellar mass black holes. In some
cases, the compact object has mass about 10 M. The evidence is compelling
that these are indeed stellar mass black holes and they are of special importance
since they are the closest black holes available for detailed study.

In the past, there was circumstantial evidence that supermassive black
holes are the sources of energy for the most extreme active galactic nuclei such
as the quasars and the nuclei of Seyfert galaxies. Nowadays, much more care
has to be taken in establishing that there are massive point-like objects in the
nuclei of galaxies. The key diagnostic is the observation that the test objects
move in circular Keplerian orbits about the nucleus. This has demonstrated
by the HST for M87, the nearby giant elliptical with a prominent jet.

The best extragalactic example has made use of the Hy O masers observed
by VLBI in the nucleus of the nearby galaxy NGC 4258. In this case, the
rotational speeds of the masers follow a Keplerian relation as far in as they
can be measured. Even better are recent estimates of the mass of the black
hole in the centre of our Galaxy by following the motions of stars observed
at 2 pm (Ghez et al 2000). In this case, the acceleration vectors of some of
the prominent infrared stars in the Galactic Centre have been measured by
very precise astrometry and these intersect at the location of the non-thermal
source Sgr A*, which has long been suspected to be at the centre of the Galaxy.
A summary of the masses and mass densities found in the nuclei of selected
galaxies are listed below.

Galaxy Mass of Mass Density
Nucleus (Mg) (Mgpc™®)
NGC 4258 3.6 x 107 >4 x 107
MR&T7 10° > 108
NGC3115 108 > 108
Galactic Centre 2 x 108 > 2 x 102
Globular Cluster 108 < 10°

In NGC 4258, the mass density is at least 40,000 times greater than that of
the densest globular clusters in our Galaxy. If the mass consisted of stars, the
separation between them would be only about 100 AU and their collision times

10



less than 10® years. Similar arguments can be made about the nature of the
object present in the centre of our Galaxy — it is wholly convincing that there
is a black hole with mass about 2 x 10% Mg lurking in the centre of our Galaxy.

6 Clusters of Galaxies

Clusters of galaxies are the largest gravitationally-bound systems in the Uni-
verse and are often the seat of high-energy astrophysical activity. Of special
importance is the fact that the intergalactic gas within clusters of galaxies is
not only very hot, and hence a luminous source of X-rays, but also enables
the mass of the cluster and the gaseous environment to be determined in some
detail. This has become a particularly important area with the spectacular
results provided by the Chandra and Newton-XMM satellites. The calculation
proceeds as follows.

The equation of hydrostatic support for the intergalactic gas in a cluster
of galaxies is

dp _ GM(<r)p

ar r? ) (16)

The pressure is related to the local gas density g through the equation of state
p = okT [ump where my is the mass of the hydrogen atom and 4 is the mean
molecular weight of the gas. Differentiating the equation of state with respect
to r and substituting into (16), we find

kTr? [d(logpe) + d(logT)

M(<r) = _GumH dr dr

. (17)

Thus, the mass distribution within the cluster can be determined if the variation
of the gas density and temperature with radius are known. We will show in
Sect. 9.2 how the bremsstrahlung spectrum of the intracluster gas can be used
to determine both its temperature and density distribution. In some clusters,
the gas is dense enough to cool over cosmological time-scales resulting in cooling
flows (see Sect. 9.3).

Note that the hot gas acts as a tracer of the total gravitating mass in the
cluster, including the dark matter which defines the gravitational potential.
Bohringer (1995) gives a nice example of his results on the Perseus cluster of
galaxies. The typical total masses of rich clusters lie in the range 5 x 10
to 5 x 10 My, of which about 5% is attributable to the mass contained in

11



the visible parts of galaxies and about 10 to 30% to hot intracluster gas. The
remaining 60 to 85% of the mass is in some form of dark matter. Typically,
the iron abundance of the hot gas is between about 20 and 50% of the solar
value, indicating that the intergalactic gas has been enriched by the products
of stellar nucleosynthesis.

The Chandra observations show that, while some clusters such as the
Coma cluster can be well approximated by smooth X-ray profiles, other well-
studied clusters display considerable structure in their X-ray distributions.
Some of these are certainly due to the presence of powerful radio sources in
the clusters. Presumably these events compress the gas allowing it to radi-
ated with greater intensity. These considerations lead another characteristic of
active galactic nuclei, the presence of jets.

7 Jets

One of the remarkable phenomena which seem to accompany most manifesta-
tions of high energy astrophysical processes associated with compact objects is
the presence of highly collimated jets of relativistic material. The best known
of these are those associated with extragalactic radio sources and objects such
as M87 and 3C273. Some of the more important aspects of their role in astro-
physics can be summarised as follows:

e The most common examples of relativistic jets are found in the extra-
galactic radio sources. In sources such as Cygnus A, highly collimated
jets of relativistic particles emerge from the nucleus of the galaxy in oppo-
site directions and inflate huge radio emitting cocoons. The locations at
which the jets encounter the surrounding interstellar and intergalactic gas
result in ‘hot-spots’ where particle acceleration takes place. These parti-
cles inflate the cocoon as the jet continues to penetrate the surrounding
medium. The material of the jet must travel at speeds close to the speed
of light and the hot-spots themselves advance through the surrounding
medium at speeds up to about 0.1 or 0.2¢.

e The jets can disrupt cool clouds which they encounter as the pass out
through the galaxy. We have found spectacular examples of this phe-
nomenon in the case of the most powerful double radio sources at red-
shifts z ~ 1 (Best et al. 2000). In the alignment effect, intense optical

12



emission is observed aligned with the radio jets. Our observations have
shown that, in the smaller double radio sources, the excitation mechanism
is strong shocks caused by the interaction between the jets and the cool
clouds. The origin of the clouds is not established, but they may well be
associated with cooling flows in the surrounding intergalactic gas. In the
case of sources such as Cygnus A and Perseus A, there is direct evidence
for the hot gas associated with the central galaxy being compressed and
buffetted by the cocoons of the radio sources.

The radio galaxies and radio quasars found in complete samples are in
remarkable agreement with orientation-based wunification schemes. The
idea behind unification is that what one observes in active galaxies is
strongly influenced by the angle at which the observer is located with
respect to the axis of ejection of the jet. If there is an obscuring torus
about the active nucleus, the quasar-like activity in the nucleus is only
observed if the observer lies within a certain angle with respect to the
axis of the torus. This scheme can account for the properties of the radio
galaxies and radio quasars found in, for example, the 3CR sample of radio
sources if the opening angle of the torus is about 45°. Similar schemes can
account for the differences between the Seyfert I and Seyfert II galaxies
— in the former, the nuclear regions are observed directly, whereas in the
latter, these regions can only be observed in the reflected light of clouds
well outside the region of the torus (see Antonucci 1993).

One of the big surprises of the study of luminous compact radio sources
was the discovery of superluminal motions in sources such as 3C273 and
3C120. In 3C273, the jets are observed to move out from the nucleus at
speeds up to 8 to 10 times the speed of light. This phenomenon has been
found in many of the compact radio sources found in high frequency sur-
veys. In the favoured relativistic ballistic model, it is assumed that this
is an optical illusion associated with the fact that the jet is approaching
the observer at a speed close to the speed of light at an angle close to the
line of sight (see Sect. 14). Kellermann (2001) pointed out that there is a
strong bias in favour of observing the largest superluminal velocities, be-
cause the large blue-shifts of the approaching source components greatly
amplily their observed flux densities. When account is taken of this bias,
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the average observed value is probably closer to vops = 2¢. Relativistic
velocities have been observed in the components of the optical jet of M87.

Further evidence for relativistic beaming has been found in the extreme
~-ray luminosities of the quasars detected by the Compton Gamma-Ray
Observatory. These are so extreme in luminosity and variability, that
the effects of photon-photon scattering would destroy the ~y-ray photons
within the source region. Fortunately, it is also found that the majority of
these extreme y-ray sources are also associated with objects which exhibit
superluminal motion of their radio source components. The natural ex-
planation for these enormous luminosities is that they are boosted by the
same type of relativistic beaming which is responsible for the observation
of superluminal motions.

To everyone’s surprise, in 1994 Mirabel and Rodriguez discovered that
one of the Galactic X-ray binary source GRS 1915+105, which contains
a stellar mass black hole, exhibits superluminal motion. They demon-
strated convincingly that this class of source provides more or less ex-
act counterparts for the phenomena observed in radio galaxies and radio
quasars, but scaled down by a factor of about one million - they named
these objects microquasars. The reason for this rather precise scaling is
that both the luminosity and the time-scale of variablity of the sources are
proportional to the mass of the black hole. The only significant difference
is that the microquasars are powered by accretion due to the dragging
of mass off the primary star of the binary, whereas in the extragalactic
case, the mass is presumed to originate by infall and dissipation from the
interstellar gas in the parent galaxy. The scaling down by a factor of
one million means that phenomena, which would only be observable over
periods of decades, or centuries, in the extragalactic case can be observed
within minutes or hours.

The last example of sources in which relativistic beaming must play an
important role are the y-ray bursts. It is now certain that these objects
lie at cosmological distances and are the most luminous objects in the
Universe for the seconds or minutes during which the burst lasts. To
account for the luminosities and short duration of the bursts, relativistic
motions are again invoked, this time in the form of a relativistic blast
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wave resulting from a catastrophic event, probably associated with the
collapse of the core of a massive star, or possibly with the coalescence of
a binary neutron star system.

Part 2 Radiation Processes

The objective of these notes is to indicate how essentially all the important
features of the radiation processes encountered in high energy astrophysics can
be understood in terms of the elaboration of a few simple basic principles. The
processes to be considered below include: the fundamentals of the radiation
of charged particles, bremsstrahlung, synchrotron radiation, inverse Compton
radiation, synchro-Compton radiation, 4-ray processes and relativistic beam-
ing. The acceleration of charged particles is splendidly reviewed in this volume
by Professor Berezhko. The books which I find most useful in understand-
ing these processes are those by Rybicki and Lightman (1979), Jackson (1975)
and Blandford, Netzer and Woltjer (1990), as well as my own versions of the
processes (Longair 1997, 1999). This part is a highly abridged version of my
review in XSA.

8 Basic Radiation Concepts

The key relation is the radiation loss rate of an accelerated charged particle in
the non-relativistic limit

_(dE) __BP _ S1FP (18)

dt /.4 © 6reg® Bmepcd

p = qr is the dipole moment of the accelerated electron with respect to some
origin. This formula is often referred to as the radiation loss rate for dipole
radiation. I will use ST wnits throughout this survey. In the non-relativistic
limit, the radiation loss rate depends only upon the acceleration of the charged
particle. This formula can be derived using elementary concepts in electromag-
netism (see HEA1 or XSA).

The strength of the electric field in the radiated wave at angle 8 to the
acceleration vector is

By = g7 sin@ (19)

drepc?r’
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Correspondingly, the rate loss of energy through the solid angle d) at distance
r from the charge is

w12 . 2 2 i 2
_(dE) 40 = |D|” sin® 6 2240 = |D|” sin® 8
rad

- =7 = dQ. 20
dt 1672 Zoe3ctr? 1672g0c3 (20)

To find the total radiation rate, we integrate over all solid angles to find the
result (18) which is sometimes called Larmor’s formula. These formulae em-
body the three essential properties of the radiation of an accelerated charged
particle.

1. The total radiation rate is given by (18). In this formula, the acceleration
is the proper acceleration of the charged particle and the radiation loss
rate is measured in the instantaneous rest frame of the particle.

2. The polar diagram of the radiation is of dipolar form, that is, the electric
field strength varies as sinf and the power radiated per unit solid angle
varies as sin? 6. There is no radiation along the acceleration vector and
the field strength is greatest at right angles to the acceleration vector.

3. The radiation is polarised with the electric field vector lying in the direc-
tion of the acceleration vector, as projected onto a sphere at distance r
from the charged particle.

These are very useful rules which enable us to understand the radiation
properties of particles in different astrophysical situations. These rules are
applicable in the instantaneous rest frame of the particle and so we need to
look carefully at what an external observer sees when the particle is moving at
a relativistic velocity.

8.1 Thomson Scattering

Let us apply these results to the case of Thomson scattering, the scattering of
electromagnetic waves by free electrons in the classical limit. The acceleration
of the electron is due to the E-fields of the incident electromagnetic waves. If
a is the angle between the direction of the incident flux of radiation and the
direction of observer, the loss rate is

dE et 2 S
— (E) dQ = W(l + cos 0[)5 dQ (21)
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where S is in incident flux density of unpolarised radiation. The scattered
intensity can be written in terms of a differential scattering cross-section dor

dor(a) _ energy radiated per unit time per unit solid angle

= . 22
dQ incident energy per unit time per unit area (22)
The differential cross-section for Thomson scattering is therefore
4 2
€ (1+cos? @)
d = df. 23
or() 16mw2egm?2ct 2 (23)

In terms of the classical electron radius re = e? /Anegmec?, this can be expressed

2
Te

dor = E(l + cos® @) dQ2. (24)
To find the total cross-section for scattering, we integrate over all angles a,

2
8nrs

T2
or = / r—e(l + cos? a) 2w sinada = =6.653 x 10729 m?. (25)
0

2

This is Thomson’s famous result for the total cross-section for scattering by sta-
tionary free electrons, the Thomson cross-section. It appears in many radiation
formulae.

A distinctive feature of the process is that the scattered radiation is po-
larised, even if the incident beam is unpolarised. The degree of polarisation
can be found from a simple calculation:

Inox — Imin 1 —cos?a
II= = .
Liox + Inin - 14+ cos2a

(26)

8.2 A useful relativistic invariant

Very often we have to transform the energy loss rate by radiation, dE/dt, from
one inertial frame of reference to another — it turns out that dF/dt is a Lorentz
invariant between inertial frames. To the expert in relativity, this is obvious.
The total energy emitted in the form of radiation is the ‘time’ component
of the momentum four-vector [E/c?,p] and dt is the time component of the
displacement four-vector [dt, dr]. Therefore, both the energy dE and the time
interval dt transform in the same way between inertial frames of reference and
their ratio dE/d¢ is also an invariant, that is,
dE _dF'
dat o d

(27)
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We can derive from this expression the radiation rate as observed by the
external observer who measures the velocity and acceleration of the electron to
be a and v respectively, the proper acceleration measured in the instantaneous
rest frame of the electron being ag. To relate ag, a and v, it is simplest to
equate the norms of the four-accelerations of the accelerated electron in the
frames S and S'.

dE e2fy4 5 o (V- a\2
st = - . 2
(dt)ins 6meoc? [a, +7 ( c )] (28)
Another useful exercise is to resolve a parallel and perpendicular to v so that
dE eyt
(E) ¢ 6meec® (lar? +~2layl?) - (29)
m

8.3 Parseval’s theorem and the spectral distribution of the radiation of an
accelerated electron

Parseval’s theorem provides an elegant method of relating the kinematic history
of the particle to its radiation spectrum. We introduce the Fourier transform
of the acceleration of the particle through the Fourier transform pair:

b(t) = W /_ : 5 (w) exp(—iwt) du (30)
(W) = W /_ o) explivt) . (31)

Parseval’s theorem states that ¥(w) and ¥(t) are related by the integrals:

o0 o0
/ |6 (w)]? dw =/ |o()|? dt. (32)
—00 —00
It is then straightforward to show that
1) = o) 53
© Bmepc? ’

where I(w) is the total energy per unit bandwidth emitted throughout the
period during which the particle is accelerated. For a distribution of particles,
(33) must be integrated over all the particles contributing to the radiation at
frequency w.
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9 Bremsstrahlung

Bremsstrahlung is the radiation associated with the acceleration of electrons in
the electrostatic fields of ions and the nuclei of atoms.

9.1 Encounters between Charged Particles

To begin with, let us study the collision of a high energy proton or nucleus with
the electrons of a fully ionised plasma. The charge of the high energy particle
is ze, its mass M, and it is assumed that it is undeviated in the encounter with
the electron; b, the distance of closest approach of the particle to the electron, is
called the collision parameter of the interaction. The total momentum impulse
given to the electron in the encounter is p = [Fdi = ze*/2megbv and the
kinetic energy transferred to the electron is

p2 2’2 64

o = F e = energy lost by high energy particle. (34)

The average energy loss per unit length is found by integrating over collision
parameters:

24N
dE Z¢'Ne | (bmax)‘ (35)

dz  4medv?me Bmin

where N, is the number density of electrons. You may well ask, ‘Why introduce
the limits bpax and by, rather than work out the answer properly?” Our
approximate methods give rather good answers because the limits byayx and bmin
only appear inside the logarithm and hence need not be known very precisely.
This is the simplest example of the type of calculation which is carried out
in working out energy transfers and accelerations of electrons and protons in
fully ionised plasmas. The logarithmic term In(bmax /bmin) appears in the guise
of what are often referred to as Gaunt factors and care has to be taken to use
the correct values of bmax and bmin in working out, for example, the radiation
spectrum of bremsstrahlung and the electrical conductivity of a plasma.

9.2 The Spectrum and Energy Loss Rate of Bremsstrahlung

In the classical limit, bremsstrahlung is the emission of an electron in an electro-
static encounter with a nucleus. Electrons lose more energy in electron-electron
collisions, but these do not result in the emission of dipole radiation since there
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is no net electric dipole moment associated with these encounters. First, we
need an expression for the acceleration of an electron in the electrostatic field
of the nucleus. Then, we take the Fourier transform of the acceleration of the
electron and use Parseval’s theorem to work out the spectrum of the emitted
radiation. Next, we integrate this result over all collision parameters and we
have to worry about suitable limits for byax and bmin-

The relativistic and non-relativistic cases begin in the same way. The
accelerations along the trajectory of the electron, a|, and perpendicular to it,
a_, in its rest-frame are given by

. eE, vZe2ut
=g, = 2% = 36
4= Ye me  4megme[b? + (yut)2]3/2 (36)
E Ze?
o=t = -2 n7e’ (37)

me  dmeomne[b? + (yut)?]3/2
where Ze is the charge of the nucleus (see HEAZ).

After some algebra we can find the intensity spectrum of the radiation as-
sociated with both accelerations. It turns out that the impulse perpendicular
to the direction of travel contributes the greater intensity, even in the non-
relativistic case v = 1 and results in significant radiation at low frequencies.
At high frequencies, there is an exponential cut-off. This can be understood as
follows. The duration of the relativistic collision is roughly 7 = 2b/yv. There-
fore, the dominant Fourier components in the radiation spectrum correspond
to frequencies v = 1/7 = yv/2b and hence to w & 7vy/2b, that is, wb/yv ~ 1.
The exponential cut-off tells us that there is little power emitted at frequencies
greater than w = yu/b.

The low frequency spectrum has the form

728 1 1 [wb\?, o [ wh
I(OJ) = 247{453037’)’],2 b2’U2 [1 - ? <%> In <%) . (38)

In the low frequency limit, wb/yv < 1, the second term in square brackets can

be neglected and hence
Z2%e8 1
I(w) = = .
24miedcdm? b2?

(39)

We could have guessed that the low frequency spectrum of the emission would
be flat because, so far as these frequencies are concerned, the momentum im-
pulse is a delta-function. It is a standard result of Fourier analysis that the
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Fourier transform of the delta-function is a flat spectrum, I(w) = constant. To
an excellent approximation, the low frequency spectrum is flat up to frequency
w = ~yv/b, above which the spectrum falls off exponentially.

Finally, we integrate over all relevant collision parameters which con-
tribute to the radiation at frequency w. Detailed calculations give the following
answers for the spectral emissivity of the plasma at temperature T

1 /m\1/2 Z2%% [/me\1/2 hv
57 (5) 3Fm2 (7)ot~ TIVNeexp (_k_T) (40)

=6.8x 10731 22T V2NN, g(v,T) exp(—hw/kT)Wm™Hz™*  (41)

Ky =

where the number densities of electrons N, and of nuclei N are given in m=3.

Suitable forms for the Gaunt factor at radio and X-ray wavelengths are:

, V3 128:2K3T3 12
Radio g¢g(v,T) = o In Y vy ) (42)
V3. (kT
X—ray g(l/, T) = Tln (E) s (43)

where vy = 0.577... is Euler’s constant. The total bremsstrahlung loss rate of
the plasma is

— (%) =1.435 x 107*°Z*T"?gNN, Wm™>. (44)
brems

where g &~ 1. A compilation of a large number of useful Gaunt factors for a wide
range of physical conditions is given by Karzas and Latter (1961). The evidence
is wholly convincing that thermal bremsstrahlung is the emission mechanism
responsible for the diffuse X-ray emission of clusters of galaxies and supernova
remnants, clinching evidence being the detection of lines of FeXXVI in their
X-ray spectra.

The development of similar techniques for treating relativistic and non-
thermal bremsstrahlung is discussed in HEA.

9.3 Cooling Flows in Clusters of Galaxies

In the central regions of clusters of galaxies, the gas density may become suffi-
ciently high for the gas to cool by bremsstrahlung over cosmological time-scales.
The observation of peaks in the X-ray surface brightness distribution in a num-
ber of clusters and the fact that the X-ray temperature is often lower in the
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centre than in the outer regions are convincing pieces of evidence for presence
of cooling flows. At the high temperatures present in the intracluster gas, the
principal cooling mechanism is bremsstrahlung, for which the total energy loss
rate is given by (44). Therefore, the cooling time-scale 7eoa is

_E 3kT 10T,
Teool = ‘@ T L35 x 10-0Z2T2gN? T T N,
dt

years (45)

where Ty is the temperature in units of 108 K, N, is the number density of
electrons in units of 10* m—2, Z =1 and § = 1. For the typical densities and
temperatures found in the cores of clusters of galaxies, Ty ~ 1, N, > 1, the
cooling time is less than the cosmological time-scale.

The observation of cooling flows is very important for many different
aspects of the evolution of hot gas in clusters. The process adds mass to the
central galaxy and may well be responsible for the formation of cool gas clouds
in the central regions. In turn, this gas may be responsible for fuelling the
massive black holes present in the most massive galaxies in clusters.

9.4 The Sunyaev—Zeldovich Effect in Hot Intracluster Gas

A completely independent method of studying the hot gas in clusters of galax-
ies is to search for decrements in the intensity of the Cosmic Microwave Back-
ground Radiation in the directions of clusters of galaxies. As the photons of the
background radiation pass through the cloud, a few of them sufler Compton
scattering by the hot electrons. Although, to first order, the photons are just
as likely to gain as lose energy in these Compton scatterings, to second order
there is a net statistical gain of energy. Thus, the spectrum of the Cosmic
Microwave Background Radiation is shifted to slightly higher energies and, in
the Rayleigh—Jeans region of the spectrum, there is expected to be a decrement
in the intensity of the background radiation in the direction of the cluster of
galaxies, while in the Wien region there should be a slight excess (Sunyaev
and Zeldovich 1970). The magnitude of the distortion is determined by the
Complon scaltering optical depth through the region of hot gas

KT,
Y= / (mec2) o Nodl. (46)
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The resulting decrement in the Rayleigh—Jeans region of the spectrum is Al /T, =
—2y (see HEA1). Thus, the magnitude of the decrement along any line of sight
through the cluster provides a measure of [ N,T¢ dl, in other words, the integral
of the pressure of the gas along the line of sight. For the typical parameters of
hot intracluster gas, the predicted decrement amounts to AT/I ~ 10~%.

