
F. A. Aharonian
Max-Planck-Institut für Kernphysik
Heidelberg, Germany

Very High Energy
Cosmic Gamma
Radiation
A Crucial Window on the
Extreme Universe

N E W  J E R S E Y   •  L O N D O N   •  S I N G A P O R E   •  BE IJ ING  •  S H A N G H A I   •  H O N G  K O N G   •  TA I P E I   •  C H E N N A I

World Scientific



Very High Energy
Cosmic Gamma
Radiation
A Crucial Window on the
Extreme Universe



British Library Cataloguing-in-Publication Data

A catalogue record for this book is available from the British Library.

Front cover:  X-ray image of the Crab Nebula, from the Chandra Photo Album;

courtesy of NASA/CXC/ASU/J. Hester et al.

For photocopying of material in this volume, please pay a copying fee through the Copyright

Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, USA. In this case permission to

photocopy is not required from the publisher.

ISBN 981-02-4573-4

All rights reserved. This book, or parts thereof, may not be reproduced in any form or by any means,

electronic or mechanical, including photocopying, recording or any information storage and retrieval

system now known or to be invented, without written permission from the Publisher.

Copyright © 2004 by World Scientific Publishing Co. Pte. Ltd.

Published by

World Scientific Publishing Co. Pte. Ltd.

5 Toh Tuck Link, Singapore 596224

USA office:  Suite 202, 1060 Main Street, River Edge, NJ 07661

UK office:  57 Shelton Street, Covent Garden, London WC2H 9HE

Printed in Singapore.

VERY HIGH ENERGY COSMIC GAMMA RADIATION: A CRUCIAL WINDOW

ON THE EXTREME UNIVERSE



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

Preface

The branch of high energy astrophysics that studies the sky in energetic

γ-ray photons – gamma-ray astronomy – is destined to play a crucial role in

the exploration of non-thermal phenomena in the Universe in their most ex-

treme and violent forms. The great potential of the discipline allows an im-

pressive coverage of a diverse range of “hot topics” in modern astrophysics

and cosmology, in particular (i) the origin of galactic and extragalactic Cos-

mic Rays, (ii) acceleration and radiation processes in extreme astrophysical

conditions, e.g. in pulsar magnetospheres, in the vicinity of accreting black

holes, in relativistic outflows like the quasar jets and the pulsar winds; (iii)

the nature of enigmatic transient phenomena like the γ-ray bursts (GRBs);

(iv) cosmological issues connected with the diffuse background radiation

and intergalactic magnetic fields; the search for dark matter in the form

of WIMPs through their characteristic annihilation radiation, and tests of

non-acceleration (‘top-down’) scenarios for the production of the highest

energy particles observed in Cosmic Rays, etc.

The results from the Compton Gamma Ray Observatory (GRO) have

confirmed a number of these prime motivations of gamma-ray astronomy.

Many classical representatives of different galactic and extragalactic source

populations, e.g. pulsars, supernova remnants, giant molecular clouds,

quasars, which were predicted as potential MeV/GeV γ-ray emitters, are

now among the almost 300 γ-ray sources detected by EGRET, and approx-

imately 30 sources detected by COMPTEL. The nature of most of these

sources remains, however, unknown. Moreover, the origin of γ-radiation

from even firmly identified objects is poorly understood. This clearly jus-

tifies future gamma ray missions with new generation detectors like the

Gamma-ray Large Area Space Telescope (GLAST). GLAST, with its ad-

vanced performance, has been carefully designed for deep surveys of the

v
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sky in γ-rays with an ambitious aim of providing “γ-ray astronomy with

thousands of sources” in the energy region from tens of MeV to 10 GeV.

Also, since most EGRET sources do not exhibit spectral cutoffs in the 1-10

GeV region, the extension of their study into the unexplored region be-

yond 10 GeV is another important issue for the GLAST. Meanwhile, the

area limitations of space-borne detectors compels the study of Very High

Energy (VHE) photons above 100 GeV to remain (except for the specific

topic related to the diffuse extragalactic γ-ray background) the domain of

ground-based gamma-ray astronomy.

The recent exciting observational results and theoretical predictions sup-

ply a strong rationale for the systematic study of primary γ-radiation in

the VHE domain. Further improvement of the detection technique will be

linked to stereoscopic observations of air showers with imaging Cherenkov

telescope arrays with energy thresholds as low as 10 GeV, angular resolu-

tions better than a few arcminutes, and flux sensitivities approaching to

10−13 erg/cm2s. This will elevate the status of the field, which currently

can be characterised as an “astronomy with a few sources”, to the level of

truly observational discipline.

The further study of the sky in high energy γ-rays promises a new path

towards understanding of the non-thermal phenomena in the Universe. It

is expected that with forthcoming powerful space-borne and ground-based

detectors, gamma-ray astronomy will enter a new era with an objective

of providing crucial insight into a number of fundamental problems of as-

trophysics and cosmology. This necessitates a comprehensive discussion of

major motivations and objectives of this rapidly developing field.

When writing this book, I tried to highlight the principal objectives of

the field, as well as to demonstrate its relevance and links to other branches

of Astronomy and Cosmology. Preference has been given to three topical

areas - the Origin of Cosmic Rays, the Physics and Astrophysics of Rel-

ativistic Jets, and Observational Cosmology. One chapter of the book is

devoted to the discussion of principal γ-ray production and absorption

mechanisms, with emphasis upon the processes that play dominant roles in

the high and very high energy domains.

The chosen topics are among the scientific interests of the author. Also,

a substantial part of the book is based on my own studies performed in close

collaboration with my colleagues. Many results and conclusions reflect, to a

large extent, my understanding of the subject in general, and my assessment

of the achievements, as well as existing difficulties, ambiguities and “nasty

problems” of the field. Therefore I cannot exclude a somewhat subjective
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(but hopefully not completely wrong) character of some parts of the book

concerning both the interpretation of observations and the preference given

to certain methods and approaches in phenomenological and theoretical

studies.

This book would have not been possible without intensive collabora-

tion with my co-workers. Also, I have profited and learned a lot from

discussions with numerous colleagues working in the field of high energy

astrophysics. Special thanks must go to Armen Atoyan and Paolo Coppi

for many years of fruitful collaboration. I am indebted to a large number

of friends and colleagues for their invaluable contributions to the different

aspects of our joint projects in several areas of high energy astrophysics:

C. Akerlof, S.Bogovalov, J. Cronin, L. Costamante, E. Derishev, L. Drury,

G. Heinzelmann, W. Hofmann, D. Horns, T. Kifune, S. Kelner, J. Kirk,

H. Krawczynsky, A. Plyasheshnikov, G. Rowell, V. Sahakian, D. Schramm

(deceased), R.A. Sunyaev, T. Takahashi, A. Timokhin, Y. Uchiyama, V.

Vardanian (deceased), H.J. Völk. Finally, I am grateful to Phil Edwards

for his careful reading of the manuscript and important comments.
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Chapter 1

Introduction

1.1 “The Last Electromagnetic Window”

Many review articles and books related to gamma-ray astronomy start with

a statement that the γ-ray domain of cosmic radiation is the last of the

electromagnetic windows to be opened. This concerns not only the first

papers written several decades ago by the pioneers of gamma-ray astron-

omy, but also the recent assessments of the status of the field. Actually,

a gamma-ray astronomer may argue that this window is already opened,

at least in the sense that we already have a map of the sky in γ-rays (see

Fig. 1.1). Gamma-ray astronomy has indeed entered the main stream of

modern astrophysics with more than 300 reported sources, and reliable

detection techniques with a potential for further significant improvement.

Moreover, many “hot” topics of modern astronomy like the physics and

astrophysics of relativistic jets in Active Galactic Nuclei (AGN) essentially

rely on γ-ray observations in the MeV (106 eV), GeV (109 eV), and TeV

(1012 eV) energy regions. On the other hand, it is difficult to object to the

most critical representatives of the advanced areas of astronomy who argue

that the performance of current gamma-ray detectors (in particular the flux

sensitivities and angular resolution) needs to be improved significantly in

order to match the performance of Radio, Optical and X-ray telescopes.

The fact that a major fraction of more than 270 sources detected by the

Energetic Gamma Ray Experiment Telescope (EGRET) aboard the Comp-

ton Gamma Ray Observatory (GRO) remains unidentified, supports, to a

large extent, such a critical view. The ratio of identified-to-unidentified

sources is significantly better in the TeV region – only one unidentified

source from more than 10 reported objects (see Fig. 1.1). However, in

the TeV regime presently we deal with an astronomy with a very limited

1
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number of detected sources. Thus, one may conclude that the γ-ray sky

remains a largely unexplored frontier representing one of the last energy

bands of the electromagnetic spectrum to be explored with detectors of an

adequate sensitivity.

With the new generation of space-based and ground-based detectors,

the energy flux sensitivity will be significantly improved approaching to the

level between 10−13 and 10−12 erg/cm2s over a broad energy range from

100 MeV to 10 TeV (see Fig. 1.2). For example, the flux sensitivity at GeV

energies will be improved (for point-like sources) by the Gamma-ray Large

Area Space Telescope (GLAST) by two orders of magnitude. It is expected

that with GLAST we will enter an era of “gamma-ray astronomy with

thousands of sources”. Dramatic improvements are expected also in the

TeV regime. There is a confidence that the new generation of stereoscopic

arrays of Imaging Atmospheric Cherenkov Telescopes (IACTs) with energy
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Fig. 1.1 The reported MeV/GeV (EGRET) and TeV gamma-ray sources. Note that
the presentation of the locations of EGRET sources by symbols with variable size is
chosen to illustrate the level of γ-ray fluxes detected from individual sources (Hartman
et al., 1999). The locations of TeV sources are shown by larger symbols in order to
distinguish them from EGRET sources, but they do not correlate with the reported flux
or source angular size.
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threshold around 100 GeV will bring many important results and discoveries

relevant to various aspects of high energy astrophysics and cosmology.

Another high priority objective of future instrumental developments

will be an attempt of exploration of the energy interval between 10 and

100 GeV. The interest to this relatively narrow energy band is motivated

not only by the natural desire to enter a new domain which remains a

terra incognita, but also because it provides a bridge between the high and

very high astronomies, and thus may allow key inspections of the current

concepts concerning both the GeV and TeV regimes. Moreover, this energy

region is crucial for proper understanding of a number of astrophysical and

cosmological phenomena related to the physics and astrophysics of AGN

and Gamma-Ray Bursts (GRBs).
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Fig. 1.2 Energy flux sensitivities of the future low-energy (INTEGRAL, MEGA) and
High Energy (GLAST) space-based detectors shown together with flux sensitivities of
the current (Whipple, HEGRA), upcoming “100 GeV” threshold (e.g. H.E.S.S.) and
future “sub-10 GeV” threshold (e.g. 5@5) arrays of Imaging Atmospheric Cherenkov
Telescopes. For comparison, the predicted synchrotron (S) and inverse Compton (IC)
fluxes, as well as the reported γ-ray fluxes (COMPTEL, EGRET, CELESTE, HEGRA)
from the Crab Nebula are shown.

In spite of lack of information about γ-ray sources in this energy re-

gion, the extension of a hard diffuse extragalactic γ-radiation detected by

EGRET up to 100 GeV (see Fig. 1.3), which represents the γ-ray emissivity
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of the entire Universe, is a clear indication of the ongoing nonthermal ac-

tivity in the Universe with significant release of power in this energy band.

To a large extent, this general statement does not depend on the specific

origin of this radiation, in particular on the question whether it is mainly

contributed by discrete unresolved sources or it is a product of truly diffuse

processes that take place in the intergalactic medium. Different aspects of

gamma-ray astronomy in this intriguing energy interval will be be effectively

covered by GLAST and, hopefully, also by arrays of low energy-threshold

Cherenkov telescopes (see Fig. 1.2).

1.2 Energy Domains of Gamma Ray Astronomy

Returning back to the question of the “last window”, we notice that it covers

at least 14 decades in frequency ! The energy domain of gamma-ray as-

tronomy spans from approximately E = mec
2 ' 0.5×106 eV to ≥ 1020 eV.

The lower bound characterises the region of nuclear γ-ray lines, as well as

the electron-positron annihilation line. The second bound characterises the

energy of highest energy particles observed in cosmic rays. This limit can

be also interpreted as the maximum energy of protons and nuclei that can

be achieved in conventional cosmic ray accelerators. The interactions of

protons with surrounding gas or radiation fields should unavoidably lead

to production of γ-ray photons of comparable energy. In fact, much higher

(by two or three orders of magnitude) energy γ-rays can be in principle

produced due to the collapse or decay of hypothetical very massive relic

particles.

This enormous energy band of cosmic electromagnetic radiation is cov-

ered rather inhomogeneously in the sense of essentially different detection

methods and flux sensitivities of space- and ground-based instruments.

Therefore it is convenient to introduce several sub-divisions, taking into

account the specific astrophysical objectives and detection methods rele-

vant to different energy bands. Generally, the observational gamma-ray

astronomy can be divided into 6 areas - low (LE: below 30 MeV), high (HE:

30 MeV - 30 GeV), very high (VHE: 30 GeV - 30 TeV), ultra high (UHE: 30

TeV - 30 PeV), and finally extremely high (EHE: above 30 PeV) energies.

The “keV ... EeV” symbols characterise the most commonly used energy

units in high energy astrophysics and imply: 1keV = 103 eV, 1MeV =

106 eV, 1GeV = 109 eV, 1TeV = 1012 eV, 1PeV = 1015 eV, 1EeV = 1018 eV.

While observations in the first two energy bands are covered by satellite-
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or balloon-borne detectors, the last three energy intervals can be best ad-

dressed with ground-based instruments. It should be noticed, however,

that the term “astronomy” presently can be adequately applied, strictly

speaking, to the activities in the LE, HE, and VHE energy domains. The

significant efforts in the past unfortunately did not not result in detection

of UHE and EHE γ-ray sources, although presently we cannot exclude that

a fraction of highest energy cosmic rays detected beyond the so-called GZK

cutoff may have photonic origin.

Only a limited fraction of the Universe is available for γ-ray observations

in the VHE, UHE and EHE domains. The γ-ray horizon of the Universe is

strongly energy-dependent (see Fig. 1.4). It is determined by interactions

of γ-rays with the diffuse extragalactic photon fields. For example, the

mean free path of γ-rays less than several GeV exceeds the Hubble size of

the Universe, whereas the free path of 1 PeV γ-rays is only 8.5 kpc. This

implies that all objects beyond our Galaxy are not visible in PeV γ-rays.

The visibility range increases up to several 100 Mpc for TeV γ-rays and

≈ 10 Mpc for 100 EeV. Only by reducing the energy threshold of detectors

down to 100 GeV can we approach cosmological distances corresponding to

redshifts z ∼ 1. And finally, in order to detect γ-rays from the most distant
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Fig. 1.3 Diffuse extragalactic X- and γ-ray backgrounds (from Sreekumar et al., 1998).
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quasars with redshifts z ≥ 3 the energy threshold of detectors should be

reduced to 10 GeV and lower.

Thus, cosmological epochs cannot be directly probed with TeV and

higher energy γ-rays. When a high energy γ-ray photon is absorbed, its

energy however is not lost. Their interactions with extragalactic radiation

fields initiate electromagnetic cascades which lead to formation of huge

(≥ 10 Mpc) nonthermal structures like hypothetical (not yet detected)

ultrarelativistic electron-positron Pair Halos. Actually, the entire Universe

is a scene of continuous creation of electromagnetic cascades. All cosmic γ-

rays above several GeV have a similar fate. Sooner or later they terminate

on Hubble scales. The superposition of contributions of γ-rays from these

cascades should constitute a significant fraction of the diffuse background

shown in Fig. 1.3.
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Fig. 1.4 Mean free paths of gamma-rays in the intergalactic medium at redshifts z � 1.
Below 1014 eV γ-rays interact with infrared and optical photons, above 1019 eV - with
low frequency radio emission. Large uncertainties in predicted mean free paths are the
result of poorly known fluxes of the extragalactic diffuse background radiation at these
wavelengths. Between 1014 eV and 1019 eV, γ-rays interact mainly with the 2.7 K
CMBR , therefore the mean free paths can be predicted with very high accuracy (from
Coppi and Aharonian, 1997).
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1.3 Gamma Ray Astronomy: A Discipline in Its Own Right

High energy γ-rays combine three characteristics that make these ener-

getic photons ideal carriers of information about nonthermal relativistic

processes in astrophysical settings: (i) copious production in many galactic

and extragalactic objects due to effective acceleration of charged particles

and their subsequent interactions with the ambient gas, low frequency radi-

ation, and magnetic fields; (ii) free propagation in space without deflection

in the interstellar and intergalactic magnetic fields: (iii) effective detection

by space-borne and ground based instruments. Therefore it is commonly

believed that very high energy gamma-ray astronomy is destined to play

a crucial role in exploration of nonthermal phenomena in the Universe in

their most extreme and violent forms. The major driving motivations of

this field conditionally can be grouped in three topical areas: (i) Origin of

Cosmic Rays, (ii) Physics and Astrophysics of Relativistic Outflows, and

(iii) Observational Gamma Ray Cosmology.

Origin of Cosmic Rays

Galactic Cosmic Rays. For more than 40 years, ideas have circulated

about the crucial role of gamma-ray astronomy in solving the problem of

origin of galactic cosmic rays (CRs). The realization of this seminal pre-

diction recognised by pioneers of the field in the 1950’s and 1960’s is still

considered as one of the major goals of γ-ray astronomy. The basic idea

is simple and concerns both the acceleration and propagation aspects of

CRs. Namely, while the localised γ-ray sources exhibit the sites of pro-

duction/acceleration of CRs, the angular and spectral distributions of the

diffuse galactic γ-ray emission provide unique information about the char-

acter of propagation of CRs in galactic magnetic fields. The prime objective

of this activity is the decisive test of the hypothesis that supernova rem-

nants (SNRs) are responsible for the bulk of observed CRs up to 1015 eV.

Detection of TeV γ-rays from shell-type SNRs would be the first straight-

forward proof of the widely believed model of diffusive shock acceleration

of CR protons in these objects. Conservative phenomenological estimates

show that a certain number of 103 to 104 yr old SNRs should be visible

in γ-rays. Although 3 shell type SNRs already have been reported as TeV

emitters, the limited information about both the spectral and spatial dis-

tributions of detected signals does not allow definite conclusions concerning

the nature of TeV emission, also because the latter could be substantially
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“contaminated” by γ-rays of leptonic (inverse Compton) origin.

The failure to detect positive γ-ray signals from several selected SNRs

would impose a strong constraint on the total energy in the accelerated

protons, Wp ≤ 1049 erg. Contrary to current belief this would indicate the

inability of SNRs to explain the bulk of the observed cosmic ray fluxes.

SNRs are still only one of the plausible sites of CR acceleration. It is

quite possible that different galactic source populations, e.g. pulsars and

microquasars, contribute comparably to the observed cosmic ray flux. This

Fig. 1.5 Gamma-rays radiated by dense molecular clouds located in the vicinity of a
young (≤ 104 yr old) proton accelerator, where the density of relativistic particles signifi-
cantly exceeds the average level of the “sea” of galactic CRs (≈ 1 eV/cm3) determined by
the mixture of contributions from all individual sources during the CR propagation in the
Galactic Disk on timescales ∼ 107 yr. The particle accelerator itself is a source of γ-rays,
but its intensity could be quite low due to the lack of sufficiently dense target material
inside compared to the average density of the interstellar medium (≈ 1 cm−3). Also, the
γ-ray spectrum could be suppressed at very high energies due to the energy-dependent
escape of particles from the accelerator.

makes the problem rather complicated. Only direct identification of these

sources as particle accelerators through their characteristic γ-ray emission

can help to elucidate the origin of galactic CRs. The existence of a particle

accelerator by itself is not enough for efficient γ-ray production; one needs
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the second component - the target. The so called giant molecular clouds

(GMCs) with diffuse masses ∼ 104 to 106 M�, seem to be ideal objects to

play that role (see Fig. 1.5). These objects are intimately connected with

star formation regions that are strongly believed to be the most probable

locations (with or without SNRs) of cosmic ray production in our Galaxy.

The search for TeV γ-rays from GMCs is important to ascertain the possible

existence of nearby high energy proton accelerators.

Extragalactic Cosmic Rays. Although there is little doubt that the

highest energy particles observed in cosmic rays, with E ∼ 1020 eV, are

produced outside of our Galaxy, the sites and relevant acceleration mecha-

nisms continue to be a mystery. Powerful extragalactic objects like radio-

galaxies, AGN, clusters of galaxies, the enigmatic gamma-ray burst sources,

have all been (phenomenologically) suggested as possible acceleration sites.

However boosting particles to such energies is a serious theoretical chal-

lenge. Even if the electrodynamical system accelerating particles had an

infinite lifetime and the acceleration proceeds at the maximum possible

rate of about ∼ qBc, the attainable energy is limited by two conditions:

(1) by the confinement - particles can stay in the acceleration region as

long as their gyroradius remains smaller of the characteristic linear size of

the accelerator; (2) by synchrotron energy losses. Even assuming that the

particles are moving along smooth field lines, there is still curvature radi-

ation which limits the maximum attainable energy. These two conditions

allow us to derive a robust lower limit for the total electromagnetic energy,

W , stored in the acceleration region, and thus estimate the size, l, and the

magnetic field strength, B, that are optimal with respect to minimisation

of the electromagnetic energy.

In large scale (� 1 kpc) structures the “confinement condition” is more

critical. In this case, the radio lobes in radiogalaxies, hot spots in AGN jets,

and clusters of galaxies seem the most likely sites of particle acceleration

(see Fig. 1.6a). In many cases these objects may contain enough target ma-

terial in the form of gas and photon fields to convert a substantial fraction

of these particles into detectable VHE radiation. Moreover, even if these

particles do not spend much time in their production region, but leave the

source, they unavoidably collide with 2.7 CMBR photons at relatively small

distance from the source (especially for objects at large redshifts). The sec-

ondary electrons and photons – the products of photohadronic interactions

– initiate two-stage pair cascades in the 2.7 K CMBR and optical/infrared

extragalactic radiation fields. The typical angular size of the active region
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of cascade development does not exceed 1 degree for a source located at a

distance ∼1 Gpc. The resulting γ-radiation at energies below 100 GeV can

be detectable by GLAST and the new generation of low-threshold IACT

arrays.