The most impressive maps of the decrements in the Cosmic Microwave
Background Radiation have been obtained by the Ryle Telescope at Cam-
bridge. The contours defining the Sunyaev-Zeldovich decrements follow closely
the X-ray brightness distribution of the hot cluster gas. In the case of Abell
1914, there is a region of high X-ray surface brightness close to the centre of
the cluster and this is interpreted as a cooling flow. In conjunction with the
X-ray bremsstrahlung measurements, these observations enable the physical
conditions in the intracluster gas to be over-determined and so the physical
dimensions of the hot gas clouds can be estimated, without knowledge of the
distance of the cluster. This has enabled direct estimates of Hubble’s constant
to be made.

10 Synchrotron Radiation

Synchrotron radiation, the emission of very high energy electrons gyrating in a
magnetic field, is the process which dominates high energy astrophysics. The
word non-thermal is used frequently in high energy astrophysics to describe
the emission of high energy particles. This is unfortunate terminology since
all emission mechanisms are ‘thermal’ in some sense. The word is conven-
tionally taken to mean ‘continuum radiation from particles, the energy spec-
trum of which is not Maxwellian’. In practice, continuum emission is often
referred to as ‘non-thermal’ if it cannot be described by the spectrum of ther-
mal bremsstrahlung or black-body radiation.

10.1 Motion of a Relativistic Electron in a Uniform, Static Magnetic field

The motion of the particle consists of constant velocity along the magnetic
field direction and circular motion with radius » about it. Thus, the particle
moves in a spiral path with constant pitch angle 8. The radius r is known as the
gyroradius of the particle. The angular frequency of the particle in its orbit w, is
known as the angular cyclotron frequency or angular gyrofrequency and is given
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=1/2 ig the Lorentz factor of

by wg = vi/r = zeB/ymg where v = (1 — v?/c?)
the electron. The corresponding gyrofrequency vg is vg = wy /21 = zeB[27ymy.
In the case of a non-relativistic particle, 7 = 1 and hence v; = zeB/2rmo. A
useful figure to remember is the non-relativistic gyrofrequency of an electron
vg = eB/2nme = 28 GHz T~ where the magnetic field strength is measured
in tesla. Alternatively, v, = 2.8 MHz G~! for those not yet converted from

gauss (G) to teslas (T).

10.2 The total energy loss rate

In synchrotron radiation, the acceleration is always perpendicular to the veloc-
ity vector of the particle and to B. Therefore, the total radiation loss rate of
the electron is

dE yte? 5 etB? w2 o, .,
(dt) 6mregc? o] 6regem? 2 7" sin"6 (47)

This can be rewritten in terms of the Thomson cross-section as
dE 2
_ (E) = 207cUnag (%) +? sin” 6 (48)
where Unag = B*/2p, is the energy density of the magnetic field. In the
ultrarelativistic limit, v — ¢, we may safely set v/c =1 in (48).

These results apply for electrons of a specific pitch angle 8. Particles
of a particular energy E, or Lorentz factor vy, are often expected to have an
isotropic distribution of pitch angles and therefore, averaging over an isotropic
distribution of pitch angles p(9) d6 =  sin6 do

df v\ 2
B ( & ) = Gorclimag () (49)
There is a deeper sense in which (49) is the average loss rate for a particle
of energy E. During its lifetime, it is likely that the high energy particle is
randomly scattered in pitch angle and then (49) is the correct expression for
its average energy loss rate.

10.3 The spectral distribution of radiation from a single electron - physical
arguments

The next step is to work out the spectral distribution of synchrotron radia-
tion. Let us analyse first of all some basic aspects of radiation mechanisms

24



of relativistic particles. One of the basic features of the radiation of relativis-
tic particles is that the radiation is beamed in the direction of motion of the
particle. Consider the case of a particle gyrating about the magnetic field at
a pitch angle of 90°. The electron is accelerated radially inwards, and in the
instantaneous rest frame emits the usual dipole pattern with respect to the
acceleration vector. We can therefore work out the radiation pattern in the
laboratory frame of reference using the relativistic aberration formulae. The
angular distribution of radiation with respect to the velocity vector in the {frame
S is I, o sin%@’ = cos? ¢, where ¢’ is the angle between the velocity vector of
the electron and the line of sight to the observer. The aberration formulae are:

1 sin ¢’

1 ) cos¢' +u/fc
v 1+ (v/c)cos ¢ ’

1+ (v/c)cos ¢’ (50)

sin ¢ = cos¢ =
To illustrate the beaming of the radiation, consider the angles ¢/ = £a /4, the
angles at which the intensity of radiation falls to half its maximum value in
the instantaneous rest frame of the particle. The corresponding angles ¢ in the
laboratory frame of reference are sing ~ ¢ ~ 1/7.

Thus, the radiation emitted within —n/4 < ¢' < n/4 is beamed in the
direction of motion of the electron within an angle —1/y < ¢ < 1/v. As
observed in the frame S, the dipole beam pattern is very strongly distorted
and the intensity of the radiation is strongly Doppler-shifted. A ‘spike’ of
radiation is observed every time the electron’s velocity vector lies within an
angle ¢ ~ 1/~ of the line of sight to the observer. The spectrum of the radiation
is the Fourier transform of this pulse once the eflects of time retardation are
taken into account. The observer sees significant radiation from only about
1/ of the particle’s orbit, but the observed duration of the pulse is less than
1/~ times the period of the orbit because radiation emitted at the trailing edge
of the pulse almost catches up with the radiation emitted at the leading edge.

Let us illustrate this effect by a simple calculation. Consider the observer
located at a distance R from the position at which the leading edge of the pulse
is first observed. The radiation reaches the observer at time R/¢. Now consider
the radiation emitted from the trailing edge of the pulse at time L/v later which
then travels a distance (R — L) at the speed of light to reach the observer. The
trailing edge of the pulse arrives at the observer at a time L/v+ (R — L)/c.
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The duration of the pulse as measured by the observer is therefore

S A

1- 9) (51)

c
Thus, the observed duration of the pulse is much less than value L/v which
might naively have been expected. We can rewrite (51) noting that

L _mf 1 1

v v YWr Weg ( )

where wy is the non-relativistic angular gyrofrequency and w, = wg /7. We also
note that we can rewrite (1 —v/c) as

(1_ E) — [1—(/g][1+ (/9] _ (1 —v?/c?) 1

¢ L+@/9] 1+ 29 (53)

since v & c¢. Therefore, the observed duration of the pulse is roughly At =
1/2v*w,. This means that the duration of the pulse as observed by a distant
observer in the laboratory frame of reference is roughly 1/~? times shorter than
the non-relativistic gyroperiod Ty = 27 /wg. The maximum Fourier component
of the spectral decomposition of the observed pulse of radiation corresponds to
afrequency v ~ At™", that is, v ~ At™! ~ 4%y, where v is the non-relativistic
gyrolrequency. The same calculation can be performed for any pitch angle and
then the result becomes v ~ v?y, siné.

The reason for performing this simple exercise in detail is that the beam-
ing of the radiation of ultrarelativistic particles is a very general property and
does not depend upon the nature of the force causing the acceleration. Return-
ing to an earlier part of the calculation, the observed frequency of the radiation
can also be written

3
v
V= ’YQVg = ’YBI/r = 27rrg (54)

where r; is the radius of curvature of the particle’s orbit. We may interpret
rg as the instantaneous radius of curvature of the particle’s orbit. Thus, we
can work out the frequency at which most of the radiation is emitted, provided
we know the radius of curvature of the particle’s orbit. The frequency of the
observed radiation is roughly 7 times the angular frequency v/r where r is
the instantaneous radius of curvature of the particle in its orbit. This result is
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important in the study of curvature radiation which has important applications
in the emission of radiation from the magnetic poles of pulsars.

For many calculations it is sufficient to know that the energy loss rate
of the relativistic electron is given by (49) and that most of the radiation is
emitted at a frequency v ~ y21, where v is the non-relativistic gyrofrequency.
The result of detailed calculations is that the emitted spectrum of a single
electron, averaged over the particle’s orbit is

3 -
_ V3e BsmHF

Jw) =jrw) +4)w) = () (55)

82

where
c 0
T=wlwe, we=32 (;) Yuwrsind and F(z) = x/ Ks/3(z)dz.  (56)
z

we is known as the critical angular frequency. Ks/3(z) is a modified Bessel
function of order 5/3. The spectrum has a broad maximum centred roughly at
the frequency v = v, with Av/v ~ 1. The maximum of the emission spectrum
oceurs at Ymax = 0.29,. The high frequency emissivity of the electron is given
by an expression of the form j(v) o< v'/2e7*/% which is dominated by the
exponential cut-off at frequencies v > v.. The ratio of the powers emitted in
the polarisations parallel and perpendicular to the magnetic field direction is
I, /Ij =7. Tofind the emissivity and polarisation observed from a distribution
of electrons, we need to integrate over the energy spectrum of the emitting
electrons.

10.4 The synchrotron radiation of a power law distribution of electron energies

The emitted spectrum of electrons of energy E is quite sharply peaked near
the critical frequency v, and is much narrower than the breadth of the electron
energy spectrum. Therefore, to a good approximation, it may be assumed that
the radiation of an electron of energy F is radiated at the critical frequency v

VR U N Y U, vg = eB[2mme. (57)

Therefore, the energy radiated in the frequency range v to v + dv can be
attributed to electrons with energies in the range E to E + dE, which are as-
sumed to have a power-law spectrum N (E) = s E~P. Therefore, the emissivity
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is

E
JW)dv = <_(3i_t) N(E)dE. (58)
Now
v\ /2 MeC®
E = ymec” = (—) mec®,  dE= +/2u—1/2du. (59)
Vg 2ug

Substituting into (58) and using (49), the emissivity may be expressed in terms
of &, B, v and fundamental constants.

J(v) = (constants) xB®+1/2,=E=-1)/2, (60)

The important result is that, if the electron energy spectrum has power law
index p, the spectral index of the synchrotron emission, defined by J(v)
v=% is @ = (p — 1)/2. The spectral shape is determined by the electron
energy spectrum rather than by the shape of the emission spectrum of a single
particle. The quadratic relation between emitted {requency and the energy
of the electron accounts for the difference in slopes of the emission spectrum
and the electron energy spectrum. The polarisation of the radiation from the
power-law distribution of electrons is

Imax - Imin _ P+ 1

II= = .
Ima,x+Imin p-l— %

(61)
For the typical non-thermal source, for which p ~ 2.6, II = 73%.

10.5 Why is Synchrotron Radiation Taken so Seriously?

Synchrotron radiation dominates a great deal of thinking in high energy astro-
physics and it is important to assess how convincing the evidence is.

e Perhaps the most important evidence comes from the comparison of the
local flux of relativistic electrons measured at the top of the atmosphere
with the predicted synchrotron radiation intensity if that flux of par-
ticles were present throughout the interstellar medium. This is not a
trivial calculation since the electron spectrum in the relevant range of
electron energies is strongly influenced by the effects of solar modulation.
Nonetheless, the electron spectrum inferred from the Galactic radio emis-
sion can be fitted smoothly on to the region of the electron spectrum in
which solar modulation can be neglected.
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e A convincing case can be made that the high energy electrons are ac-
celerated in supernova remnants. These are observed to be very strong
radio sources with power-law intensity spectra and the radio emission is
linearly polarised, similar to those of the diffuse radiation of the interstel-
lar medium. Combining the frequency of occurrence of supernovae in our
Galaxy with the typical energies they release in high energy particles, it
is quite feasible to account for the energy requirements of the Galactic

radio emission.

¢ The intense extragalactic radio sources have qualitatively similar power-
law radio spectra and polarised radiation, but with intrinsic luminosities
which are up to 10® greater than that of the Galaxy. The radio emission
originates from enormous radio lobes rather than from the galaxy itself.
The only reasonable way of accounting for the extended diffuse radio
emission is that it is the synchrotron radiation of high energy electrons
gyrating in magnetic fields within the radio lobes and that the particles
were accelerated in the interaction of the beams of high energy particles
from the nucleus with the ambient intergalactic medium.

¢ Direct evidence for relativistic particles in active galactic nuclei is pro-
vided by the very high brightness temperatures observed in compact radio
sources which display synchrotron self-absorption.

10.6 Synchrotron Self-absorption

To every emission process there is a corresponding absorption process, in this
case the process known as synchrotron self-absorption. Suppose a source of
synchrotron radiation has a power law spectrum, S, o< v~ %. Its brightness tem-
perature is defined to be T, = (A2/2k)(S, /), and is proportional to ¥~ (2%,
where S, is its flux density and () is the solid angle it subtends at the ob-
server. The brightness temperature is the temperature of a black-body which
would produce the observed surface brightness of the source at the frequency
v in the Rayleigh-Jeans limit, hv « kT,. Thus, at low enough frequencies,
the brightness temperature of the source approaches the kinetic temperature
of the radiating electrons. When this occurs, self-absorption is important since
thermodynamically the source cannot emit radiation of brightness temperature
greater than its kinetic temperature.
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The energy spectrum of the relativistic electrons is not a thermal equi-
librium spectrum, but the concept of temperature can still be used. The char-
acteristic time-scale for the relativistic electron gas to relax to an equilibrium
spectrum is very long indeed under typical cosmic conditions because the par-
ticle number densities are very small and all interaction times with matter are
very long. We can associate a temperature T, with electrons of a given energy
through the relativistic formula which relates particle energy to temperature
ymec? = 3kT,. Thus, the effective temperature of the particles is a function of
their energies. Since v & (v/vg)'/2, T, = (mec? [3k) (v/vg)'/2.

For a self-absorbed source, the brightness temperature of the radiation
is equal to the kinetic temperature of the emitting particles, Ty, = T, and
therefore, in the Rayleigh-Jeans limit,

T 2,,5/2
5, = Hleg _ 2me g 52 OV

22 31/;/2 BL2

(62)

where  is the solid angle subtended by the source, Q ~ 62. Thus, the low
frequency spectrum of sources in which synchrotron self-absorption is important

5/2, Tt is a straightforward, but long, calculation to work out the

is 8, x v
absorption coefficient x(v) for synchrotron self-absorption (see HEAZ2).

Many of the most compact radio sources have flat or inverted at centime-
tre wavelengths. VLBI observations show that the angular sizes of many of
the synchrotron self-absorbed sources have angular sizes § ~ 102 arcsec. For
1 Jy radio sources (1 Jy = 1072 Wm~2 Hz '), the corresponding brightness
temperatures is

XS,
T, = ——~ ~ 10" K. 63
b= 50 (63)
This is direct evidence for the presence of relativistic electrons within the source
regions.

10.7 Distortions of Injection Spectra of the Electrons

In the optically thin regime of sources of synchrotron radiation, spectral breaks
or cut-ofls are often observed. In addition, different regions within individual
sources may display spectral index variations. Both phenomena can be at-
tributed to the effects of ageing of the spectrum of the electrons within the
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source regions. An estimate of the lifetimes 7 of the electrons in the source
regions is
E MeC?

- - . 64
" T AE/dY) T TorcUmegy (64)

For typical extended powerful radio sources, v ~ 10° and B ~ 107® T and
so the lifetimes of the electrons are expected to be 7 < 107 — 10® years. In
the case of X-ray sources, for example, the diffuse X-ray emission from the
Crab Nebula and the jet of M87, the energies of the electrons are very much
greater, the inferred magnetic field strengths are greater and so the relativistic
electrons have shorter lifetimes. In these cases, the lifetimes of the electrons
are significantly shorter than the light travel time across the sources and so the
electrons must be accelerated within the source regions.

To obtain a quantitative description of the distortions of synchrotron
radiation spectra, it is convenient to introduce the diffusion-loss equation for
the electrons. If we write the loss rate of the electrons as — (dE/d¢) = b(E),
the diffusion-loss equation is

AN (E)
at

= DV2N(E) + aiE[b(E)N(E)] +Q(E,1), (65)

where D is a scalar diffusion coefficient and Q(FE) is a source term which de-
scribes the rate of injection of electrons into the source region (see HEAZ).

Suppose there is an infinite, uniform distribution of sources, which inject
high energy electrons with spectrum Q(E) = «E~P. Diflusion can be neglected
and so, in the steady state,

g E— (-1
NE)= ——+—. 66
B = - e@) 9
For high energy electrons under interstellar conditions, we can write
b(E) = A <ln 3 + 19.8) + A2E + A3 E2. (67)
e

The first term on the right-hand side describes ionisation losses and depends
only weakly upon energy; the second term represents bremsstrahlung and adia-
batic losses and the last term describes inverse Compton and synchrotron losses
(see HEA2). Thus, from (66),
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e if ionisation losses dominate, N(E) occ E~®=1 — the energy spectrum is
flatter by one power of E;

e if bremsstrahlung or adiabatic losses dominate, N(E) o< E~? — the spec-
trum is unchanged;

e if inverse Compton or synchrotron losses dominate, N(E) oc E~(®+1) —
the spectrum is steeper by one power of E.

These are also the equilibrium spectra expected whenever the continuous in-
jection of electrons takes place over a time-scale longer than the lifetimes of
the individual electrons involved.

These results find numerous applications in the study of non-thermal
sources. In extended radio sources, the ‘hot-spots’ found towards the advancing
edges of the extended source components often have flatter spectra than the
extended radio lobes. Since the electrons are accelerated in the hot-spots,
they are likely to be younger in these regions than in the extended lobes and
the steepening of the spectra can be attributed to synchrotron losses in the
extended source regions, enabling time-scales to be determined for the radio
source. It is found that the vy-ray bursts have afterglow spectra which can be
explained as the synchrotron emission of a relativistically expanding blast wave,
exhibiting the effects of synchrotron losses and absorption at low frequencies
(see Kulkarni 2002).

10.8 The Energetics of Sources of Synchrotron Radiation

An important calculation is the estimation of the minimum energy require-
ments in relativistic electrons and magnetic fields needed to account for the
observed synchrotron emission. Suppose a source has luminosity L, o« v—¢
and its volume is V. The luminosity can be related to the energy spectrum
of the electrons and the magnetic field B in the source through the expression
(60). Writing the energy density in relativistic electrons as &, the total energy

present in the source is
B2 B?
Wiotal = Ve +V — = /nEN(E’) dE+V _—. (68)
20 20

The luminosity of the source L, determines only the product VeBt*. If
V is known, the luminosity may either be produced by a large flux of relativistic
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electrons in a weak magnetic field, or vice versa. Between the extremes, there
is a minimum total energy.

In addition to relativistic electrons, there might be relativistic protons
present as well. There are very few sources for which estimates of both the
electron and proton fluxes are known. In our own Galaxy, there is about 100
times as much energy in relativistic protons as there is in electrons, whereas
in the Crab Nebula, the energy in relativistic protons cannot be much greater
than the energy in the electrons from dynamical arguments. To take account
of the protons, it is customary to assume that they have energy § times that
of the electrons, that is,

Eprotons = 6667 Etotal = (1 + 6)5e = T€e- (69)
Therefore,
FEmax B2
Wiotal = nV/ kEN(E)dE+V —. (70)
Emin QMO
Preserving only the essential dpendences, it is straight{forward to show that
B2
Wiotal = G(e)nL, B2 + V —. (71)
240
The minimum total energy is found by minimising (28) with respect to B.
3po Gla)nL, 27
Buin = | ——— . 72
s (72)

This magnetic field strength Bp,;, corresponds to approximate equality of the
energies in the relativistic particles and magnetic field. This condition is often
referred to as equipartition. The minimum total energy is

: 7 3/ | 3o 4
Wiotal (min) = —V —G(a)nL, . (73)
6”0 2
These estimates of Bmin and Wi are frequently used in the study of syn-
chrotron sources of radio, optical and X-ray emission, but their limitations

should be appreciated.

1. There is no physical justification for the source components being close to
equipartition. It might be that the particle and magnetic field energies in
the source components tend towards equipartition but there is no proof
that this must be so.
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2. The amount of energy present in the source is sensitive to the value of 7,
the amount of energy present in the form of relativistic protons.

3. The total energy in relativistic particles is dependent upon the limits
assumed to the energy spectrum of the particles. There might be large
fluxes of low energy electrons present with a quite different energy spec-
trum and we would have no way of knowing that they are present.

4. Tt has been assumed that the particles and magnetic field fill the source
volume uniformly. The emitting regions might occupy only a small frac-
tion of the apparent volume of the source, for example, if the emission
originated in filaments or subcomponents within the volume V. Then,
the volume would be smaller than V' by a filling factor f < 1.

5. On the other hand, we can obtain a firm lower limit to the energy density
within the source components since
Wiotal (min) 7 —4/7 3;,60 R

Upin = —2820—~ — __ y—4/7|22¢q L . 74

min V 6“0 9 (04)77 v ( )

For dynamical purposes, the energy density is more important than the

total energy since it is directly related to the relativistic gas pressure
within the source components p = %U .

These estimates of the magnetic field strength and minimum energy should
therefore be considered only order of magnitude estimates.

11 Inverse Compton scattering

Comptonisation is a vast subject (Pozdnyakov, Sobol and Sunyaev 1983). In-
verse Compton scattering involves the scattering of low energy photons to high
energies by ultrarelativistic electrons so that the photons gain and the electrons
lose energy, the opposite of the standard Compton effect. We will treat the case
in which the energy of the photon in the centre of momentum frame of the in-
teraction is much less that mec?, and consequently the Thomson cross-section
can be used to describe the scattering probability.