The relativistic bulk motion reduces the energy requirements sig-

nificantly, but requires compact objects and large magnetic fields (see

Fig. 1.6b). For example, for a bulk motion Lorentz factor Γ ∼ 10, the

optimal size and magnetic field are R ∼ 1014 eV and B ∼ 300 G, respec-

tively. This corresponds to a quite reasonable total electromagnetic energy

∼ 3 × 1047 erg for the inner jets of blazars. A reasonable combination of

model parameters is obtained also for GRBs for which a bulk motion Lorenz

factor of about 300 is more typical.

Energy losses, due to either synchrotron or curvature radiation, play an

increasing role in the energy balance of accelerated particles, with decreas-

ing size (and accordingly increasing magnetic field) of the accelerator. In

compact objects like small scale AGN jets or GRBs, the radiative losses

become the dominant factor that limits the maximum attainable energy.

This implies that proton acceleration in such objects should be always

accompanied by hard synchrotron (or curvature) radiation extending to

∼ α−1
f mpc

2Γ ∼ 1(Γ/10) TeV (in the observer’s frame). The search for such

a characteristic radiation can be used to probe the potential accelerators

of highest energy cosmic rays. The protons can interact effectively also

with ambient dense photon fields through photomeson production. Due

to the hadronic and electromagnetic cascades initiated by these interac-

tions, a substantial part of the primary energy can be effectively trans-

ported through neutrons and γ-rays to very large distances from the cen-

tral engine. Moreover, the multiple conversions of nucleons from charged

to neutral state and back may significantly increase the acceleration rate

compared to the standard diffusive shock acceleration mechanism, and thus

make more effective the production of 1020 eV protons. This mechanism

provides a very effective conversion of the kinetic energy of bulk relativistic

flows in GRBs and inner jets of blazars to the accompanying high energy

γ-ray and neutrino emission.

Top-Down scenarios. The above constraints on the parameter space

of 1020 eV particle accelerators set by classical electrodynamics obviously

cannot be applied to the so-called “top-down” models of cosmic rays which

make use of quantum effects and non-electromagnetic interactions. The

hypothesis of the non-acceleration or “top-down” scenario as an alternative
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to the ordinary acceleration (“bottom-up”) scenario is motivated by diffi-

culties of current theoretical models to provide adequate acceleration rates

that could boost the particles to energies ≥ 1020 eV. In the “top-down”

models the cosmic rays are the result of decays of the so-called topologi-

cal defects or relic super-heavy particles. These models, however, have a
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Fig. 1.6 The minimum energy requirement to the potential accelerators of 1020 eV
protons as a function of the characteristic linear size of the accelerator. The dashed
lines corresponds to the condition of particle confinement in large scale magnetic field or
by the difference in electric field potential (generalised Hillas criterion), the solid lines
correspond to the limits set by radiative (synchrotron or curvature) energy losses: a
(top panel) accelerators at rest; for two values of the acceleration efficiency η given by
ε̇acc = ηeBc; b (bottom panel) accelerators moving with relativistic speed; for η = 1,
and 3 different values of the bulk motion Lorentz factor Γ. The characteristic ranges of
different source populations (as potential cosmic ray accelerators) on the (W,l) plane are
also shown. For the inner AGN jets, the upper zone corresponds to hadronic models of
γ-ray emission, the lower zone - to leptonic models (from Aharonian et al., 2002b).
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major problem. The electromagnetic cascades initiated by secondary elec-

trons and photons lead to fluxes of ≤ 100 GeV γ-rays that exceed the

observed flux of diffuse extragalactic γ-ray background shown in Fig. 1.3.

This inconsistency can be avoided if one associates these exotic parents of

cosmic rays to the halo of our Galaxy. Independent of the type of GUT

particles, their decays lead to an excess of pions (and thus photons) over

nucleons at production, and consequently to a high photon-to-proton ratio

in cosmic rays at energies above 1019 eV. Thus the photon-to-proton ratio

can be used as a diagnostic tool for the “top-down” model of highest en-

ergy cosmic rays. The detection of an unusually large content of γ-rays at

E ∼ 1020 eV may become the first astrophysically meaningful result in the

EHE gamma-ray domain.

Physics and Astrophysics of Relativistic Flows

Relativistic flows in astrophysics in the forms of winds and jets are com-

mon in many astrophysical settings. Most nonthermal phenomena observed

from pulsars, microquasars, AGN and Gamma Ray Bursts are linked in

one way or another to relativistically moving plasmas. The relativistic out-

flows are tightly coupled with compact relativistic objects - neutron stars

and black holes. The theory of relativistic collimated outflows is very

complex and not yet properly understood. It deals with magnetohydrody-

namics, electrodynamics, strong shock waves and related with them particle

acceleration. Each of these aspects challenges many uncertainties and prob-

lems. For example, many fundamental questions do not have yet definite

answers concerning the origin (electromagnetic or gas dynamical ?) and

content (electron-positron or electron-proton ?) of jets in AGN, as well as

the processes which determine the jet power and support its propagation

over distances up to several hundred kpc. There is an unsolved funda-

mental problem also in the theory of pulsar winds. It is believed that the

spin-down power of a pulsar is carried away by a MHD wind in which the

energy originally (closer to the magnetosphere) is dominated by Poynting

flux. On the other hand, observations of the Crab Nebula show that when

the wind approaches the inner edge of the visible synchrotron nebula, which

is believed to be the site of wind termination, most of the energy must be

in the form of kinetic energy of ultrarelativistic flow with Lorentz factor

Γ ∼ 106. Apparently somewhere between the pulsar and the termination

shock the Poynting flux is converted to kinetic energy. How and where the

acceleration of the wind takes place, remains a theoretical challenge despite
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recent intensive efforts in this direction.

The distinct feature of relativistic outflows is the effective acceleration of

particles at different stages of its development - close to the central engine,

during the propagation on large scales, and at the termination shock fronts.

Nonthermal radio emission observed from different regions associated with

relativistic jets and winds, e.g. from inner jets of blazars, large scale struc-

tures (knots, hot spots) of jets of powerful radiogalaxies and quasars, from

compact expanding plasmons in microquasars, from pulsar-driven nebulae

(plerions), etc., carry information about relativistic electrons accelerated

to relatively modest (GeV) energies. Remarkably, in many cases the syn-

chrotron emission extends to the optical and X-ray bands. This implies

that the electrons are accelerated to TeV energies. The inverse Comp-

ton scattering of the same electrons as well as interactions of the hadronic

component of accelerated particles with the the surrounding radiation and

magnetic fields, result in very high energy γ-rays. Both the acceleration

and radiation processes with participation of ultrarelativistic electrons and

protons may proceed with very high efficiency. Therefore it is believed that

high energy γ-ray emission should provides us with important, in some

cases crucial, information about nonthermal processes in jets and winds.

Small and Large scale AGN jets. Active Galactic Nuclei represent a

large population of compact extragalactic objects characterised with ex-

tremely luminous electromagnetic radiation produced in very compact vol-

umes. Although this source population consists of several classes of galax-

ies with substantially different characteristics, the prevailing concept of

structure of AGN assumes that the differences are basically due to the

strongly anisotropic radiation patterns. Consequently, the current classifi-

cation schemes are dominated by random pointing directions rather than

by intrinsic physical properties (Urry and Padovani, 1995). The presently

most popular picture of physical structure of‘AGN is illustrated in Fig. 1.7.

AGN with relativistic jets close to the line of sight (so-called blazars)

are very effective TeV γ-ray emitters. The dramatically enhanced fluxes of

the Doppler-boosted radiation (∝ D4
j ) coupled with the fortuitous orienta-

tion of the jets towards the observer, make these objects ideal laboratories

to study the underlying physics of AGN jets through multi-wavelength ob-

servations of temporal and spectral characteristics of radiation from radio

to very high energy γ-rays. First of all this concerns the BL Lac objects, a

sub-population of AGN of which several nearby representatives are already

established as TeV γ-ray emitters. The TeV radiation not only tells us
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Fig. 1.7 Schematic illustration of the current paradigm of radio-laud AGN. At the center
of the galaxy there is a supermassive black hole (∼106 to ∼1010 M�) the gravitational
potential energy of which is the ultimate source of power of the system released in
different forms – through the thermal emission of the accretion disk, as well as through
nonthermal processes in the relativistic jets that emanate perpendicular to the plane of
the accretion disc. Particle acceleration takes place throughout the entire jet extending
up to 1024 cm, i.e. well beyond the host galaxy. These particles interact with the
ambient photon and magnetic fields,and thus result in nonthermal (synchrotron and
inverse Compton) emission components observed on different (sub-pc, kpc, and multi-
hundred kpc) scales. Broad emission lines are produced in clouds orbiting above the
accretion disc. They are located typically within the zone between 0.01 to 0.1 pc. The
accretion disk and the broad-line region is surrounded by a thick dusty torus. Narrow
emission lines are produced in clouds located much farther from the central engine,
typically between 0.3 and 30 pc. (from Urry and Padovani, 1995).

that particles in these objects are accelerated to very high energies, but

also provides the strongest evidence in favour of the commonly accepted

paradigm that the nonthermal radiation is produced in relativistic outflows

(jets) with Doppler factors Dj ≥ 10.

Presently, the leptonic (basically, inverse Compton) models of TeV emis-

sion represent the preferred concept for TeV blazars. These models have two

attractive features: (i) capability of the relatively well developed model of

shock waves to accelerate electrons to multi-TeV energies, (ii) effective pro-

duction of tightly correlated X-ray and TeV emission components via syn-
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chrotron and inverse Compton channels. However, the very fact of strong

X/TeV correlations does not yet exclude the hadronic models.

Effective acceleration of electrons to very high energies takes place also

in large scale structures of AGN jets. Although there is no alternative to the

nonthermal origin of large scale (up to several 100 kpc) jets of radiogalaxies,

it remains a theoretical challenge to explain the variety of morphological

and spectroscopic peculiarities observed from these objects. This concerns,

first of all, the X-ray data. The recent exciting discoveries by the Chandra

X-ray Observatory added much to our knowledge of X-ray structures of

large scale jets in quasars and radiogalaxies. However, these results did not

solve the old problems, and, in fact, brought new puzzles. The standard

models that relate X-ray emission of distinct jet features to the synchrotron

radiation or inverse Compton scattering of directly accelerated electrons

face certain problems. The synchrotron mechanism is “over-efficient” in the

sense that the TeV electrons, due to severe radiative losses, have very short

propagation lengths, and thus hardly can form diffuse X-ray structures on

kpc scales. The inverse Compton models require low energy (∼ 1 GeV)

electrons, and, therefore, are free of this problem. On the other hand, in

many cases this mechanism appears not sufficiently efficient to provide the

observed X-ray fluxes.

The synchrotron radiation of protons could be an alternative interpreta-

tion of X-ray emission. For a certain combination of parameters characteris-

ing the acceleration, propagation and radiation of very high energy protons,

this model can provide effective cooling of protons via synchrotron radiation

on quite comfortable timescales of about 107−108 yr. This allows effective

propagation of protons in the jet over kpc scales, and thus production of ex-

tended X-ray structures. Yet, the model allows high radiation efficiencies,

and demands quite reasonable proton acceleration rates to explain the ob-

served X-ray fluxes from typical representatives of this source population.

Although these rates are comparable with the electron acceleration rates

required in the electron-synchrotron models, the proton-synchrotron model

implies much higher energy densities in the form of nonthermal particles

and magnetic fields. The success of the proton-synchrotron model largely

relies on 3 principal assumptions: (i) acceleration of protons to energies of

at least Ep = 1018 eV; (ii) a strong ambient magnetic field, B ≥ 1 mG;

(iii) slow propagation of protons in the knots. Any observational evidence

in favour of the proton-synchrotron origin of the large-scale X-structures

would imply acceleration of protons to extremely high energies. This may
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have a direct link to another puzzle of the high energy astrophysics - the

origin of extremely high energy cosmic rays (EHECRs) observed up to

1020 eV. An interesting consequence of this model is that it predicts signif-

icant γ-ray emission from the surrounding cluster environments initiated

by interactions of runaway protons with the 2.7 K CMBR . The spectral

and angular characteristics of this radiation component strongly depend on

the ambient magnetic field, thus they carry important information about

both the total power of acceleration of the highest energy particles in the

jet, and the strength and structure of intra-cluster magnetic fields.

An interesting alternative to the conventional interpretations of X-ray

features of AGN jets is a scenario in which the jet is powered by external

γ-rays through their interactions with local low-frequency radiation fields

and by subsequent development of electromagnetic cascades penetrating

through the regular and random fields in the MHD jet. Generally, the non-

thermal γ-ray phenomena are associated with accelerated particles. In this

scenario, we have exactly opposite picture when the external γ-radiation is

the primary substance. Consequently, there is no need for particle acceler-

ation immediately in the jet. At the same time, this hypothesis contains

certain components of standard MHD jets. Because of its prime motiva-

tion to explain the diffuse X-ray structures of large scale jets by electron

synchrotron radiation, this model can be considered “leptonic”. On the

other hand, this scenario might be called “hadronic”, because the primary

γ-rays of energy 1015 − 1019 eV can be produced only in hadronic inter-

actions, most likely in the vicinity of the central engine. The high energy

γ-ray beam provides a direct link between the large scale jet and the cen-

tral engine, thus it can be considered as an alternative to the Poynting flux

assumed in the standard AGN models for extraction of energy from ro-

tating black holes. While the transformation of Poynting flux into kinetic

energy in the outflow, and eventually (through termination shocks) into

relativistic particles remains an unsolved theoretical problem, the transfor-

mation of γ-rays to relativistic electrons can be realized effectively through

the photon-photon pair production. The ultrahigh energy γ-rays may have

broader implications. In particular, the γ-ray beams can power the sur-

rounding intergalactic medium resulting in diffuse synchrotron X- and γ-ray

emission from clusters of galaxies.

Pulsar winds and nebulae. High energy γ-rays emitted by rotation

powered pulsars can be produced in three physically distinct regions: the

pulsar magnetosphere, the unshocked relativistic wind, and the synchrotron



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

Introduction 17

nebula (Fig. 1.8). High energy γ-ray observations have a great potential

to test current theoretical concepts concerning the production of an ultra-

relativistic pulsar wind in the vicinity of the star and its interactions with

the ambient medium.

The energy spectra and the structure of light curves in the region from

several GeV to 30 GeV carry key information about the location of the

γ-ray production region in the magnetosphere.
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Fig. 1.8 Three regions of nonthermal radiation associated with a rotation powered
pulsar: pulsar – magnetospheric pulsed γ-ray emission produced within the light cylinder
due to the curvature, synchrotron, and inverse Compton processes; unshocked wind –
gamma-radiation of the cold wind at GeV and TeV energies through the relativistic
bulk-motion Comptonization; synchrotron nebula – broad-band, synchrotron and IC
emission of the nonthermal nebulae (from Aharonian and Bogovalov, 2003).
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The energy interval from 10 GeV to 1 TeV is the most informative region

to search for γ-ray emission from the unshocked pulsar wind. Detection and

identification of a specific (“asymmetric-line”) type emission would provide

direct information about the Lorentz factor and the site of acceleration

of the wind i.e. the sites where the transformation from a Poynting flux

dominated state to a kinetic energy dominated state occur. Finally, com-

bined with X-ray observations, the spectral properties and morphology of

10 GeV to TeV γ-rays provide unambiguous information about the distri-

butions of electrons and the magnetic fields in pulsar nebulae produced by

wind termination shocks.

Microquasars. X-ray binaries are traditionally treated as thermal sources

that transform the gravitational energy of accretion onto a compact object

(a neutron star or a black hole) into X-ray emission radiated by the hot

accreting plasma. However, since the discovery of galactic sources with

relativistic jets – called microquasars – the basic concepts on X-ray bina-

ries have been significantly revised. It is established that the non-thermal

power of synchrotron radio jets (in the form of accelerated electrons and

kinetic energy of the relativistic outflow) during strong radio flares can be

comparable to or even exceed the thermal radiation luminosity of these

accretion-driven objects. The discovery of microquasars opened new pos-

sibilities to study the phenomenon of relativistic jets common elsewhere

in AGN. Because of their proximity, microquasars offer an opportunity for

monitoring jets on much smaller spatial and temporal timescales.

Synchrotron and infrared emission observed from microquasars implies

the existence of electrons up to energies ∼ 10 GeV. If the electron accel-

eration proceeds at a sufficiently high rate, the synchrotron spectrum can

extend to hard X-rays. In addition, the high density photon fields produced

by the jet itself, as well as coming from the accretion disk and the com-

panion normal star, create favourable conditions for effective production

of inverse Compton γ-radiation. Apart from this episodic component of

radiation associated with strong radio flares, one may expect persistent X-

and high energy γ-ray emissions components from extended regions caused

by synchrotron and inverse Compton radiation of ultrarelativistic electrons

accelerated at the interface between the relativistic jet and the interstellar

medium. Termination of the jets in the interstellar medium may result

also in effective acceleration of protons. In this regard, microquasars are

potential sites for the production of galactic cosmic rays.
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Observational Gamma-Ray Cosmology

The fact that the spectra of extragalactic sources extend beyond 100 GeV

opens a unique path for realization of exciting cosmological aspects of very

high energy (VHE) gamma-ray astronomy. The promise here is connected

with the energy dependent absorption of γ-rays interacting with diffuse ex-

tragalactic photon fields. The photon-photon absorption features, expected

in the spectra of high energy γ-rays arriving from distant extragalactic ob-

jects depends on the spectrum and absolute flux of the diffuse extragalactic

background at infrared and optical wavelengths. The detection and identi-

fication of these features should provide important information about the

epochs of galaxy formation and their evolution in the past. Obviously

this method of extracting information about the diffuse extragalactic back-

ground requires (i) TeV γ-ray beams emitted from extragalactic objects

located at different distances between 100 and 1000 Mpc; (2) good gamma-

ray spectrometry, and (3) good understanding of the intrinsic spectra of

γ-rays (i.e. before their deformation in the intergalactic medium). Blazars

do provide us with intense TeV beams, and the IACT arrays do allow an

adequate γ-ray spectrometry based on an energy resolution as good as 10

per cent and large γ-ray photon statistics. A serious obstacle in practical

realization of this interesting method is our poor knowledge about the pri-

mary γ-ray spectra produced in the source. The recent remarkable progress

in well coordinated observations of several TeV blazars in different energy

bands gives a certain optimism that eventually the gamma-ray astronomers

will be able to identify the principal radiation mechanisms, fix/constrain

the relevant model parameter space, and reconstruct robustly the intrinsic

γ-ray spectra based on multiwavelength studies of the spectral and tem-

poral characteristics of blazars. This should allow reliable estimates of the

intergalactic absorption effect, and consequently derivation of the flux and

spectrum of diffuse extragalactic background between 1 and 100 µm.

Strictly speaking the intergalactic absorption features contain informa-

tion about the product of the diffuse extragalactic background radiation

density ur and the Hubble constant H0. In principle, it would be possible

to decouple ur and H0 by studying the spectral and angular character-

istics of VHE γ radiation from hypothetical electron-positron Pair Halos

surrounding powerful nonthermal extragalactic objects. These giant but

light (electron-positron) structures which are unavoidably formed around

any extragalactic VHE source due to development of pair cascades initi-

ated by interactions of primary multi-TeV photons with the extragalactic
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Fig. 1.9 Formation and radiation of a Pair Halo.

background photon fields, may serve as unique cosmological candles. The

formation and radiation of a Pair Halo is illustrated in Fig. 1.9.

The radiation of a Pair Halo can be recognised by its distinct variation

in spectrum and intensity with angular distance from the halo centre. This

variation depends weakly on the details of the central source, for example

on the orientation and beaming/opening angle of a possible emitting jet,

but depends on ur and H0. Thus detection of a halo would give us two

observables – angular and spectral distributions of γ-radiation – that might

make it possible to disentangle ur and H0. Since the angular size of a halo

around a source with known redshift z0 is determined by the density of

the background radiation in the vicinity of the source (i.e. at the epoch

z0), observing pair halo radiation from sources at different redshifts should

provide an important probe of cosmological evolution of the background

radiation.

The extended character of γ-ray emission emitted by isotropic Pair Ha-

los (up to several degrees) makes their mapping and spectroscopy a difficult

measurement that must wait future sensitive IACT arrays. But in any case,

the existence of strong extragalactic TeV sources sustains the hope that the
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Pair Halos will be eventually discovered. For formation of isotropic Pair Ha-

los the intergalactic field should be sufficiently strong (larger than 10−12 G)

In fact, both the current observations and cosmological concepts do not ex-

clude the possibility that in some regions with typical linear scales of about

100 Mpc, the intergalactic magnetic field could be arbitrarily small. If so,

instead of detecting extended and persistent isotropic Pair Halos, we should

expect cascade radiation penetrating almost rectilinearly from the source

to the observer. As far as cosmological distances are concerned, even very

small deflections of the cascade electrons in the intergalactic magnetic fields

should lead to significant delays of arriving cascade radiation. If such de-

lays can be distinguished from the intrinsic time structure of radiation of a

γ-ray source, it would be possible to probe the primordial magnetic fields

of the Universe at the level down to 10−18 G.

Independent of details concerning the structure and strength of inter-

galactic magnetic fields, as well as the flux and spectrum of the extragalactic

radiation fields, the ensemble of all VHE source in the Universe produce

isotropic cascade γ-radiation which serves as a calorimetric measure for the

integrated power of the Universe in the form of any phenomenon accompa-

nied by radiation of VHE γ-rays. These γ-rays may have quite different na-

tures. They are copiously produced by AGN jets, radiogalaxies and galaxy

clusters – the most powerful extragalactic objects in the Universe. They are

also contributed by less powerful but more populous sources like Pulsars

and SNRs – the most active sites of γ-ray production in ordinary galax-

ies. Gamma-rays may appear during grandiose processes like the formation

of large-scale structures in the Universe and at brief solitary events like

Gamma Ray Bursts. We may also expect quite intense γ-ray production

of “non-acceleration” origin related to decays of hypothetical cosmological

relics like the topological defects as well as to annihilation of non-baryonic

Dark Matter indexDark Matter. Independent of their origin, all high energy

γ-rays have a common fate – due to interactions with the extragalactic ra-

diation fields they inevitably terminate on Hubble (space and time) scales,

and thus make the entire Universe an active scene of continuous creation

and development of electromagnetic cascades in the intergalactic medium.

The superposition of these cascades should not exceed the observed flux

of the diffuse extragalactic γ-ray background. This provides robust con-

straints on the overall VHE γ-ray luminosity of the Universe.