Many of the most important results can be worked out using simple phys-
ical arguments (see, for example, Blumenthal and Gould 1970 and Rybicki and
Lightman 1979). Consider the collision between a photon and a relativistic

34



electron as seen in the laboratory frame of reference S and in the rest frame of
the electron §'. Since vhw <« mec?, the centre of momentum frame is essen-
tially that of the electron. If the energy of the photon is 7iw and the angle of
incidence # in S, its energy in the frame S’ is

hw’ = yhw[l + (v/c) cos 8] (75)
according to the standard Doppler shift formula. Similarly, the angle of inci-
dence @' in the frame S’ is related to 6 by the aberration formulae

g — sin  cosf! — cosf+uv/c ‘
Y1+ (v/c)cosb] ' 1+ (v/c)cosb

(76)

In the rest frame of the electron, the interaction is simply Thomson scattering
and hence the energy loss rate of the electron in §’ is the rate at which energy
is reradiated by the electron. From the considerations of Sect.8.1, the energy
loss rate is

—(dE/dt) = orcU}yq, (77)

where U], is the energy density of radiation in the rest frame of the electron.
It is left as an exercise to the reader to show that

!

rad — %Ura.d(’y2 - i) (78)
Because (dE/dt) = (dE/dt)’, we find
dE/dt = 3orcUraa(y’ — 1)- (79)

This is the energy gained by the photon field due to the scattering of the low
energy photons. The rate at which energy is removed from the low energy
photon field is orclU;zq and therefore, subtracting, we find

dE/dt = %JTCUrad(’yQ — %) —orcUiaq = %JTCUrad(’yQ — 1). (80)
Using the identity (72 — 1) = (v2/c?)7?2, the loss rate in its final form is
o2
dE/dt = %UTCUrad (c—2> 72. (81)

Notice the remarkable similarity between the expressions for the loss rates
by synchrotron radiation (49) and by inverse Compton scattering (81). In both
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cases, the electron is accelerated by the electric field which it observes in its
instantaneous rest-frame. In the case of synchrotron radiation, the constant
accelerating electric field is associated with the motion of the electron through
the magnetic field, E' = v x B, and, in the case of inverse Compton scattering,
it is the sum of all the electric fields of the incident waves.

The intensity spectrum for an incident isotropic photon field at a single
frequency v is derived by Blumenthal and Gould (1970). At low frequencies,
the scattered radiation has the form I(v) « v. The maximum energy which
the photon can acquire corresponds to a head-on collision in which the photon
is sent back along its original path,

() max = fwoy? (1 +v/e)? ~ 47T, (82)
The average energy of the scattered photons is
hw = 7% (v/€)*iwy = 577 hwo. (83)

The general result that the frequency of the scattered photons is v =~ 2y
is of profound importance in high energy astrophysics. We know that there
are electrons with Lorentz factors v ~ 100 — 1000 in astronomical sources and
consequently they scatter any low energy photons to very much higher energies.
Consider radio, infrared and optical photons scattered by electrons with v =
1000, so that the scattered radiation has frequency (or energy) 106 times that
of the incoming photons. Thus, radio photons with 1y = 10° Hz become
ultraviolet photons with v = 10'® Hz (A = 300 nm); far-infrared photons with
vo = 3 x 10'2 Hz, produce X-rays with frequency 3 x 10'® Hz (about 10 keV);
optical photons with vy = 4 x 10'* Hz become ~y-rays with frequency 4 x 10%° Hz
(about 1.6 MeV). It is apparent that the inverse Compton scattering process
is a means of producing very high energy photons indeed.

When these formulae are used in astrophysical calculations, it is necessary
to integrate over both the spectrum of the incident radiation and the spectrum
of the relativistic electrons (see Blumenthal and Gould 1970). Some of the re-
sults are immediately apparent from the analogy between the inverse Compton
scattering and synchrotron radiation processes. For example, the spectrum of
the inverse Compton scattering of photons of energy hv by a power-law distri-
bution of electron energies dN o« E~?dFE, by analogy with the results of the
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calculation which resulted in (60), is
I(v) < y=P=1/2, (84)

because of the v? dependence of the energy loss rate by inverse Compton scat-
tering and the fact that the frequency of the scattered radiation is v =~ 2.

The ratio of the total amount of energy liberated by synchrotron radiation
process and by inverse Compton scattering by the same distribution of electrons
is

(dE/dt)syne [T, dv (radio) _ B%/2ug
(dE/dt)1c J Ix dvx (X-ray) T Ured

; (85)

where Uy,q is the energy density of radiation and B the magnetic flux density
in the source region. Thus, if we measure the radio and X-ray flux densities
from a source region and we know U,,q, we can find the magnetic flux density
in the source. Diffuse X-ray emission {from the extended radio lobes has been
searched for in the cases of the bright radio sources Cygnus A, Centaurus A
and Fornax A due to inverse Compton scattering of photons of the Cosmic
Microwave Background Radiation. It has proved diflicult to find convincing
evidence for this process from the same population of electrons responsible for
the radio emission. Probably the most convincing case is that of Fornax A in
which the X-ray emission is coincident with the radio lobes (Feigelson et al.
1996). The inferred magnetic field strength is B & 2 — 3 x 107'° T, a value
close to that derived from equipartition arguments.

Another important result involving the Cosmic Microwave Background
Radiation is that relativistic electrons can never escape from it since it per-
meates all space. The energy density of the Cosmic Microwave Background
Radiation is Uy = aT* = 2.6 x 10° eVm—3 and so the maximum lifetime 7 of
any electron is

_E _ E  23x10"
~|dE/dt]  forey2Us o

T

years. (86)

100 GeV electrons are observed at the top of the atmosphere and so they must
have lifetimes 7 < 107 years.
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12 Synchro-Compton Radiation and the Inverse Compton Catas-
trophe

Wherever there are large number densities of soft photons, the presence of
ultrarelativistic electrons results in the production of high energy photons. A
case of special interest is that in which the same relativistic electrons which are
the source of the soft photons are also responsible for scattering these photons
to X-ray and 4-ray energies — this is the process known as synchro-Compton
Radiation. One case of special importance is that in which the number density
of low energy photons is so great that most of the energy of the electrons is
lost by synchro-Compton radiation rather then by synchrotron radiation. This
line of reasoning leads to what is known as the inverse Compton catasirophe.

The ratio, 7, of the rates of loss of energy of an ultrarelativistic electron
by inverse Compton and synchrotron radiation in the presence of a photon
energy density Uy and a magnetic field of magnetic flux density B is

— (dE/dt)IC — Uphoton
(dE/dt)syne  B*/2p0”

(87)

The synchro-Compton catastrophe occurs if this ratio is greater than 1. In this
case, the energy density of the X-rays is greater than that of the radio photons
and so the electrons suffer even greater energy losses by scattering these X-rays
to y-ray energies. In turn, these ~v-rays have a greater energy density than the
X-rays ... and so on. Thus, as soon as 7 becomes greater than one, all the
energy of the electrons is lost at the very highest energies and the radio source
should be a very powerful source of X-rays and -rays

For a source which is synchrotron self-absorbed, the ratio of the loss rates
due to synchro-Compton radiation n can be shown to be

_ (dE/dD)ic [ 8le*uoky 5
= @B/~ Umiar ) V1o (88)

(see XSA). Thus, the ratio of the loss rates depends very strongly upon the
brightness temperature of the radio source. Putting in the values of the con-
stants, the critical brightness temperature at which =1 is

T, =T, =102y, '/* K, (89)

where vg is the frequency at which the brightness temperature is measured
in GHz. According to this calculation, no compact radio source should have
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brightness temperature greater than T = 10'2 K, if the emission is incoherent
synchrotron radiation.

The most compact sources studied by VLBI at centimetre wavelengths
have brightness temperatures which are less than the synchro-Compton limit,
typically, the values found being Tg =~ 10'' K. As noted above, this is direct
evidence that the radiation is the emission of relativistic electrons since the
temperature of the emitting electrons must be at least 10 K. This is not,
however, the whole story. If the time-scales of variability 7 of the compact
source is used to estimate its physical sizes, [ ~ ¢7, the source regions must be
considerably smaller than those inferred from VLBI, and values of Ty exceeding
10'2 K are found. Tt is likely that relativistic beaming is the source of this
discrepancy (see Sect.14).

There is no definite evidence that synchro-Compton radiation has been
observed in any of the X-ray and ~-ray sources, but it would certainly be no
surprise if it were the origin of the emission in the intense +-ray sources ob-
served by the CGRO. There is evidence that radio quasars have greater X-ray
luminosities than radio quiet quasars and synchro-Compton radiation may well
be involved. Examples of the expected spectra of sources of synchro-Compton
radiation have been evaluated by Band and Grindlay (1985) for both homo-
geneous and inhomogeneous sources. A number of important refinements are
included in their computations, including the fact that, at relativistic energies
hv > 0.5 MeV, the Klein-Nishina cross-section rather than the Thomson cross-
section should be used for photon-electron scattering. In the ultrarelativistic
limit, the cross-section is

2,2
T Te

OKN = (In 2hv + %), (90)

v

1 at high energies. Consequently,

and so the cross-section decreases as (hv)~
higher order scatterings result in much reduced luminosities as compared with

the non-relativistic calculation.

13 +v-ray Processes, Photon-photon Interactions and the Compact-
ness Parameter

Synchrotron radiation, inverse Compton scattering and relativistic bremsstrahlung
are effective means of creating high-energy ~y-ray photons, but there are other
mechanisms.
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13.1 Neutral pion decay

One of the most important is the decay of neutral pions created in collisions
between relativistic protons and nuclei of atoms and ions of the interstellar gas.

p+p—nat,n 7 (91)

The charged pions decay into muons and neutrinos
atosut+u, ; 7T ou +0, (92)

with a mean lifetime of 2.551 x 10~® s. The charged muons then decay with
mean lifetime of 2.2001 x 1079 s

pt et v+, 5 pm e 4T+ u, (93)

while the neutral pions decay into pairs of y-rays, #° — v + 7, in only 1.78 x
107'% 5. The cross-section for this process is opp—yyy =~ 10730 m? and the
emitted spectrum of «-rays has a broad maximum centred on a ~-ray energy of
about 70 MeV (see HEAZ2). This is the process responsible for the continuum
emission of the interstellar medium at energies £ > 100 MeV.

13.2 Photon-photon collisions

It is a useful exercise in special relativity to show that the threshold energy
for the collision of two photons with energies 1 and &2 to create an electron-
positron pair is

2.4
2mgc

E9281 =
where f is the angle between the incident directions of the photons. The thresh-
old for this process occurs for head-on collisions, 8 = 7 and hence,

m2c¢t  0.26 x 10'2

&2 2 eV7 (95)
&1 &1

where ¢ is measured in electron volts. This process provides not only a means
for creating electron-positron pairs, but also results an important source of
opacity for high-energy ~y-rays, in particular, for sources in which there are
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large fluxes of y-rays with energy about 1 MeV. In the limit fiw & mec?, the
cross-section for this process is

2.4\ 1/2
o= mr? (1 _ e ) (96)

(Ramama Murthy and Wolfendale 1986). Near threshold, the cross-section for
the interaction yy — ete™ is o ~ 772 ~ 0.20. These cross-sections enable the

opacity of the interstellar and intergalactic medium to be evaluated as well as
providing a mechanism by which large fluxes of positrons could be generated
in the vicinity of active galactic nuclei.

13.3 The compactness parameter

These considerations are particularly important in the case of the extremely lu-
minous and highly variable extragalactic y-ray sources discovered by the Comp-
ton Gamma-Ray Observatory (CGRO). A key role is played by the compactness
parameter, which arises in considerations of whether or not a «-ray source is
opaque for v collisions because of pair production. We carry out the calcula-
tion for the flux of y-rays at threshold, & ~ mec?. The mean free path of the
~y-ray for vy collisions is A = (N,0)~" where N, is the number density of pho-
tons with energies ¢ = hv ~ mec?. If the source has luminosity L, and radius
r, the number density of photons within the source region is N, = L. /4nr3ce.
The condition that the source is opaque is r = A, that is,
4dnr?emec?® L,o

~ A 7{\/1_ 97
" Lo ° ot Armecdr (97)

The compactness factor C is defined to be the quantity

L,o

= 98
drmecidr (98)

Sometimes the compactness parameter is defined without the factor of 47 in the
denominator. If the compactness parameter is very much greater than unity,
the y-rays are all destroyed by electron-positron pair production, resulting in
a huge flux of electrons and positrons within the source region. Consequently,
the source would no longer be a hard ~-ray source. The importance of the
compactness parameter can be appreciated from observations of some of the
intense variable «y-ray sources observed by the CGRO. These have enormous
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luminosities, L, ~ 10" W and have been observed to vary significantly in
intensity over time-scales of a few days. Inserting these values into (98), C' >
1 and so there is a problem in understanding why these sources exist. It
turns out that all the ultraluminous 7-ray sources are associated with compact
radio sources, which exhibit synchrotron self-absorption and many of these
display superluminal motions. The inference is that the luminosities of the
~-ray sources and the time-scales of variation have been significantly changed
by the eflects of relativistic beaming.

14 Relativistic Beaming

We have encountered a number of cases in which relativistic beaming is impor-
tant. These include:

The observation of superluminal radio sources with component separation
speeds up to 10¢. These include the microquasars in our Galaxy.

The very rapid variability of BL Lac objects and blazars.

The ultraluminous -y-ray sources and their variability.

The avoidance of the inverse Compton catastrophe.

Let us begin with the most popular model for superluminal sources, the
relativistic ballistic model. The aim is to determine the observed transverse
speed of a component ejected at some angle 8 to the line of sight at velocity v.
The observer is located at a distance D from the source. The source component
is ejected from the origin O at some time o and the signal from that event
arrives at the observer at time ¢t = D/c later. After time #;, the component
is located at a distance vty from the origin and so is observed at a projected
distance vt, sinf according to the distant observer. The light signal bearing

this information arrives at the observer at time

D — vty cosd
t2:t1++, (99)

since the signals have to travel a slightly shorter distance D — vty cos @ to reach
the observer. Therefore, according to the distant observer, the transverse speed
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of the component is

__wviysinf  wsind
R _I_UCOSO' (100)
¢

The maximum apparent transverse speed occurs at cosd = v/c and is v) =
v, where v = (1 — v?/¢*)~1/2 is the Lorentz factor. Thus, provided the
source component moves at a speed close enough to the speed of light, apparent
motions on the sky v] > ¢ can be observed without violating the postulates of
special relativity. For example, if the source component were ejected at 0.98c¢,
transverse velocities up to yc¢ = 5¢ are perfectly feasible.

The trickier part of the story is to understand the effects of what is loosely
referred to as ‘relativistic beaming’ upon the observed intensities of the source
components. Let us consider first an undergraduate problem in relativity:

e A rocket travels towards the Sun at speed v = 0.8¢c. Work out the lumi-
nosity, colour, angular size and brighiness of the Sun as observed from
the spaceship when it crosses the orbit of the Earth. It may be assumed
that the Sun radiates like a uniform disc with a black-body spectrum at
temperature Tg.

This problem includes many of the effects found in relativistic beaming prob-
lems. Let us work out the separate eflects involved in evaluating the intensity
of radiation observed in the moving frame of reference. Consider the radiation
from an annulus of angular width A at angle 6 with respect to the centre of
the Sun. There are four changes to consider:

o The frequency shift of the radiation v' = vy [1+ (V/c¢) cos ] = wip. This
is the expression for the ‘blue-shift’ of the radiation due to the motion of
the spacecraft.

e The waveband Av, in which the radiation is observed, is blue shifted by
the same factor Ay’ = xAuy.

e Time intervals are also different between the stationary and moving
frames. Comparing the periods of the waves as observed in S and §',
vV =1/T', vy =1/Tp, and so T'/T = vy /v'. Since the periods T' and T’
can be considered to be the times measured on clocks in their respective
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frames, the radiation emitted in the time interval At is observed in the
time interval At by the observer in §' such that At = At/x.

o Solid Angles Finally, we work out how the solid angle subtended by the
annulus changes between the two frames of reference.

sinfdf d¢ dQ

sin@’' d¢’ d¢’ =

Thus, the solid angle in §' is smaller by a factor % as compared with
that observed in S. Exactly the same form of beaming appears in the
derivation of the formulae for synchrotron radiation.

We can now put these results together to work out how the intensity of
radiation from the region of the Sun within solid angle d? changes between
the two frames of reference. First of all, the intensity 7(v) is defined to be the
power arriving at the observer per unit frequency interval per unit solid angle
from the direction 8. The observer in the spacecraft observes the radiation
arriving in the solid angle d€}’ about the angle #' and we need to transform
its other properties to those observed in S’. Let us enumerate how the factors
change the observed intensity. The energy hvN(v) received in S in the time
interval At, in the frequency interval Av and in solid angle A} is observed
in §' as an energy hv'N(v') in the time interval At', in the frequency interval
Av' and in solid angle AQY, where N(v) = N(v/') is the invariant number of
photons. Therefore, the intensity observed in S’ is

I(/) = I(v) x &ﬂ”ﬁ = I(v)&%. (102)

Now, apply this result to the spectrum of black-body radiation,

2h® hv /KT -t
Iv) = 2 (e - 1) . (103)
Then,
2h3 k3 -1 2p? ' -1
I(V) = = (eh”/ KT _ 1) == (eh” [RT _ 1) , (104)

where TV = kT. In other words, the observer in S’ observes a black-body
radiation spectrum with temperature 7' = sT. Inserting the values v = 0.8¢,
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0 = 0°, we find k = 3 and so the moving observer finds the Sun to have three
times greater temperature than the observer on Earth.

(104) also describes the temperature distribution of the Cosmic Microwave
Background Radiation over the sky as observed by the COBE observatory. At
the mK intensity level, it is found that its temperature distribution follows
very precisely a dipole distribution, T' = Tg[1 + (V/c) cos @]. This is interpreted
as an indication that the Solar System is moving through the frame of refer-
ence in which the Cosmic Microwave Background Radiation would be perfectly
isotropic at a velocity of about 600 km s—!. Since V/er 2 x 1073, vy =~ 1.

For relativistically moving source components, we need to determine the
value of & for a source component moving at velocity V' at an angle 8 with
respect to the line of sight from the observer to the source. A straightforward
calculation shows that

1

Vecosf\’
(1-55)

if the source is moving towards the observer. As in the above example, the

k= (105)

observed flux density of the source is

Ly
§(vos) = 475133

where vy = K. For non-thermal sources, the spectra can often be described

x K3, (106)

by a power-law L(1vp) o vy © and so

L(vo) 3+
S(Vo) = W X K Oé‘ (107)
If the superluminal sources consisted of identical components ejected from
the radio source at the same angle in opposite directions, the relative intensities

of the two components would be in the ratio

S1_ [L1+(v/c)cosh o
Sy [1 — (v/e) cose] '

There should therefore be large differences in the observed intensities of the

(108)

jets. For example, if we adopt the largest observed velocities for a given value
of v, cosf = v/c, then in the limit v = ¢,

512 2yt (109)
S
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Since values of v ~ 10 are observed and o ~ 0—1, it follows that the advancing
component would be very much more luminous than the receding component.
It is, therefore, not at all unexpected that the sources should be one-sided.

Another complication is the fact that the emission is often associated with
jets. Care has to be taken because, if the jet as a whole is moving at veloc-
ity v, then the time dilation formula A¢' = Ail/« shows that the advancing
component is observed in a different proper time interval as compared with
the receding component, the time which has passed in the frame of the source
being Aty = Aty /k where Al is the time measured in the observer’s frame of
reference. If the jet consisted of a stream of components ejected at a constant
rate from the active galactic nucleus, the observed intensity of the jet would
be enhanced by a factor of only x272. Thus, the precise form of the relativis-
tic beaming factor is model dependent and care needs to be taken about the
assumptions made.

Let us apply these considerations to the cases of sources exceeding the
limiting surface brightness 73, = 102 K discussed in Sect.12 and the compact-
ness parameter discussed in Sect.13.3. In the case of the Inverse Compton
Catastrophe, (88) shows that the ratio of the loss rates for inverse Compton
scattering and synchrotron radiation depends upon the product J/T,f. Since the
brightness temperature Tpps = 5Ty and vops = ki, it follows that 5 o< &% and
so the observed value of T}, can exceed 10'2 K if the source is moving at such
a high velocity that x> 1.

In the case of the compactness parameter,

L,or
- 4rmec3 x ct’ (110)
the relativistic beaming factors enable us to understand why these sources
should exist. In (110), it is assumed that the dimensions of the source are l = ¢t
from their rapid time variability. The observed luminosity is enhanced by a

3+a

factor & and, in addition, because the time-scale of variability appears on

the denominator of (110), the compactness parameter is increased by relativistic

4+, Since a =~ 1, C' x &® and so, in the frame

beaming by a factor of roughly &
of the source components themselves, the value of the compactness parameter

can be reduced below the critical value.
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ASTROPARTICLES AND COSMOLOGY:
LEARNING FROM COSMIC AND GAMMA RAYS

John Ellis
Theoretical Physics Division, CERN, CH 1211 Geneva 23

ABSTRACT

After a brief introduction, three topics at the interface between particle
physics, astrophysics, cosmology and cosmic-ray physics are discussed. First,
the lightest supersymmetric particle is proposed as a plausible candidate for
cold dark matter, and the prospects for detecting it among the cosmic rays are
reviewed. Secondly, there could also be superheavy metastable particle relics
from the Big Bang, whose decays might be responsible for ultrahigh-energy cos-
mic rays. Finally, the speculative possibility of using photons from gamma-ray
bursters and other astrophysical sources to probe models of quantum gravity
is mentioned.
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1 Supersymmetric Dark Matter
1.1 Cosmic Probes of Physics Beyond the Standard Model

The main focus in these lectures is on signatures in cosmic and gamma rays for
physics beyond the Standard Model, so I first review ideas what this physics
might be, and recall how easily cosmology might provide windows on its nature.
I remind you that all confirmed particle physics experiments at accelerators
agree with the Standard Model, whch has passed many tests at better than the
percent level. However, the Standard Model is theoretically very unsatisfactory.
We would like to unify the fundamental interactions in a single Grand Unified
Theory (GUT). We would like to understand the proliferation of different types
of quarks and leptons and the pattern of their weak interactions. We would like
to understand the origin of particle masses, which is generally thought to be a
Higgs boson, and why they are so much smaller than the Planck mass: this is
a problem where supersymmetry may play a role b, Finally, beyond all these
questions, we would like to construct a Theory of Everything (TOE) including
gravity, which should reconcile it with quantum mechanics: the prime candidate
for the TOE is string theory, which also seems to require supersymmetry for
its consistency.

Astrophysics and cosmology provide many arenas for probing the answers
to these questions, some of which may lie beyond the reach of foreseeable
accelerators. For example, the scale of cosmological inflation seems to be close
to the GUT scale. GUTs and flavour theories may also be tested through their
predictions for neutrino masses and mizing, which are potentially important
for astrophysics (e.g., supernovae) and cosmology (e.g., structure formation).
One of the prime candidates for cold dark matier is the lightest supersymmetric
particle 2). Another candidate is some metastable superheavy relic particle,
whose decays might be responsible for the wltrahigh-energy cosmic rays 3),
and which might be a spin-off from some variant of superstring theory 4). As
a final example, modifications of special relativity, such as might appear in a
quantum theory of gravity 5), may best be tested using astrophysical sources

such as gamma-ray bursters 6).

High-energy astrophysical sources are described in parallel lectures, so
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here I make a brief introduction to early cosmology, setting the other stage for
probing fundamental physics.