Finally, the search for hypothetical γ-ray emission from Dark Matter

Halos in our Galaxy and other nearby galaxies by GLAST and by forth-

coming powerful ground-based instruments should provide a very deep and
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meaningful probe for the existence of non-baryonic Dark Matter in the

Universe. The detection of positive signals would reveal the nature of Dark

Matter with extremely important implications for both Cosmology and

Particle Physics.
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Status of the Field

This Chapter presents a brief overview of the achievements of observational

gamma-ray astronomy in different energy bands. The status of space-based

gamma-ray astronomy in the low energy (LE) and high energy (HE) regimes

are discussed in Sections 2.1 and 2.2. Comprehensive description of the

results at MeV and GeV energies obtained basically with BATSE, OSSE,

COMPTEL and EGRET detectors aboard NASA’s Compton Gamma Ray

Observatory can be found in the proceedings of the Fourth (Dermer et al.,

1997) and Fifth (McConnell and Ryan, 2000) Compton Symposia, as well

as in the proceedings of the Gamma-Ray Astrophysics-2001 symposium

(Ritz et al., 2001). The methods of detection of cosmic MeV and GeV

γ-rays are described in great details in the book by Fichtel and Trombka

(1997). Therefore, Sections 2.1 and 2.2 will be rather short. Only the

major observational results, with brief commentaries on their astrophysical

implications, will be highlighted.

Several review articles on VHE gamma-ray astronomy have been written

over the last decade – see e.g. papers by Cronin et al. (1993), Aharo-

nian and Akerlof (1997), Ong (1998), Hoffman et al. (1999), Catanese and

Weekes (1999), as well as the proceedings of the recent two symposia on

“High Energy Gamma-Ray Astronomy” (Aharonian and Völk, 2001) and

“The Universe Viewed in Gamma-rays” (Enomoto et al., 2003). It should

be noticed, however, that currently the field is developing so fast that ev-

ery year brings new discoveries and surprises, and, consequently, new ideas

and models (as well as puzzles), thus review articles quickly become “old”

on timescales shorter than the typical time needed for their publication in

regular journals or conference proceedings. Most likely (hopefully !) the

same will happen with this Chapter.

23
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2.1 Low Energy Gamma Ray Sources

This energy regime is uniquely related to several areas of high energy as-

trophysics, in particular to the phenomena of Gamma Ray Bursts, nucle-

osynthesis of heavy elements in the Universe, origin of low energy (sub-

relativistic) cosmic rays, solar flares, etc. Also, this energy regime provides

key observations for understanding of high energy processes in stellar black-

holes in our Galaxy, as well as the massive black-holes believed to exist in

the centers of AGN. In particular, many popular ideas and models that

assume formation of relativistic, both thermal and nonthermal, plasmas

around these objects, can be tested via studies of characteristic electron-

positron annihilation radiation.

At the same time, this energy region has been and unfortunately re-

mains a challenge for design and construction of adequately sensitive γ-ray

detectors that would rise the low-energy gamma-ray astronomy to the level

of its immediate neighbours - X ray astronomy and high-energy gamma-ray

astronomy. There are several reasons for slow development in instrumen-

tation in this energy region: (i) the small photon interaction cross-section

in the transition region from the Compton scattering to pair production;

(ii) small energy deposits and large mean free paths of secondary products;

(iii) large uncertainties in reconstruction of full kinematics of the first in-

teraction, and correspondingly rather limited angular resolution; (iv) large

local backgrounds, especially at MeV energies due to excitation of sur-

rounding materials by cosmic rays. The combination of these factors – low

γ-ray detection efficiency, modest angular resolution and high background

– severely limits sensitivities of γ-ray detectors operating in this energy

region. The minimum detectable energy fluxes at hard X-ray and low-

energy γ-rays are, indeed, not very impressive, and even after significant

improvements by next generation instruments, they unfortunately will re-

main relatively modest compared to sensitivities expected in the foreseeable

future in the HE and VHE domains (see Fig. 1.2).

Even so, low-energy γ-rays contain invaluable astrophysical information

that cannot be obtained by other means. Therefore, any further improve-

ment of detector performance would lead to exciting results in several areas

of astrophysics and cosmology.
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2.1.1 The COMPTEL source catalog

The imaging Compton telescope COMPTEL provided the first all sky sur-

vey in the MeV γ-ray domain (Schönfelder et al., 2000). This instrument

was designed to operate in the energy range from 0.75 to 30 MeV. Within its

large FoV of about 1 steradian, the source location accuracy was of about

1◦. Typically COMPTEL could resolve different sources, provided that

they were about 3 to 5 degrees away from each other. With 5 to 10 percent

energy resolution, COMPTEL was able to detect and identified several γ-

ray lines of extra-solar origin - 1.1809 MeV (26Al), 1.157 (44Ti), 0.847 and

1.238 MeV (56Co), as well as 2.223 MeV (deuterium or neutron-capture

line). The sensitivity of COMPTEL was significantly limited due to the

instrumental background. Also, for identification of sources in the galactic

disk, detailed modelling of the diffuse galactic emission was essential for

this experiment. On average, for a 2-week observation period, the source

detection threshold was an order of magnitude below the Crab flux, i.e. at

the level of ≈ 2 − 3 × 10−10 erg/cm2s (see Fig. 1.2). Unfortunately, the

INTEGRAL mission cannot offer better sensitivity above 1 MeV for contin-

uum emission. But INTEGRAL will indeed greatly improve the detection

sensitivity for line emission.

The first COMPTEL source catalog includes 32 persistent sources and

31 GRBs reported at ≥ 3σ statistical significance level (Schönfelder et al.,

2000). The persistent sources of continuum emission belong to 3 types of

source populations. In addition γ-ray line emission has been detected from

7 objects. And finally, 9 sources remain unidentified.

• Spin-Down pulsars - Crab, Vela, and PSR1509-58.

While the Crab and Vela pulsars are established as prominent γ-ray

emitters detected at MeV/GeV energies, PSR 1509-58 remains up to now as

a “MeV” γ-ray pulsar (see Fig 2.1). COMPTEL has detected both pulsed

and continuum emission components from the direction of the Crab. The

continuum component is presumably associated with the nebula, i.e. has

a synchrotron origin. This interpretation agrees with the multiwavelength

data obtained from the Crab Nebula (see Fig. 1.2).

• Stellar Black-Hole Candidates - Cyg X-1, Nova Persei 1992 (GRO

J0422+32).

In addition to these galactic black-hole candidates with spectra extending

beyond 1 MeV, OSSE – another hard X-ray/low energy γ-ray instrument

aboard Compton GRO - has detected hard tails of radiation from several
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other similar objects, presumably microquasars, extending to 1 MeV (Grove

et al., 1997). The observations of Cyg X-1 by OSSE and COMPTEL

show significant variations in the MeV region between the so-called hard

and soft spectral states, that are discovered and well studied in X-rays.
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Fig. 2.1 Broad-band spectral energy distributions of pulsed emission of γ-ray pulsars
(from Thompson, 1999). The MeV data are from COMPTEL, GeV data - from EGRET,
and the TeV upper limits are from observations with the Whipple (pulsars in the North-
ern hemisphere) and CANGAROO/Durham (pulsars in the Southern hemisphere) tele-
scopes.



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

Status of the Field 27

The MeV spectra in these two states are shown in Fig. 2.2 together with

model curves calculated within the so-called hybrid thermal/nonthermal

Comptonization model (McConnell et al., 2002). This model assumes that

γ-rays are produced by a non-thermal population of electrons accelerated

in the accretion plasma around the black hole. This radiation can originate

also in the synchrotron jet recently discovered in several representatives of

this source population, including Cyg X-1. MeV radiation from synchrotron

radio jets can be result of inverse Compton (Georganopoulos et al., 2002) or

synchrotron radiation (Aharonian and Atoyan, 1998; Markoff et al., 2001).

In either case, the radiation should be of nonthermal origin associated with

relativistic electrons accelerated in the jet.

Until now high energy γ-rays above 100 MeV have not been convinc-

ingly detected from a black-hole candidate with hard X-ray/soft gamma-

ray spectra. Nevertheless, it is possible that some of the unidentified γ-ray

sources are from the same source population (see Sec.2.2).

Fig. 2.2 X- and gamma-ray spectra of the black-hole candidate Cyg X-1 in soft (“high”)
and hard (“low”) spectral states as measured by COMPTEL (MeV), OSSE (sub-MeV)
and BeppoSAX (X-ray) instruments. The spectral fits are obtained within the hybrid

thermal/nonthermal Comtonization model. (From McConnel et al., 2002).

• AGN - CTA 102, 3C 454.3, PKS 0528+134, GRO J0516-609, PKS 0208-

512, 3C 273, PKS 1222+216, 3C 279, Centaurus A, PKS 1622-297.
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Except for the radiogalaxy Centaurus A, all these objects are blazars -

highly variable AGN with relativistic jets close to the line of sight. Because

the spectral energy distributions of high energy branches of these objects

peak at MeV energies, they are called MeV blazars, The famous quasar

3C 273 is a prominent representative of this class of objects (Lichti et al.,

1995). The broad-band spectral energy distribution of 3C 273 is shown in

Fig 2.3.

3C 273

Fig. 2.3 Flux density and spectral energy distribution of the quasar 3C 273 (from
Courvoisier, 1998).

MeV blazars have quite steep spectra beyond MeV energies (with pho-

ton index greater than 2), in contrast to the so-called GeV blazars with

flat γ-ray spectra extending to GeV energies. But, most probably, there

is no fundamental difference between MeV and GeV blazars. It is believed

that both classes represent the same AGN population - flat spectrum ra-

dio quasars (FSRQs). The difference between MeV and GeV blazars can

be explained within the so-called external Compton model, assuming that
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GeV flat spectra originate in the broad emission line (BEL) regions, where

their production is dominated by Comptonization of optical-UV emission

lines, whereas the spectra of MeV blazars are formed at distances where

the target photons are supplied by hot dust. Moreover, it is possible that

the MeV and GeV blazar phenomena can appear interchangeably within

the same object like in PKS 0208-512 (Sikora et al., 2002).

• Unidentified Sources

The first official COMPTEL catalog contains nine unidentified sources.

Five of them are located at low galactic latitudes (|b| ≤ 10◦), and four above

the galactic plane (|b| ≥ 10◦). Three of the five unidentified high-latitude

sources are not point-like. Either they have diffuse origin or are result of

superposition of several faint objects. Two of the four low-latitude sources

possibly coincide with the EGRET unidentified sources 2EG 2227+61 and

2EG0241+6119 (discovered initially by COS B). The nature of all unidenti-

fied COMPTEL sources remains highly unknown. One cannot exclude the

possibility that some of them are caused by statistical fluctuations.

• Gamma Ray Line Sources

COMPTEL has demonstrated that a variety of astrophysical objects may

produce γ-ray line emission. A noticeable success in this regard was gen-

eration of a maximum entropy COMPTEL map at 1.809 MeV. It is widely

believed that this γ-ray line from 26Al is mainly produced in Wolf-Rayet

stars, therefore it serves as a unique tracer of star formation in our Galaxy

over the last several millions of years. The all-sky map in the 1.809 MeV

line revealed bright extended regions, in particular in the inner Galaxy, as

well as in the Vela, Cygnus and Aquila regions. An excess emission was

reported also from the direction of Carina, but in this case the source seems

to be point-like, i.e. with an angular extension that does not significantly

exceed 1 degree.

Gamma-ray line emission was detected from three other point-like

sources, although in different lines. The line 1.157 MeV from 44Ti has

been detected from Cas A and, perhaps, also from RX J0852-4621 (a su-

pernova discovered recently in the Vela region). A tentative detection of

two coupled γ-ray lines at 0.847 and 1.238 MeV that are associated with
56Co was reported from SN 1991T. If confirmed, these results would have

great impact on the theory of nucleosynthesis providing invaluable probes

into the inner layers of exploding stars.

Finally, an excess of 2.2 MeV deuterium line emission has been found
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with ' 3.7σ statistical significance from a region that does not show any

remarkable activity at other wavelengths. If true, this would imply a very

effective source of neutron production, most likely through spallation of

nuclei in a very hot, sub-relativistic plasma or by energetic nonthermal

particles interacting with the ambient cold gas. In either case, the deu-

terium line production region, which generally could be separated from the

neutron production region, should be very dense, n ≥ 1016 cm−3, other-

wise the neutrons would decay before being captured by thermal protons.

This could happen, for example, in a binary system – the neutrons can

be produced in the two-temperature accretion plasma around the compact

object, a black hole or a neutron star, “evaporate” from the accretion disk,

and be captured by a dense atmosphere of the normal star. This scenario

proposed by Aharonian and Sunyaev (1984), later has been discussed and

developed by many authors (e.g. Guessoum and Kazanas, 1990; Guessoum

and Jean, 2002). Due to relatively narrow width of the detected 2.2 MeV

line, the latter cannot be explained by neutron capture in the hot accretion

plasma. It should be noted, however, that production of free neutrons, and

therefore also the 2.2 MeV line is a relatively inefficient mechanism, which

makes this (in fact, any) interpretation of the reported 2.2 MeV flux quite

problematic, especially given the lack of a prominent object in the error

box of COMPTEL.

Unfortunately, the energy threshold of COMPTEL of about 0.75 MeV

did not allow studies of the 0.511 MeV electron-positron annihilation line.

This line is the longest-known and the most intense extra-solar γ-ray line.

The first evidence of positron annihilation radiation from the direction of

the Galactic Center was obtained in early 1970s, but it took several years

until the signal was confirmed and unambiguously identified, by a high-

resolution germanium balloon experiment (Leventhal et al., 1978), with

the positron annihilation line.

The history of annihilation line studies over the past 30 years contains

many controversial issues like the the uncertainty in the size of the line

production region, or claims about an existence of a variable component

of radiation. If confirmed, the variable emission would appear to imply

production and annihilation of positrons in a compact object(s). However,

the observations of recent years, in particular by OSSE, did not succeed

in finding any evidence for a point-like source on top of the diffuse 0.511

MeV emission. Also, no evidence has been found also for variability of

emission above or below the diffuse flux (Harris, 1997). On the other hand,

the OSSE observations brought new puzzles, like a high-latitude, asym-
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metrically extended feature of annihilation radiation that was claimed to

be larger than the Galactic bulge feature (Purcell et al., 1997). However,

the history of the extra-solar γ-ray line observations tells us to be cautious

about this as well as with all the γ-ray line results mentioned above, given

the inadequate angular resolution and the limited capability of the cur-

rent low-energy γ-ray detectors to suppress and identify reliably the high

instrumental background.

A breakthrough is expected in this regard from the new INTEGRAL

mission. The significant improvement in the γ-ray line sensitivity, by a

factor of five or so, over the Compton GRO detectors, should allow INTE-

GRAL not only to confirm the results discussed above, but, more impor-

tantly, will provide deeper insight into the nuclear processes that take place

in different environments in our Galaxy and, hopefully, also beyond. On the

other hand, INTEGRAL unfortunately cannot provide deeper γ-ray probes

of the continuum component of radiation above 1 MeV. This unfortunate

fact, as well as the urgent need for new instruments in this important en-

ergy region with more than factor of 10 improvement over the COMPTEL

sensitivity, is recognised by the gamma-ray astronomical community. There

is a hope that MEGA (Bloser et al., 2002) – likely the first representative

of the new generation Compton telescopes – will dramatically change the

status of low energy γ-ray astronomy.

2.2 High Energy Gamma Ray Sources

At energies above 30 MeV, detection of cosmic γ-rays becomes signifi-

cantly easier. The detection principle is based on conversion of the primary

photon to an electron-positron pair, and on subsequent measurements of

the tracks of secondary electrons with tracking detectors and their energy

with a total-absorption calorimeter. This technique, originally developed

for particle accelerator experiments, has a great potential for cosmic γ-ray

studies. It allows reconstruction of the arrival direction and energy of pri-

mary γ-rays on an event-by-event basis. The energy resolution is basically

determined by fluctuations in the electromagnetic cascade that develops in

the calorimeter, as well as, especially at higher energies, by the absorb-

ing capability of the calorimeter. The best energy resolution is achieved

at GeV energies because of relatively small fluctuations and, at the same

time, due to high efficiency of the total confinement of the cascade products

in the calorimeter. The energy resolution could be as good as a few per
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cent, although it would require quite massive calorimeter. Below several

100 MeV, the energy of the electron and positron can be determined also

by analysing the multiple Coulomb scattering angles in converters. How-

ever, generally this is not considered as a prime priority in current designs

of γ-ray telescopes. In fact, the multiple Coulomb scattering of electrons

significantly limits the accuracy of determination of the arrival direction

of primary photons. Therefore, as a basic element, in high energy γ-ray

telescopes a multi-layer tracker with thin converters is used. The thickness

and number of converters is determined from the trade-off between the

overall efficiency of photon conversion and minimisation of the Coulomb

scattering effect. Actually, there is another effect that limits the angular

resolution. It is induced by the “invisible” recoil momentum at pair produc-

tion that prevents full (unambiguous) reconstruction of kinematics of the

process, and thus significantly limits the angular resolution of telescopes,

especially at sub-GeV energies. The uncertainty in the angular resolution

induced by this intrinsic effect is estimated ≈ (mec
2/Eγ)ln(Eγ/mec

2), e.g.

∼ 1.5◦ at 100 MeV, and ∼ 0.2◦ at 1 GeV.

Angular resolution is one of the key parameters characterising perfor-

mance of high energy detectors. In addition to accurate determination of

the size and location of a γ-ray source, good angular resolution improves,

to a certain extent, the minimum detectable flux (sensitivity) from point

sources through reduction of γ-ray backgrounds - both of local and as-

tronomical (diffuse galactic and extragalactic) origins. The background

caused by charged cosmic rays can be removed with very high efficiency

using an active anti-coincidence shield consisting of thin scintillation coun-

ters. The shield is “transparent” for γ-rays but provides an effective veto

against charged particles. The flux sensitivity of a γ-ray telescope is de-

termined by the residual background rate and the effective detection area

– the physical area of the detector multiplied by the (energy-dependent)

detection efficiency. In the space-based experiments the physical area of

telescopes is limited, and cannot significantly exceed several m2.

The first meaningful observational results of γ-ray astronomy appeared

in the 1970s, basically due to two successful space missions called SAS-2

(Fichtel et al., 1975) and COS B (e.g. Bignami and Hermsen, 1983). Four

point sources were detected by SAS-2, including the Crab and Vela pulsars,

as well as the X-ray binary source Cyg X-3, although the identification of

the excess emission with this object remains rather controversial. The origin

of the fourth source which later was called Geminga (Bignami et al., 1983),

remained a mystery over almost 20 years until it was identified with a X-ray
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pulsar.

The COS-B mission increased the number of γ-ray sources to 25, al-

though most of these sources were not identified. An undisputed success of

COS-B was a detailed study of the spatial distribution of the galactic dif-

fuse γ-ray emission and discovery of several “hot spots” in some active star

formation regions and giant molecular clouds like the Orion complex. Also,

COS-B discovered the first extragalactic γ-ray source which was promptly

identified with the quasar 3C 273 – the first representative of the most

populous high-energy γ-ray source population associated with blazars, as

revealed by EGRET a decade later.

EGRET, as a part of the Compton GRO mission, provided a deep study

of the high-energy γ-ray sky during nine very successful and exciting years,

from 1991 to 2000. It is often said that EGRET brought gamma-ray as-

tronomy to maturity. This instrument with an effective energy threshold

around 50 MeV and FoV of about 0.5 sr, had best performance at energies

around 1 GeV: (i) effective detection area ∼ 0.1 m2, (ii) angular resolution

∼ 1.5◦, (iii) energy resolution ∼ 10%, (iv) minimum detectable photon flux

J(≥ 1 GeV) ' 10−8 ph/cm2s or energy flux 2 × 10−11 erg/cm2s from a

point source during a 1 year all-sky survey.

The current list of high-energy γ-ray sources released by the EGRET

team in the form of the 3rd EGRET Catalog (Hartman et al., 1999) consists

of 271 sources detected above 100 MeV. The catalog includes 66 high-

confidence and 27 lower confidence identifications with AGN, five pulsars,

a nearby dwarf galaxy - the Large Magellanic Cloud, a nearby radiogalaxy

- Centaurus A, as well as a single Solar flare detected in 1991. Finally, the

catalog contains 170 sources not yet firmly identified with known objects.

After the release of the 3rd EGRET Catalog, a number of papers have

been published suggesting possible identifications of many γ-ray sources

with individual objects representing several source populations – pulsars,

supernova remnants, microquasars, molecular clouds, plerions, clusters of

galaxies, etc. The distribution of high energy γ-ray sources from the the

3rd EGRET Catalog in galactic coordinates is shown in Fig. 1.1.

Along with discrete sources, γ-rays of diffuse origin, i.e. photons pro-

duced by interactions of cosmic rays with ambient gas and photon fields,

are expected. Actually, diffuse emission from the galactic disk dominates

over the contribution of resolved sources. After removal of all, identified

and unidentified, objects the diffuse emission appears with several interest-

ing spatial and spectral features which reflect distributions of cosmic rays

and the interstellar gas in the galactic disk (see Chapter 4). The fluxes of
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diffuse gamma-radiation from the inner Galaxy detected by EGRET be-

tween 20 MeV and 10 GeV are shown in Fig. 4.20, together with fluxes at

lower energies measured by COMPTEL and by OSSE.

Diffuse high energy γ-ray emission is observed also at large galactic

latitudes. The bulk of the detected flux is believed to be of extragalactic

origin. Almost surely, a significant fraction of this component comes from

superposition of faint unresolved γ-ray sources, first of all from blazers,

and possibly also from more extended structures like galaxy clusters. There

may also be significant contributions from electromagnetic cascades in the

intergalactic medium triggered by interactions of very high energy γ-rays

from discrete sources with extragalactic photon fields (see Chapter 11). In

either case, the diffuse extragalactic radiation detected by EGRET up to

100 GeV shown in Fig. 1.3 contains unique cosmological information.

Below we briefly discuss three major high-energy source populations

detected by EGRET.

2.2.1 GeV blazars

Almost all AGN detected by EGRET belong to the blazar population -

objects characterised by nonthermal continuum emission with high radio

and optical polarizations and short timescale variability observed at all

wavelengths. In addition, EGRET has found evidence of γ-ray emission

from Centaurus A, a nearby radiogalaxy also detected by COMPTEL at

MeV energies.

The main contributors to the EGRET list of blazars (see e.g. Mukherjee

et al., 1997) reported with a high degree of confidence (at least 4σ detection

for high galactic latitudes, and 5σ detection for |b| ≤ 10◦) are the so-called

flat-spectrum radio quasars (FSRQs). Sixteen objects are identified with

BL Lac objects which are characterised by stronger polarization and weaker

optical lines than FSRQs. BL Lac objects are relatively closer and have

lower luminosities than FSRQs.

A significant fraction of GeV blazars, in particular 3C 273 and 3C 279,

exhibit apparent superluminal motion (Jorstad et al., 2001) detected

by VLBI radio observations. Many EGRET blazars show variability on

timescales of months. For many EGRET blazars, the study of short

timescale variability is limited by the γ-ray photon statistics. Neverthe-

less, short flares on timescales less than 10 h have been detected from very

strong objects like PKS 1622-297 and 3C 279.

The spectra of EGRET blazars are well-described by a simple power-law
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over the energy region from 30 MeV to 10 GeV, with an average photon

index ∼ 2.2. There is no evidence for spectral cutoffs, at least at energies

below 10 GeV. Also, there is no apparent correlation between the photon

indices and the source redshift (distance), despite a very strong luminosity-

redshift correlation, especially at low z. In Fig. 2.4 the spectra of two

EGRET blazars representing the FSRQ (3C 279 at z=0.538) and BL Lac

(1219+285 at z=0.102) AGN populations are shown. Remarkably, despite

almost 3 order of magnitude difference in apparent γ-ray luminosities, the

spectra of these object are quite similar.

The strongest GeV Blazars do not show TeV emission. Only three

EGRET blazars have been detected at TeV energies - Mkn 421, Mkn 501,

and PKS 2155-304, all three being low-redshift X-ray selected BL Lac

objects. At the same time all these three objects are weak GeV γ-ray

emitters. Actually this GeV-TeV anti-correlation agrees with expectation.

3C 273 1219+285

Fig. 2.4 Gamma-ray spectra of blazars 3C 279 and 1219+285 as representatives of
FSRQ and BL Lac source populations (from R. Mukherjee, 2001).
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The strong EGRET blazars are located at large distances, and therefore

TeV γ-rays emitted by these objects suffer severe intergalactic absorption

due to interactions with extragalactic diffuse infrared radiation (see Chap-

ter 10). Moreover, there are other reasons for the TeV-GeV anti-correlation

associated, for example, with essentially different conditions for particle ac-

celeration, as well as for the production and absorption of γ-rays in the jets

of radio-loud quasars and BL Lac objects. The significantly higher densi-

ties of infrared and optical photons in quasars not only provide effective

γ-ray production in these objects through inverse Compton scattering, but

also limit the maximum energy of accelerated electrons due to the same

process. As a result, one may expect a strong shift of both synchrotron

and inverse Compton peaks in the spectral energy distributions of powerful

blazars towards lower frequencies. Such a tendency of “becoming redder”

with increasing source bolometric luminosity is indeed observed (see Chap-

ter 10 and Fig. 10.4), although the picture could be, of course, more complex

and sophisticated compared to this simple interpretation. It is important

to note in this regard that the two brightest TeV blazars, Mkn 421 and

Mkn 501, have sub-luminal parsec-scale jets, in contrast to the apparently

superluminal jets of majority of GeV blazars detected by EGRET (Edwards

and Piner, 2002).

Unfortunately, the low TeV source statistics and low GeV photon statis-

tics do not allow any detailed quantitative studies of the links between the

TeV and GeV blazars. This issue could be properly addressed only after

having more information about both source populations, especially at the

intermediate energies around 100 GeV. Such information will be available

in the foreseeable future with GLAST (the Gamma-ray Large Area Space

Telescope) and the new generation of 100 GeV threshold Cherenkov tele-

scope arrays.

2.2.2 GeV pulsars

Pulsars - single neutron stars powered by fast rotation - are effective high

energy γ-ray emitters. Two prominent representatives of this source pop-

ulation, the Crab and Vela pulsars, were the first astronomical objects

discovered in high energy γ-rays. Together with the Geminga pulsar, they

are the brightest persistent γ-ray sources on the GeV sky. At least six

EGRET sources (with another 3 possible candidates) are identified with

pulsars. The multiwavelength spectral energy distributions of these objects

are shown in Fig. 2.1. Only in the case of the Crab pulsar does the luminos-
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ity peak at sub-MeV energies. For the other EGRET pulsars the dominant

power is released in the γ-ray band; in the case of PSR B1951+32 – be-

yond 10 GeV. Although the γ-ray spectra of all pulsars are very hard with

photon index ≤ 2, at higher energies one expects significant steepening or

a spectral cutoff. In some cases this can be directly seen in the highest

energy bins of EGRET data, or is implied from upper limits obtained at

TeV energies. A break around 10 GeV in the Vela spectrum is clearly seen

in Fig. 2.5.
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Fig. 2.5 High energy spectrum of the Vela pulsar. Heavy error bars - EGRET data.
Dotted line - prediction of the outer gap model (Romani, 1996), dashed line - prediction
of the polar cap model (Daugherty and Harding, 1996). The error bars shown at the
model curves are those expected from the 1 year survey of GLAST. (From Thompson,
2001).

Pulsars are characterised by their so-called light curves - indicators of

the time structure of emission of these astronomical clocks. The light curves

of all EGRET pulsars show a double-peak structure. The Crab light curve

above 100 MeV is rather similar to the light curves seen at other wave-

lengths, in both the pulse shape and phase. At the same time, the light

curve of Vela does not resemble the radio light curve. At present, these

differences, as well as some other peculiarities of GeV pulsars do not have a

convincing theoretical interpretation. The current two basic concepts based

on the polar cap and outer gap models (see Chapter 6), can explain cer-
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tain, but not all, features of individual pulsars. Therefore perhaps these two

models should be taken as only a first step in the direction of development

of a self-consistent theory of nonthermal radiation of radio pulsars.

Crab Vela B1706-44 Geminga
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Fig. 2.6 Light curves of four γ-ray pulsars at energies above 100 MeV and 5 GeV (from
Thompson, 2001).

Both the poor source statistics of the γ-ray pulsar population and poor

photon statistics of individual γ-ray pulsars do not allow conclusive tests

in favour of, or against, the polar cap and outer gap models. In Fig. 2.5

the energy spectra predicted by these two models for the Vela pulsar are

shown. While at energies below several GeV these models predict similar

γ-ray spectra, both being in good agreement with EGRET measurements,

at energies above 10 GeV the theoretical spectra are dramatically differ-

ent. Unfortunately, large statistical uncertainties in the EGRET data in

this crucial energy region do not allow us to give preference to either of

these models (note that the last spectral point in Fig. 2.5 is based on only

4 detected photons). GLAST (Thompson, 2001) and future low-energy
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threshold ground-based instruments like 5@5 (Aharonian and Bogovalov,

2003) will be able to discriminate between these two models. Moreover, the

statistics of detected γ-rays should be sufficient to probe the light curves

at different energies. The EGRET data show evidence of change of struc-

ture of light curves with energy. The light curves of four EGRET pulsars

with reasonable statistics in two energy bands, above 100 MeV and above

5 GeV, are shown in Fig. 2.6. The multi-GeV light curves are dominated

by one of the two pulses seen at lower energies (Thompson, 2001). There is

little doubt how crucial will be for the pulsar physics a confirmation of this

trend with much better photon statistics, and an extension of these studies

to even higher energies. Also, high photon statistics is a necessary condi-

tion for probes of possible irregular and regular (i.e. as a function of phase)

time-variations of γ-ray spectra. While GLAST can provide adequate de-

tection rates above 100 MeV, it might run out of ≥ 10 GeV photons at

given narrow phase intervals. Studies of the light curves at different ener-

gies, and the energy spectra at different phase intervals can be effectively

covered by sub-10 GeV threshold Cherenkov telescope arrays (Aharonian

and Bogovalov, 2003).

The high detector sensitivity is an important factor allowing effective

searches for periodic signals from γ-ray sources without relying on obser-

vations at other energy band. Because pulsars are not perfect clocks (their

periods increase with time due to rotational losses), it is important to ac-

cumulate photon statistics adequate for search for periodic signals during

rather short periods (say less than 1 day), thus any change of a signal’s

phase can be ignored. The superior sensitivities of GLAST and 5@5 should

allow to increase significantly the number of γ-ray pulsars, as well as to re-

veal the pulsed emission component from a number of unidentified EGRET

sources, if they have indeed pulsar origin.

2.2.3 Unidentified EGRET sources

Almost 2/3 of sources from the 3rd EGRET Catalog are not yet identified

with known astrophysical objects. Although a number of potential identi-

fications have been suggested, the origin of the major fraction of the high

energy γ-ray sources remains a mystery. Although it is quite possible that

a part of these sources constitute a new class of astrophysical objects that

shine mainly in γ-rays, the poor angular resolution of EGRET is likely to be

the major reason for such a large fraction of unidentified objects. The main

hope of solving the puzzle of unidentified EGRET sources is the GLAST
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mission, and perhaps also future low-energy threshold ground based γ-ray

detectors. On the other hand, statistical studies of the properties of these

objects, as well as continuation of multiwavelength probes of environments

surrounding unidentified γ-ray sources (“source by source analysis”) is an

important approach to be continued during the next several years – be-

fore GLAST comes on line. The multiwavelength studies of unidentified

EGRET sources will have also an important impact on preparation of the

observation programs of GLAST and ground-based detectors.

The statistical studies allow differentiation of characteristics of unidenti-

fied sources that might give a hint for a possible links of the EGRET sources

to certain source populations. Such a study (Gehrels et al., 2000) shows

that indeed the stable (time-independent) EGRET sources are grouped

in two populations when characterised by the spectral indices and the

logN-logS distributions. Namely, it is found that brighter sources with

harder energy spectra are concentrated at low galactic latitudes (|b| ≤ 5◦),

while fainter and softer ones are located at medium galactic latitudes

(5◦ ≤ |b| ≤ 30◦).

A rather smooth longitude profile of about 50 low-latitude sources sets a

limit to their distance of a few kpc (Grenier, 2001). Most of these sources do

not show signs of variability. Although it is not possible to link these objects

to a single class of galactic sources, their positions seem to correlate with

objects which are believed to be tracers of active star formations regions

in our Galaxy - HII regions, pulsars, SNRs, OB associations. It has been

argued (Romero et al., 1999) that 22 of these sources can be associated

with SNRs and 26 with OB association, with ten sources coincident with

both SNRs and OB association – regions called SNOBs (Montmerle, 1979).

Using the known distances of counterparts, the luminosities of γ-ray sources

are estimated between 1034 − 1035 erg/s, in a good agreement with the

luminosity estimates inferred from the global spatial distribution (Grenier,

2001). There is a very large dispersion in photon indices of these sources

ranging from 1.7 to 3.1. At first glance, this contradicts the assumption

that all these objects belong the same source population. However, such

a dispersion can be readily explained, provided that γ-rays are produced

by interactions of cosmic rays with molecular clouds, and that the particle

accelerator is separated from the target/cloud (Aharonian, 2001a).

Actually, the large γ-ray luminosities up to 1035 erg/s require a com-

bination of a powerful accelerator (e.g. a relatively young SNR shell or

a pulsar or a microquasar) coupled with a nearby dense gas target. On

the other hand, the accelerators hardly can operate effectively in dense
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environments. Therefore, both the dispersion of photon indices and large

luminosities provide an argument that γ-rays are produced in systems like

SNRs interacting with dense molecular clouds. Motivated by this argu-

ment, Torres et al. (2003) looked at the positional coincidences between

unidentified EGRET sources and the regions around SNRs, namely, “en-

larging” the size of the SNR by a half degree. They found approximately

30 coincidences of this kind. Interestingly, the associations of unidentified

EGRET sources with SNRs are strongest for remnants close to molecular

clouds. However, it should be noticed that no supernova remnant has yet

been firmly detected in high energy γ-rays. The probability for chance

alignment is quite high, exceeding 0.1 per cent (Grenier, 2001).

Representatives of some other galactic source populations like collid-

ing winds in Wolf-Rayet binaries (Benaglia and Romero, 2002), plerions

(Roberts et al., 2001) and microquasars (Parades et al., 2000; Kaufman

Bernado et al., 2002) have been suggested as possible counterparts of low-

latitude EGRET sources. In particular, recent searches of X-ray regions

by ASCA in the fields containing bright sources of GeV emission, resulted

in discovery of several hard X-ray sources, presumably pulsar-driven nebu-

lae, positionally coincident with unidentified sources of GeV γ-ray emission

(Roberts et al., 2001).

Although the EGRET observations did not reveal γ-ray fluxes from

the most prominent microquasars like GRS 1915+105, galactic X-ray bina-

ries with relativistic jets have been proposed as new potential candidates.

This hypothesis recently received interesting support based on the posi-

tional coincidence of the microquasar LS 5039 with an unidentified GeV

source (Paredes et al., 2000). If confirmed, this would perhaps require re-

consideration of a general sceptical view (see however, Mori et al., 1997

and Vestrand et al., 1997) that EGRET detections of GeV γ-rays from

directions of the X-ray binaries Cyg X-3 (presumably a microquasar, or

even microblazar) and Cen X-3 are results of random coincidence. Unlike

shell type SNRs, Giant Molecular Clouds (GMCs) and plerions, galactic jet

sources are variable objects on timescales down to 1 day or less. Therefore

at present they seem to offer one of a few possibilities for interpretation of

variable low-latitude unidentified γ-ray sources.

Whereas there is no shortage in candidates as counterparts for low-

latitude unidentified EGRET sources, away from the galactic plane the

situation is reversed. The error boxes of many of unidentified high-latitude

EGRET sources are “empty”. Approximately half of the ≈ 130 sources

above |b| = 2.5◦ are variable. The large scale height of variable sources, as
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well as their spectral shapes indicate that this subset of high latitude sources

is likely to consist largely of blazars. On the other hand, the distribution

of the persistent sources closely follows the curved lane of a local (within

a few 100 pc) structure at medium galactic latitudes called the Gould Belt

(Gehrels et al., 2000, Grenier, 2001). Like in the galactic plane, several

type of objects could be counterparts of EGRET sources. Among such

sources are massive stars in OB associations with highly supersonic winds

which can supply relativistic particles, e.g. through terminal shocks, for

further production of γ-rays at interactions with dense ambient gas or

photon fields. Pulsars born in the Gould Belt during the last 3 million years

(Grenier and Perrot, 1999) are currently discussed as another promising

candidate. Harding and Zhang (2001) have recently noticed that off-beam

γ-ray pulsars in the Gould Belt, i.e. those viewed at large angles to the

neutron star magnetic pole, can qualitatively match both the detected γ-ray

fluxes and the number of EGRET sources at medium galactic latitudes. If

so, GLAST and 5@5 type ground-based instruments will be able, as argued

above, to detect γ-ray pulsations from most of these sources.

2.3 The Status of Ground-Based Gamma Ray Astronomy

2.3.1 Brief historical review

Gamma-rays interacting with the Earth’s atmosphere initiate electromag-

netic cascades. At sufficiently high energies the number of cascade parti-

cles is sufficient to obtain adequate information about the energy, direction

and type of primary particles based on the study of spatial and temporal

properties of secondary cascade products. Therefore the arrays of particle

(electron, muon, hadron) detectors used in the traditional cosmic ray ex-

periments can serve as effective tools also for a search for sources of very

high energy γ-rays. In the 1980s, trying to pursue this technique, several

cosmic ray groups reported the detection of excess events over the isotropic

cosmic ray background from the direction of famous X-ray binaries Cygnus

X-3 (see e.g. Samorski and Stamm, 1983; Lloyd-Evans et al., 1983), and

Her X-1 (Dingus et al., 1988). Actually, claims of detection of γ-rays from

Cygnus X-3 at lower, TeV energies were first made in the mid 1970s (by

the Crimean group) and continued through the mid 1980s (by the Whipple,

Durham, Haleakala and some other groups). This controversial episode in

gamma-ray astronomy is described in a review article by Weekes (1992).

These exciting reports initiated new air-shower arrays specifically de-
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signed for γ-ray studies, in particular the CASA-MIA (Borione et al.,

1994), and HEGRA (Karle et al., 1995) detectors with significantly

improved sensitivities, lower energy thresholds, and relatively effective

hadron/γ separation capabilities. The all-sky surveys by these detectors

did not, however, reveal point sources of γ-rays (Cronin et al., 1993) down

to flux levels of ∼ 10−14 ph/cm2s above 100 TeV. To a certain extent,

this cannot be interpreted as a big surprise. The production of such ener-

getic photons requires charged parent particles of energy exceeding several

times ∼ 1014 eV. Although the spectrum of cosmic rays extends up to

1020 eV, it is quite possible that the acceleration efficiency of protons in

the galactic sources, in particular in SNRs, drops at 100 TeV/amu (see

Chapter 5). Thus even in the presence of dense target material, the π0-

decay γ-ray emission above 10 TeV is expected to be strongly suppressed.

The problem of the high-energy cutoff exists, actually even more seriously,

also for the second important channel of γ-ray production through the in-

verse Compton scattering. The severe synchrotron losses and reduction of

the cross-section of the Compton scattering due to the Klein-Nishina effect

make this mechanism at such high energies much less efficient than in the

TeV region.

From this point of view, nonthermal extragalactic sources like the jets

in powerful radiogalaxies and quasars, and the rich galaxy clusters that can

accelerate protons well beyond 1015 eV, are certainly more promising ob-

jects for 100 TeV observations. But, unfortunately, because of absorption in

the extragalactic radiation fields, only a small part of the local intergalactic

space within a few Mpc is transparent for ≥ 100 TeV γ-rays.

Thus, by reduction of the energy threshold of detection methods down

to 10 TeV and below one may hope to boost the chances of discovery of

VHE γ-ray sources both in and beyond of our Galaxy. Such sources have

been indeed detected, due to the successful realization of the the so-called

Imaging Atmospheric Cherenkov Telescope (IACT) technique.

A remarkable feature of this technique is its high detection rate capa-

bility, a consequence of the large integration area of air showers. Even

a simple device consisting of a fast (nanosecond) detector of optical radi-

ation (a photomultiplier) in the focal plane of a modest both in quality

and size (≈ 10 m2) reflector, can provide huge, as large as 3 × 108 m2,

area for detection of 1 TeV γ-rays. However, the goal cannot be achieved

without an effective method of suppression of several heavy backgrounds

of different origin. For example, such a simple device cannot distinguish

between electromagnetic and hadronic showers, and thus works also as an
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effective collector of cosmic rays, the flux of which exceeds by several or-

ders of magnitude the flux of γ-rays. This obviously limits the sensitivity

of the instrument as a γ-ray detector. Another background caused by the

integrated light from the night-sky, limits the minimum detectable energy

of γ-rays. Fortunately, the imaging technique provides an adequate back-

ground rejection power (see below). The reported TeV γ-ray signals from

more than 10 astrophysical objects by several instruments installed in both

the northern (Whipple, HEGRA, CAT, Telescope Array, CrAO, SHALON,

TACTIC) and southern (CANGAROO, Durham) hemispheres basically

proved the early theoretical predictions (Hillas, 1995) concerning the po-

tential of this technique.

The first Cherenkov light pulses from atmospheric air showers were

registered by Galbraith and Jelley in 1953. The attempt to pursue the

detection of γ-rays from astrophysical sources with the first atmospheric

Cerenkov telescopes (Jelley and Porter, 1963, Chudakov et al., 1965) re-

sulted in meaningful upper limits that appeared below the optimistic theo-

retical predictions. Several years later the first positive signal was reported

from the Crab Nebula. The result was obtained with a 10-meter-diameter

Cherenkov telescope completed in 1968 at Mt. Hopkins in southern Ari-

zona. In contrast to the high mechanical and optical qualities of this tele-

scope, which after more than 30 years still remains one of the best in the

field, the focal plane instrumentation was relatively primitive, thus only a

marginal signal at a level of ≈ 3σ was revealed after 150 hours of observa-

tions accumulated during 1969-1972 (Fazio et al., 1972).

For the next 10 years or so the field languished. The activity in ground

based observations significantly declined, and the interest was shifted to

two successful satellite-based experiments, SAS-II and COS B, that opened

up the observational gamma-ray astronomy at energies above 100 MeV.

But in the mid 1980s the interest in ground-based observation turned back,

motivated basically by the above mentioned claimed of unusual signals from

Cygnus X-3 and some other X-ray binaries (for a review see Weekes, 1992).

Even more astonishment was introduced by the claims of periodic signals

from Cyg X-3 by underground experiments originally designed for searches

for proton decays. However, despite the number of claimed detections, each

individual result did not exceed a few-standard-deviations significance, and

as observations improved in sensitivity, the signal from Cyg X-3 appeared

to diminish proportionally.

It should be noticed, however, that this disappointing episode in the his-

tory of gamma-ray astronomy had also positive impacts. Since the unusual
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“signals” from Cyg X-3 could not be explained in the framework of conven-

tional physics, it attracted many experienced specialists from other fields,

in particular from the high energy physicists community, and initiated a

new research area called Astroparticle Physics – currently a very popular

discipline, albeit with somewhat different (from the 1980s) emphasis on the

potential topics and priorities.

Also, as the interest in confirming the existence of TeV signals from

Cygnus X-3 began to peak, the Crimean group led by A.A. Stepanian and

the Whipple group led by T.C. Weekes started practical steps in the di-

rection of improving the sensitivity of the Cherenkov telescopes by imple-

menting the imaging technique. The idea was that the analysis of the

angular distribution of the Cherenkov radiation of air-showers should al-

low a significant reduction of the cosmic ray background. Hillas (1985)

clearly demonstrated that indeed the analysis of the second moments of the

Cherenkov images of air showers – as detected by a high quality mirror with

a multi-channel imaging camera at its focus – should be able to discrimi-

nate between the γ-ray and proton- induced showers, and thus to improve

significantly the signal-to-noise ratio. The exploitation of this technique by

the Whipple telescope equipped with a 37-photomultiplier camera resulted

in the first high-confidence detection of TeV γ-rays from an astrophysical

object - a 9σ γ-ray signal from the Crab Nebula (Weekes et al., 1989). The

construction of a new 109-channel camera, as well as subsequent improve-

ments in the data analysis technique soon led to new important discoveries

with this telescope - the detection of γ-rays from Mkn 421 (Punch et al.,

al. 1992) and Mkn 501 (Quinn et al., 1996).