During the normal adiabatic expansion of the Universe, the temperature
T ~ 1/a, where a is the scale size of the Universe. Thus the early, smaller
Universe was correspondingly hotter. Before decoupling, it is thought that
most of the energy in the Universe was composed of relativistic particles, in
which case the age t oc R? oc 1/T2, with characteristic particle energies E ~ T'.
Putting in the units, the time-mass energy relation is approximately
oQ)

t (seconds) ~ T(MeV)E (1)
where the O(1) coeflicient depends on the total number of particle species.
Thus, when the Universe was about 1 second old, and Big-Bang nucleosynthesis
started, the temperature was about 10'° K, corresponding to particle energies
~ 1 MeV, comparable to the electron mass. Likewise, the Universe was about
1 us old when particle energies were comparable to the proton mass. Before
this time, which was when quarks started binding into strongly-interacting par-
ticles, the history of the early Universe was dominated by elementary particles,
such as quarks and leptons, and their fundamental interactions. Accelerators
such as LEP have explored particle physics at energies up to about 100 GeV,
corresponding to an age of about 1071° s, and the physics suitable for describ-
ing the history of the Universe after this time is well understood. The LHC
will explore particle energies up to about 1 TeV, corresponding to an age of
about 10712 5. Before this time, cosmology must rely on an extrapolation of
the established laws of physics. This is, in particular, the case for inflation 7),
which is thought to have occurred when the Universe was younger than 10730 s.

The abundance of supersymmetric dark matter would have been deter-
mined when the Universe was about 1070 s, during a period for which LEP
has measured, and the LHC will continue to measure, the microphysics. On the
other hand, the abundance of superheavy cold dark matter would have been
determined around the inflationary epoch, beyond the reach of accelerators.

However, inflationary cosmology is now being tested intensively by mea-
surements of the cosmic microwave background (CMB) radiation 8). These
confirm that the overall energy density in the Universe today is very close to
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the critical value @ = 1 predicted by inflation. The relative heights of the
acoustic peaks imply that Qp ~ 0.05, in agreement with Big-Bang nucleosyn-
9)

thesis . The combination of CMB and large-scale structure data indicate

that the total mass density 2, ~ 0.3. This is supported by data on high-z
10)

supernovae , which also suggest that the present-day Universe is dominated

by vacuum energy: Q4 ~ 0.65 1)

In later sections of these lectures, we discuss candidates for the missing
dark matter: Qopar ~ O, — . The explanation of Q4 is a major challenge
for a TOE, but one not discussed in these lectures.

1.2 Why Supersymmetry?

As already mentioned, in the Standard Model particle masses are believed to be
due to a Higgs boson. The precision electroweak data from LEP and elsewhere
are consistent with a relatively light Higgs boson weighing close to the present
experimental limit of 114 GeV 12) | The next issue is why the W, Higgs and
other particle masses are so much smaller than mp = 1//Gn =~ 10'% GeV,
the energy scale at which Einstein gravity would become as strong as the other
particle forces. Alternatively, one may ask why is Gg ~ 1/m3, > Gn? or why
is the Coulomb potential in an atom so much larger than the Newton potential:
e? > Gymema?

It is not sufficient merely to set up this hierarchy and forget about the
problem, because quantum eflects make big corrections to electroweak boson
masses:

S Ml = O (9) x A2, 2)

™
where A is some energy cut-ofl scale at which the Standard Model breaks down.
If A ~ mgur or mp, the corrections (2) are many orders of magnitude larger
than the physical values mug w ~ 100 GeV. Obtaining the physical value would
require some aparently unnatural cancellation to many decimal places between
the input classical values of the boson masses and the corrections (2). How-
ever, the latter may be made naturally small by postulating a supersymmetric
theory 1), i.e., one with equal numbers of bosons and fermions with identical

52



couplings: , o , ,

The corrections (3) are comparable with the physical values if the supersym-

metric partners have similar masses:
|m% —m%| < 1TeV2. (4)

There are other theoretical motivations for supersymmetry, but this is the only
clear phenomenological indication that supersymmetry should appear at low
energies.

Circumstantial support for this hypothesis is provided by the agreement
between the values of the gauge couplings measured at low energies and the

13), Moreover, the

prediction of a GUT with low-energy supersymmetry
lightest Higgs boson in the minimal supersymmetric extension of the Standard
Model (MSSM) is predicted to weigh < 130 GeV 14), in agreement with the

indication from precision electroweak data that my < 200 GeV 15),

In the minimal supersymmetric Standard Model (MSSM) 16)

, one pos-
tulates a doubling of the familiar particle spectrum with spins differing by half
aunit: v +5,W+W,Z+2Z,g +§,0+0q+Gand H+ H (moreover, super-
symmetry requires two Higgs doublets H). Supersymmetry guarantees equal
couplings for the spartner particles, but the sparticle masses are unknown apart
from the expectation that they be S 1 TeV. In this lecture, for simplicity we
postulate universal salar masses mg for the #, § and H before renormalization,
and likewise equal fermion masses for the different gauginos § etc.. The most
important other parameters of this constrained MSSM (CMSSM) are tan 3,
the ratio of Higgs vacuum expectation values, and p, the mixing between the
Higgs multiplets. The latter is fixed, up to a sign, by requiring electroweak
symmetry breaking (EWSB).

In many supersymmetric models, the lightest supersymmetric particle
(LSP) is expected to be stable, and hence present in the Universe today as a relic
from the Big Bang 2). The stability of the LSP follows from the conservation
of a multiplicative quantum number called R parity, which takes the values
+1 for all conventional particles and -1 for all supersymmetric particles. Its
conservation is related to that of baryon number B, lepton number L and
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spin §: R = (—1)3B+L+25_ The conservation of R parity has three important
consequences: (a) sparticles are always produced (or annihilate) in pairs, (b)
heavier sparticles decay into lighter ones, and (c) the LSP is stable because it
has no legal decay modes.

The LSP cannot have electromagnetic charge or strong interactions 2),

If it did, it would dissipate energy during the formation of structures in the
Unierse, and condense along with ordinary matter, forming anomalous heavy
isotopes. However, the upper limits on the abundances of such isotopes are
many orders of magnitude below calculations of the relic LSP abundance. We
infer that the LSP does not bind to ordinary nuclei, and hence can have no
strong or electromagnetic interactions.

Candidates for the LSP include the sneutrinos of spin 0, the lightest
neutralino xy —a combination of the %, H and Z°, with spin %, and the gravitino
— the superpartner of the graviton, with spin % A sneutrino LSP is excluded
by a combination of Z° decay data from LEP and direct dark matter searches,
whilst the gravitino is generally heavier than the lightest neutralino x in models
based on supergravity, as we assume here.

1.3 Constraints on Supersymmetry

There are important experimental constraints on supersymmetry from LEP 17) ,
which has established a lower limit m,+ < 103 GeV on the mass of the lighter
chargino (partner of the W+ and H*), m; 2 99 GeV and my > 114.1 GeV for
the Standard Model Higgs boson. The latter also applies in the general MSSM
if tan 8 2 &, and in the CMSSM for essentially all the tan 8 values of interest.
This limit constrains indirectly the stop mass, which contributes a large loop

4 m2
om} ~ i ln (—g) : (5)

w my

correction to mp:

In the CMSSM, this may be translated into a lower limit on m; /,, as illustrated
in Fig. 1. There are also direct limits on squark and gluino masses from LEP
and the Tevatron that are not shown there.

Another important constraint is provided by the fact that the rare B
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meson decay b — sy has been observed at a level close to its Standard Model
value 18). This constraint is particularly important for y4 < 0 and for large
tan g, as seen in Fig. 1. Some recent interest has been sparked by the recent

19)
_9 ’

differ from the Standard Model prediction. However, the interpretation of the

indication that the anomalous magnetic moment of the muon, g, may

data is not yet clear, and we treat this here as an optional constraint.

The final constraint shown in Fig. 1 is that due to the supersymmetric
relic density 17). Generically, the mass density p, = m,n,,, where the number
density n, is inversely proportional to the annihilation cross section: n, o
1/0ann(xx — ---)- Since a typical annihilation cross section « 1/m3, the relic
density typically increases with the mass, and ,h* < Qcpy S 0.3 only for
my S 1 TeV. However, there are filaments of parameter space extending to
larger m,. For example, when the next-to-lightest supersymmetric particle
(NLSP) X is close in mass to the LSP, coannihilation processes xX — ...

20)

may also reduce the relic density , and hence increase the upper limit on

my. This effect is visible at large m, /5 in Fig. 1, where x7 coannihilation

is important. Sometimes also a direct-channel resonance may enhance the

annihilation rate along some ‘funnel’ in parameter space 21)

17).

, as also seen in
Fig. 1b at large myg

A set of benchmark supersymmetric models has been proposed 22), tak-
ing into account the constraints from LEP, b — sv, the cosmological relic
density and (optionally) g, — 2. As seen in Fig. 2a, the points were chosen
to illustrate the range of supersymmetric possibilities, rather than to sample
the parameter space ‘fairly’ in a statistical sense. As also seen in Fig. 2a, five
of the proposed points are in the ‘bulk’ of the cosmologically-preferred region
at small m, /5 and mo, four are spread along the coannihilation ‘tails’ towards
large m, /3, two are in the ‘focus-point’ region at large my, and two are along
rapid-annihilation ‘funnels’ at large m; /o and mo. As seen in Fig. 2b, the var-
ious points proposed have tan 8 = 5, 10, 20, 35 and 50. Most have u > 0, as
favoured by g, — 2, but two have 1 < 0. About a half of the points yield values
of g, — 2 within two standard deviations of the present central experimental
value.

The benchmark points were first used to discuss the supersymmetric

22)

physics reaches of different particle accelerators . Here they are used to an-
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Figure 1: The my/2,mo plane for the CMSSM with (a) tan 8 =10, A= 0 and
p >0, and (b) tanfB = 35, A = 0 and p < 0, showing the region preferred
by the cosmological relic density constraint 0.1 < Q,h? < 0.3 (light, green
shading), the excluded region where mz < m, (dark, brown shading), and the
region disallowed by b — sy (dark, green shading) 17| The region preferred by
9u — 2 in (a) is shown as a (medium, pink) shaded diagonal band. Also shown
as a near-vertical line is the contour mp = 113 GeV for my = 175 GeV, which
provides a lower limil on my /5. For comparison, we also exhibil the reaches of

LEP 2 searches for charginos x*.
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alyze the sensitivities of different non-accelerator searches for supersymmetric

dark matter 23) .

1.4 Searches for Supersymmetric Dark Matter

One strategy is to look for the products of the annihilations of supersymmetric
relic particles in the galactic halo. Searches for cosmic-ray antiprotons 24),
positrons and photons have been proposed. Measurements of the cosmic-ray
antiproton flux agree with calculations of secondary production by primary
matter) cosmic rays, and exhibit the expected modulation during the solar cy-
e 25

not very optimistic, so we do not pursue further this possibility. Observations

cl . Moreover, modern predictions of the flux due to relic annihilations are

of cosmic-ray positrons exhibit a possible excess at energies around 10 GeV,
23)

but the benchmark scenarios predict much smaller fluxes

The flux of gamma rays due to relic annihilations may be enhanced in
the direction of the galactic centre by a factor J < 10°. We show in Fig. 3
predictions for the benchmark scenarios assuming J = 500, compared with the
sensitivities of terrestrial and space experiments 23). We see that models I
and L may offer the best prospects, particularly for a low-threshold detector
such as GLAST. However, within the astrophysical uncertainties, several other
models offer prospects, including models K, FE, B,G, F, M and J in particular.

Another possibility is to look for energetic muons produced by energetic
neutrinos from relic annihilations in the core of the Sun or Earth 26) | Accord-

23)

ing to our calculations , the Sun offers better prospects in our benchmark

scenarios, particularly in models E, B and F’, as seen in Fig. 4.

Finally, we consider the prospects for direct detection of supersymmet-
ric dark matter via its elastic scattering on nuclei in an underground labo-

ratory 27)

. This scattering has both a spin-dependent component, which is
related to the different quark contributions to the nucleon spin, and a spin-
independent contribution, related to the different quark contributions to the

28) Within our benchmark scenarios, the latter offer better

nucleon mass
prospects to planned detectors 23) . As seen in Fig. 5, the proposed GENIUS

experiment has good prospects in models B, E, I, G, L and F.

58



10-8 L——gcEET  solid: ABCDEF

dashed: HI LM
1078 L AGILE E
ElT - STACEE/
10-10 ~~ 2 ~.  CELESTE VERITAS GLAST
— E

10— 11

(I)'y(Eth) (em™®s™)

1014

1 2 5 10 20 50 100 200
Ey (GeV)

Figure 3: The integrated photon flux ®.(Ey,) as a function of photon energy
threshold E;p, for photons produced by relic annihilations in the galactic cen-

ter 23). A moderate halo enhancement parameter J = 500 is assumed. Point
source flux sensitivities for various gamma ray detectors are also shown.

Combining all these analyses, we see that non-accelerator experiments
have good prospects for detecting quite a large proportion of the proposed
benchmark models.

2 Superheavy Relic Particles
2.1 Ultrahigh-Energy Cosmic Rays

The flux of cosmic rays falls approximately as £=2 from E ~ 1 GeV, through
E ~ 10% GeV where there is a small change in slope called the ‘knee’, continuing
to about 10'° GeV, the ‘ankle’. Beyond about 5 x 10'0 GeV, as seen in Fig. 6,
one expects a cutoff due to the photopion reaction p+ yemp — AT — p+
7% n + xT, for all primary cosmic rays that originate from more than about
50 Mpc away 29), However, several experiments see cosmic-ray events with
higher energies of 10! GeV or more 30) . If this excess flux beyond the GZK
cutofl is confirmed, conventional physics would require it to originate from
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Figure 4: Muon fluzes from neulrinos originating from relic annihilations in-

side the Sun 23). Approximate sensitivities of near future neutrino tele-
scopes (B, = 102/km?/y for AMANDA II, NESTOR, and ANTARES, and
®, =1 /km?[y for IceCube) are also indicated.

distances < 100 Mpc, in which case one would expect to see some discrete
sources. Analogous cutofls are expected for primary cosmic-ray photons or
nuclei, as also seen in Fig. 6.

There are two general categories of sources considered for ultrahigh-energy
cosmic rays (UHECRs): bottom-up and top-down scenarios.

Astrophysical sources capable of accelerating high-energy cosmic rays
must be larger than the gyromagnetic radius R corresponding to their internal

() (o) ()0

where Z is the atomic number of the cosmic ray particle. Candidate astro-
physical sources include gamma-ray busters (GRBs) and active galactic nuclei
(AGNs).

magnetic field B:

If UHECRSs are produced by such localized sources, one would expect to
see a clustering in their arrival directions. Such clustering has been claimed
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Figure 5: Elastic cross sections for spin-independent neutralino-proton scatter-
ing, using two differeni codes (blue crosses and red circles) are compared. Pro-
jected sensitivities for CDMS II and CRESST (solid) and GENIUS (dashed)

are also shown 2 )

in both the AGASA and Yakutsk data 31), but I personally do not find
the evidence overwhelming. A correlation has also been claimed with BL Lac

32)

objects , which are AGNs emitting relativistic jets pointing towards us, but

this is also a claim that I should like to see confirmed by more data, as will be

33)

provided soon by the HiRes and Auger experiments.

Favoured top-down scenarios involve physics at the GUT scale & 109
GeV that produces UHECRs with energies ~ 10'2 GeV via some ‘trickle-
down’ decay mechanism. Suggestions have included topological defects, such
as cosmic strings that radiate energetic particles, and the decays of metastable
superheavy relic particles

In the latter case, one would expect most of the observed UHECRs to
come from the decays of relics in our own galactic halo. In this case, one would
expect the UHECRS to exhibit an anisotropy correlated with the orientation of
the galaxy. The present data are insuflicient to confirm or exclude an isotropy
of the magnitude predicted in different halo models, but the Auger experi-
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Figure 6: The cut-offs expected for high-energy protons 29), Iron nuclei and
photons, due to phote-absorption processes and eTe™ pair production, respec-

tively 30) .

ment 33) should be able to decide the issue 34), One might naively expect
that superheavy relic particles would be spread smoothly throughout the halo,
and hence that they would not cause clustering in the UHECRs. However, this
is not necessarily the case, as many cold dark matter models predict clumps
within the halo, which could contribute a clustered component on top of an

apparently smooth background 35).

2.2 Metastable Superheavy Relic Particles

The proton is a prototype for a metastable massive particle. We know that
its lifetime must exceed about 103 y, much longer than if it decayed via
conventional weak interactions, but there is no known exact symmetry prin-
ciple capable of preventing the proton from decaying. We believe that it
is only metastable, decaying very slowly via some higher-dimensional non-
renormalizable interaction that violates baryon number. For example, in many
GUT models there is a dimension-6 gqqf interaction with a coefficient oc 1/M?2,
where M is some superheavy mass scale. This would yield a decay amplitude
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A ~1/M?, and hence a lifetime

1A Mt
r m; my’

This estimate yields a lifetime 2 10% y if M 2 10'5 GeV.

We must work harder in the case of a superheavy relic weighing 2 10'2
GeV, but the principle is the same. For an interaction of dimension 4 + n, we

expect
M2n
TN T (8)

relic
This could yield a lifetime greater than the age of the Universe, even for myejic ~
10'2 GeV, if M and/or n are large enough, for example if M ~ 107 GeV and
n>9 36).

Phenomenological constraints on such metastable relic particles were con-
sidered some time ago for reasons other than explaining UHECRs 37). Con-
straints from the abundances of light elements, from the CMB and from the
high-energy v flux have been considered. They provide no obstacle to postulat-
ing a superheavy relic particle with QA2 ~ 0.3 if 7 & 10'® y. Hence, metastable
superheavy relic particles could in principle constitute most of the cold dark
matter.

Possible theoretical candidates within a general framework of string and for
M theory have been considered 36), There are several possible origins for
massive states in such a theory. For example, there are Kaluza-Klein states -
‘hexons’ - that appear when one compactifies six surplus dimensions, reducing
the number of string theory dimensions from 10 to 4, or M theory from 11
dimensions to 5. However, in most models these hexons are highly unstable.
Then, in M theory there are massive states - ‘pentons’ - that appear upon com-
pactification from 5 to 4 dimensions, but these too are expected to be unstable.
The most plausible candidates appear to be ‘cryptons’ 4), massive states from
the so-called ‘hidden sector’ of string theory or M theory, which do not share

gauge interactions with conventional matter.

String models have the generic feature that, in addition to the gauge in-
teractions of the Standard Model, there are others that act on a different set
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of such ‘hidden’ matter particles. Just as our gauge interactions bind quarks
to form metastable massive particles, the protons, so the ‘hidden-sector’ gauge
interactions might become strong at some very high energy scale, and form
analogous, but supermassive, metastable particles. Indeed, such bound states

avoid the appearance of {ractionally-charged particles in generic string mod-
4)
els =/.

Just like the proton, these massive cryptons generally decay through high-
dimension interactions into multiple quarks and leptons. The energetic quarks
hadronize via QCD in a way that can be modelled using information from Z9
decays at LEP. Several simulations have shown that the resulting spectrum
of UHECRs is compatible with the available data, whether supersymmetry is

included in the jet fragmentation process, or not: one example is shown in
Fig. 7 38).
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Figure 7: The observed spectrum of ulira-high-energy cosmic rays, which is
compatible with a calculation of crypton decays, for various different choices of
the crypton mass 38)
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2.3 Abundance of Superheavy Relic Particles

A crucial issue is whether there is a mechanism that might produce a relic den-
sity of superheavy particles that is large enough to be of interest for cosmology,
without being excessive. As was discussed in the first lecture, the plausible up-
per limit on the mass of a relic particle that was initially in thermal equilibrium
is of the order of a TeV. However, equilibrium might have been violated in the
early Universe, around the epoch of inflation, and various non-thermal produc-
tion mechanisms have been proposed 39). These include out-of-equilibrium
processes at the end of the inflationary epoch, such as parametric resonance
effects, and gravitational production as the scale factor of the Universe changes
rapidly. Calculations with some particular examples of inflationary potentials
indicate that superheavy relic particles might be produced with a significant

fraction of the critical density.

2.4 Prospects

We have seen that UHECRs could perhaps be due to the decays of metastable
superheavy relic particles. They might have the appropriate abundance, their
lifetimes might be long on a cosmological time-scale, and the decay spectrum
might be compatible with the events seen. Pressure points on this interpre-
tation of UHECRs include the composition of the UHECRs — there should
be photons and possibly neutrinos, as well as protons, and no heavier nuclei;
their isotropy — UHECRs from relic decays would exhibit a detectable galactic
anisotropy; and clustering — this would certainly be expected in astrophysical
source models, but is not excluded in the superheavy relic interpretation.

The Auger project 33) currently under construction in Argentina should
provide much greater statistics on UHECRs and be able to address many of
these issues. In the longer term, the EUSO project 40) now being considered
by ESA for installation on the International Space Station would provide even
greater sensitivity to UHECRs. Thus an experimental programme exists in
outline that is capable of clarifying their nature and origin, telling us whether
they are indeed due to new fundamental physics.
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3 Gamma-Ray Busters and Quantum Gravity
3.1 Introduction

Later at this school, there are several lectures on gamma-ray busters (GRBs)
and their associated astrophysics. In this lecture, I briefly preview a few aspects
that are relevant to our suggestion that they may be used to test fundamental
physics, specifically some speculations about quantum gravity.

The discovery of GRBs by the Vela satellites — launched to search for
nuclear tests in space — was announced in 1973. The study of GRBs was
revolutionized by the launch in 1991 of the Compton Gamma-Ray Observatory
(CGRO), which observed about 3000 GRBs, at a rate of about one per day,
until it was de-orbited. GRBs were observed to have an essentially isotropic
angular distribution, suggesting that they had a cosmological origin — one of the
key ingredients in their suitability for testing quantum gravity. The -y rays were
observed to have non-thermal spectra of the generic form N(E) ~ E7%: a~1
to 3. Thus there are more high-energy photons than would be expected {rom
a purely thermal spectrum. Subsequently, there have been reported detections
of GRBs in the GeV range, e.g., by EGRET 41), and even of TeV ~ rays, by
MILAGRITO 42). Such high-energy emissions are of particular interest for
testing quantum gravity, as we see later. Also important is the fact that GRB
emissions exhibit time structures as short as 1072 s. This suggests that the
core of the progenitor might be as small as about 10 km, which is important for
astrophysical models. This time structure also provides the lever for probing
quantum gravity, as also discussed later 43).

The second revolution in GRB observations was triggered by the Beppo-
SAX satellite, which was able to observe X-ray afterglows from GRBs. These
enabled accurate directions to be established, which in turn permitted optical
and radio detections, and the identification of host galaxies. These observa-
tions in turn permitted the redshifts of the GRBs to be measured for the first
time. Those measured have z = (1), confirming the earlier expectation that
they must be at cosmological distances. However, the GRBs with measured
redshifts had bursts of relatively long duration. It is thought that there might
be a separate population of short-duration GRBs, whose progenitors might be
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systematically different, perhaps with a distinct redshift distribution.

3.2 Models of GRBs

As already mentioned, the time structures observed in GRBs imply that the

44). To be seen at

cores of their progenitors should have a size ~ 10 km
redshifts z ~ 1 with the observed strengths, they must emit a total energy
~ 10%® ergs, comparable to the binding energy of a neutron star, if the burst
is isotropic. If not, and there is increasing evidence that (at least some) GRBs
emit beams of radiation, then the energy requirement is reduced by a factor
AQ/4n, but is nevertheless substantial. The non-thermal spectrum can be ex-
plained if the GRB progenitor produces a relativistic fireball with v ~ 10%2. The
~ emission is generally thought to originate from internal shocks due to irregu-
larities in the velocity of the relativistic flow. These convert its kinetic energy
into radiation energy, whose escape requires the medium to be rather trans-
parent. Eventually, the relativistic flow slows at it ploughs into the interstellar
medium, producing an external shock, and reverse shocks are also expected. In
this way, the original -y radiation is succeeded by X rays, ultraviolet, optical,
infrared and radio emission. Observations of radio scientillation confirm that
the size of the source is as expected from an initially relativistic expansion.

It has been suggested that GRBs might be important sources of UHECRs,
since they seem to meet the requirements for magnetic fields strong enough to
confine protons while they are accelerated to ~ 10'! GeV, and they are believed
to produce relativistic shocks. Equipartition of energy between enectrons and
protons would yield a cosmic-ray energy density of ~ 10** ergs/Mpc?/y, which
is comparable to the observed energy density of cosmic rays. Simulations as-
suming a homogeneous cosmological distribution of GRB sources, each with an
energy spectrum

T E_27 (9)

with the total energy equal to the electron energy in the GRB fireballs show
that a GRB origin for UHECRSs cannot apparently be excluded on the basis of
energetics.

It is interesting to note that a mechanism of this type would also yield a
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spectrum of UHE neutrinos, from reactions such as p +v — n + 7%, u* — v.
If these also extend up to 10'° GeV, as suggested by some authors 45), they
would provide an ideal way to test the violation of Lorentz invariance suggested
47)

in some speculations on space-time foam , as we now discuss.

3.3 Violation of Lorentz Invariance?

Space-time is well known to be approximately flat at large distance scales.
However, one expects large energy and topology fluctuations AE, Ay at short
distance scales Az, over short time periods At:

AE ~10"GeV, Ax~1 in Az ~Lp~10"%cm, At~ip~10""s.

(10)
Are there any observable consequences of such quantum-gravitational fluc-
tuations — ‘space-time foam’? One possibility might be microscopic loss of
quantum coherence, as information leaks away through microscopic event hori-

1),

Z0Ns Another suggested possibility is that special relativity might be

modified, with the velocity of light becoming energy-dependent:

C(E)zc(l—MiQG+...) (11)

where Mg might be O(mp) >~ 10! GeV 43).

One way to motivate this latter suggestion is to imagine balls of differ-
ent sizes (corresponding to photons of different wavelengths, i.e., frequencies)
rolling across a rough surface. Balls that are much larger than the corrugations
in the surface will ignore them, whereas small balls (high-frequency photons)
will roll up and down the corrugations, taking a longer time to propagate a
long (astrophysical) distance. The vacuum would appear to have a non-trivial
refractive index.

This intuition has been modelled, in particular, in a D-brane model of
5)

result in a reduction in velocity by a factor (1 — E/M), where M is a char-

space-time foam ©/, where the interactions of particles with solitonic ‘lumps’

acteristic mass-scale for the ‘lumps’. Analogous effects on photon propagation

have been found in other models of space-time foam. For example, one possi-
bility suggested by the loop-gravity approach is birefingence, i.e., a difference
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between the velocities of high-energy photons of different helicities 49) | 1t has
also been pointed out that light-cone fluctuations could modify the propagation
of photons and other energetic particles 50),

In all these approaches, the effect on particle propagation increases with
its energy, whereas conventional in-medium effects tend to be suppressed at
high energies. This is the case, for example, for photon through a finite-density
or -temperature plasma.

3.4 Astrophysical Probes of Lorentz Violation

Since the propagation time for a photon coming from a source at distance D is
t = D /v, where the velocity v # ¢ in general, the time delay due to a reduction
in velocity Av is At ~ (D/v?*)Av. Assuming v ~ ¢(1 — E/Mgg), we find

D FE
Al — —— 12
T T (12)
The figure of merit for astrophysical sensitivity is therefore
E.-D
Mog ~ —— 13
QG At ) ( )

where Af is the available time resolution. Clearly there is a premium on high-
energy sources at large distances D, with short time structures At in their
emissions.

Astrophysical sources that have been considered include GRBs, AGNs
and pulsars: representative estimates of their sensitivities (13) are shown in
Table 1 6). We see that they approach within just a few orders of magnitude
of mp, the ball-park scale where one expect to find mg, if this type of Lorentz
violation appears at all.

We made a systematic analysis of all the GRBs with cosmological redshifts
that had been measured some time ago 6). we analyzed the time structures
in BATSE and OSSE data, comparing the arrival time series of photons in
the lowest and highest energy channels. We made fits using several different
functional forms for the peaks, as seen in Fig. &, so as to control one possible
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Source Distance E At Sensitivity to M
GRB 920229 3000 Mpc (?7) 200 keV 10725 0.6 x 10°° GeV (7)
GRB 980425 © 40 Mpc 1.8 MeV 10~3 5 (?) 0.7 x 107 GeV (?)
GRB 920925¢ © 40 Mpc (7) 200 TeV (7) 200 s 0.4 x 107° GeV (7)
Mrk 421 100 Mpec 2 TeV 280 s > 7 x 10™° GeV
Crab pulsar 2.2 kpc 2 GeV 0.35 ms > 1.3 X 101% GeV
GRB 990123 5000 Mpc 4 MeV 15 (7) 2 X 1078 GeV (7)

Table 1: The mass-scale parameter Mgg is defined by év/c = Ef/Mgg. The

question marks in the Table indicate uncertain observational inputs. Hard lim-

6)

its are indicated by inequality signs. This Table is adapted from , where

original references may be found.

source of systematic error. We then compared the arrival times and widths of
the peaks in different energy bins. Since differences in these quantities could in
principle be generated at the source, we looked for a possible correlation with
the propagation distance, as determined by the measured redshift, as seen in
Fig. 9. The data were completely consistent with the absence of any such
correlation, and we concluded that

Mgg > 10" GeV (14)

We regard this as a statistically and systematically secure conclusion, that does
not rely on the interpretation of any individual GRB event.

We expect the redshifts of many more GRBs to be measured with the ad-
vent of early-warning satellites such as HETE-II. We also expect increased sen-
sitivity to higher-energy photons, with the way being led by the MILAGRITO
report of a possible TeV photon signal from GRB 970417a 42), Space experi-
ments such as AGILE, AMS and GLAST may play important réles, and there
have been some preliminary analyses of their prospective sensitivities that seem
quite encouraging 46),

Another exciting experimental possibility is to look for high-energy v
pulses from GRBs. In some models, neutrinos with energies up to 10! GeV
may be emitted. If a pulse were seen in coincidence with a GRB signal, it
would provide sensitivity to Mge R 10%® GeV! Conversely, if Mgg ~ 10'?
GeV, any such neutrino pulse would be spread over a period of years, becoming

unobservable 47) !
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GRB %90123: BATSE dataCh. 1 and Ch. 3
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Figure 8: Fits to the pulses of GRB 990123 in different BATSE energy chan-
nels, using two different fitting functions
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Figure 9: A fit to the time-lags extracted from the pulses of GRBs with measured
redshifts. No significant dependence on the redshift was found 6).
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3.5 Erasure of the GZK Cutoff?

We have already discussed in connection with UHECRs the fact that the Uni-
verse should be opaque to UHE protons over distances & 100 Mpc, at energies
2 101! GeV, due to the reaction p+ycms — N + 7. It has been pointed 51)
out that this process is forbidden at high energies if conventional relativistic
kinematics is modified by a dispersion relation of the form

E
02-p2:E2(1+M+...) (15)

as discusssed above. In the absence of particle production, there would be no
GZK cutofl.

According to conventional physics, there should be an analogous cutofl for
photons, as seen in Fig. 6, due to pair production in the infrared background:
v+7rr — ete™. In the particular case of the AGN Mkn 501, the photon energy
spectrum should be cut off above 1 TeV 52), However, higher-energy photons
have been reported by the HEGRA collaboration 53) | If one assumes that they
are the attenuated residue of a real flux from Mkn 501, the inferred produced
flux would have been extremely high at energies above 1 TeV. Many production
mechanisms would predict similar fluxes of high-energy photons and neutrinos.
The AMANDA collaboration has searched for TeV neutrinos from Mkn 501,

54) The interpre-

and not seen a signal, excluding such a high neutrino flux
tation is ambiguous: could HEGRA have calibrated incorrectly their observed
photon energies? Could one produce high-energy photons without correspond-
ing neutrinos? Might the IR background be smaller than thought? All these —
and other — conservative hypotheses should be investigated and excluded before

embracing the radical hypothesis of a violation of Lorentz invariance.

In connection with this last possibility, a second avenue for the modifi-
cation of Lorentz kinematics should be kept in mind, as well as the modified
dispersion relation. It has been argued that energy is conserved only statis-
tically, and the possibility of energy non-conservation during particle interac-
tions should be taken into account. The corresponding modification of the
GZK cutofl could be comparable to that induced by the modified dispersion

relation 55) .
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4 Conclusions

In these lectures, a very incomplete set of topics at the boundaries between
astrophysics, cosmology, cosmic-ray physics and particle physics have been dis-
cussed. Nevertheless, they serve to illustrate the breadth and interest of this
burgeoning field. It is very diflicult to predict what will be the next great dis-
covery in astroparticle physics, and it may well have no relation to the topics
selected here. However, I am sure that astroparticle physics will continue to
excite us for the foreseeable future.
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ABSTRACT

In recent years several ideas for experimental searches of effects induced by
quantum properties of space-time have been discussed. Some of these ideas
concern the role in quantum spacetime of the ordinary Lorentz symmetry
of classical flat spacetime. Deviations from ordinary (classical) Lorentz
symmetry are now believed to be rather natural in non-commutative space-
times, models based on String Theory and models based on Loop Quantum
Gravity. Observations of gamma rays and ultra-high-energy cosmic rays could
play a key role in the development of this research programme.

1 Introduction

Quantum-Gravity Phenomenology 1) is an intentionally vague name for a new
approach to research on the possible non-classical (quantum) properties of

spacetime.
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This approach does not adopt a specific formalism for the description
of the short-distance structure of spacetime (e.g., “string theory”, “loop
quantum gravity” and “noncommutative geometry” are seen as equally
deserving mathematical-physics programmes); it is rather the proposal that
quantum-gravity research should proceed just in the familiar old-fashioned
way: through small incremental steps starting from what we know, combining
mathematical-physics studies with experimental studies to reach deeper and
deeper layers of understanding of the short-distance structure of spacetime. For
various “historical” reasons (mostly connected with the lack of guidance from
experiments) research on quantum gravity has wondered off this traditional
strategy: the most popular quantum-gravity approaches, such as string theory
and loop quantum gravity, could be described as “top-to-bottom approaches”,
since they start off with some key assumption about the structure of spacetime
at the Planck scale and then they try (with limited, vanishingly small, success)
to work their way back to “reality”, the realm of doable experiments. With
“gquantum-gravity phenomenology” I would like to refer to all studies that
are somehow related with the “bottom-to-top approach”, consistently with
traditional strategy of physics research.

Since the problem at hand is extremely difficult (arguably the most
challenging problem ever faced by the physics community) it appears likely
that the two complementary approaches might combine in a useful way: for
the “bottom-to-top approach” it is important to get some guidance from the
(however tentative) indications emerging from the “top-to-bottom approaches”,
while for “top-to-bottom approaches” it might be very useful to be alerted by
quantum-gravity phenomenologists with respect to the type of new effects that
could be most effectively tested experimentally’.

Until very recently the idea of a quantum-gravity phenomenology, and
in particular of attempts of identification of experiments with promising
sensitivity, was very far from the main interests of quantum-gravity research.
One isolated idea had been circulating {rom the mid 1980s: it had been
realized 2 3 4) that the sensitivity of CPT tests using the neutral-kaon

'Tt is hard for “top-to-bottom approaches” to obtain a complete description
of low-energy physics, but perhaps it would be possible to dig out predictions
on some specific spacetime features that appear to deserve special attention in
light of the corresponding experimental sensitivities.
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system is such that even small effects of CPT violation originating at the
Planck scale? might in principle be revealed. These pioneering works on
CPT tests were for more than a decade the only narrow context in which
the implications of quantum gravity were being discussed in relation with
experiments, but over the last 4 years several new ideas for tests of Planck-scale
physics have appeared at increasingly fast pace, leading me to argue L, 5) that
the times might be right for a larger overall effort in this direction, which
indeed could be called “quantum-gravity phenomenology”. At the present
time (in addition to the already mentioned CPT tests) there are several
examples of experimentally accessible contexts in which conjectured quantum-
gravity effects are being considered, including studies of in-vacuo dispersion

6, 7), studies of laser-interferometric limits on

8, 9)

using gamma-ray astrophysics
quantum-gravity induced distance fluctuations , studies of the role of
the Planck length in the determination of the energy-momentum-conservation

10, 11, 12, 13)

threshold conditions for certain particle-physics processes , and

studies of the role of the Planck length in the determination of particle-decay

amplitudes 14)

. These experimental/phenomenological studies might represent
the cornerstones of quantum-gravity phenomenology since they are as close
as one can get to direct tests of space-time properties, such as space-time
symmetries. Other experimental proposals that should be seen as part of the
quantum-gravity-phenomenology programme rely on the mediation of some
dynamical theory in quantum space-time; comments on these other proposals
can be found in Refs. 1+ 18, 16, 17, 18, 19)

In these lecture notes I intend to emphasize those aspects of quantum-
gravity-phenomenology that are relevant for the astrophysics community.
The relevant topic is the one that concerns the faith of the Lorentz
symmetry of classical spacetime when the spacetime is quantized. Since
the Lorentz symmetry of classical flat (Minkowski) spacetime is verified
experimentally to very high accuracy, it appears that any deviation from

classical Lorentz symmetry, which might emerge [rom quantum-gravity

2The possibility of Planck-scale-induced violations of the CPT symmetry
has been extensively considered in the literature. One simple point in support
of this possibility comes from the fact that the CPT theorem, which holds in
our present conventional theories, relies on exact locality, whereas in quantum
gravity it appears plausible to assume lack of locality at Planckian scales.
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theories, would be subject to severe experimental constraints. As a result
Lorentz-symmetry tests are a key component of the programme of “quantum-
gravity phenomenology” 1, 20, 21),

My main focus here will be on the faith of Lorentz invariance at the
quantum-spacetime level. A large research effort has been devoted to this
subject. Most of these studies focus on the possibility that Lorentz symmetry
might be “broken” (in a sense clarified later in these notes) at the quantum
level; however, I have recently shown that Lorentz invariance might be aflected
by spacetime quantization in a softer manner: there might be no net loss
of symmetries but the structure of the Lorentz transformations might be

22, 23) 1In the following I shall describe

aflected by the quantization procedure
rather pedagogically the main differences between the broken-symmetry and
my new deformed-symmetry scenario. In addition I will comment on the
type of astrophysical observations, involving gamma rays and ultra-high-energy
cosmic rays, which could provide evidence of such symmetry-related quantum
properties of space-time. An exciting recent development in this area is
that certain puzzling gamma-ray and UHE cosmic-ray observations are being
actively discussed as possible first manifestations of a quantum property of
space-time.

Before going forward with these main points on my agenda for these
lecture notes, let me make a parenthetic remark, further claryfing the objectives
of quantum-gravity phenomenology: The primary challenge of quantum-gravity
phenomenology is the one of establishing the properties of space-time at
Planckian distance scales, since most theoretical arguments suggest that this
is the characteristic scale of quantum space-time effects. However, there is also
recent discussion of the possibility that quantum-spacetime effects might be
stronger than usually expected, i.e. with a characteristic energy scale that is
much smaller (perhaps in the TeV range!) than the Planck energy. Examples
of mechanisms leading to this possibility are found in string-theory models

with large extra dimensions 24)

and in certain noncommutative-geometry
models 25). Of course, the study of the phenomenology of these models is in the
spirit of quantum-gravity phenomenology, but it is, in a sense, to be considered
as a sideline development (and it is less challenging than the quantum-gravity-
phenomenology efforts that pertain effects originating genuinely at the Planck

scale).
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2 The faith of Lorentz symmetry in quantum spacetime

If Nature hosts some form of “quantization” (even just in the general weak sense
of “non-classical” properties) of space-time, this of course would also apply to
flat spacetimes (e.g. if spacetime is in general discrete or noncommutative
then of course the particular case of flat spacetime will also be described in
the same way). One might argue (more or less convincingly) that quantum
effects should be stronger in strong-curvature contexts, such as the ones
involving black holes, but our capability of detailed experimental studies of such
contexts is vanishingly small. Instead, in certain flat-spacetime contexts our
experiments reach extremely high precision and therefore even relatively small
effects induced by quantum properties of spacetime might be detectable. This
is one of the key strategic points of my view on the development of quantum-
gravity phenomenology L,5),

In flat quantum spacetimes a key characteristic is the role of the Planck
length, L,. If the Planck length only has the role we presently attribute to
it, which is basically the role of a coupling constant (an appropriately rescaled
version of the gravitational coupling G), no problem arises for FitzGerald-
Lorentz contraction, but if we try to promote L, to the status of an intrinsic
characteristic of space-time structure (or a characteristic of the kinematic rules
that govern particle propagation in space-time) it is nearly automatic to find
conflicts with FitzGerald-Lorentz contraction 22: 23).

For example, it is very hard (perhaps even impossible) to construct
discretized versions or non-commutative versions of Minkowski space-time
which enjoy ordinary Lorentz symmetry. Pedagogical illustrative examples
of this observation have been discussed, e.g., in Ref. 26) for the case of

27, 28) for the case of non-commutativity. The

discretization and in Refs.
action of ordinary (classical) boosts on discretization length scales (or non-
commutativity length scales) will naturally be such that diflerent inertial
observers would attribute different values to these lengths scales, just as one
would expect from the mechanism of FitzGerald-Lorentz contraction.

There are also dynamical mechanisms (of the spontaneous symmetry-
breaking type) that can lead to deviations from ordinary Lorentz invariance; it

appears for example that this might be possible in String Field Theory 29),
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Both in String Theory and in Loop Quantum Gravity?® it is also natural
to consider certain external-field backgrounds, which, in the appropriate

22, 23) (they provide a way to identily a preferred class of inertial

sense
observers), break Lorentz invariance.

Departures from ordinary Lorentz invariance are therefore rather
plausible at the quantum-gravity level. Here I want to emphasize that there
are at least two possibilities: (i) Lorentz invariance is broken and (ii) Lorentz

invariance is deformed.

2.1 Deformed Lorentz invariance

In order to be specific about the differences between deformed and broken
Lorentz invariance let me focus on the dispersion relation E(p) which will
naturally be modified in either case. Let me also assume, for the moment,
that the deformation be Planck-length induced: E? = m? + p* + f(p,m; L,).
If the function f is nonvanishing and nontrivial and the energy-momentum

3As I shall argue more carefully elsewhere 30), in Loop Quantum Gravity
there might even be a fundamental departure from classical Lorentz invariance.
This can be deduced from studies arguing that Loop Quantum Gravity predicts
a fixed discrete spectrum of area eingevalues, independently of the characetristic
scale of curvature of the surface whose area is being measured (and therefore
also for flat surfaces in flat spacetimes). One of the primary implications of
Lorentz invariance is that the same experiment is seen by different observers in
different ways which are however predictably (classically) connected by Lorentz
transformations. If, for example, a series of measurements by one observer all
give the same result of an area measurement, say the result Ag, then according
to classical Lorentz invariance those same measurements should be seen by
another observer as measurements all giving the same but different, say Ay,
result (with A, related to Ap by the appropriate boost). When the spectrum of
the area of a flat surface in a flat spacetime is discrete this property of classical
Lorentz invariance is at risk: the results Ag being all the same would reflect the
fact that one is dealing with what is an area eigenstate for observer Ogp, and
A should be an eigenvalue of the area operator, but, if the second observer
0, is only minutely boosted with respect to Og, one should find that A, the
boosted value of Ag, could not possibly be another eigenvalue (if the boost
is small enough it will not be sufficient for reaching another eigenvalue in the
discrete list of eigenvalues that composes the spectrum of the area operator)
and it would be paradoxical for observer O; to find systematically repeated
measurement results A;.
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transformation rules are ordinary (the ordinary Lorentz transformations) then
clearly f cannot have the exact same structure for all inertial observers. In
this case one would speak of an instance in which Lorentz invariance is broken.
If instead f does have the exact same structure for all inertial observers, then
necessarily the transformations between these observers must be deformed. In
this case one would speak of an instance in which the Lorentz transformations
are deformed, but Lorentz invariance is preserved (in the deformed sense).

While much work has been devoted to the case in which Lorentz invariance
is actually broken, the possibility that Lorentz invariance might be deformed
was introduced only very recently by this author 22, 31, 32, 23, 33) A
example in which all details of the deformed Lorentz symmetry have been
worked out is the one in which one enforces as an observer-independent
statement the dispersion relation

L2 (" 4 e "eF — 2) — e~ loF = 2 (1)
In leading (low-energy) order this takes the form
E? —? + L,Ef® =m* . 2)

The Lorentz transformations and the energy-momentum conservation rules are

accordingly modified 22, 23, 33),

2.2 Broken Lorentz invariance

The case of broken Lorentz invariance requires fewer comments since it is more
familiar to the community. In preparation for the following sections it is
useful to emphasize that the same dispersion relation (2), which was shown
in Refs. 22 23) to be implementable as an observer-independent dispersion
relation in a deformed-symmetry scenario, can also be considered 6) as a
characteristic dispersion relation of a broken-symmetry scenario. In this broken
symmetry scenario the dispersion relation (2) would still be valid but only for
one “preferred” class of inertial observers (e.g. the natural CMBR {rame) and
it would be valid approximately in all frames not highly boosted with respect
to the preferred frame. In highly-boosted frames one might find the same
form of the dispersion relation but with different value of the deformation scale
(different from L;). All this follows from the fact that in the broken-symmetry

85



scenario the laws of transformation between inertial observers are unmodified.
Accordingly also energy-momentum conservation rules are unmodified.
Another scenario in which one finds broken Lorentz invariance is the one
of canonical noncommutative spacetime, in which the dispersion relation is
34, 35))

momentum Lorentz transformation rules are not modified. This example of

modified (with different deformation term , but, again, the energy-
noncommutative spacetime has been recently shown to be relevant for the

description of string theory in certain external-field backgrounds (see, e.g.,
Ref. 25 34)).