With arrival of several new projects in the mid 1990s – the CANGA-

ROO 3.8m, Durham (both in Australia), CAT in the French Pyrenees, the

HEGRA telescope system on the Canary Island La Palma, the Telescope

Array in Utah (USA), G-48 in Crimea and some others, vigorous activity

commenced with a hope to increase significantly the number of TeV γ-ray

sources. Perhaps one may conclude that, in the sense of number of dis-

covered objects, the hope has been only partly fulfilled. Presently, 6 to 8

objects are firmly established as γ-ray emitters, whereas another 10 or so

are considered as likely candidates. However, the achievements of the field,

in particular the astrophysical significance of the reported results, cannot

be reduced to the number of detected sources. For example, the recent com-

prehensive studies of spectral and temporal characteristic of TeV emission

of Mkn 421 and Mkn 501 by the CAT, HEGRA and Whipple IACTs on

timescales down to 1 hour, yielded perhaps the highest experimental qual-
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ity achieved in gamma-ray astronomy, including the MeV and GeV bands.

It is difficult to overestimate the significance of these observations for the

current models of nonthermal processes in the relativistic jets of blazars.

The same is true for TeV γ-ray emission reported from three shell type su-

pernova remnants, SN 1006, RX J1713.7-3946 (CANGAROO) and Cas A

(HEGRA), for understanding of the origin of galactic cosmic rays. Several

TeV sources have been detected by the HEGRA stereoscopic telescope sys-

tem at the flux level as small as 10−12 erg/cm2s, and localised within a

few arcminutes. This is a remarkable accomplishment that can be achieved

at MeV/GeV energies only with the next generation satellite-borne instru-

ments like GLAST. The number of TeV sources is growing rather fast, and

hopefully many more sources will be found with the forthcoming IACT ar-

rays CANGAROO-III, H.E.S.S., MAGIC and VERITAS. These detectors

will operate at thresholds around 100 GeV, and provide flux sensitivity at

TeV energies down to 10−13 erg/cm2s. This should lead, hopefully in the

near future, to a dramatic growth in the number of VHE sources.

2.3.2 Reported TeV sources

The sources reported as TeV γ-ray emitters by different groups are shown

in Fig. 1.1. They are referred to two categories of detection – “confirmed”

(by the same or an independent group) and “not confirmed”. Actually,

such a division is rather conditional, and does not fully describe the ambi-

guity of conclusions concerning the confidence level of the reported results.

Some of these sources are detected with very high, 10σ or more, statistical

significance and are confirmed by at least two independent groups. Some

others have been detected at high confidence level, e.g. with more than

6σ significance, although only by a single group. Finally, several reports

claiming detection of new TeV sources have not been confirmed by follow-

up observations by the same or by other groups. Currently, the latter is

considered as a key condition to ensure membership of the “VHE Source

Club”. Although generally well justified, this robust condition should be

applied cautiously, especially when it concerns a priori or suspected vari-

able objects. On the other hand, one should not overemphasise the claimed

very high statistical significance of some detections, because sometimes the

large “sigmas” are obtained after optimisation of the image parameter cuts.

Also, in some cases the systematic effects are neglected, although they in

fact may dominate over the statistical uncertainties. The necessity of inde-

pendent observations in such cases cannot be questioned.
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GALACTIC SOURCES

2.3.2.1 The Crab Nebula

The Crab Nebula, one of the most prominent objects in the sky, is a unique

particle accelerator. The undisputed synchrotron nature of the non-thermal

radiation from radio to low energy γ-rays (see Fig. 2.7) indicates the ex-

istence of relativistic electrons of energies up to 1016 eV. Given the large

magnetic field in the nebula, B ≥ 100 µG, this implies an extremely effec-

tive acceleration at a rate quite close to the maximum possible rate allowed

by classical electrodynamics. The Compton scattering of the same electrons

Fig. 2.7 Nonthermal radiation of the Crab Nebula from radio to very high energy γ-
rays. The solid and dashed curves correspond to the synchrotron and inverse Compton
components of radiation, respectively, calculated in the framework of the spherically
symmetric MHD wind model. The vertical arrows indicated the ranges of characteristic
frequencies of synchrotron photons emitted by electrons of different energies.

leads to effective TeV γ-ray emission. Despite different approaches and ac-

curacies of calculations performed by many authors in the past, the Crab

Nebula was confidently predicted as a strong VHE γ-ray source. Since the

first positive report by the Whipple collaboration (Weekes et al., 1999), the

Crab Nebula has been detected by more than 10 independent groups us-

ing different ground-based techniques. Presently the reported fluxes cover a

very broad energy range that extends from 60 GeV (de Naurois et al., 2002)

to 20 TeV (Aharonian et al., 2000a) or even to higher energies (Tanimori
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et al., 1998a; Horns et al., 2003).

As the brightest persistent TeV source seen effectively from both hemi-

spheres, the Crab Nebula has become the standard candle for cross-

calibration of different detectors. Currently, this is often treated as the

most important aspect of ground-based γ-ray observations of Crab, as-

suming that the “astrophysical” objectives are already achieved, given the

good agreement between the reported fluxes and the theoretical predic-

tions (see Fig. 2.7). However, many details remain unresolved (see Sec.

6.3.1 in Chapter 6), and should be addressed by future observations with

significantly improved performance in the entire γ-ray domain.

Probing the magnetic fields and electrons. The most informative

frequency band to probe the acceleration site(s) and the character of prop-

agation of electrons is the X-ray domain. Chandra, with its sub-arcsecond

imaging capability and excellent spectral resolution, is an ideal instrument

for such studies. However, the synchrotron data alone tell us only about the

product of the magnetic field strength and the density of relativistic elec-

trons. These parameters can be disentangled using additional information

contained in γ-rays. Since the TeV γ-rays are produced by IC scattering of

electrons responsible also for the observed X-rays, an estimate of the mag-

netic field based on keV/TeV data concerns the central r ∼ 0.5 pc region

of the nebula. This corresponds to less than 1 arcmin angular size of the

region surrounding the central pulsar. The HEGRA collaboration using its

stereoscopic system of 5 IACTs with an angular resolution ≈ 0.1◦, set an

interesting limit on the angular size of the TeV emission of about 1.5 arcmin

(Aharonian et al., 2000b), confirming that the TeV γ-rays indeed originate

in the central part of the nebula. But unfortunately this constraint is not

yet sufficient for more definite conclusions about the standard wind termi-

nation shock model. The accuracy of the determination of arrival direction

of individual γ-rays by future stereoscopic “100 GeV” threshold arrays in

the high energy (TeV) domain is expected to be better than a few arcmin.

This, combined with large TeV photon statistics, may allow, hopefully, an

adequate mapping of the source on ≤ 1 arcmin scales, and thus provide an

accurate estimate of the magnetic field in the most interesting sub-pc part

of the central region of the nebula.

In all models of the Crab Nebula the calculations of IC fluxes are “con-

trolled” by the observed X-ray flux. The X-ray emission of the Crab Nebula

has a distinct axisymmetrical structure (see Fig. 6.14). This is strong evi-

dence that most of the rotational energy of the pulsar is released in the form



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

Status of the Field 49

of a wind which flows out from the pulsar equator. It is natural to expect

that the observed TeV fluxes are produced in the same region of X-torus.

However, it is difficult to avoid a suspicion that the real picture is more

complex. In particular, if the B-field in this region is significantly enhanced

and exceeds 0.2 mG, the γ-radiation from the X-torus cannot explain the

observed TeV flux. If so, an alternative site for γ-ray production could be

regions outside of the X-ray torus, i.e. the parts of the nebula powered

by a possible quasi-spherical component of the wind. Although the energy

budget of this component of the wind should be significantly less than the

luminosity of the equatorial wind, the observed flux of TeV radiation can be

achieved assuming a smaller magnetic field in this region. The existence of

non-equatorial outflow from the pulsar can be examined by future detailed

spatial and spectrometric studies in the X- and TeV γ-ray regimes.

Within the IC models of γ-radiation, the magnetic field in outer parts

of the (optical) nebula can be best probed by sub-100 GeV IACT arrays in

the northern hemisphere. The angular resolution of the VERITAS telescope

array at the threshold of 50-100 GeV is expected to be close to 0.1◦ which

should be sufficient for extraction of such important information. The flux

sensitivity and angular resolution of GLAST can provide a complementary

study at lower energies (see Fig. 1.2). And finally, the γ-ray fluxes above

E ≥ 10 TeV combined with hard X-ray/low energy γ-ray data, should allow

determination of the magnetic field in the vicinity of the wind shock front

at r ∼ 0.1 pc. This compact region cannot be spatially resolved by γ-ray

instruments. Nevertheless an indirect “identification” of this region could

be possible by detection of time variability of the highest energy tail of

γ-ray spectrum on timescales of several months, expected because of the

unsteady structure of the shock and rapid synchrotron losses of 100 TeV

electrons.

Searching for gamma-rays of “hadronic” origin. The shape of

the IC spectrum is rather stable to the basic parameters of the nebula,

and can be predicted with high confidence. While at GeV energies the

IC spectrum is very hard with a power-law index αγ ≈ 1.5, in the VHE

region the spectrum gradually steepens from αγ ≈ 2 at E ∼ 100 GeV

to αγ ≈ 2.5 − 2.6 at E ∼ 1 TeV, and αγ ≈ 2.7 at E ∼ 10 TeV. This

behaviour, which implies an almost constant slope between 1 and 10 TeV,

but significant flattening around 100 GeV, is in general agreement with

high energy results (e.g. Hillas et al., 1998, Aharonian et al., 2000a), and

with the recently measured flux at 60 GeV (de Naurois et al., 2002) by
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CELESTE – a Cherenkov-wave-front detector using a former solar plant

at the Themis site in the French Pyrenees (see Fig. 1.2). But for a final

conclusion, detailed spectral measurements in the transition region around

100 GeV are needed. It can be done by VERITAS and MAGIC at energies

around 100 GeV, and by GLAST at lower energies. Another crucial test can

be provided by precise spectrometric measurements at the highest energies

well above 10 TeV. In particular, the confirmation of relatively flat, ∝
E−2.6 type, spectrum extending well beyond 20 TeV as reported by the

CANGAROO (Tanimori et al., 1998a) and HEGRA (Horns et al., 2003)

groups, would perhaps require an additional radiation mechanism. The

γ-rays of π0 origin seem to be an interesting possibility (see Sec. 6.3.1

in Chapter 6). Because of the limited energy budget determined by the

spin-down luminosity of the pulsar, this hypothesis requires an ambient

gas density neff in the γ-ray production region exceeding by an order of

magnitude the average density of the nebula, n̄ ≈ 5 cm−3. This seems quite

unlikely, however cannot not be excluded, e.g. due to possible effective

confinement of protons in dense filaments. If so, this should unavoidably

result also in an enhanced contribution from electron bremsstrahlung, and,

as a consequence, in a noticeably higher γ-ray flux at 100 GeV compared

to the pure IC flux. The recent CELESTE measurement of a relatively low

flux at 60 GeV does not support this hypothesis, but further studies are

needed for a final conclusion.

Searching for gamma-ray signatures of the unshocked wind. The

Crab Nebula and other plerions are powered through the termination shocks

of the cold ultrarelativistic electron-positron wind with a bulk motion

Lorentz factor as large as Γ ∼ 106. It is believed that the region between

the pulsar magnetosphere and the shock, where almost all the rotational

energy of the pulsar is somehow released in the form of kinetic energy of the

wind, is invisible – despite the large Lorentz factor, the wind electrons move

together with the magnetic field and thus do not emit synchrotron radia-

tion. Even so, the wind can be directly observed through the bulk motion

Comptonization caused by illumination of the wind (Bogovalov and Aharo-

nian, 2000). This radiation has distinct spectral characteristics depending

essentially on the position of the “birthplace” of the particle dominated

wind (i.e. the site where the Poynting flux dominated wind undergoes to

the regime dominated by the kinetic energy of particles), as well as on the

Lorentz-factor and the geometry of propagation of the wind (see Sec. 6.2

of Chapter 6). Thus, dedicated searches for such specific radiation com-
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ponents in the Crab spectrum may provide unique (not accessible at other

wavelengths) information about the unshocked pulsar wind. In particular,

they can “localise” the region of formation of the particle dominated wind,

and “measure” the Lorentz factor of the wind.

2.3.2.2 Other plerions

The existence of the bright synchrotron nebula around the Crab pulsar very

often is interpreted as a crucial condition for effective production of IC γ-

rays. In fact, the strong magnetic field in the Crab Nebula produced by

the strong wind only reduces the γ-ray production efficiency. Indeed, the

energy density of the B-field exceeds by more than two orders of magnitude

the radiation density, thus only ≤ 1 per cent of the energy of accelerated

electrons is converted to the IC γ-rays, the rest being emitted in the form of

synchrotron X-rays. In other plerions with significantly weaker winds, the

resulting nebular B-fields are more than one order of magnitude smaller,

which makes these objects more effective γ-ray emitters. The main target

photons for inverse Compton scattering in these objects is contributed by

the 2.7 K CMBR, therefore the radiative loss of electrons is shared between

synchrotron and IC channels as Lγ/LX = wMBR/wB ' 1 (B/3µG)−2. In a

plerion with nebular magnetic field less than 30 µG, the γ-ray production

efficiency should exceed 1 per cent, given that the cooling time of ≥ 10 TeV

electrons (≈ 1000 yr) is less than the age of typical plerions. This is by an

order of magnitude more efficient than the γ-ray production in the Crab

Nebula. Correspondingly, one may expect that the next generation IACT

arrays with sensitivity better than 10 mCrab should be able to probe TeV

γ-ray emission from plerions containing pulsars with the so-called “spin-

down” energy flux S0 = (L0/1037 erg/s)(d/1 kpc)−2 ≥ 10−3 (see Sec. 6.4).

Tens of pulsars with S0 ≥ 10−3 are found in our Galaxy. This provides

optimism that IC γ-ray nebulae surrounding some selected pulsars finally

will be detected.

In fact, three plerions in the Southern Hemisphere – PSR B1706-44,

Vela, and PSR B1508-58 – have been already claimed by the CANGAROO

group as TeV emitters. While the statistical significance of the signal from

PSR B1706-44 detected by the first 3.8m diameter CANGAROO telescope

(Kifune et al., 1995) was quite high, and later claimed to be confirmed

both by the Durham group (Chadwick et al., 1998a) and by the new 10m

CANGAROO telescope (Kushida et al., 2003), the reports on tentative

detection of TeV emission from Vela and PSR B1509-58 with the 3.8m
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CANGAROO telescope are not yet confirmed by other measurements.

Although above we argued that one should expect TeV γ-ray emission

from some selected plerions, the reported fluxes of both PSR 1706-44

and Vela are too high to be easily accommodated by the conventional

synchrotron-inverse Compton models.

PSR B1706-44. Generally, it is reasonable to assume that the unpulsed

TeV radiation from PSR B1706-44 is not directly connected with the 102

ms EGRET pulsar, but rather originates in the surrounding IC nebula with

a total TeV γ-ray luminosity LTeV ∼ 1033 erg/s. But the problem is that

the X-ray luminosity of the region around the pulsar within 1 arcmin is a

factor of 3 below the γ-ray luminosity. This is a rather unexpected result,

and puts very tight limits on the parameters characterising the TeV γ-ray

production region. Indeed, assuming that the X-rays and TeV γ-rays are

produced in the same region, we come to the conclusion of an uncomfortably

low (for a pulsar wind nebula) magnetic field, B < 3µG. A possible way

to avoid the problem of such a low B-field is to assume that the electrons

occupy a significantly larger region than the ≤ 1 arcmin (unresolved by

ROSAT) synchrotron X-ray nebula. This could be realized if the ≥ 10 TeV

electrons quickly leave (e.g. due to the diffusive propagation) the pulsar

wind nebula with a conventional, e.g. B ∼ 10µG field, and enter the

interstellar medium with much lower field. There they upscatter the 2.7 K

CMBR photons and thus produce the bulk of the observed TeV flux. This

scenario, discussed in Sec. 6.4 of Chapter 6, can be inspected through

spectral and morphological studies of X- and γ-ray emission components

by more powerful detectors like XMM-Newton and H.E.S.S.

Vela. In addition to the high TeV/X-ray flux ratio, the TeV signal of this

source contains another puzzle. Surprisingly, the γ-ray production region

reported by the CANGAROO group is offset from the Vela pulsar position

by about 0.13◦. It has been claimed that the position of the γ-ray excess

coincides with the supposed “birthplace” of the pulsar as determined from

its age and proper motion. The total γ-ray luminosity above 1.3 TeV is

estimated as Lγ ∼ 1033 erg/s.

Despite a calm reaction from the gamma-ray community to this result

(“why not ?”), the most natural inverse Compton interpretation of the

observed TeV emission faces very serious difficulties. The simplest solution

would be (from the point of view of a theorist) that both the reported flux

and the position of the TeV source are not correct. On the other hand, in

the case of confirmation of these results, one would need to invoke certain
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extraordinary assumptions concerning both the origin of the electrons and

the strength of the ambient magnetic field.

The X-ray luminosity of the same region seen by ROSAT and ASCA

does not significantly exceed 1032 erg/s (Harding et al., 1997), an order of

magnitude less than the TeV luminosity. Thus, in a one-zone synchrotron-

Compton model, the magnetic field cannot exceed a few µG. This implies

that the pressure of relativistic electrons in the X-ray hot spot exceeds by

two orders of magnitude the pressure of the B-field. Formally we cannot

exclude the scenario with an effective escape of electrons, provided that the

escape is compensated by continuous particle acceleration. However, since

the B-field in the nebula is believed to be much stronger, the escape of

electrons should produce an X-ray image with a hole rather than a hot spot

in the γ-ray production region. These difficulties of the hypothesis that

we are dealing with long-lived particles left in a trail by the pulsar after it

moved from its birthplace (Harding et al., 1997), can be somehow toler-

ated, if we assume that the TeV γ-rays are of hadronic origin, i.e. they are

produced by interactions of “relic” energetic protons with the ambient gas

(Aharonian, 1999). The required total energy in “relic” protons could be

reduced down to a reasonable amount of Wp ' 1049 erg if we assume that

the ambient gas density in this region is significantly higher than outside,

e.g. n = 10 cm−3. For effective confinement of particles in this region with

a size of R ∼ 1 pc the B-field should be close to its equipartition value,

i.e. B = (6Wp/R
3)1/2 ' 1 mG. In principle, both the relativistic particles

and the B-field could be created by the powerful relativistic wind of the

“baby” pulsar. An alternative source could be the kinetic energy released

at the supernova explosion. Obviously, the ‘relic’ electrons could not sur-

vive severe synchrotron losses in a such strong magnetic field. At the same

time, the X-ray emission of the hot spot still could be explained by the syn-

chrotron radiation of secondary (π±-decay) electrons and positrons. The

energy released in secondary electrons at p-p interactions depends on the

spectrum of protons; for hard proton spectra it could be as large as half

of the energy transferred to π0-decay γ-rays. The secondary TeV electrons

quickly lose their energy in the form of synchrotron X-rays. Thus, even

within this pure ‘hadronic’ scenario the TeV radiation should be accom-

panied with non-negligible nonthermal X-ray emission. Unfortunately, the

lack of adequate spectral information in X-ray and TeV regions does not

allow more quantitative conclusions about the parameters characterising

the TeV source.
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2.3.2.3 Gamma ray pulsars

The first realistic attempts of using the atmospheric Cherenkov technique

for the detection of VHE γ-ray sources in the late 1960s coincided with

the great discovery of pulsars. Since then pulsars have been in the highest

priority target lists of many Cherenkov groups, although, as we understand

now, this idea does not have a solid theoretical background, and there is no

much hope to detect magnetospheric TeV γ-ray emission even from pulsars

that are bright in GeV γ-rays. Actually, there were several reports of pos-

sible detections of pulsed TeV radiation, in particular from the Crab and

Geminga pulsars, however follow-up observations with more sensitive imag-

ing telescopes failed to confirm these early claims. The upper limits of TeV

radiation from the MeV/GeV pulsars are shown in Fig. 2.1. These agree

with the models which predict intrinsic spectral cutoffs beyond 10 GeV. Ir-

respective of details of these models, it is likely that flat GeV γ-ray spectra

should significantly steepen at higher energies due to attenuation caused by

pair production in the pulsar magnetic field. The position of the spectral

turnover depends essentially on the localisation of the γ-ray production re-

gion(s). Thus, spectrometric measurements at energies above 10 GeV by

GLAST, and, possibly, also by very low-threshold (sub-20 GeV) ground

based detectors may provide a crucial test for different scenarios of particle

acceleration in pulsar magnetospheres.

Meanwhile, the outer magnetosphere gap models predict a new hard

component of γ-radiation produced due to the inverse Compton mecha-

nism in the outer magnetosphere (Chapter 6). An interesting feature of

this radiation is its hard spectrum below 1 TeV, with a sharp cutoff of

several TeV. Thus, the most promising energy region for detection of this

component seems to be a rather narrow interval around a few TeV (Ro-

mani, 1996). In particular, the calculations for the Vela pulsar predict that

the energy flux in pulsed TeV γ-rays could exceed 0.1% of the pulsed GeV

flux (Romani, 1996). A strong upper limit on the flux from the Vela pulsar

reported by the CANGAROO collaboration (Yoshikoshi et al., 1997) at

the “right” energies (see Fig. 2.1) is quite close to the predicted flux.

2.3.2.4 Gamma rays from supernova remnants

It is believed that cosmic rays below the so-called “knee” around 1 PeV

have galactic origin and are produced in shell-type SNRs (see Chapters 4

and 5). The arguments leading to this important statement are, however,

indirect and rather circumstantial. If SNRs are the principal sources of
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galactic cosmic rays providing the bulk of the observed flux, and if the par-

ticle acceleration proceeds through the so-called diffusive shock acceleration

mechanism, then the relatively young remnants should be visible in γ-rays,

first of all at TeV energies. Thus, the detection of positive TeV signals of

hadronic origin from SNRs would provide the first straightforward proof

of the shock acceleration of cosmic ray protons and nuclei in these objects

(see Chapter 5). On the other hand, the failure to detect π0-decay γ-ray

signals from several selected SNRs would impose strong constraints on the

overall energy in accelerated protons per SNR, WCR ≤ 1049 − 1050 erg.

Contrary to the current belief, this would indicate an inability of the en-

semble of galactic SNRs to explain the observed cosmic ray flux. Motivated

by a perspective to make an important contribution to the solution of the

long-standing problem of origin of galactic cosmic rays, the HEGRA, CAN-

GAROO and Whipple collaborations have conducted extensive programs

of observations of young and mid-age galactic shell-type SNRs.