3 TIllustrative example: photon-pair pion decay

Before discussing the role that observations of gamma rays and UHE cosmic
rays could play in the development of this research area, let me clarify,
in this Section, that the differences between the broken-symmetry and the
deformed-symmetry case can be very significant for what concerns experimental
signatures. This is also important since it proves that the relevant astrophysics
observations might not only provide us the first manifestation of a quantum
space-time property: they might even distinguish between different quantum
pictures of spacetime.

In order to render very explicit the differences between the broken-
symmetry and the deformed-symmetry case I consider here the simplest
example in which these diflerences are rather dramatic: photon-pair pion decay.

I adopt in one case deformed energy-momentum conservation 23)

, as required
by the deformed Lorentz transformations of the deformed-symmetry case, while
in the other case I adopt ordinary energy-momentum conservation, as required
by the fact that the Lorentz transformation rules are unmodified in the broken-
symmetry case, but for both cases I impose the same dispersion relation (2).

In the broken-symmetry case, combining (2) with ordinary energy-
momentum conservation rules, one can establish a relation between the energy
E, of the incoming pion, the opening angle # between the outgoing photons
and the energy E, of one of the photons (the energy of the second photon is
of course not independent; it is given by the difference between the energy of
the pion and the energy of the first photon):

2E,E! —m?2 + 3L,E.E, B, ;
2E,E! + L,E.E,E, ' @)

cos(f) =
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where indeed E, = E, — E,. This relation shows that at high energies (starting
at values of E; of order (m2/L,)'/?) the phase space available to the decay
is anomalously reduced: for given value of E; certain values of E., that would
normally be accessible to the decay are no longer accessible (they would require
cosf > 1).

In the deformed-symmetry case one enforces the deformed conservation

rules 23)

E,= E'y + Efly ’ ﬁﬂ :ﬁ'y +ﬁ'y’ + LpE'yﬁ'y’ ) (4)
which, when combined again with (2), give rise to the different relation

2E,E, —m2 + 3L, E2E! + L,E. E" (5)
2E,E!, +3L,E2E, + L,E,E?

cos(d) =

Here it is easy to check that one is never led to consider the paradoxical
condition cos@ > 1. There is therefore no severe implication of the deformed-
symmetry case for the amount of phase space available for the decays (certainly
not at energies around (m2/L,)'/3, possibly at Planckian energies).

4 An agenda for gamma-ray and UHECR studies

The key points for the phenomenology of quantum-gravity-induced deviations
from classical Lorentz invariance are possible deformations of the dispersion
relation and possible deformations of the energy-momentum conservation
conditions.

Whether or not there is an accompanying deformation of energy-
momentum conservation* a deformation of the dispersion relation is expected

6,1, 7)

to give rise to in vacuo dispersion and, possibly (if the space-time

35))

provide a striking signature: the speed of massless particles would depend on

has corresponding structure , to birefringence. In vacuo dispersion would

wavelength® and therefore photons that we somehow know to have been emitted
simultaneously up to AT precision would reach us with relative time delays

“In the case of deformation of Lorentz symmetry both the dispersion
relation and the energy-momentum conservation conditions are modified
simultaneously, since they both must reflect 22, 23) {he structure of the
deformed transformation rules between inertial observers.

5The ordinary dispersion relation is linear for massless particles, and
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AT, where AyT > AyT, and one should also find some dependence of AT
on the amount of time the photon spent travelling in space-time (i.e. time
spent under the influence of quantum properties of space-time). As discussed
in Refs. b 65 7) this type of effect can be naturally studied in the context of
observations of gamma-ray bursts and observations of the high-energy photons
emitted by certain blazars, such a Mk421. Certain gamma-ray observatories
soon to be operational will have excellent sensitivity toward this type of effect,
and in particular GLAST 36) i; 7;;1anning dedicated studies. Interest in such
S 21,

As discussed in the previous Section, also certain aspects of particle-decay

studies is also growing in AM

physics, at high energies, may carry an important trace of quantum-space-
time effects. In that context however the implications of a dispersion-relation
deformation do depend strongly on whether there is an associated deformation
of energy-momentum conservation (i.e. depend on whether one is dealing with
a scenario with deformed symmetries or instead one is dealing with a scenario
with broken symmetries). The outlook of these studies based on particle-decay
anomalies is described in Ref. 14), also using a related data analysis reported
in Ref. 38).

But perhaps the most powerful tool for the experimental investigation
of quantum-gravity-induced deviations from ordinary Lorentz invariance is

» 13) T4 is to this topic, which deserves

provided by “threshold anomalies
being discussed in detail, that I devote the reminder of the Section. It is
intruiging to notice that the prediction of these threshold anomalies appears
to be consistent with some puzzling results of astrophysics observations. In
two different regimes, UHECRs and multi-TeV photons, the universe appears
to be more transparent than expected. UHECRs should interact with the
Cosmic Microwave Background Radiation (CMBR) and produce pions. TeV
photons should interact with the Infra Red (IR) photons and produce electron-
positron pairs. These interactions should make observations of UHECRs with
E > 510'%V (the GZK limit) 39) or of gamma-rays with £ > 10TeV 40)
from distant sources unlikely. Still UHECRs above the GZK limit and Mk501
photons with energies up to 24 TeV are observed.

therefore dE/dp is wavelength (energy) independent. A nonlinear Planck-
length-deformed dispersion relation will instead inevitably lead to wavelength-
dependent dE /dp.
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A CMBR photon and a UHE proton with E > 5-10'%eV should satisfy the
kinematic requirements (threshold) for pion production. UHE protons should
therefore loose energy, due to photopion production, and should slow down
until their energy is below the GZK energy. At higher energies the proton’s
mean free path decreases rapidly and it is down to a few Mpc at 3-102%eV.
Yet more than 15 CRs have been observed with nominal energies at or above
102°430% eV 41). There are no astrophysical sources capable of accelerating
particles to such energies within a few tens of Mpc {rom us. Furthermore, if
the CRs are produced homogeneously in space and time, we would expect a
break in the CR spectrum around the GZK threshold, which is not seen.

HEGRA has detected high-energy photons with a spectrum ranging up to
24 TeV 42) from Markarian 501 (Mk501), a BL Lac object at a redshift of 0.034
(~ 157 Mpc). This observation indicates a second paradox of a similar nature.
A high energy photon with energy E can interact with an IR background
photon with wavelength A ~ 30um(E/10TeV) and produce an electron-
positron pair. The mean free path of TeV photons depends on the spectrum of
the corresponding IR background. Recent data from DIRBE 43, 44, 45) 419
from ISOCOM 46) suggest that the mean free path for 20TeV photons should
be much shorter than the one of 10TeV photons. However, no apparent break
is seen in the spectrum of Mk501 in the region 10-20TeV.

The UHECR paradox is well established. Numerous theoretical models,
mostly requiring new physics, have been proposed for its resolution (see Ref. 47)
for a recent review). With much less data, and with some uncertainty on the
IR background, the Mk501 TeV-photon paradox is less established. However,
if indeed this must be considered as a paradox, there are no models for its
resolution, apart {rom the possibility that the IR background estimates are too
large. Planned experiments will soon provide us better data on both issues.
At present it appears reasonable to assume, just as a working hypothesis, that
both paradoxes are real.

The interpretation of these paradoxes as threshold anomalies is appealing
for several reasons. In both paradoxes low-energy photons interact with high
energy particles. The relevant reactions should take place at a kinematic
threshold. In both cases the center-of-mass threshold energies are rather
modest and the physical processes involved are well tested and understood.
In spite of these similarities, so far, there is no model that explains both
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paradoxes within a single theoretical scheme (unless the model accommodates
an irritatingly large number of parameters). This appears to provide
encouragement for the idea that quantum-gravity-induced deviations from
ordinary Lorentz invariance might be responsible for both paradoxes®.

In order to illustrate the mechanism of threshold anomalies, let us
consider, for example, the broken-symmetry case already considered in the
preceding section. I will now apply it to the kinematics of the process of
electron-positron pair production, which is relevant for the Mk501 paradox.
Combining (2) with ordinary energy-momentum conservation rules, one can
establish that at threshold the energy E of the hard Mk501 photon and
the energy € of the soft background photon must satisfy the relation £ ~
m? fe+ L,m®/(8€"). The correction L,m8/(8¢*) is indeed sufficient to push the
threshold energy 33pwards by a few TeV, consistently with the observations. As
1

(

photopion threshold, which is relevant for the cosmic-ray paradox.

shown in Refs. and references therein), an analogous result holds for the
This type of analysis provides encouragement (of course, very
preliminary) for the hypothesis that the two paradoxes might be the first ever
manifestation of a quantum (Planck-length related) property of spacetime.
Just like in the case of pion decay, considered in the preceding Section, also
for the evaluation of threshold anomalies there are large quantitative)differences
50
)

the case in which Lorentz symmetry is broken and the case in which Lorentz

(which will be discussed in detail in a paper now in preparation between

symmetry is deformed. More accurate information on the paradoxes, such as

51) , can therefore even start pointing us

the one that will be provided by Auger
toward the proper language for the description of the short-distance (quantum)
structure of spacetime.

Experimental studies such as the ones planned by Auger will also in
general clarify whether the origin of the paradoxes is indeed kinematical. I

want to stress that, in this respect, it is important to get high-quality data

5Tt is of course also possible to consider deviations from Lorentz invariance
that do not have quantum-gravity origin 48, 49), but, as discussed in Refs. 13),
the idea of a quantum-gravity origin, besides being conceptually appealing,
leads to a natural estimate for the magnitude of the effects, an this estimate
appears to fit well the observations (while non-quantum-gravity approaches
host a large number of parameters to be freely adjusted to obtain the needed
magnitude of the departure from Lorentz-invariance).
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in the neighbourhood of the expected GZK cutoff, perhaps even more than
establishing how far (how high in energy) the cosmic-ray flux extends. In
fact, the kinematical mechanism of threshold anomalies leads to the definite
general prediction that nothing at all particular should happen at the GZK

scale, since the GZK threshold is simply moved forward (or eliminated all

13, 52))

together by the deviations from classical Lorentz invariance. Other

attempts of explaining the cosmic-ray paradox instead must coexist with the
GZK threshold and therefore (unless huge parametric fine-tuning is allowed)
will inevitably predict at least some peculiarity to occur at the GZK scale.
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ABSTRACT

I review the current status of cosmology as emerging from recent observations
of cosmic microwave background anisotropies as well as from other sources of
cosmological information.

1 Introduction

The widely accepted paradigm for cosmology is the hot Big Bang model. In
this framework, the geometry and evolution of the Universe is defined by its
matter and energy content through general relativity theory. The Universe
is expanding, so that it was hotter and denser at earlier times. The rate of
expansion is quantified by the Hubble parameter H, whose present value Hy is

1

parameterized by the quantity h as Hy = 100 h km s~! Mpc~!. The amount

of matter and energy in the Universe from different components (baryons, dark
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matter, radiation, vacuum energy, etc.) is parameterized by the quantities
Qi) = p(i)/pe- The critical density, p. = 1.88 x 1072 A% g cm™3, is defined
in such a way that 2 = ), Q(; = 1 for a Universe with flat geometry (while
Q <1 and Q> 1 for open and closed geometry respectively).

An additional ingredient of the standard cosmological model is infla-
tion 1), a phase of early superluminal expansion of the Universe required to
solve some problems of the Big Bang model. Inflation makes some well-defined
predictions. First of all, the geometry of the Universe has to be very close to
flat. Second, the structure we observe today in the Universe was produced by
gravitational amplification of primordial density perturbations generated dur-
ing inflation, characterized by having a nearly scale-invariant spectrum and by
being Gaussian distributed.

While until recent times the knowledge of the parameters of the cosmo-
logical model was plagued by large uncertainties, the situation has now dra-
matically changed. Cosmology is not a data-starved science anymore. In the
past few years, high-quality observations have fueled an impressive progress in
our understanding of the Universe. We have entered the epoch of high precision
cosmology.

Recent results from observation of the CMB temperature anisotropy have
allowed us to constrain most cosmological parameters to unprecedented accu-
racy, giving for the first time a robust determination of the total energy density
(and in turn of the geometry) of the Universe. In addition, a whole set of new
observations of the large-scale structure properties of the Universe have put the
determination of the mean matter density in the Universe on a firm ground.
Finally, measurements of distant Type Ia Supernovae have recently provided
evidence that the Universe has just entered a phase of accelerated expansion.
In the following I will review the emerging scenario, giving particular emphasis
to CMB as a cosmological probe.

2 Cosmology with the Cosmic Microwave Background

The Cosmic Microwave Background (CMB) is a snapshot of the infant Uni-
verse, when it was just about 300 000 years old. According to the standard
Big Bang model, before that epoch the temperature in the Universe was so
high that no neutral atom could stably exist. The Universe was basically a
plasma of mainly free electrons and protons, kept in equilibrium with photons
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by frequent Thomson scattering. Later, the Universe cooled down as a result
of the expansion, and neutral atoms began to form. The photons could then
decouple from the matter and travel freely, being finally observed today as an
almost uniform background. The fact that the CMB was indeed found to have
a black-body spectrum (a clear signature of the early period of matter-radiation
equilibrium) with an astonishing precision 2) is one of the big successes of the
Big Bang model.

Since the distribution of the CMB photons reflects that of matter at
the time of decoupling, any inhomogeneities in the matter density (needed to
seed structure formation by gravitational instability) must leave an imprint as
fluctuations of the CMB temperature. The presence of these CMB temperature
anisolropies was first detected by NASA’s COBE satellite in the early 90’s ).
The fact that the level of anisotropy is very small (about a part in one thousand,
corresponding to temperature fluctuations of some tens of pK) simplifies the
task of making theoretical prediction of the anisotropy pattern, since linear
perturbation theory can be applied.

The bulk of the cosmological information encoded in the anisotropy pat-
tern is concentrated at angular scales smaller than about 1 degree on the sky,
corresponding to perturbations that were inside the horizon (i.e. in causal con-
tact) before decoupling. On these scales, physical processes in the early Uni-
verse were able to leave their imprint on the CMB. For this reason, over the
last decade a large number of ground-based and balloon-borne experiments
performed observations of the fine-structure pattern of the anisotropy.

The observed temperature fluctuation in a given direction of the sky can
be expanded in spherical harmonics:

T 0.9 = Zanin(0) (1)

The coefficients C; = (Jay,|?) define the angular power spectrum of the CMB
anisotropy'. Because the Universe is isotropic on average, the C)’s do not
depend on the azimuthal index m. If the primordial density fluctuations are

!The symbol {-) represents an average over the statistical ensemble. Since
we can only observe one realization of the ensemble — our own sky — we
can at best build an un-biased estimate of C; from the observations. This is:

— i
Cl = ﬁ Em:—l |alm|2.
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Gaussian distributed, the angular power spectrum € fully characterizes the
statistics of the temperature anisotropy pattern. The power spectrum is then
the main CMB observable. Since each [ is related to an angular scale 6 on the
sky given approximately by I ~ m/6, the power spectrum at high I’s probes
sub-horizon angular scales at the time of decoupling and carries the imprint
of physical processes which occurred in the early Universe. Conversely, low I’s
probe the primordial shape of the power spectrum?.

The way the shape of the CMB angular power spectrum depends on
cosmology can be understood by simple physical considerations. Let us consider
a density fluctuation of given physical scale in the baryon-photon fluid. Let us
suppose that the physical scale of the fluctuation is smaller than the horizon size
at decoupling, so that the inner region of the fluctuation is in causal contact.
The amplitude of perturbation in the baryon component tends to be amplified
by gravitational collapse. However, the radiation pressure provided by the
photons prevents the collapse from happening. These competing mechanisms
sets up harmonic oscillations in the amplitude of the perturbation. Since the
amount of resistance to compression is quantified by the sound velocity in the
fluid, this oscillations are called acoustic. When the photons decouple from
matter, perturbations having different physical scale are caught in a different
stage of oscillation and then have a different amplitude. The CMB photons we
receive today carry this phase information as fluctuations in their temperature
at different angular scales. This reflects in a series of harmonic acoustic peaks
in the CMB angular power spectrum.

For a given initial distribution of density perturbations in the early Uni-
verse, the height of the acoustic peaks is mostly affected by the amount of
matter in the Universe. If we enhance the baryon content of the Universe,
keeping fixed all the other components, the compression stage of the fluid is
more effective, increasing the amplitude of fluctuations at decoupling. Then,
the relative height of the peaks in the CMB power spectrum represents a good
indicator of the density of baryonic matter in the Universe. On the other hand,
the position of the peaks depends on the way a certain physical scale at decou-
pling is mapped into an angular dimension on the sky. This is quantified, in a
given cosmological model, by the so called angular diameter distance relation.

20f course, neglecting secondary processes which may alter the CMB photon
distribution after decoupling.
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Figure 1: The effect of cosmological parameters on the peak structure of the
CMB angular power spectrum. On the left, the effect of varying the total energy
density while keeping all the other parameters fized. On the right, the effect of
varying the baryon densily.

This relation mainly depends on the geometry of the Universe: in an open
Universe, a certain physical scale at decoupling is seen today under a smaller
angle than in a flat Universe. So, the position of the peaks in the CMB angular
power spectrum is a good indicator of the geometrical properties of the Uni-
verse. The dependence of the CMB angular power spectrum on the geometry
of the Universe and on the baryon density is shown in Figure 1.

3 Constraints on Cosmological Parameters from the CMB

The quality of CMB observations has considerably improved in recent times.
The balloon-borne observations carried on by the BOOMERanG 4) and MAX-
IMA 5) teams (from Antarctica and from Texas, respectively) have produced
the first images of the fine-scale pattern of CMB temperature anisotropy. The
CMB map from BOOMERanG covers a 1800 square degrees patch of the south-
ern sky. MAXIMA mapped a 124 square degrees patch of the northern sky.
More recently, the DASI 6) team released new maps over 32 sky fields of 3.4 de-
grees in diameter, obtained using ground-based interferometry from Antarctica.
The kind of spatial features observed by these three independent experiments
in different sky regions looks quite similar (see Figure 2).
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Maps of the CMB temperature anisolropy produced by the
BOOMERanG, MAXIMA and DASI experiments.

From these observations, estimates of the CMB angular power spectrum
have been obtained over a large range of multipoles (20 < I < 1200; see Fig-
ure 3). The power spectra measured by BOOMERanG, MAXIMA and DASI
are in remarkable agreement and show unambiguously the presence of a sharp
peak in the region 180 <1 < 220, as well as evidence of excess power at higher
I’s, consistent with the presence of a second and third peak.

Likelihood analyses of these power spectrum measurements have been
performed by each team to set constraints on the value of cosmological param-
eters. They agree about the fact that the CMB data strongly favor a Universe
with flat geometry, and with scale-invariant primordial density fluctuations: the
inflationary scenario brilliantly passed two important tests. Furthermore, the
baryon density derived from the CMB is in striking agreement with the value
resulting from comparing the measured primordial light elements abundances
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Figure 3: Measurements of the CMB angular power spectrum from
BOOMERanG, MAXIMA and DASIL. The continuous line a reference theo-
retical model for a flat cosmology.

with the big bang nucleosynthesis (BBN) predictions: Q342 = 0.020+0.002 7).
This is an important indication of the self-consistency of our cosmological
model, since the CMB and BBN values for the baryon density are obtained
using entirely diflerent methodology and observations.

4 The Concordance Model

The success of the CMB in giving us a reliable estimate of the total energy
density of the Universe leaves us with the problem of finding out which is the
contribution {rom different components to the critical density. Measuring the
mean mass density of the Universe with traditional cosmological observations
has always been a difficult task. Large enough samples have to be observed in
order to be representative of the whole Universe. Furthermore, the distribution
of matter cannot be directly deduced from that of light. However, the matter
density is currently constrained by a number of independent and consistent ob-
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servations (baryon-to-total mass ratio in clusters of galaxies, peculiar velocities
and bulk flows, redshift surveys) to be roughly 1/3 of the total energy density
(Qar = 0.33+£0.04 8)) Where does the rest of critical density comes from?

Observations of distant type Ia supernovae 9)

recently allowed to probe
the classic Hubble diagram up to very high redshifts. The surprising result was
that, contrarily to expectations, the Universe is speeding up rather than slowing
down. The fact that we are now entering a phase of cosmic acceleration has
been explained with the presence of a smooth, negative-pressure component,
which has been named dark energy. The best candidate for dark energy is a
cosmological constant, or vacuum energy, i.e. the vacuum expectation value of
some fundamental scalar field.

Cosmological models with flat geometry but different amount of vacuum
energy have almost the same angular diameter distance relation. This makes
the CMB angular power spectrum basically unable to distinguish which fraction
of the critical density is provided by matter and which by the vacuum energy.
However, when we look at the constraints in the Q3;— plane coming from
the CMB, the observation of large-scale structure (LSS) and type Ia supernovae
(SN Ia) an interesting picture emerges (see Figure 4). The CMB and the LSS
suggest that 2/3 of the critical density must be provided by vacuum energy.
The CMB and the SN Ia get to the same conclusion. The three constraints
taken together identily a concordance region in the parameter space where
Qur ~1/3, Q4 ~2/3,and Q = Qpr + Q4 ~ 1. The fact that three independent
and different kinds of observation, each probing a different epoch of the cosmic
evolution and different physical processes, have converged to give a coherent
picture is a big success of cosmology.

5 Future Prospects

While a consistent and reliable picture of the Universe is emerging, there are
still open questions. One of the most puzzling aspects is the nature of the
dark energy which seems to be the main contribution to the density of the
Universe. The vacuum energy estimated from quantum field theory (as vacuum
expectation value of some fundamental quantum field) is 10'?2 to 10% times
larger than the observed one, which leads to an extreme fine-tuning problem.
Furthermore, vacuum energy is dominating the cosmic expansion right now,

which seems to make the present epoch a very special one in the evolution of the
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Figure 4: Likelihood contours (95% confidence level) from CMB, supernovae
and large-scale structure observations.