The first attempts led to the flux upper limits from several “good can-

didate” SNRs. The Whipple collaboration has published the results of

observations of six SNRs (Buckley et al., 1998) shown in Fig.2.8, together

with the flux upper limits at higher energies obtained by air shower arrays.

The low-energy γ-ray measurements by EGRET from the directions close

to three of these SNRs, IC 443, γ Cygni, and W44, are also shown.

The SNRs shown in Fig.2.8 were selected as possible TeV candidates

based on their nonthermal radio properties, relatively small distance,

“right” age (to be in the so-called Sedov phase) and, in some cases, because

of possible association with nearby molecular clouds. The solid curves are

normalised to the EGRET fluxes at 100 MeV assuming that the EGRET

emission is produced by hadronic interactions of accelerated particles with

an E−2.1 type spectrum. The upper limits derived for IC 433, W44 and

γ Cygni lie significantly below the “model” extrapolations represented by

solid curves, and therefore initiated quite heated discussions in the γ-ray

and cosmic ray communities concerning the possible need for revision of the

standard concept of the origin of galactic cosmic rays – “diffusive shock ac-

celeration in shell-type supernova remnants”. Although a possible revision

of current views cannot be excluded, at least for some specific aspects of

the problem, the strong claims based on the above upper limits apparently

are premature and to some extent exaggerated. The conclusions essentially

rely on the normalisation to the EGRET data which, in turn, implies two

assumptions: (a) the EGRET fluxes originate in the supernova remnants,

and (b) they are produced entirely by hadronic interactions. Neither of
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these assumptions are, however, well justified. Indeed,

(i) The localisation of γ-ray regions by EGRET is very poor, especially in

the “crowded” regions in the galactic plane where these SNRs are placed.

Fig. 2.8 Whipple flux upper limits (W) from 6 SNR (from Buckley et al., 1998). Also
are shown the EGRET fluxes (filled circles) or upper limits (E), as well as the flux limits
obtained at higher energies by air-shower detectors – CASA-MIA (CM), CYGNUS (C),
and AIROBICC (A). The experimental points are compared to extrapolations from the
EGRET fluxes (solid curves), as well as to the conservative estimates of the allowable
range of fluxes from the diffusive shock acceleration model (dashed curves).
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Therefore, the proximity of the EGRET sources to SNRs should be treated

as an interesting hint, but not yet as an established physical association.

(ii) Even adopting these associations as being real, one cannot be sure that

the low energy γ-rays are the result of cosmic ray interactions. For example,

they can be produced by embedded pulsars - a possible scenario in the case

of γ Cygni (Brazier et al., 1996).

(iii) Even if the low energy γ-rays are produced at interactions of particles

accelerated by SNR shocks with the ambient diffuse gas, the contribution

of the electron bremsstrahlung in the EGRET energy region can dominate

over the hadronic interactions.
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Fig. 2.9 Flux upper limit (indicated as H-CT) from Tycho’s SNR obtained with the
HEGRA telescope system (Aharonian et al., 2001e). The Whipple (W), HEGRA-
AIROBIC (H-A) and CASA-MIA (CM) upper limits are also shown. The thin and
thick solid lines correspond to the standard phenomenological predictions assuming two
combinations of the power-law index (2.0 and 2.1) of accelerated protons and efficiency
(0.1 and 0.2) of conversion of the kinetic energy of SNR explosion to cosmic rays.

Thus, until the arrival of high quality MeV/GeV data, unbiased con-

straints on the parameter space characterising the diffusive shock accelera-

tion model can be derived only from TeV observations. In this regard, the

dashed curves in Fig. 2.8 represent the range of TeV γ-ray fluxes based

on the conservative estimates of parameters allowed by the standard shock
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acceleration model. Note that the typically (especially for SNRs in the

galactic plane) poor information about the the nebular gas density and the

distance to the source results in a significant (as large as an order of mag-

nitude) combined uncertainty in the predicted TeV fluxes (F ∝ n/d2). It

is seen from Fig.2.8 that within such large uncertainties the Whipple upper

limits are not in conflict with theoretical predictions.

Generally, it is reasonable to expect significant enhancement of γ-ray

fluxes caused by the presence of high density environments, e.g. giant

molecular clouds in the vicinity of a SNR. On the other hand, expansion of

a SNR in a dense environment may prevent acceleration of particles to very

high energies. Therefore, it is possible that the best TeV emitters are SNRs

in relatively low density environments. Motivated by this argument, the

HEGRA collaboration conducted a deep observation of Tycho’s supernova

remnant that resulted in a flux upper limit at the 0.03 Crab level (Fig. 2.9).

It is quite close to the conservative theoretical predictions that follow from

the standard diffusive shock acceleration theory. This implies that the next

generation of telescope arrays in the Northern Hemisphere and GLAST

should be able to detect Tycho at GeV energies, or introduce significant

corrections to our current understanding of particle acceleration processes

in SNRs.

While the ultimate aim of the next generation IACT arrays will be

inspection of the long-standing hypothesis that the population of shell-

type SNRs as a whole is responsible for the galactic cosmic rays through

the diffusive shock acceleration, presently we already have evidence that

some individual representatives of this source population do accelerate, in

one way or another, particles to energies well beyond 10 TeV. Importantly,

this belief no longer relies merely on theoretical arguments, but has an

observational backing.

SN 1006 and RX J1713.7-3946. The detection of featureless X-

ray emission from several relatively young SNRs, of which the shells of

SN 1006 and RX J1713.7-3946 are the most convincing examples, is best

interpreted as synchrotron radiation of relativistic electrons accelerated to

energies ∼ 100 TeV (e.g. Koyama, 2001). Motivated by the ASCA X-

ray discoveries, the CANGAROO group over the last several years has

extensively observed SN 1006 and RX J1713.7-3946 and ... found TeV γ-

ray signals from both objects. The original reports of detection of TeV

γ-rays from these objects obtained with the 3.8 m telescope (Tanimori et

al., 1998b, Muraishi et al., 2000) were later claimed to be confirmed by
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more sensitive observations with the new 7m and 10 m diameter telescopes

(Tanimori, 2003).

The synchrotron origin of X-radiation from these objects implies the

existence of � 10 TeV electrons which should also produce TeV γ-ray

emission trough upscattering of the 2.7 K CMBR. This idea was immedi-

ately adopted by the TeV and X-ray communities, and continues to domi-

nate as the most likely and natural interpretation of the detected TeV γ-ray

emission from both objects. However, this interpretation requires very small

magnetic fields in the X- and γ-ray production regions, and might face a

serious theoretical challenge connected with the limited acceleration rate

allowed by the standard (parallel shock-acceleration) mechanism (Aharo-

nian, 1999). On the other hand, it has been argued (Aharonian, 1999) that

in spite of certain problems, the hadronic origin of gamma-radiation should

not be discarded based on simplified model calculations.

The question of the origin of the TeV emission from SN 1006 remains

rather uncertain and controversial. Decisive tests can be obtained only after

comprehensive spectrometric and morphological studies of properties of γ-

ray emission. The most exciting upshot of these measurements could be the

localisation of the TeV γ-ray production region. In the case of hadronic

(π0-decay) origin of γ-rays we should expect, within the diffusive shock

acceleration scenario, a quite compact region in the shell, because of the

strong shock-compression of the target material. In contrast, the leptonic

(inverse Compton) model predicts that the TeV emission should cover an

extended region, because of fast diffusion of the most energetic electrons in

the weak (required by this model) ambient magnetic fields (Aharonian and

Atoyan, 1999; Berezhko et al., 2002).

Formally, the above arguments concerning the question of the “hadronic

versus leptonic” origin of TeV emission can be applied also to the second

CANGAROO source, RX J1713.7-3946 (Muraishi et al., 2000). However,

the case of this source seems to be even more complicated and knotty. Re-

cently Enomoto et al. (2002) published the spectrum of TeV emission of

this source based on newer CANGAROO observations. The spectrum is

claimed to be steep with a power-law photon index Γ = 2.8 ± 0.2 between

400 GeV and 8 TeV (see Fig. 2.10). They argued that such a steep spec-

trum is inconsistent with the inverse Compton model, but can be explained

by π0-decay γ-rays. If true, for the standard shock acceleration spectrum

with power-law index ≈ 2, this would require an energy cutoff in the pro-

ton spectrum around 10 TeV. Immediately after publication of this paper,

Reimer and Pohl (2002) and Butt et al. (2002) criticised this interpreta-
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tion arguing that it violates the γ-ray upper limits set by EGRET at GeV

energies. Note that in Fig. 2.10 from Enomoto et al. (2002) the EGRET

flux upper limit is indicated only at 100 MeV, whereas the flux upper limits

above 1 GeV are more restrictive. However, this is not a sufficiently robust

argument to discard the hadronic origin of the reported TeV emission (see

Sec.5.5.2 in Chapter 5).

On the other hand, the arguments against the IC model should be

backed by thorough theoretical studies based on higher quality data from

the radio, X-ray and γ-ray domains. The X-ray observations are of par-

ticular interest because the synchrotron X-ray fluxes reliably “control” the

predictions of IC emission at TeV energies. The recent morphological and

spectral studies of the northwest rim of RX J1713.7-3946 (the region where

the acceleration of relativistic electrons and presumably also protons takes
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Fig. 2.10 Multiwavelength spectral energy distribution of RX J1713.7-3946 (from
Enomoto et al., 2002). The solid, dotted, dashed, and dot-dashed curves corre-
spond to model calculation for synchrotron, inverse Compton, bremsstrahlung, and π0-
decay radiation components. The upper and low curves for the inverse Compton and
bremsstrahlung components are calculated for two representative magnetic fields, 3 and
20 µG, respectively. The absolute fluxes of π0-decay γ-rays are calculated assuming a
spectral index of accelerated protons Γp = 2.08, an exponential cutoff at E0 = 10 TeV,
and (Wp/1050 erg)(n0/300 cm−3)(d/6 kpc)−2 = 1, where Wp is the overall energy in
protons, d is the distance to the source, and n is the ambient gas density.
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place) with Chandra unexpectedly revealed remarkable structure of this

region with bright filaments and hot spots, accompanied by dark voids

(Uchiyama et al., 2003). This adds more puzzles to this source which

may challenge the perceptions of the standard diffusive shock-acceleration

model, and makes new γ-ray studies with forthcoming IACT arrays like

H.E.S.S. and CANGAROO-III extremely important Both the high TeV

fluxes reported by the CANGAROO collaboration (approximately at the

Crab level), and the typical angular dimensions of the relevant regions (from

several to tens of arcminutes) perfectly match the performance of these in-

struments for an adequate spectral and spatial studies in a broad energy

region from 100 GeV to 10 TeV.

Cas A. While the origins of TeV emission claimed to be detected from

SN 1006 and RX J1713.7-3946 are not yet established, and remain contro-

versial, it is likely that the TeV emission from the young supernova remnant

Cas A detected by the HEGRA telescope system can be relatively easy ex-

plained by interactions of accelerated protons with the ambient gas. The

“brute-force” observation strategy applied by the HEGRA collaboration to

one of the most prominent objects in the sky, was eventually rewarded by

detection of a tiny flux, (5.8 ± 1.2stat ± 1.2syst) × 10−13 ph/cm2s above 1

TeV (Aharonian et al., 2001d). More than 200 hours of data accumulated

during 3 years from 1997 to 1999, revealed a positive signal with statistical

significance of 5σ. The high quality of data obtained by the stereoscopic

system of imaging Cherenkov telescopes, as we well as the power of the

stereoscopic approach to control the background conditions, make this re-

sult highly reliable.

Cas A is the result of the youngest supernova event in our Galaxy that

took place around 1680. It is a very bright radio source. The source is

bright also in X-rays, a noticeable fraction of which may have nonthermal

origin. But, unlike SN 1006 and RX J1713.7-3946, the hard X-ray emission

of this source can be interpreted in different ways, therefore we still do not

have strong observational evidence of acceleration of electrons in this object

to multi-TeV energies. These electrons present a certain interest as contrib-

utors to the TeV γ-ray emission through the inverse Compton scattering.

However, because of the well established strong magnetic field in the neb-

ula, well over 100 µG, it is likely that the inverse Compton contribution

is not very significant, unless we assume multi-zone structures containing

regions with a very low magnetic field (see Fig. 2.11, and discussion in Sec.

5.6 of Chapter 5). On the other hand, because of very low reported TeV
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γ-ray flux and high average density of the nebular gas, a little effort is

needed to explain the TeV radiation by interactions of accelerated protons.

This interpretation requires ≈ 1049 erg total energy in accelerated protons

(see Fig. 2.11) which exceeds by only a factor of 10 the energy in relativistic

electrons derived from radio observations.

Crucial information about the radiation mechanism is contained in the

energy spectrum. For example, inverse Compton scattering predicts a dif-

ferential spectrum steeper than E−3. Therefore, the detection of a steep

γ-ray spectrum would be an additional argument in favour of the hadronic

origin of TeV emission. The tiny signal detected by HEGRA does not allow

the derivation of the energy spectrum. But hopefully this information will

be available soon with the forthcoming IACT arrays.

π
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Fig. 2.11 Gamma-rays from Cas A. The shaded area shows the 1σ error range for the
fluxes measured by the HEGRA CT-system (Aharonian et al., 2001d). Also indicated
are the flux upper limits set by EGRET, Whipple and CAT telescopes. The model
predictions are from Atoyan et al. (2000b). The dotted curve represents the fluxes
for π0-decay decay γ-rays calculated for relativistic protons with power-law index Γ =
2.15 (identical to the spectral index of radio emitting electrons), exponential cutoff at
E0 = 200 TeV and total energy 2 × 1049 erg. The density in the shell is assumed
n = 15 cm−3. The solid and dashed lines correspond to the γ-ray fluxes produced by
electrons (IC+Bremsstrahlung) calculated in the framework of a 3-zone model for 2 set
of basic parameters discussed in Sec. 5.6 of Chapter 5).
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2.3.2.5 Other galactic sources

The high γ-ray detection rate capability of atmospheric Cherenkov tele-

scopes makes them effective tools for searches for possible episodic or burst-

like TeV emission from compact objects in our Galaxy. After the failure

of the present generation of ground-based instruments to confirm the early

optimistic claims of detection of TeV signals from X-ray binaries and cata-

clysmic variables, these sources have been removed from the highest prior-

ity target list of ground-based observations. However, after the discovery of

galactic sources with relativistic jets, or the so-called microquasars, which

unexpectedly revealed that non-thermal high energy processes play an im-

portant role in these accretion-powered objects, the X-ray binaries regained

popularity in the gamma-ray community. Some models of X-ray binaries

with synchrotron radio jets predict that in addition to comptonized ther-

mal X-ray emission formed in the hot accretion disks, one may also expect

hard nonthermal X-rays produced in the jets by synchrotron radiation from

ultrarelativistic, multi-TeV electrons. Under certain conditions, the same

electrons may effectively radiate episodic VHE γ-ray emission through the

inverse Compton channel (Chapter 7). Also, microquasars have been re-

cently claimed as possible sources of high energy neutrinos due to photo-

meson processes in the inner parts of the jets (Distefano et al., 2002). If

true, high energy neutrinos should be accompanied by observable gamma-

radiation as well.

In this regard, the reports about tentative (but unfortunately not yet

confirmed) detections of transient TeV signals from GRS 1915+105 (Aharo-

nian and Heinzelmann, 1998) and from the accreting X-ray binary Cen X-3

(Chadwick et al., 1998b) represent intriguing evidence that VHE phenom-

ena indeed may take place in these objects. Therefore, it is quite impor-

tant to monitor these sources with the next generation of IACT arrays.

The possible links between relativistic motion and accretion phenomena in

these objects may provide a key insight into the nature of not only compact

galactic X-ray sources, but also for the engines of AGN and quasars.

The episodic character of VHE γ-ray emission from highly variable

sources requires detailed search strategies supported by multiwavelength

observations. TeV episodic sources can be revealed also serendipitously

during systematic surveys of the galactic plane. Generally, the atmospheric

Cherenkov telescope technique is designed for pointing observations. How-

ever, the stereoscopic approach coupled with the relatively large field of

view of the imaging cameras, provides highly accurate reconstruction of
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γ-ray arrival directions up to 2 degrees off-axis, thus allowing reasonable

surveys of the sky from single tracking positions. The HEGRA collabora-

tion (Aharonian et al., 2002d) has demonstrated the effectiveness of this

technique using the system of telescopes equipped with 271 pixel cameras

with 4.3◦ diameter FoV for the first sensitive TeV survey. One quarter of

the galactic plane (−2◦ ≤ l ≤ 85◦) has been covered, which included 86

radiopulsars, 63 supernova remnants, and nine GeV sources. In total, 115

hours of high quality data distributed over 92 individual locations were ac-

cumulated. For reference and calibration purposes, several observations of

the Crab Nebula in different periods were also carried out.

No evidence for TeV emission was found; the flux upper limits range

from 0.15 Crab to several Crab units depending on the observation time

and angular size of the objects. The ensemble sums over selected pulsar,

SNR and the so-called GeV-source sample (Lamb and Macomb, 1997) do

not show positive signals either. Nevertheless they allow quite robust upper

limits from these potential source populations – 3.6%, 6.7%, and 5.7% of

the Crab flux for the pulsar, SNR, and GeV-source subsets, respectively.

The observations followed mainly the galactic equator with a spacing

between individual scan positions of 1 degree, but in some regions, in par-

ticular in the Cygnus region, the survey covered a larger range in galactic

latitude, although at the expense of a reduced overlap between adjacent

points. In addition, the Cygnus region has been later observed more exten-

sively due to several pointing observations in search of TeV counterparts

for two EGRET GeV sources, GeV J2035+4214 and GeV J2026+4124, as

well as from the binary X-ray source Cyg X-3. These observations during

1999, 2000 and 2001 (for a total 113 hours) have serendipitously revealed

a signal positionally inside the core of the OB association called Cygnus

OB2 (Aharonian et al., 2002b). The sky-map of the excess events of this

region obtained by the HEGRA telescope system is shown in Fig. 2.12.

The excess significance at the source center of gravity amounts to 5.9σ,

which however is reduced to 4.6σ after accounting for the statistical trial

factor. The source did not show flux variability, but the marginal signal

accumulated over 3 years does not allow a strong statement in this regard.

On the other hand, the source seems to be extended with an intrinsic radius

of about 5 arcminutes. Another interesting feature of the source is its quite

hard spectrum (see Fig. 2.13) that can be approximated as power-law with

a photon index Γ = 1.9 ± 0.3stat ± 0.3sys. The integral flux above 1 TeV

amounts to 25 mCrab.

To verify the first serendipitously discovered TeV source, labelled
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TeV J2032+4130, the same region was monitored again in 2002. The ob-

servations over 130 hours confirmed the presence of the TeV source at the

same position with the same (originally reported) flux and angular size of

γ-ray emission. The excess significance from all data exceeds 7σ (G. Row-

ell, private communication). The energy spectrum also appeared consistent

with the previous result, confirming that the hard spectrum extends to ∼ 10

TeV.

Although the TeV source is located in a remarkable place, in the core

of Cygnus OB2 (Knödlseder, 200), where the total mechanical energy of

young stellar winds exceeds several times 1039 erg/s, so far no remarkable

counterpart is identified with the TeV source. No luminous star or cat-

alogued X-ray source from the ROSAT survey lies within the TeV error

circle. The archival ASCA GIS data give a 99% upper limit of 2 × 10−12

erg cm−2 s−1 in the interval 2-10 keV (see Fig. 2.13).
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Fig. 2.12 Sky-map of event excess significance for a 3◦ × 3◦ region centered on
TeV J2032+4130. Only significances larger than 3σ are shown. The locations ellipses
(95 % confidence) of 3 EGRET unidentified sources, the nearby X-ray binary Cyg X-3,
and the core of Cygnus OB2, are also shown (courtesy of G. Rowell).

Such results may imply that the particle accelerator is not co-located

with the TeV source, i.e. the particle acceleration and γ-ray production
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regions are well separated. This scenario generally favours a hadronic origin

of the radiation. While this radiation should peak in the highest density

environments, e.g. in the nearby dense molecular clouds, the TeV γ-ray

emissivity immediately in the accelerator can be quite modest because of

low density of the target material inside, as well as due to fast escape of the

highest energy particles from the acceleration region. In this scenario, the

hard TeV spectrum of the observed emission can be readily explained by

(energy-dependent) diffusion effects characterising propagation of protons

from the accelerator to the target (see Chapter 4). Assuming that the

TeV source is indeed located in Cygnus OB2, the distance to which is

estimated as 1.7 kpc, the TeV γ-ray luminosity of ∼ 6×1032 erg/s between

1 and 10 TeV requires a reasonable total energy in ≥ 10 TeV protons,

Wp ' 1047(n/100 cm−3)−1 erg, where n is the gas density in the γ-ray

production region.
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Fig. 2.13 The differential energy spectrum of TeV J2032+4130 (from Aharonian et al.,

2002b). The energy flux of the EGRET source 3EG J2033+4118 and the ASCA GIS
upper limits are also shown.

An alternative mechanism for extended TeV emission can be the inverse

Compton scattering of ultrarelativistic electrons. This mechanism can be

realized in two possible scenarios – in a plerion (with possibly a misaligned

pulsar) or in a jet-driven termination shock. The second case apparently

implies the existence of a nearby microquasar. One may speculate that

two EGRET sources in the proximity of the TeV source in Fig. 2.12 (one
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of them, 3EG J2033+4118, is possibly associated with Cyg X-3; see Mori

et al., 1997), could be possible candidates for such a microquasar. Inde-

pendent of the origin of accelerated electrons, the inverse Compton model

requires a rather low magnetic field in the region of γ-ray production, not

larger than 10 µG, otherwise the synchrotron radiation of multi-TeV elec-

trons would exceed the ASCA upper limit.

And finally, it is quite possible that the TeV source is a representative

of a new source population in our Galaxy. The discovery of this source

required more than 100 h observation time with the HEGRA stereoscopic

system. Because of its hard spectrum, the source is not accessible, for any

reasonable observation time, for other current ground-based instruments.