Universe (coincidence problem). This problems are mitigated in the so-called
guintessence models, where the scalar field responsible for the vacuum energy
contribution is evolving through an equation that admits tracking solutions:
large set of initial conditions result in the same vacuum energy at present.
Attempts to use current Cl;/IB data to investigate the nature of dark energy
10

Future CMB missions from space will shed more light on this and other

have recently been made

open problems. The NASA’s MAP mission? is currently operating and will soon
produce full sky maps of the CMB sky at high angular resolution. In 2007 the
ESA’s Planck satellite* will measure CMB temperature and polarization over
the full sky with unprecedented angular resolution and instrumental sensitivity,
reaching the theoretical limit in the power spectrum measurement over a large
range of multipoles (2 < I < 3000). This observations, together with other
sources of information (most notably further supernovae measurements from

space such as those expected from the SNAP satellite® and redshift surveys

3http://map.gsfc.nasa.gov/
4http://astro.estec.esa.nl/Planck
Shttp://snap.lbl.gov
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such as SDSS®) will further strengthen our understanding of the Universe.
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ABSTRACT

The purpose of this talk is to review some recent work on the model for the origin of
the bulk of the galactic cosmic rays (CRs), namely that they are produced by diffusive
shock acceleration in shock waves associated with supernova remnants (SNRs).This
is currently the modern theory for the origin of galactic CRs. Selfconsistent nonlinear
theory of CR acceleration in SNRs, developed during the last decade, is able to ex-
plain the main characteristics of the observed CR spectrum under several reasonable
assumptions, at least up to an energy of 10'® eV. A brief review of the experimental
results for searching of high energy gamma-ray emission from nearby SNRs and their
correspondence to the theoretical predictions is presented.

1 Introduction

Considerable efforts have been made during the last years to empirically confirm the
theoretical expectation that the main part of the Galactic cosmic rays (CRs) originates
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in supernova remnants (SNRs). Theoretically progress in the solution of this problem
has been due to the development of the theory of diffusive shock acceleration (see,

1,2 3)). Although still incomplete, the theory is able to ex-

for example, reviews
plain the main characteristics of the observed CR spectrum under several reasonable
assumptions, at least up to an energy of 10'* + 10'® eV. Direct information about
the dominant nucleonic CR component in SNRs can only be obtained from y-ray ob-
servations. If this nuclear component is strongly enhanced inside SNRs then through
inelastic nuclear collisions, leading to pion production and subsequent decay, y-rays
will be produced.

CR 5e;ccge)leration in SNRs 4: 9 6 7) , and the properties of the associated ~y-ray

)

papers which include the effects of shock geometry and time-dependent nonlinear CR

emission were investigated in a number of studies (we mention here only those

backreaction; for a review of others which deal with the test particle approximation,
see for example 1,2, 3)). All of these studies are based on a two-fluid hydrody-
namical approach and directly employ the assumption that the expanding SN shock is
locally plane; as dynamic variables for the CRs the pressure and the energy density are
determined. Their characteristics are sometimes essentially different from the results
obtained in a kinetic approach 10, 11, 12) which consistently takes the role of shock
geometry and nonlinear CR backreaction into account. First of all, in kinetic theory
the form of the spectrum of accelerated CRs and their maximum energy are calculated
selfconsistently. In particular, the maximum particle energy €42, achieved at any
given evolutionary stage, is determined by geometrical factors 13) , in contrast to the
hydrodynamic models which in fact postulate that the value of €44 (2) is determined
by the time interval ¢ that has passed since the explosion 4,5,6,7) Although the
difference between the values of €54, 1n the two cases is not very large, it critically
influences the structure and evolution of the shock. For example, the shock never

10, 14) . Together

becomes completely modified (smoothed) by the CR backreaction
with the smooth precursor, the shock transition always contains a relatively strong
subshock which heats the swept-up gas and leads to the injection of suprathermal gas
particles into the acceleration process. This prediction is in agreement with the obser-
vations that show significant gas heating in young SNRs.

A brief review of the kinetic model of CRs acceleration and subsequent ~y-ray

production inside SNRs is presented below.
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2 Kinetic model

During the early phase of SNR evolution the hydrodynamical SN explosion energy
E,, is kinetic energy of the expanding shell of ejected mass. The motion of these
ejecta produces a strong shock wave in the background interstellar medium (ISM),
whose size R, increases with velocity V, = dR,/dt. Diffusive propagation of ener-
getic particles in the collisionless scattering medium allows them to traverse the shock
front many times. Each two subsequent shock crossings increase the particle energy.
In plane geometry this diffusive shock acceleration process creates a power law-type
CR momentum spectrum. Due to their large energy content the CRs can dynamically
modify the shock structure.

The description of CR acceleration by a spherical SNR shock wave is based on
the diffusive transport equation for the CR distribution function. The gas matter is
described by the gas dynamic equations which include the CR backreaction via term
—0P,/0r, i.e. the gradient of CR pressure. They also describe the gas heating due to
the dissipation of Alfvén waves in the upstream region.

The SNR shock always includes a sufficiently strong subshock which heats the
gas and plays an important dynamical role. The gas subshock, situated at r = R,,
is treated as a discontinuity on which all hydrodynamical quantities undergo a jump.
The injection of some (small) fraction of gas particles into the acceleration process
takes place at the subshock.

115)

tions as to what value of the injection rate can be expected. A simple CR injection

At present we only have some experimenta and theoretical 16> 17) indica-
model, in which a small fraction i of the incoming particles is instantly injected at the
gas subshock with a speed A > 1 times the postshock gas sound speed c,2, is usually
used 10> 11, 12)

1t is usually assumed that the Bohm diffusion coefficient x(p) = ppc/3is a
good approximation for strong shocks, characterized by intense Alfvén wave genera-
tion by accelerated CRs. Here pp is the gyroradius of a particle with momentum p in
the magnetic field B, c is the speed of light.

Alfvén wave dissipation as an additional heating mechanism strongly influ-
ences the structure of a modified shock in the case of large sonic Mach number
M =V,/cs > VM,, M, = V,/c, is the Alfvénic Mach number, ¢, and ¢, are the
local sound and Alfvén speeds correspondingly, at the shock front position r = R,.
The wave damping substantially restricts the growth of the shock compression ratio
o = pa/ps at the level 0 = Mff/ 8 which, in the absence of Alfvén wave dissipa-
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tion, has been found to reach extremely high values ¢ ~ M?/* for large Mach num-

bers 10, 18).

3 CR spectrum and composition

The main fraction of the galactic volume is occupied by so-called hot and warm phases
of ISM, with hydrogen number density, temperature and magnetic field values Ny =
0.003cm™3, Ty = 10 K, By = 3 uGand Ng = 0.3 cm~3, Ty = 10* K, By = 5 4G
respectively. The ISM temperature 7, determines the equilibrium ionization state of
elements: at Ty = 10* K @y is close to 1 for all elements, whereas at Ty, = 106 K
mean ion charge number increases from Q¢ = 1 for H and He to ()9 = 10 for heavy
ions with A = 100.

Expected CR spectra produced in SNRs calculated 19) 4t the SN explosion en-
ergy B,y = 10%! erg and the ejecta mass M,; = 1.4M, which are typical for SN Ia
expanding into the uniform ISM, moderate injection rate 7 = 10~* are compared in
Fig.1 with the experimental data. The softening of CR spectra in the Galactic confine-
ment volume due to the rigidity dependent mean CR residence time 7(R) o« R~ and
the solar wind modulation effect are taken into account. The value of a and the proton
spectrum normalization are selected to fit the experiment. The all particle spectrum
Jx (ex) = TJa(ex) includes the spectra of elements presented in Fig.1 19),

One can see that calculated spectra for all elements equally well fits the exper-
iment at €, S 10' eV for both considered ISM phases. The maximum energy in the
all particle spectrum €00 =~ 10' eV and €540 ~ 4 x 10 eV for warm and hot ISM
respectively only slightly exceeds the proton maximum energy.

One can expect that the observed CR spectrum which has the only peculiar-
ity, so-called knee at € ~ 3 x 10'® ¢V, at energies € 310'> eV is produced by
some reacceleration process. In this case one need to form in SNRs CR spectrum
up 10 €mae & 3 x 1015 eV which is essentially higher then calculated one. To
demonstrate how CR spectrum could look like at € > emqe CR spectra calculated
at By = 12 G and extended towards higher energies according to the law e 31 is
presented in Fig.1. This rather formal procedure gives the prediction of CR composi-
tion at energies €z & 103 eV, which is expected to be sensitive to the value €40.

According to the theoretical prediction the knee energy in different element
spectra is proportional to their charge number Z and the mean CR atomic number
increases roughly by a factor of two within the energy range 10> + 106 ¢V. Prelim-
inary experimental results of the ground-based installation KASCADE confirm these
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Figure 1: CR intensity near the Earth as function of the kinetic energy. Experimental
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predictions 20),

Due to extremely hard CR spectrum inside SNRs, predicted by the kinetic model,
an essential contribution from the single nearby SNR (d <1 kpe) should be observed
as a kind of bump in galactic CR spectrum at energies ¢ = 10'* + 106 eV, if CRs
leaking from the parent SNR expands into the galactic volume more or less spheri-
cally symmetric 19). It is not excluded that peculiarities in the galactic CR spectrum
discussed by Erlykin and Wolfendale 21) can be attributed to this kind of effect.

4 Gamma-ray emission produced by nuclear component of CRs inside SNRs

Direct information about the dominant nucleonic CR component in SNRs can be ob-
tained from ~y-ray observations. If this nuclear component is strongly enhanced inside
SNRs, then through nuclear collisions leading to pion production and subsequent de-
cay v-rays will be produced at detectable level 9).

The spectra of w%-decay ~v-rays, produced by shock accelerated CRs in SNRs
that expand into a the uniform ISM, that is typical situation for the case of SN Ia,
were studied in detail in a kinetic approach 11). We concentrate here on Te'V y-rays,
measurable by the imaging Cherenkov technique.

The typical time-dependence of the expected integral flux F, (e,) of y-rays with
energies €, greater than 1 TeV from SNR Ia situated at 1 kpc distance in so-called
warm ISM is shown in Fig.2. The predicted peak value of the expected ~-ray flux is

N, hoton,
Fme% (1 TeV) & 10710 (0‘5 ci—:‘) pC;thS,
According to Fig.2 TeV ~-ray flux F, > 10~'" cm=2s~! is expected during about
tm = 10° yr of SNR evolution. It can be detected by the instrument with threshold
E ~ 10712 em™2s71 up to a distance d ~ 3 kpe. Therefore taking into account that
the expected number of SNRs of this kind Ngp, = vty is about Ng, ~ 300 (the
Galactic SN Iarate is ¥4, = 1/300 yr— 1) one can conclude that about 10 SNRs of this
type should be observable at any given time, by the imaging Cherenkov telescopes.
Application of the kinetic model to the case of SN 1006 gives some evidence
that CR nuclear component provides the essential contribution in the observed TeV
~v-ray flux 24) " Calculated synchrotron flux and integral ~y-ray flux due to inverse-
Compton (IC) scattering of CR electrons on microwave background radiation and
due to collisions of the nuclear CR component with the gas nuclei presented in Fig.3

correspond o E,, = 10" erg, Ny = 0.1ecm ™3, By =9 uG, 3 =5 x 10~* and CR
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Figure 2: Integral 1 TeV y-ray flux expected at 1 kpc distance from SNR Ia situated in
a warm ISM as a function of time since the SN explosion.

electrons to protons ratio at relativistic energies 2 x 1073, One can see that the theory

satisfactory reproduces observed synchrotron emission in radio 25) 26)

27)

and X-ray
ranges and also fits existing y-ray data
to simplified estimations 28) w°-decay y-rays generated by nuclear CR component
(p-p) and IC ~y-rays generated by CR electrons give roughly equal contribution in
the observed TeV ~y-ray flux of SN 1006 (sce also 29), where such possibility was
discussed).

SNe of type Ib and II, which are more numerous in our Galaxy, explode into an

. It is important to note, that contrary

inhomogeneous circumstellar medium, formed by the intensive wind of their massive
progenitor stars 23),

The strong wind from the massive progenitor star interacts with an ambient
interstellar medium (ISM) of uniform density po = 1.4mNg, resulting to first ap-
proximation in an expanding spherical configuration, which is called a bubble 23).
Throughout its evolution, the system consists of four distinct zones. Starting from the
center they are: (a) the hypersonic stellar wind (b) a region of shocked stellar wind (c)
a shell of shocked interstellar gas , and (d) the ambient ISM.

Numerical results 12) show that when a SN explodes into a circumstellar medium
strongly modified by a wind from a massive progenitor star, then CRs are accelerated
in the SNR almost as effectively as in the case of a uniform ISM: about 20 + 40% of
the SN explosion energy is transformed into CRs during the active SNR evolution.

During SN shock propagation in the supersonic wind region (¢t 5103 yr) very
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Figure 3: Synchrotron flux as a function of frequency v (a) and integral ~v-ray flux as
a function of energy €, (b) from SN 1006.

soon the acceleration process reaches a quasistationary level which is characterized by
a high efficiency and a correspondingly large shock modification. Despite the fact that
the shock modification is much stronger than predicted by a two-fluid hydrodynami-
cal model 7), the shock never becomes completely smoothed by CR backreaction: a
relatively strong subshock with compression ratio always exists.

Due to the relatively small mass contained in the supersonic wind region CRs
absorb there only a small fraction of the explosion energy (about 1% in the case of a
SN type Ib, and 10% in the case of a SN type II) and the SNR is still very far from the
Sedov phase after having swept up this region. Therefore we conclude, that the CRs
produced in this region should not play a very significant role for the formation of the
observed Galactic CR energy spectrum.

The peak value of the CR energy content in the SNR is reached when the SN
shock sweeps up an amount of mass roughly equal to several times the gjected mass.
This takes place during the SN shock propagation in the modified bubble.

The CR and ~y-ray spectra are more variable during the SN shock evolution than
in the case of a uniform ISM. At the same time the form of the resulting overall CR
spectrum is rather insensitive to the parameters of the ISM as in the case of uniform
ISM 12) . The maximum energy of the accelerated CRs reached during the SNR evo-
lution is about 10™* eV for protons in all the cases considered, if the CR diffusion
coefficient is as small as Bohm limit.

In the case of a SN Ib the expected TeV-energy ~y-ray flux, normalized to a
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25~1 during the entire SNR evolution

distance of 1 kpc, remains lower than 102 em ™~
if the ISM number density is less than 1 cm™3 except for an initial short period ¢ <
100 yr when it is about 10~1* cm~2s~1. Only for a relatively dense ISM with Ny =

251 at late phases ¢t > 10* yr.

30 cm ™3 the expected v-ray flux is about 1071° cm
A similar situation exists at late phases of SNR evolution in the case of SN II. The
expected y-ray flux is considerably lower, at least by a factor of hundred, compared
with the case of uniform ISM of the same density Ng.

In the case of a SN II during the first several hundred years ¢,, after the ex-
plosion, the expected TeV ~-ray flux at a distance d = 1 kpc exceeds the value
10~® ecm—2s~! and can be detected up to the distance d,,, = 30 kpc with present
instruments like HEGRA, Whipple or CAT. This distance is of the order of the diam-
eter of the Galactic disk. Therefore all Galactic SNRs of this type whose number is
Ngpn, = Usnim should be visible. But in this case we can expect at best Ny, ~ 10 such
~y-ray sources at any given time.

An interesting example of type IT SN represents SN 1987A in the Large Magel-
lanic Cloud, because there are a lot of reliable observational data (e.g. see review 30))
which provide a unique opportunity to apply the existing models of CR and ~y-ray
production inside SNRs. In Fig.4a calculated time-dependence of SN shock size and
speed 31) are compared with the experimental data 32). During the initial period
1500 days after the explosion the SN shock propagated through the wind of BSG star
which was a progenitor of SN 1987A during the last 10* yr before the SN event 30),
Due to low density of BSG wind the shock speed was very high V; = 30000 km/s and
almost constant. The essential shock deceleration from day 1500 to day 3000 indicates
that the shock enters much more denser region occupied by the wind of RSG star: ac-

cording to calculation the number density N =~ 400 cm ™3

is required to reproduce
the observed SN shock deceleration. Very high RSG wind number density leads to
extremely high ~y-ray luminosity on the current stage, as it is demonstrated in Fig.4b,
despite of the large distance d = 50 kpc. One can see from Fig.4b that expected -y-ray
flux at €, S1 TeV can be detected either by GLAST or by HESS instrument in the
nearest future.

It is expected that the oldest SNRs which still confine accelerated CRs essen-
tially contri)bute to the background diffuse galactic ~y-ray flux. According to the esti-
33

flux from the galactic disk by almost an order of magnitude. Therefore the measure-

mations old SNRs as unresolved sources increase the expected TeV-energy y-ray

ments of the predicted diffuse galactic v-ray flux at TeV-energies would give indirect
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Figure 4: Shock size Rs and shock speed Vs (a) and integral ~v-ray flux of SN 1987A
expected at two different epochs (b): in 2000 (full line) and in 2006 (dashed line).

confirmation that SNRs are indeed the main sources of galactic CRs.

5 Summary

Detailed consideration performed within a frame of nonlinear kinetic model demon-
strates, that the diffusive acceleration of CRs in SNRs is able 10 generate the observed
CR spectrum up to an energy 10'* + 103 eV.

Due to relatively hard CR spectrum inside SNRs measurable contribution of
nearby SNRs in the galactic CR spectrum seems to be quit probable.

According to the theoretical prediction about 20 SNRs should be visible in TeV
~y-rays whereas only two were detected up to now, SN 1006 27) andCas A 34) . Nega-
tive correlation between SN of type Ia and ISM density could be a possible explanation
of this deficit in detected TeV «y-ray sources. For core collapse SN of types II or Ib
with quite massive progenitor one can in part explain this fact by the extremely low
~y-ray intensity expected from such SNRs during the period of SN shock propagation
through the low-density hot bubble. An alternative possibility relates to the confine-
ment time which high energy CRs spend inside SNRs before their release into the
interstellar medium: if it is essentially lower than 10® yr, that proportionally decrease
the expected y-ray sources. It is not also excluded that the spherical model overesti-
mates CR acceleration efficiency in actual SNRs where particle injection/acceleration
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can be suppressed at some essential part of the shock surface due to magnetic field
structure. It can essentially reduce the expected number of SNRs visible in TeV -
rays.

If SNRs produce CRs as effectively as predicted by the kinetic model then high
energy diffuse galactic -y-ray flux is dominated by contribution of CRs situated inside
old unresolved SNRs. The measurements of the diffuse flux at TeV-energies would
give an indirect test whether SNRs are indeed the main source of CRs.
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ABSTRACT

This article deals with the propagation of cosmic ray particles in the galaxy.
It describes the physical scenario of the Leaky Box Model (LBM) and the
Diffusion Halo Model (DHM), presents the appropriate equations and their
solutions and compares them with the data. The aspect is stressed that the
DHM is the proper physical model in which the propagation should be described
while the LB calculation only follows as a mathematical approximation from
the DHM. The secondary radioactive particles are used to separate the diffusion
coefficient D(E) and the halo size H, which are the physical parameters in the
DHM.

1 Introduction

The elemental and isotopic composition of galactic cosmic rays (CR) contains
a record of the nuclear history of a sample of matter from other regions of
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the galaxy, including its synthesis in stars, its process of acceleration and the
subsequent transport through the interstellar medium.

It is currently believed that the cosmic ray particles at least up to about 10'®
eV are of galactic origin, accelerated by shock waves of expanding supernova
remnants (SNR). Direct evidence for the acceleration of particles in the vicin-
ity of the supernova remnants (SNR) 1), comes from TeV-+ observations 18)
It is, however, not well understood what type of particles (electrons and/or
hadrons) and which fraction of matter is actually selected from the ambient
plasma for acceleration and finally injected as energetic particles into the inter-
stellar space, where they spend about 107 years before they finally escape into
the intergalactic space. This long confinement time suggests a coupling to the
galactic magnetic fields by Lorentz forces since the residence time along a line
of sight through our galaxy would only be 103 years at most. In addition, the
high degree of isotropy which we observe in the cosmic radiation suggests an
effective diffusion since cosmic rays streaming freely out of the galaxy or fol-
lowing strictly the galactic magnetic field pattern would be highly anisotropic
with most flux coming from the direction of the central region of the galaxy.
The spectrum of magnetic field irregularities may serve as scatter center in this
diffusion process.

The relatively long confinement time allows the CR particles to interact in vari-
ous ways with the constituents of the interstellar environment such as gas, mag-
netic fields or photons. These high energy interactions lead to the production
of new particles, new photons of different wave lengths (e.g. radio, microwave,
IR, optical, UV, X- and ~v-rays) and also to spallation products (often called
“secondary” nuclei) which result when the more abundant “primary” heavier
nuclei break up while they interact with the interstellar gas, thus from a variety
of different observations (radio, high energy photons, secondary /primary ratios
(s/p ratio) and cosmic ray spectra) we have accumulating evidence that the ex-
istence of cosmic ray particles is a general feature everywhere in our galaxy.
We also know from the distribution of synchrotron emission which occurs when
high energy electrons spiral around magnetic field lines and which we observe
from edge-on spiral galaxies such as NGC 891 that the high energy particles do
not strictly restrain to the thin galactic disk but propagate out into the halo.
Thus, the volume in which cosmic rays can be found is larger than that given
by the thin galactic disk where most of the stars and energetic processes take
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place, and where probably also the cosmic ray sources are located.

In the framework of these observational constraints models of CR. propagation
have been developed and there are actually two which are mostly referred to
in the literature. It is the Leaky Box Model (LBM) and the Diffusion Halo
Model (DHM). Both models are able to explain the CR data surprisingly well
although the physical framework of both models differs.

The LBM describes an equilibrium model, in which the cosmic ray sources, and
the primary and secondary cosmic ray particles are homogeneously distributed
in a confinement volume (box, galaxy) and constant in time with no gradient
of CR. density into any direction. Thus, the transport of CR is not controlled
by diffusion but by a hypothetic leakage process at the imaginary boundaries.
The mechanism which particles use to escape from this confinement volume is
not addressed and only parametrized by a leakage or escape time Tegcape. This
scenario leads to an equilibrium equation which balances the production and
losses of particles.

Despite the fact that the LBM is very popular and often used in the literature
the problems are obvious: What is the physics of this box? Which mechanism
keeps the particles homogeneously distributed within this box? What is the
mechanism of escape and last but not least we have strong evidence that the
CR sources are located within the thin galactic disk and not equally distributed
in a box larger than the disk.

The DHM, on the other hand, deals with a more realistic physical scenario,
since it takes more observational physical constraints into consideration 1)
In this model the sources of CR are indeed distributed within the thin galactic
disk and the escape from the disk into the halo and finally into the intergalactic
space is determined by diffusion. In this DHM one thus expects a gradient of
CR density away from the galactic disk implying a constant streaming of CR
particles away from the galactic disk into the halo. This streaming is deter-
mined by a diffusion coeflicient D(E) and the halo size H.