However, with arrival of the next generation of IACT arrays with signifi-

cantly improved sensitivities at TeV energies (by a factor of 5 or more com-

pared to the HEGRA telescope system at 1 TeV), statistically significant

signals from similar sources should appear after several hours of observa-

tions. The discovery and detailed study of spectral and angular properties

of more TeV objects of this kind seems very promising in the context of

planned deep survey of the the galactic plane with the H.E.S.S. IACT array,

given its ideal location in the southern hemisphere, effective energy thresh-

old around 100 GeV, superior flux sensitivity ∼ 10−12 erg/cm2s (above

1 TeV for less than 10 hour observation time, and for relatively compact

objects with angular size less than several arcmin), and large, 5-degree FoV.

EXTRAGALACTIC SOURCES

2.3.2.6 TeV blazars

Many nonthermal extragalactic objects representing different classes of

AGN and located within 1 Gpc are potential TeV sources. First of all

this concerns the BL Lac population of blazars of which four representa-

tives, Mkn 421 (at redshift z = 0.031), Mkn 501 (z = 0.034), 1ES 1959+650

(z = 0.047), and 1ES 1426+428 (at z = 0.129) are firmly established by

independent observations of several groups as TeV γ-ray emitters. The

current list of extragalactic TeV sources contains two more BL Lac objects

detected at 4 to 6 standard-deviation significance level – 1ES 2344+51 at

z = 0.044, and PKS 2155-304 at z = 0.116, as reported by the Whip-

ple (Catanese et al., 1998) and Durham (Chadwick et al., 1999) groups,

respectively. The Crimean group has claimed detection of TeV γ-rays
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from two other AGN – 3C 66A (Neshpor et al., 1998) and BL Lacertae

(Neshport et al., 2001). The reported γ-ray fluxes significantly exceed the

upper limits set by other groups with more sensitive instruments. But this

cannot be interpreted as contradiction, given the highly variably behaviour

of blazars. It should be noted in this regard that BL Lacertae (z = 0.069)

– the prototypical object for a class of AGN (BL Lacs) that are charac-

terised by strong variability in continuum emission and polarization, but

with very weak emission and absorption lines – has not been established as

an outstanding MeV/GeV γ-ray emitter until the remarkable optical out-

bursts in 1997 July, when the follow-up observations with EGRET revealed

strong γ-ray flux above 100 MeV (Bloom et al., 1997). On the other hand,

the claim about detection of TeV γ-rays from the distant blazar 3C 66A

(z = 0.44) seems rather unlikely on theoretical grounds, given the fact that

only a negligible fraction of TeV γ-rays would survive severe intergalactic

absorption due to interactions with the diffuse extragalactic radiation fields

(see Chapter 10).

Since the discovery of TeV γ-radiation of Mkn 421 by the Whipple

group (Punch et al., 1992), this object has been subject of intensive studies

through multiwavelength observations. The source is variable with typical

average TeV flux between 30% to 50% that of the Crab Nebula, but with

rapid, as short as 0.5 h, flares (Gaidos et al., 1996, Aharonian et al., 2002c).

Until the spectacular high state of the source in 2001, the spectral studies

were based mainly on the data taken during quiescent or moderately high

states. In particular, the spectrum measured by HEGRA during the 1998

“ASCA” campaign (Takahashi et al., 2000) is fitted by a steep power-law

with photon index Γ ' 3 (Aharonian et al., 1999d). The exceptionally

bright and long-lasting activity of Mkn 421 in 2001 allowed the HEGRA

and VERITAS groups (Aharonian et al., 2002c, Krennrich et al., 2002)

to derive the time-averaged gamma-ray spectrum of the source in the high

state which up to ∼ 15 TeV is described as dN/dE = KE−Γ exp (−E/E0),

i.e. by the same canonical “power-law with exponential cutoff” function

found earlier by the HEGRA group for the high-state, time-averaged spec-

trum of Mkn 501 (Aharonian et al., 1999c). The spectra of these sources

are not, however, identical. In Fig. 2.14 are shown the spectral energy dis-

tributions based on approximately 40,000 and 60,000 (!) TeV γ-ray events

detected by the HEGRA telescope system during the exceptionally high

states of Mkn 501 in 1997 and Mkn 421 in 2001, respectively. They are

described by different [Γ, E0] combinations: Γ = 1.92 and E0 = 6.2 TeV

for Mkn 501 (Aharonian et al., 1999c) and Γ = 2.19 and E0 = 3.6 TeV
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(Aharonian et al., 2002c). The power-law part of the spectrum of Mkn 421

is steeper, and the exponential cutoff starts earlier. The difference is clearly

seen from the the lower panel of Fig. 2.14 where the ratio of two energy

spectra is shown. Since both sources are located at approximately the

same distance, the difference in the cutoff energies can be interpreted as

an indication against the hypothesis that attributes the cutoffs to the pure

intergalactic-absorption effect (see Chapters 10).

For the typical energy resolution of Cherenkov telescopes of about 20%
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Fig. 2.14 The spectral energy distributions of Mkn 501 and Mkn 421 in high states
(from Aharonian et al., 2002c). The observed differential spectra are well described by
a power law with exponential cut-off. Both the cut-off energy and the photon index
are different for the two energy spectra (see the text). A fit of a fixed cut-off energy
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ratio of the Mkn 421 and Mkn 501 spectra is shown in the lower panel.
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or larger, one has to be careful with conclusions concerning the spectral

shape at energies well beyond the cutoff energy E0. Obviously for determi-

nation of spectra with sharper (super-exponential) cutoffs, a significantly

better energy resolution is required. Motivated by this, the HEGRA col-

laboration recent re-analysed the “1997 high-state” spectrum of Mkn 501

using an improved method for energy reconstruction with ' 10% resolu-

tion achievable for the stereoscopic mode of observation (Hofmann et al.,

2000). The new analysis confirms the result of the previous study up to 17

TeV, but provides a stronger constraint on the flux at 21 TeV (Aharonian

et al., 2001a). With this new point, the Mkn 501 spectrum at very high

energies is better described by a power-law with super-exponential cutoff

(see Fig. 10.3).

The low fluxes of Mkn 421 and Mkn 501 detected by EGRET indicate

that the “power-low with a (super)exponential cutoff” spectral presentation

at TeV energies with photon index ≈ 2 in the high states of these objects,

cannot be extrapolated towards low energies. There is little doubt that
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significant spectral changes should occur in the transition region from GeV

to TeV energies. Therefore, the spectral studies at energies around 100

GeV are of a great interest. During the high state of Mkn 421 in 2001,

an important measurement at 140 GeV was performed by STACEE – a

Cherenkov-wave-front sampling detector using heliostats of the National

Solar Thermal Test Facility near Albuquerque, New Mexico (Boone et al.,

2002). The temporal evolution of the flux during the March to May period

appeared consistent with observations in both the TeV (Whipple) and X-

ray (RXTE) bands. The mean energy flux of about 10−10 erg/cm2s is

comparable with the TeV flux averaged for the same period of activity

of the source. However, the lack of information about fluxes derived by

STACEE and Whipple for precisely overlapping time intervals, prevents a

broad-band compilation of the γ-ray spectral energy distribution, given the

variability of the source on timescales of several hours or less.

Despite the huge overall photon statistics, the spectra of both sources

above 10 TeV can only be determined using data accumulated over long

periods of observations. Obviously, the time-averaged spectra of variable

sources obtained in such way can be considered as astrophysically mean-

ingful only if the spectral shape is time-independent, i.e. does not strongly

correlate with the absolute flux. Remarkably, during the high state in 1997

the shapes of daily spectra of Mkn 501, despite dramatic flux variations, re-

mained essentially stable (Aharonian et al., 1999a), albeit for some specific

flares non-negligible spectral variations cannot be excluded. For example,

the CAT group (Djannati-Atäi et al., 1999) found evidence for a noticeable

hardness-intensity correlation for the 1997 April 7 and 16 flares.

The sensitivity of current ground-based detectors is not sufficient to

study the spectral variability of TeV radiation of Mkn 421 and Mkn 501

in quiescent states on timescales less than several days. However, even the

time-averaged spectra in low states are of certain interest. The HEGRA

observations of Mkn 501 in 1998 and 1999, when the source was at a ≈ 10

times lower flux level compared to the average flux in 1997, revealed a no-

ticeable steepening (by 0.44± 0.1 in photon index) of the energy spectrum

(Aharonian et al. 2001b). Clear “spectral shape - absolute flux” correla-

tions on large time-scales have been found also for Mkn 421 by the Whipple

(Krennrich et al., 2002) and HEGRA (Aharonian et al., 2002c) groups (see

Fig. 2.15).

Recently, similar behaviour has been observed from another TeV blazar

- 1ES 1959+650 . This is an X-ray selected BL Lac object at z=0.047 with

a steep X-ray spectrum. In the quiescent state, the synchrotron peak is
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located at several eV, but during strong flares it can be significantly shifted

towards higher, keV energies. The first evidence of TeV emission from

this source was reported by the Telescope Array group (Nishiyama et al.,

1999). The source was monitored with the HEGRA system during the July

2000 - October 2001 period. The data, based on 94 h of observation time,

revealed a positive (≈ 5σ) γ-ray signal (Götting et al., 2001; Aharonian et

al., 2003a). The energy spectrum relevant to this period of observations

with an average flux of the source of about 0.08 Crab is well described by

a power-law with a photon index 3.3 ± 0.7 (see Fig. 2.16).
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Fig. 2.16 The energy spectra of 1ES1959+650 in the low (2000/2001) and in the high
states by combining data of May 18/19, 19/29, July 13 and July 14 flares (from Horns
et al., 2003).

In May 2002 the source suddenly entered a remarkably high state that

lasted at least 3 months. The high TeV activity noticed by the Whipple

collaboration (Dowdall et al., 2002), triggered intensive monitoring of the

source also with the CAT and HEGRA telescopes, as well as by the pointed

X-ray instruments aboard RXTE. During this period, the variable TeV flux



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

Status of the Field 73

of the source very often exceeded the Crab flux. The energy spectrum of

4 combined flares in May 18/19, 19/29, July 13 and July 14 is shown Fig.

2.16. The function E−1.5 exp (−E/E0) with E0 ≈ 2.4 TeV describes the

time-averaged spectrum quite well . Unfortunately, the limited spectral

points detected by HEGRA cannot tell us whether the index of 1.5 reflects

the real power-law photon index (slope) of the spectrum at energies E �
E0, or whether it should be treated as a formal fit parameter for the region

above 1 TeV. In this regard, results from low-energy threshold CAT data,

obtained at preferable (smaller) zenith angles (because of the location of this

instrument at 42N latitude) is of great interest, in particular for derivation

of constraints on the diffuse extragalactic background at near infrared and

optical wavelengths (see Chapter 10).

Fig. 2.17 Simultaneous X-ray and γ-ray observations of the 2001 March 19 flare of
Mkn 421 by RXTE (squares) and VERITAS (circles). The bottom panel shows the
RXTE/PCA “6-11 keV/3.5-4.5 keV” hardness ratio (courtesy of G. Fossati).

The imaging atmospheric Cherenkov telescopes are nicely suited to

searches for short signals from TeV blazars in flaring states. In particu-
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lar, they can follow flares at flux level ≈ 10−11 erg/cm2s on timescales less

than several hours, and thus are well-matched to the sensitivity and spectral

coverage of X-ray detectors of the RXTE, BeppoSAX and XMM satellites

for multiwavelength studies of flux variations. This is a key condition which

makes simultaneous X- and γ-ray observations meaningful.

The first important results on the correlated TeV and X-ray flares were

obtained during the extraordinary activity of Mkn 501 in 1997 (see Figs.10.8

and 10.9 in Chapter 10), as well as during the 1998 multiwavelength cam-

paign of Mkn 421 (Takahashi et al., 2000). The best results so far in this

regard became available after the well coordinated multiwavelength cam-

paigns of spectacular flares of Mkn 421 in 2001. On several occasions, truly

simultaneous observations by RXTE and TeV instruments with durations

up to 6 hours per night were carried out. A nice sample of such events,

the 2001 March 19 flare detected by RXTE and VERITAS shows a clear

keV/TeV correlation on sub-hour timescales (Fig.2.17).

The detection of a large number of strong flares during the high activ-

ity of Mkn 421 in 2001 by the HEGRA telescope system shows that the

temporal and spectral properties of individual flares can be very specific

and essentially different from each other. This is demonstrated in Fig.2.18

where the time profiles of two flares observed during two subsequent nights,

March 21/22 and March 22/23, are shown. Both flares have asymmetric

profiles described by a surprisingly simple analytical function consisting of

two exponentials that characterise the rise and decay times,

F (t) = f0 + f1 ·
{

exp[τrise · (t− t0)] t ≤ t0
exp[−τdecay · (t− t0)] t > t0

However, while the rise time of the first flare, τrise ≈ 45 min was 3 times

longer that the decay time, τdecay ≈ 15 min, the rise time of the second

flare, τrise ≈ 30 min, was almost an order of magnitude shorter than the

decay time τdecay ≈ 4.5h.

For a deep understanding of acceleration and radiation processes in jets,

it is crucial to search for spectral variability on timescales comparable to the

characteristic dynamical times of flares. The strongest flares of Mkn 421 in

2001 provide us with such unique data. In particular, the HEGRA IACT

system was able to perform spectral studies on hour timescales, when the

flux was larger than 1-2 Crab units. This is seen in Fig. 2.18 where in the

lower panels the hardness ratios of these two flares are shown as a function

of time. During the rising stage, the spectra in both cases show a significant

hardening, correlated with the absolute flux increase, and a softening at the
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end of the flare.

This behaviour is clearly seen in Fig.2.19, where the energy spectra

are shown for two different time intervals that cover the pre-flare and flare

stages (indicated by vertical lines in Fig. 2.18). For both flares, the pre-flare

energy spectra are described by a power-law with a photon index of ≈ 3,

with a significant hardening by ∆α = 0.75 ± 0.25 during the flare.

The analysis of other flares detected by HEGRA show that the flux

variations are not always accompanied by spectral changes (Aharonian et

al., 2002c). For example, one flare has been observed with very high flux,

but with power-law photon index of ≈ 2.9. On the other hand, very strong
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Fig. 2.18 The time profiles of two Two flares of Mkn 421 during the night March 21/22,
2002 and March 21/22, 2002 (right panel). The solid lines indicate a fit of the function
F (t) (see the text). The lower panels show the time evolution of the spectral hardness
ratios of these flares (from Aharonian et al., 2002c).

flares of a comparable strength sometimes may show significantly differ-

ent energy spectra. Such an “irregular” relation between the absolute flux

and the energy spectrum indicates that the spectral variations are result of

dramatic nonlinear changes of conditions and principal parameters in the

particle acceleration and γ-ray production regions, rather than a conse-

quence of quantitative changes of the power that initiates and drives these

flares. For a proper understanding of complex processes in the blazar jets,

the TeV data should be treated in the context of multiwavelength obser-

vations, first of all together with X-rays. Remarkably, TeV observations of

Mkn 421 in 2001 have been perfectly coordinated with X-ray observations.

Many strong flares of this exceptionally high state of Mkn 421 have been

continuously observed by the RXTE detectors together with the HEGRA

and Whipple telescopes.

As mentioned above, simultaneous X-ray (RXTE) and TeV (CAT,
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HEGRA, Whipple) data of high quality have been obtained also during

the high state of 1ES 1959+650 in 2002. These data, together with the

multiwavelength observations of Mkn 501 in 1997 and Mkn 421 in 2001

constitute solid observational material for further phenomenological and

theoretical studies. At the same time, it would be naive to expect that
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Fig. 2.19 The evolution of the energy spectra of two flares detected during the nights
March 21/22 and March 22/23. Both flares show a significant spectral hardening while
the flux increases (from Aharonian et al., 2002c).

these result will immediately bring harmony to the current paradigm of the

TeV blazars. There is little doubt that these data will require significant

modification, if not a dramatic revision of the existing models of TeV emis-

sion, including the currently popular synchrotron-self-Compton (SSC) or

external Compton models (see Chapter 10).

A real problem for the existing models could come also from the TeV

blazar 1ES 1426+428 detected recently in TeV γ-rays by the Whipple

(Horan et al., 2002, Petry et al., 2002), HEGRA (Aharonian et al., 2002a)

and CAT (Djannati-Atäi et al., 2002) groups. Although the statistical

significances of reported signals in each case were at the level of 5σ, the

three independent measurements do not leave a doubt in the discovery of

the 4th TeV blazar.

Motivated by this result, the HEGRA CT-system has been used for very

deep (more than 200 hours) observations of the source in 2002 (Aharonian

et al., 2003b). Although during this period, the flux was by a factor of ≈ 2.5
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lower than during the previous observations in 1999/2000 (Fig. 2.20), the

source was again detected at 5.3 σ level, thus confirming this object as a

TeV source.

Because of the relatively large redshift of 1ES 1426+428 (z = 0.129), the

TeV radiation from this extreme BL Lac object suffers severe intergalac-

tic absorption. Therefore the discovery of TeV γ-rays was, to a certain

extent, a big surprise. Despite large uncertainties in the Cosmic-Infrared-

Background (CIB), which is a part of the overall diffuse extragalactic back-

ground radiation (DEBRA) at optical and IR wavelengths, there is little

doubt that the TeV γ-rays from this source arrive after significant absorp-
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Fig. 2.20 The energy spectra of 1ES 1426+428 derived by the HEGRA CT-system for
the different data sets. The reanalysed data set taken in the years 1999 and 2000 re-
produces the initially published spectrum (Aharonian et al., 2002a). The solid curve
represents a possible intrinsic (source) γ-ray spectrum, and the dashed and dot-dashed
curves represent the observed spectrum after intergalactic absorption (adopting the CIB
model of Primack et al. (2001); see Chapter 10) for the 1999/2000 and 2002 measure-
ments, respectively. The data set taken in 2002 is compatible with the 1999/2000 data
with a flux level reduced by a factor of 2.5. (From Aharonian et al., 2003b).
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tion. For any reasonable CIB model, the absorption effect is at least factor

of 10 or, more likely, factor of 100 (see Fig.10.10). This implies not only

significant deformation of the primary spectrum, but also very large TeV

luminosity of the source. The spectrum of γ-rays detected by HEGRA,

CAT and Whipple has a quite unusual shape – it is steep below 1 TeV, but

becomes flat above 1.5 TeV (see Fig. 2.21). However, the source spectra (i.e.

the spectra after correction for the intergalactic absorption), look signifi-

cantly different compared to the observed spectrum. It is demonstrated in

Fig. 2.21 for three different models of the diffuse extragalactic background

radiation. While for the CIB model suggested by Primack et al. (2001)

the intrinsic γ-ray spectrum has a surprisingly “decent” power-law form

with a photon index close to 1.5 (Fig. 2.21a), for two other CIB models the

reconstructed source spectra have unusual forms with very sharp positive

slopes (E2 dN/dE ∝ E3) below 1 TeV (Fig. 2.21b; for an extreme CIB

model discussed in Aharonian et al., 2002a) or above 1 TeV (Fig. 2.21c;

for the CIB spectrum suggested by Malkan and Stecker, 2001). Such a

strong dependence of the γ-ray source spectra on the CIB model, which

is explained by very large optical depth at all energies of detected γ-rays,

implies that gamma-ray astronomers are quite close to resolve the diffuse

infrared background between 1 an 10 µm (see Chapter 10).
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This would require, however, significant experimental efforts. In par-
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ticular, one should be careful when drawing conclusions about the energy

spectrum based on a compilation of fluxes obtained by different groups at

different observation epochs. Derivation of the energy spectrum from 100

GeV to 10 TeV by a single instrument during a relatively short observa-

tion period is a crucial condition for unbiased conclusions concerning the

spectral shape of radiation relevant to the well defined states of the source.

The low fluxes and the significant variability make this a rather difficult

task, which however can be successfully performed with the next genera-

tion of IACT arrays. The detection of at least one more object at similar

redshift, z ∼ 0.1 − 0.15, is highly desirable for conclusions concerning the

impact of intergalactic absorption on deformation of the intrinsic γ-ray

spectra. And finally, the reduction of the energy threshold down to 100

GeV at which the absorption effect becomes rather small (see Fig.10.10),

is another important issue. Observations of 1ES 1426+428 by the MAGIC

and VERITAS telescopes and PKS 2155-304 by the CANGAROO-III and

H.E.S.S. telescope arrays, promise cosmological information of extraordi-

nary significance about the diffuse extragalactic background at optical and

infrared wavelengths.

In any case, this source seems to be a representative of a new class of

γ-ray blazars that can be different from both the GeV blazars and the

“standard” TeV BL Lac objects. It should be noted, however, that the

classification of TeV blazars based on a few detected objects is foolhardy.

Therefore, in addition to detailed studies of spectral and temporal char-

acteristics of selected individual objects, the discovery of a large number

of new TeV blazars is the second key issue for further development of the

field. In this respect, with the arrival of the new generation of IACT ar-

rays, crucial results are expected in the near future. Both the significant

improvement of flux sensitivities at TeV energies, and reduction of the en-

ergy threshold to 50-100 GeV, should result in a dramatic increase in the

statistics of TeV blazars.

2.3.2.7 Other extragalactic objects

Although the TeV blazars were not initially predicted as TeV emitters, now

it is clear that the discovery of large TeV fluxes from these distant objects

was possible because of the relativistic bulk motion of γ-ray production

regions towards the observer, leading to the Doppler boosting of fluxes by

several orders of magnitude. The detection of isotropically radiating sources

of similar intrinsic power can hardly be realized in the foreseeable future.
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In order to produce TeV γ-ray flux at the level of 0.1 Crab (approximately

several time 10−12 erg/cm2s), the γ-ray luminosity of an “isotropic” point

source at a distance d should exceed L ≥ 3 × 1042 (d/100 Mpc)2 erg/c.

Thus, one may hope to detect isotropically emitted γ-rays only from the

most powerful extragalactic objects, like radiogalaxies or clusters of galax-

ies. On the other hand, the requirement for the γ-ray luminosity of sources

within 10 Mpc is quite modest, so one may expect, on pure phenomenolog-

ical grounds, detectable γ-ray fluxes from some nearby prominent galaxies.

The radiogalaxies Centaurus A and M 87, as well the starburst galaxies

M 82 and NGC 253 are obvious TeV source candidates, basically because

of their overall power, a significant part of which is released in nonthermal

forms. The first evidence of TeV radiation from an extragalactic object,

the radiogalaxy Centaurus A, was obtained already in the 1970s (Grindlay

et al., 1977). Recently, the CANGAROO and HEGRA collaborations re-

ported TeV signals from two other nearby galaxies – NGC 253 (Itoh et al.,

2002) and M 87 (Aharonian et al., 2003c).