The secondary, radioactive CR nuclei with decay times comparable with the
confinement time play an important role in determining these physical param-
eters and also provide information on the mean gas density through which the
particles propagate.

In this article I will show how this works and will present and discuss the rel-
evant equations of both models, i.e. the LBM and the DHM. I will present
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their solutions and will compare the predictions with the data from CR obser-
vations. As a conclusion out of this discussion I will stress the position that the
DHM provides the realistic physical scenario in which CR propagation should
be treated. I will illustrate that the LB calculation follows as a mathematical
approximation from the DHM. For that reason the LB calculations provide the
same mathematical results. This works for stable CR nuclei, for radioactive
particles, however, this approximation fails.

The reader is also referred to other books and reviews 9 & 19 33)

2 Leaky Box Model

In the LBM the particles propagate freely in the containment volume and the
productions and losses of particles are balanced in time, thus the mathematical
description of the LBM is given by a continuity equation. By ignoring energy
changing processes and radioactive particles the equation becomes the following

form:
1 1 _ . M
N;(E) {Tesc(E) + —_ (E)} = iQprim(E) + ,;M- Tilflt_k)i (E) (1)

where N;(E) [em™3 GeV™'] and Ny (E) [cm~3 GeV '] stands for the number
densities of different types of nuclei of kinetic energy E. The left side of this
equation (1) accounts for the losses of i-type nuclei and the right side for
the sources. The secondary sources originate from spallation of k-type nuclei
heavier than the i-type nuclei. The quantity 7%

which a k-type nuclei needs to produce an i-type secondary in the interstellar

(F) means the mean time

gas. This quantity depends on the production cross-section and the interstellar
gas in terms of density and composition. As one can see a huge number of
nuclear cross-sections are involved and not all are so well-known. For more
details on these cross-sections I refer to the literature 19 16 31) Iy the
brackets on the left side one finds expressions for the losses and 73,4 (E) stands
for the mean lifetime of i-type particles against interactions in the interstellar
gas. Here again nuclear cross-sections are involved. In the LBM the quantity
Tesc(F) is used as a [ree parameter and stands for the mean escape time from
the confinement volume, often called the age of cosmic rays. On a statistical
basis, however, it is an exponential distribution which governs the escape of an
individual particle and 7ege(E) is the mean of it. The exponential distribution
results since the probability for a particle to escape from the box in time dt is
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given by dt /7Tesc(E).
One often finds the characteristic times 7esc(E), 7int(E), 7% (E) replaced by
lambdas which characterize the matter traversed in [g/cm?]. These relations

are given by:

Aesc(BE) =< m > -Afem™3) - ¢+ B - Tese(E) 2)
Aint(B) =< m > -ﬁ(cm_3) cc- B min(E) (3)
N (EB) =<m > a(em™®) -¢- - 757(E) (4)

where fi(cm™?) refers to the mean interstellar gas density through which the
particles penetrate, < m > means the mean mass of the gas and ¢ - § is the
velocity of the particle. If one further relates the lambdas Ainy (E) and A7 (E)

int

to their cross-section oin(E) and of > (E) via

<m >
)\mt (E) m (5)
L . <m>
MNUB) = o1 (B) (6)

one can write eq. (1) in the form:

Ni(E)
Tese (E)

+7-v-om(E) Ni(E) =g+ a-v-of"(B)-Ne. (7)
k>

For practical purpose one has to rearrange eq. (1) and (7) since one mea-
sures fluxes I[em~2s~'GeV 'ster™'] and not densities N [cm™3GeV~']. This

relation can be found since we assume isotropy in the cosmic radiation:

N(B) = 1(8) ®)

where v is the velocity of the particle.

The above equilibrium eq. (1) and (7) can be solved by different mathematical

12, 14). I like to note that care has

q 9 10, 14, 29) o

techniques and I refer to the literature
to be taken when energy changing processes are involve
lutions of eq. (1) or (7) provide predicted abundances for the different cosmic
ray species and fits to the observed cosmic ray spectra and to a secondary to
primary ratio, such as B/C, allow to determine the matter traversed by the
particles, Aese(E), and the relative abundance of the primary particles at their
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Figure 1: Collection of measured B/C ratios at different energies 10, 17 Tpe
curve 18 a fit to the data. This fit determines the Aesc-dependence in the LBM,
see eq. (9), and in the DHM it settles the ratio of D/H, see. eg. (14).

sources 14) .

In Fig. 1 T show, as an example, the fit to the measured B/C-ratio and

eq. (9) describes the corresponding Aese (R) dependence as a function of rigidity
21)
2 R 0.8
Aesc(B) = { 12.8 [g/em®] (7av ) for R < 4.7 GV 9

12.8 [g/cm?] (ﬁ)o'57 for R>4.7GV

Similar calculations have been done by many authors and Fig. 2 shows some of
the recently published curves on the rigidity dependence of Aese(R), which are
used by the various authors to fit the data on cosmic rays. Although there are
quite remarkable differences between these curves, particularly at low energies,
which may be partly due to cross-section uncertainties, they agree in their
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Figure 2: Rigidity dependences of the mean escape length Aesc(E) as published
by different authors. This quantily is a free parameter in the LB calculation and
results by fitting measured secondary/primary-ratios, such as B/C, see Fig. 1.

general shape.

They all peak around some GeV/nucleon and fall off to higher and lower
energies. These curves tell us that the CR particles should traverse some
(g/cm?) interstellar matter — around 1 GeV/n it is roughly 10(g/cm?) — before
they escape from the confinement volume. A plausible physical reason for this
characteristic shape does not exist and a physical explanation is still open. I
will mention that this Aee-dependence which fits the CR data is sensitive to
the physical condition under which the propagation occurs. For instance, if
one allows the particles to gain energy during propagation, then one can show
that the A¢c-dependence stands as a single power low in rigidity over the whole
energy regime and the peak around 1 GeV/n disappears. For more details on

this reacceleration aspect I refer to the literature 14, 22, 25, 27)

125



Various calculations on CR data have been done in the framework of this LBM

and one obtained always good agreement with the CR data. This applies to

the cosmic ray spectra 6, 14) 9, 28)

22, 24)

to the antiprotons and to the positrons
This ability gave credit to this LBM although its physical picture
is very questionable. In the next chapter I will introduce the DHM which I
consider more as a realistic physical model within which one should discuss the
propagation of cosmic rays. I will also show that the good agreement between
the cosmic ray data and the LB calculations does not come as a surprise since

the LB equations represent a mathematical approximation of the DHM.

3 The Diffusion Halo Model

Fig. 3 sketches the physical picture of the DHM. The shaded area illustrates
the thin galactic disk of height A and the quantity H stands for the height
of the halo. It is assumed that the cosmic ray sources are placed in the thin
galactic disk, where most of the interstellar gas is located but the cosmic rays
themselves diffuse out and may spend considerable portions of their lifetime in
the halo. A three dimensional diffusion equation would be the proper approach
to the problem. It could cover physical details in our galaxy such as the spatial
gas distribution of atomic and molecular hydrogen, could link the cosmic ray
sources to the distribution of supernova remnants (SNR), and could also add
aspects such as galactic winds and convection 30). This readily illustrates that
the DHM accounts for much more physical detail than the LBM.

For our discussion here it is sufficient to make the picture somehow simpler. I
will allow that the cosmic ray sources and the interstellar gas are homogeneously
distributed throughout the thin galactic disk and will ignore convection and
energy changing processes. This provides symmetry and if one further ignores
energy changing processes one can describe this scenario with a one-dimensional
diffusion equation:

(10)
+ iQprim('z) + Z %
k>i int
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2h

2H

Figure 3: Schematic view of the physical concept of the DHM. The shaded area
symbolizes the thin galactic disk and H stands for the halo size. The sources
of cosmic rays are in the disk and the escape into the halo and finally into the
intergalactic space is conirolled by diffusion.

Various quantities and terms can be found. N;(z,t¢) and Ng(z,1) describe the
density of i-type and k-type particles at position z at time ¢ with k heavier than
i. The first term of the right side describes the diffusion and D(z) means the
diffusion coefficient at position z. For simplicity I allow D to be independent of
position. The second bracket on the right side of eq. (10) accounts for the losses
of i-type particles similar to those quantities described in the last chapter. The
first term in the bracket stands for the losses against interactions. In the last
two terms one finds the sources for the i-type particles. One can have primary
sources ;Qprim(2) as well as secondary sources by spallation of k-type nuclei
expressed by the last term on the right side of eq. (10). Various interesting
results can be obtained by solving eq. (10) under different sets of parameters
and boundary conditions.
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Figure 4: Particles which are injected at the center line of the galactic disk
(z = 0) diffuse out into the halo according to the diffusion coefficient D. These
curves represent the probability of finding the particle at position z after a
certain ellapsed time.

I will begin with Fig. 4. These curves solely illustrate the diffusion of particles
out of the galactic disk into the halo as a function of time after being injected
at t = 0 and z = 0 in a single shot. Losses and secondary productions as
expressed on the right side of eq. (10) were ignored. The diffusion coeflicient
was chosen to D = 1.5 - 10?8 cm?/s.

These curves are represented by the following analytic formula:

_ i (11)
2 -D -0z Py 4Dt [ -

They allow to derive the mean square of the displacement which the particles

Nz t) =

encounter on a statistical basis by diffusing away from the center line of the
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galactic plane into the halo as a function of time. This is given by
o
<z>= / 2*N(z,t)dz = 2Dt . (12)
— 0
If one interprets v < 22 > with the halo size H one obtains the mean time feg.
which a particle needs to escape freely into the intergalactic space:
H2
lese = E .

In order to calculate this confinement time in the framework of the DHM

(13)

one needs information on the halo size H and the diffusion coeflicient. This
information, however, can be obtained directly from the data by using sec-
ondary /primary ratios, such as B/C, and secondary radioactive isotopes. This
works as follows. Fig. 5 illustrates the equilibrium state for two stable particles,
for the primary carbon and the secondary boron. Both curves were obtained
by solving eq. (10) numerically in an iterative procedure until equilibrium is
reached. We allowed a mean gas density ng of 1 H-atom /cm? in the thin galac-

tic disk and in the halo we set it to zero 21)

. In Fig. 5 we also give the values
for D and H which we used in this calculation. As can be seen in Fig. 5, the
B/C ratio is position dependent. It is smaller in the halo than in the disk. This
is very different to the LB situation where everything in the box is believed to
be the same everywhere.

For comparison with the CR data one has to take the calculated B/C ratio at
position Z = 0, where we actually measure the cosmic rays. One learns from
these calculations, that the ratio of D/H actually determines the B/C-ratio.
If one increases the D/H ratio the B/C ratio will also increase and vice versa.
This results from a combination of the production of boron within the gaseous
disk and its streaming away into the halo.

Thus a fit to the B/C-data can be obtained in the DHM by varying the D/H

ratio and it can be shown that the following dependence 21)

D(R) _ { 1.7-10%[cm/s)8 (%)_0'8 for R<47GV (14)

H 1.7 - 10%[em /)8 (%)0'57 for R>47GV

reproduces the same curve which is shown in Fig. 1. These identical results
from the LB calculations and the DHM do not come as a surprise, it results
from a mathematical relation between the DHM and the equilibrium equation
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Figure 5: Calculated equilibrium states in the framework of the DHM for the
primary carbon and the secondary boron under the given parameters of H and
D. From these calculations one finds that the ratio of D/H determines the B/C-
ratio. An increase of D/H leads io an increase of B/C and vice versa. Thus,
a fit to the measured B/C-ratio (measured al position z = Q) seltles the D/H-
ratio. See text and eq. (14).

which describes the LBM. This will be illustrated in the following.
If equilibrium is reached stable CR nuclei are described in the DHM by the
2).

following equation
82

022
All these quantities are explained above and ¢;(z) is the source term for primary
and secondary stable nuclei. One can derive this eq. (15) from eq. (10) by using

the relations given in egs. (2-6). Restricting the gas n(z) and the sources of
CR to the disk, via

D= Ni(2) —n(z) -v-03-Ni(z) —qi(z) =0 (15)

n(z) = nab(h—|2|) (16)
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ai(z) = @ab(h—|z]), (17)

where 6 stands for the Heavyside function, eq. (15) has an analytic solution

Ni(z) = — 24 {1 _ cosh[), - 2][cosh(Ag - h) + Ag(H — ) sinh(Ag - b)) ™"}

Ng V- 04
Ag = /W (18)

Under the conditions: h <« H and Ay - h < 1 (which are normally fulfilled by
the given quantities) one obtains for z = 0 the following approximation:
Gi,d _1
Nimg ———— {1 -[1+X(H—h) A, ' h 19
o I (1 (LA (H—B)- A B (19

Hence
h-H/D

1+nd-v-a¢-h-H/D

If we now invent the following equation:

N;~giq-

(20)

i

+n-v-0; Ny =q; (21)

Tesc

With Tese = Aese/(* < m > ) , ¢ = (7/ng) - ¢;,a (these equations are
explained above)

and compare its solution:

Aese/ (ng- < m > -v)

_ Tesc
N, = - =i - 29
=4 147V 0; Tesc dird 1405 Aege/ <m > (22)
with eq. (20) one realizes that both solutions are equal for
ng-<m>-h-H-v
Aege = (23)

D

The eq. (21) which we invented, however, is the LB equation which we used
in the previous chapter. Thus, the LB equation and an approximation of the
DHM provide the same mathematical result for stable CR. nuclei and the link
is given by equation (23). In this interpretation the LBM has not to be taken
as a realistic physical model of CR. propagation. It is a mathematical approx-
imation and works only for stable nuclel and fails for the case of secondary
radioactive nuclei. In this view the LBM cannot and should not be used for an
interpretation of the radioactive secondary isotopes such as
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Figure 6: In the DHM the fit to secondary/primary-ralios only seitles the
D/H-ratio. In order to disentangle D and H one has to make use of sec-
ondary, radioactive nuclei such as Bell. The curve illustrates how the calcu-
lated Bel0/Be9-ratio changes as a function of the halo size H. This calculation
was done under the condition of a constant D/H ratio, D/H= 2.3-10% cm/sec,
which ensures an unchanged production of the stable Be9 isotope.

Be-10 714 =2.3-10° years
Al-26 14 =1.0-10° years
Cl-36 74 =4.5-10° years
Mn-53 714 = 5.4-10° years

The interpretation of these isotopes have to be done in the framework of DHM,
which T will do next.
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4 Diffusion Halo Model and Secondary Radioactive Cosmic Ray
Nuclei

As shown in the previous section, in the DHM the B/C-ratio or any other
secondary /primary ratio can only settle the ratio of D/H, and not D and H
individually, because stable secondaries are sensitive to both parameters. Ra-
dioactive secondaries, however, are insensitive to the halo size H, since most of
them are already decayed before they reach this boarder by diffusion. Thus,
measurements on radioactive secondaries like those mentioned above provide
the mean to separate D and H in the DHM. This is illustrated in Fig. 6. We
plotted the calculated Bel(/Be9 ratio as a function of the halo size H at an
energy of 100 MeV/n. This calculation was performed under the condition
of a constant D/H ratio, D/H = 2.3 - 108 (cm/sec) which ensures a constant
flux of the stable secondary Be-9 isotope. The decrease of this curve with D
or H is thus caused by a decrease of the Be-10 flux. By comparing measured
Bel0/Be9-ratio with the calculation in combination with the proper D/H ratio
which fits the secondary/primary-ratios one is able to deduce both parameters,
D and H, individually.

In Fig. 7 I show measured ratios of Bel0/Be9 along with calculated curves
which refer to different halo sizes H. But in all these curves the ratio of D/H was
the same and given by eq. (14) which fits the B/C-ratio. As one can see the low
energy data on the Bel0/Be9-ratio around 100 MeV /n agree with a halo size of
H = 3.5 kpc and a diffusion coefficient of D = 2.49-10?® (¢cm? /sec) which results
in an escape time of 7esc = 7.6+ 107 years, see eq. (13). It becomes also obvious
from Fig. 7 that the high energy data around 1 GeV/n, which stam from the
recent balloon borne ISOMAX experiment, do not necessarily agree with this
halo size of H = 3.5 kpc. These data favour more a smaller halo size, indicat-
ing that the effective halo size may decrease with the energy of the particle.
That would mean that the volume around our galaxy which is populated with
particles extend further out for the low energy particles than for the high en-
ergy particles. I regard this conclusion at this time as an interesting possibility,
but more data with smaller error bars are needed to confirm this interpretation.
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Figure 7: Measured Bel(/Be9-ratios at different energies. The curves represent
calculations in the framework of the DHM. All these curves salisfy the D/H
ralio as given by eq. (14), thus provide a good fit to the B/C-ratio. The low
energy data agree with the halo size of H = 3.5 kpc while the high energy data
Javour more a smaller halo size, see text. Data: IMP7/8 10), ISEE-3 34),

Voyager 1-2 20), Ulysses 4; 5), ISOMAX 98 13 23) qnd ACE 39).
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Propagation of galactic cosmic rays and antiprotons in a diffusion
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ABSTRACT

Cosmic ray nuclei fluxes are expected to be measured with high precision in
the near future. High quality data on the antiproton component could give im-
portant clues about the nature of the astronomical dark matter. A very good
understanding of the different aspects of cosmic ray propagation is therefore
necessary.

In this lecture, we will briefly describe a two—zones diffusion model where all
the physical effects known to be of some relevance in propagation and diffusion
are included. We use cosmic ray nuclei data to give constraints on the diffusion
parameters. These results are applied to a new evaluation of the interstellar
cosmic antiproton flux. We also study and conservatively quantify all possible
sources of uncertainty that may aflect that antiproton flux. In particular, un-
certainties related to propagation are shown to be underdominant with respect
the ones coming from nuclear physics.
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1 Introduction

Understanding the composition and spectral features of cosmic rays has always
been an astrophysical challenge. On one hand, the observational data have
long been scarce and suffered from large uncertainties. On the other hand, the
theoretical predictions to which these data should be compared to have also
suffered from several drawbacks. Composition and spectra arise from the nu-
clear interaction of an initial distribution of energetic particles with interstellar
matter (spallations) and their electromagnetic interactions with galactic mag-
netic fields (acceleration and diffusive reacceleration). First, the nuclear cross
sections to be used were not very well known until recently. Second, cosmic
rays are sensitive to magnetic field scale inhomogeneities (diffusion), which are
not well observed. Third, composition and spectra are altered as the cosmic
rays enter the solar magnetic field, so that some more modelling has to be done
in order to infer interstellar spectra from observations.

In the next Sections, we will outline a diffusion model able to take into ac-
count simultaneously all the physical effects considered of some relevance for
the propagation of cosmic-rays in the Galaxy and will apply it to calculate the
spectra of stable nuclei and antiprotons.

2 The diffusion model

It has been recognized for a long time that the relevant physical propagation
model to be used is the diffusion model (Berezinskii & al. 1990, Maurin et
al., 2001), though the so—called leaky box model has been widely preferred
for decades because of its simplicity. The geometry of the problem used here
is a classical cylindrical box whose radial extension is R=20 kpc, with a disk
of thickness 2h (h=100 pc) where all the sources are located, and a diffusion
halo whose half-height L is an unknown parameter. Diffusion, which occurs
throughout disc and halo with the same strength, is independent of space co-
ordinates. The Solar System is located in the galactic disc (2 = 0) at a centro-
galactic distance Rg = 8 kpc.

The steady-state differential density N7(E,#) of the nucleus j as a function of
energy E and position 7 in the Galaxy, is given by the diffusion equation:

V.(KiVNI — VN = 2 (V'VcEk (2m+Ek)Nj) (1)

oF 3 m + Ej,
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The first terms represent diffusion (K7 is the spatial diffusion coefficient; we
assume K = KyR’, where R is the particle rigidity) and convection (V, is
the convection velocity). The divergence of this velocity, expressed in the next
term gives rise to an energy loss term connected with the adiabatic expansion of
cosmic rays. Further, we have to take into account ionization and coulombian
losses, plus a reacceleration term in first order derivative (all included in )
and finally a second order derivative in E for the associated second order term
in reacceleration (d’ is the energy diffusion coefficient). The last term of the
Lh.s. takes care of the disappearance of the nucleus j (f‘j for short) due to
its collisions with interstellar matter (1sM). In the r.h.s., the source term ¢
takes into account the primary production and acceleration of nuclei described
by an injection spectrum (for the sake of clarity, we have not written down
the terms describing the contribution of radioactive species). Finally, the last
term is for the secondary j sources, namely spallation contribution I'* from
all other heavier nuclei. All the details about the assumptions on the varius
terms in the diffusion equation may be found in Maurin et al., 2001.

Fig.1 represents a schematic view of the geometry of the Galaxy and the
physical effects acting on a cosmic ray.
This equation may be solved analytically using a development over the base
of Bessel functions. The solutions must then be treated numerically for the
inclusion of energetic losses, effective at low energies: ionization losses over
the neutral interstellar matter, Coulomb interactions over completely ionized
plasma, dominated by scattering off thermal electrons, and reacceleration (pa-
rameterized by means of the Alfvén velocity V). With this semi-analytical
approach, we obtain the interstellar spectrum for each nuclear species. To com-
pare calculations with observations, one has to take into account the effects of
the solar wind on the particles entering the heliosphere. To this aim, usually
people employ the so—called force field approximation (Perko 1987).
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Figure 1: Schematical picture of the diffusion model.
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3 Analysis on stable nuclei

We have compared predictions from our model with the ratio the most sensitive
to diffusion parametres: a secondary over a primary nucleus. Up to now, the
best measured ratio is B/C (Engelmann et al. 1990). We performed a sys-
tematic analysis — indeed the first ever done — varying the relevant parameters
Koy, L, V,, V,, and é of our diffusion model. We obtain a lot of configurations
giving a good x? and hence able to reproduce the data, as shown in Fig.2.
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Figure 2: Computed ratio of (*°*B+"B)/(*2C+3C+"C) for a configuration
giving a reduced x> ~ 1.2.

We tested the values for é permitted by B/C data. As an example, for a halo
thickness of 3 kpc, we find that d is allowed to vary between 0.5 and 0.84. In the
whole parameter space, the range of § extends from approximately 0.45 to 0.85.
In particular the value § = 0.33 corresponding to a Kolmogorov-like turbulence
spectrum is strongly disfavoured (x2 > 100). For intermediate values of §, good
models are obtained for the full range in L; for low values of §, models with
a small halo size L are excluded; in particular for § < 0.40, there is no good
model with I, < 25 kpc. Finally, for high values of §, models with a large halo
L are excluded.

For each V, /K, and V, we varied L and Ky/L and the best values for the
x? are depicted in Fig. 3. The very remarkable result is that we find no model
having a good x? without convection (V, = 0) or without reacceleration (V, =
0).
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