Although the flux of γ-rays above 730 GeV from M 87 has been obtained

using the reliable technique of shower reconstruction with the HEGRA

stereoscopic system of telescopes, the statistical significance of about 4σ is

marginal, and therefore the result needs an independent confirmation. Un-

fortunately, the tiny signal detected at ≈ 0.03 Crab level is not achievable by

other current instruments. But the next generation of IACT arrays in both

hemispheres should be able to verify this discovery rather quickly, and, in

the case of confirmation, to provide detailed studies of the energy spectrum

over two decades, from 100 GeV to 10 TeV, localise the position and mea-

sure the possible extension of the TeV source with an accuracy of about 1-2

arcminutes. For the distance to M 87 of about 16 Mpc, this angular scale

corresponds to 5-10 kpc. If the extension of the TeV source exceeds several

arcminutes, this would be an indication that the TeV emission is produced

within the giant elliptical galaxy M 87. Both the inverse Compton scat-

tering of relativistic electrons on 2.7 K CMBR and interactions of cosmic

ray protons with the ambient interstellar gas can be responsible for the ob-

served TeV emission. In particular, approximately 1057(n/0.1 cm−3)−1 erg

total energy in ≥ 10 TeV protons is required to be accumulated in the

elliptical galaxy (n is the average number density of the interstellar gas)

in order to explain the observed γ-ray flux by p-p interactions. Another

possible site of TeV emission is the famous kpc scale jet with several bright

knots detected at radio, optical and X-rays. The latter is believed to have

a synchrotron origin and be produced by electrons with energies up to 100
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TeV. If so, within reasonable model parameters, detectable fluxes of inverse

Compton TeV γ-rays also can be expected.

The detection of a TeV signal from the starburst galaxy NGC 253 has

been reported by the CANGAROO group at the 11σ level (Itoh et al.,

2002). Despite the very high statistical significance, this detection perhaps

should be considered yet as tentative, because of possible systematic effects

which are less controllable in the case of a single telescope, especially for

the large angular size of the excess region ∼ 0.25◦ claimed by the authors.

For the distance to the source 2.5 Mpc, this corresponds to the liner size

of about 10 kpc, just the size of the radio halo discovered earlier around

NGC 253. This prompted the authors to propose that the TeV radiation

originates from the same radio halo region due to the inverse Compton

scattering of electrons (Itoh et al., 2003a), which proceeds with very high

efficiency in this region. Because of severe radiative losses, it is unlikely that

the TeV electrons are produced in the galactic disk and then transported

to the halo region. Thus, one has to assume that the electron accelerator(s)

are located immediately in the radio halo. If so, the particle acceleration by

strong termination shocks of the galactic wind (see e.g. Jokipii and Morfil,

1985) could be a possible source of TeV electrons in the halo.

The measured TeV spectrum is very steep (see Fig. 2.22), with a slop

described by a photon index 3.74± 0.27 (Itoh et al., 2003b). Such a steep

spectrum can be explained, most naturally, assuming an exponential cut-

off in the acceleration spectrum at energies around several TeV. On the

other hand in order to avoid the conflict with the flux upper limits set by

EGRET at lower energies, it is necessary to assume a rather flat electron

spectrum with spectral index p close to 2. Note that these values charac-

terise the cooled (steady-state) electron spectrum, and since the radiative

(synchrotron and Compton) cooling time of ≥ 100 GeV electrons, which

are responsible for ≥ 100 MeV γ-rays, does not exceed 106 years, one has

to assume unusually hard acceleration spectrum with differential spectral

index p−1 ∼ 1. Also, the magnetic field in the halo required by this model

is somewhat lower (by a factor of 2 or 3) than the field B ∼ 6 µG derived

from the polarization measurements (Beck, 1994).

For different assumptions about the steady-state spectrum of electrons,

Itoh et al. (2003b) estimated the total energy of electrons between 1055

and 1056 erg (Itoh et al., 2003). It is interesting to compare this estimate

with the energy in cosmic ray protons, assuming that the bulk of TeV γ-

rays is produced in interactions of cosmic rays with the ambient gas. A

proton differential spectrum with a power-law index slightly less than 2
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and with a break or exponential cutoff around 10 TeV can readily describe

the TeV spectrum observed by CANGAROO, as well as accommodate the

EGRET upper limits at GeV energies. For such a spectrum, the energy

required in TeV protons is estimated Wp ' Lγ tπ0 ' 5 × 1057(n/0.01)−1

erg, where Lγ ≈ 1040 erg/s is the detected TeV γ-ray luminosity, tπ0 is the

characteristic time of π0-production (see Chapter 3), and n is the number

density of the ambient gas. Even for a very low gas density in the halo,

the total energy in protons seems not unreasonably high. Moreover, in the

galactic disk, where the average gas density can be as large as n ∼ 10 cm−3,

the required energy in cosmic rays can reduced to a rather modest level,

≤ 1055 erg. The model of γ-ray production in the galactic disk does not

agree, however, with the angular size of the TeV source reported by the

CANGAROO collaboration. On the other hand, any strong assumption

concerning the origin of the TeV emission seems a bit premature. Both

the energy spectrum and the angular size of the source (and, perhaps,

even the very fact of the TeV signal) should be verified by independent

measurements. Such measurements with the CANGAROO-III and H.E.S.S.

telescope arrays will be available within the next 1 or 2 years.
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Fig. 2.22 Differential fluxes of γ-rays from the starburst galaxy NGC 253 based on the
data obtained by the CANGAROO group in 2000 and 2001 (from Itoh et al., 2003b).
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2.3.3 Next generation of IACT arrays

The success of ground-based gamma-ray astronomy in the 1990s not only

led to remarkable astrophysical discoveries, but also elucidated the promis-

ing detection techniques to be developed in the context of next generation

instruments. Among a variety of competing designs, the stereoscopic arrays

consisting of 10m diameter or larger aperture telescopes is identified as the

most convincing approach that can facilitate a qualitative improvement in

performance at an affordable cost, and, at the same time, promises a fast

scientific return.

2.3.3.1 Atmospheric Cherenkov radiation

Observations of cosmic γ-rays from the ground is possible by detecting

the secondary products of interactions of the primary γ-ray photon with

the atmosphere, either directly or through their electromagnetic radiation.

The atmospheric Cherenkov telescopes detect the Cherenkov light emitted

in the atmosphere by secondary electrons which are produced in the cas-

cades initiated by primary cosmic rays – protons, nuclei, electrons, γ-rays.

Generally, the ground-based technique based on the direct detection of sec-

ondary cascade products – electrons, photons, muons, hadrons – effectively

works in the ≥ 1 TeV primary energy region, even for particle detectors

installed at very high mountain altitudes, closer to the shower maximum.

At smaller primary energies the cascades die out in the upper atmosphere.

But, fortunately, the atmospheric Cherenkov radiation potentially makes

accessible primary γ-rays down to energies of about several GeV.

In the Cherenkov light, a γ-ray induced shower looks like an object of

(approximately) elliptical shape that starts at an altitude of some 20-25 km

(the point of the first interaction) and extends down to several km. The

relativistic electrons move along the shower axis without significant lateral

displacement, thus the light is emitted predominantly at the characteristic

Cherenkov angle, which at the the maximum of the shower development of

about 10 km above sea level (a.s.l.) is close to 1◦ (see e.g. Hillas, 1996). This

results in a pool of Cherenkov light on the ground with a radius ≈ 120 m

at average mountain altitude of about 2 km a.s.l. (see Fig. 2.23).

Because of absorption and scattering in the atmosphere, the Cherenkov

light arrives with a spectrum that peaks at wavelengths around 300-350

nm. This light is very faint, with a density ranging from 100 to several

100 photons/m2 (depending on the altitude) for a 1 TeV γ-ray photon,

and very brief - it lasts only several nanoseconds. This implies that the
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Fig. 2.23 Illustration of detection of the Cherenkov light from a shower initiated by a
primary very high energy γ-ray photon.

Cherenkov telescopes must have large (� 1 m2) optical reflectors to image

the Cherenkov light onto a multi-pixel camera. The latter should be sensi-

tive to the visible (closer to blue) light and sufficiently fast with a typical

“time gate” of about 10 nanoseconds. A characteristic image of a γ-ray

induced shower obtained with such a camera is shown in Fig. 2.23. The

total intensity of the image is a measure of the primary energy, the orienta-

tion of the image in the camera correlates with the arrival direction of the

primary particle, and the shape of the image contains information about

the the origin of the air shower (induced by a cosmic ray proton/nucleus or

by a γ-ray photon). These three features comprise the basis of the Imaging

Atmospheric Cherenkov Telescope (IACT) technique.

2.3.3.2 Stereoscopic detection of Cherenkov images

The huge detection area of showers determined effectively by the radius

of the Cherenkov light pool, the effective separation of electromagnetic

and hadronic showers and the good accuracy of reconstruction of shower

parameters are three remarkable attributes of the IACT technique. The

critical advantage of air-shower imaging is the discrimination it provides

against a potentially overwhelming rate of the cosmic-ray induced shower

events (Weekes and Turver, 1977, Stepanian et al., 1983, Plyasheshnikov

and Bignami, 1985, Hillas, 1985). Two independent image criteria are
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roughly equal in CR rejection power by a single telescope – the intersection

of the shower track with the source location and the apparent shower width.

The first criterion is valid for point sources, but does not depend on the

origin (hadronic or electromagnetic) of showers. The second one is based

on the inherently larger transfer momentum of secondaries produced in

hadronic interactions. With single imaging telescopes, the Whipple, CAT

and HEGRA groups have achieved approximately 300:1 rejection of cosmic

ray showers with a factor of 2 loss in gamma-ray events.

Viewing the shower from several vantage points provides additional de-

grees of freedom, and thus allows further significant improvement of the

γ-ray registration technique. The concept of stereo imaging is based on the

simultaneous detection of a single air shower in different projections by at

least two telescopes separated at a distance comparable with the “effective

radius” of the Cherenkov light pool. The stereoscopic approach allows (i)

unambiguous and precise reconstruction of shower parameters on an event-

by-event basis, (ii) superior rejection of hadronic showers, and (iii) effective

suppression of the background light from different sources - the night sky

background (NSB), local muons, etc..
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Compared with single (“stand alone”) telescopes, which can adequately

measure the shower inclination only in the direction perpendicular to the

plane containing the telescope axis, the stereoscopic approach allows full

reconstruction of the arrival direction of an individual primary photon with

accuracy of about 0.1◦ or less. Apart from the good directional information,

the stereoscopic systems make use of the fact that the Cherenkov images

of a shower detected in different projections are only partially correlated.

Therefore, the stereoscopic measurements increase the efficiency of rejec-

tion of hadronic (background) showers at both the hardware (trigger) and

software levels, and consequently improve significantly the flux sensitivity

compared to the sensitivity of single telescopes. Finally, the precise de-

tection of shower parameters, in particular the shower maximum and the

position of the shower core, allows energy determination of primary γ-rays

with resolution as good as 10 per cent.

The only disadvantage of the stereoscopic approach is a non-negligible

loss in the detection rate because of the overlap of the shower detection

areas of individual telescopes. However, this loss of statistics is largely

compensated for by a significant reduction of the energy threshold when

the telescopes operate in the coincidence mode.

The first attempt of stereoscopic observations of air showers using the

so-called ”double-beam” technique, which also contained certain elements

of the modern imaging Cherenkov technique, led to the tentative detec-

tion of a γ-ray signal from the radiogalaxy Centaurus A (Grindlay et al.,

1975). Both the energy threshold and the flux sensitivity (∼ 10−11 ph/cm2s

above 300 GeV) achieved by the two 7-m aperture optical reflectors were

quite impressive even in the standards of the current ground-based instru-

ments. However, the full potential of the stereoscopic approach has been

convincingly demonstrated two decades later by the HEGRA system of 5

relatively small, 3 m diameter telescopes equipped with medium resolution

(0.25◦ pixel size) cameras. The observations of the standard TeV candle,

the Crab Nebula (Daum et al., 1997; Konopelko et al., 1999) thoroughly

confirmed the early predictions (Aharonian, 1993) for the performance of

this instrument. Fig. 2.24 shows the potential of the HEGRA IACT array

for the reconstruction of the arrival direction of γ-rays. The angular resolu-

tion of about 0.1◦ coupled with the effective rejection of hadronic showers

allowed observations of point γ-ray sources with a sensitivity characterised

by a robust 10σ detection of a TeV signal from a Crab-like source for just 1

hour observation time. This is a factor of 1.5-2 better than the sensitivity

of the best single telescopes, CAT and Whipple, despite the fact that they
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operate at lower energy thresholds, and therefore have significantly higher

detection rates. The ability of this instrument to detect γ-ray sources at an

energy flux level around 10−12 erg/cm2s after approximately 100 h obser-

vation time (see Fig.1.2) was demonstrated by the discovery of γ-rays from

3 objects (Cas A, M 87, and TeV J2132+4131). This instrument was able

to localise point-like TeV sources with an accuracy of better than 1 arcmin,

and to perform detailed spectral studies with ≈ 12 per cent energy resolu-

tion. Despite the small area of reflectors and the use of medium resolution

cameras, the effective energy threshold of the HEGRA system of about 500

GeV was only a factor of two higher than the energy threshold of the Whip-

ple telescope with an order of magnitude larger mirror area. Moreover, it

has been demonstrated that with an optimised “topological” trigger, the

energy threshold of the HEGRA telescope system could be reduced to 350

GeV (Lucarelli et al., 2003).

2.3.3.3 IACT arrays

One of the principal issues in the planning of next generation detectors for

ground-based gamma-ray astronomy is the choice of the energy domain.

If one limits the energy region to a relatively modest threshold around

100 GeV, the performance of the telescope arrays and their implementa-

tion can be predicted with confidence (Aharonian et al., 1997a; Aharonian

and Akerlof, 1997). In practice, an energy threshold of 100 GeV can be

achieved with a stereoscopic system consisting of 10 m diameter optical

reflectors equipped with conventional PMT-based high resolution cameras.

The technology for building large telescopes with high quality mirrors and

multi-channel cameras was also rather well understood. These circum-

stances soon resulted in a logical outcome - 3 quite similar proposals for 10m

diameter class imaging telescope arrays, CANGAROO-III (Collaboration

of Australia and Nippon for a Gamma Ray Observatory in the Outback)

in Australia, H.E.S.S. (High Energy Stereoscopic System) in Namibia and

VERITAS (Very Energetic Imaging Telescope Array System) in southern

Arizona, USA. With their superior angular resolution and background re-

jection, that should provide a TeV flux sensitivity in the 10 mCrab range,

and an energy threshold of about 100 GeV, these instruments, together

with a single 17m diameter imaging telescope MAGIC, will dominate the

field for the next 5 to 10 years.

Both the arrangement (four or more telescopes separated from each

other at distances of about 100m) and the design of individual telescopes of
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Fig. 2.25 The H.E.S.S. Phase-I four telescope system (artistic design; from the H.E.S.S
project web page, http://www.mpi-hd.mpg.de/hfm/HESS).

these three projects are quite similar, although the H.E.S.S. collaboration

has taken perhaps the most ambitious steps. The Phase-I system (see

Fig.2.25) to be completed in 2004, consists of 4 telescopes. The reflector of

a H.E.S.S. telescope is composed of 380 round 60 cm glass, aluminised and

quartz coated mirrors. Arranged in a Davis-Cotton design, they form a 15

m focal length, 107 m2 area dish with a reflectivity of about 85%. Due to

the superior quality of the mirrors and the alignment system, an excellent

mirror point spread function has been achieved out to 2 degrees from the

optical axis. Over almost the entire 5◦ FoV of 960-pixel camera, the spot

is essentially contained in a single 0.16◦ pixel. The performance of the first

telescope (Fig.2.26), which started taking data in mid 2002, is consistent

with expectations.

A standard stereoscopic system of telescopes should consist of several

telescopes, because the quality of reconstructed shower parameters contin-

ues to be improved up to three or four triggered telescopes. After reaching

the maximum possible suppression of the cosmic ray background by simul-

taneous detection of air showers in different projections – limited basically
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by intrinsic fluctuations in cascade development – the further improve-

ment of the flux sensitivities for a given energy threshold can be achieved

by an increase of the shower collection area, i.e. construction of an ar-

ray consisting of several stereoscopic systems - cells. A possible design of

a homogeneous multi-cell array of 100 GeV-threshold class telescopes is

shown in Fig. 2.27a. The detection area of a telescope array consisting of a

large number of 100m×100m 4-telescope cells, n0 � 10, is almost energy-

independent, A ≈ n0A0 where A0 ≈ 104 m2 is the area of a single cell.

Thus, approximately n0 = 100 cells are required in order to approach to a

highly desired detection area of about 1 km2. This is, however, an expensive

and hardly affordable approach. Also, it has another major disadvantage

– significant loss in the collection area per cell above the energy threshold

100 GeV, and, therefore, an inadequate (for the total number of telescopes)

sensitivity at TeV energies.

Fig. 2.26 The first H.E.S.S. telescope equipped with 960-pixel camera (from the H.E.S.S
project web page, http://www.mpi-hd.mpg.de/hfm/HESS).
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From this point of view, an array consisting of several cells located at

large distances from each other (significantly larger than the Cherenkov

pool radius), seems a more effective, and economically better justified, ap-

proach. A possible design for such an array is shown in Fig.2.27b. At

energies close to the energy threshold, the cells operate independently, thus

we should expect the same sensitivity as in the case of a “homogeneous”

array consisting of the same number of cells. However, at energies signif-

icantly above the energy threshold there should a significant gain in the

collection area. At very high energies, a “stereoscopic trigger” applied to

some of the telescopes from different cells should provide also a significant

gain of shower detection in the so-called large-zenith-angle mode.

It is important to note that the so-called 100 GeV energy threshold

arrays provide, in fact, the best energy flux sensitivity at TeV energies.

For optimisation of the γ-ray detection at energies around 100 GeV, we

must reduce the energy threshold of individual cells to 10 GeV or so, by

using larger, ≥ 20 m aperture class reflectors and/or using higher quantum

efficiency optical detectors. On the other hand, reduction of the detection

threshold to such low energies is a big issue itself. It will help not only to

improve significantly the flux sensitivities at 100 GeV, but also will open

an exciting scientific research area in the intermediate for the ground- and

space-based gamma-ray astronomies interval between 10 and 100 GeV.

2.3.3.4 Sub-10 GeV ground based detectors?

The forthcoming stereoscopic systems of large imaging telescopes, with their

superior energy-flux sensitivity between 10−13 − 10−12 erg/cm2s, perfectly

suit the energy range from approximately 10 TeV down to 100 GeV (or

perhaps even 30 GeV) – a spectral domain in its own right from the point

of view of both the main scientific motivations and the specific astrophysical

source populations that emit most effectively in this energy band.

It is expected that the next generation major satellite γ-ray mission

GLAST with a large pair-conversion telescope (Fig. 2.28) will have similar

energy-flux sensitivity in the 30 MeV to 10 GeV energy range, and extent

the exploration of the gamma-ray sky with still reasonable sensitivity to

100 GeV, or even beyond (see Fig. 1.2). Thus the gap between space-based

and ground-based instruments will finally disappear. This is an important

condition for cross-calibration of two different detection techniques.

At the same time, the astrophysical significance of the overlap of detec-

tion domains of the satellite-borne and ground-based instruments should
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Fig. 2.27 Two possible designs of future IACT arrays (from Aharonian, 1997)

not be overestimated. Although at GeV energies GLAST will improve the

EGRET sensitivity by almost two orders of magnitude, the capability of

GLAST and, in fact, of any post-GLAST space project at energies well

beyond 10 GeV will be quite limited because of the limited detection area,

even if the Moon would be used in (far) future as a possible platform for

installation of very large, e.g. 100 m2 area pair-conversion detectors.

The impressive sensitivity of GLAST shown in Fig. 1.2 can be achieved

from an approximately one year all-sky survey. For the persistent γ-ray

sources this is an adequate estimate, taking into account that a huge num-
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Fig. 2.28 The GLAST γ-ray telescope (from Morselli, 2002). The main element of the
telescope is the tracker consisting of four-by-four array of tower modules. Each module
consists of layers of silicon-strip detectors and thin large-Z material sheets converting
γ-rays into electron positron pairs. The silicon-strip detectors track with high precision
the secondary electrons. The segmented CsI(Tl) calorimeter measures the energy of
the absorbed electron-positron pair, and thus gives information about the the energy of
the primary γ-ray photon. The active anti-coincidence shield consisting of segmented
plastic scintillator tiles, provides effective rejection of the charged particle background
from primary cosmic rays and from the Earth albedo secondary products.

ber of sources will be simultaneously covered by the large, almost ∼ 2π

steradian homogeneous FoV of GLAST. However, the small, approximately

1 m2, detection area limits the potential of this instrument for detailed stud-

ies of the temporal and spectral characteristics of highly variable sources

like blazars or solitary events like GRBs at multi-GeV energies. In this re-

gard, GLAST can hardly match the performance of current X-ray detectors
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that have similar detection areas but operate in a regime of photon fluxes

that exceeds the fluxes of MeV/GeV γ-rays by many orders of magnitude.

The need in a powerful instrument to study transient phenomena

with adequate high energy γ-ray photon statistics, has motivated the

idea/concept of extension of the domain of the imaging atmospheric

Cherenkov technique, with its huge shower collection area ≥ 104 m2, down

to energies of about 5 GeV. This requires high elevations of the order of 5

km. That is why the concept is called 5@5 (Aharonian et al., 2001).

Very high altitudes allow significant gain in the density of the Cherenkov

light. Two other key requirements to achieve sub-10 GeV energy threshold

are the stereoscopic approach and very large optical reflectors. Monte Carlo

studies show that the operation of a stereoscopic system consisting of ≥ 3

telescopes, each of which is a 25 to 30 m diameter optical reflector equipped

with a conventional PMT-based multichannel camera with pixel size less

than 0.1◦, at an altitude of about 5 km above sea level, should indeed allow

reduction of the effective detection threshold down to several GeV.

The successful realization of a several GeV energy threshold telescope

array would largely depend on the availability of exceptional sites with a

dry and transparent atmosphere at an altitude as high as 5 km. Nature does

provide us with such an extraordinary site - the Liano de Chajnantor in the

Atacama desert in Northern Chile. This site with its very arid atmosphere

has been chosen for the installation of one of the most powerful future as-

tronomical instruments – the Atacama Large Millimeter Array (ALMA), a

US-European project which will consists of sixty four 12m aperture radio

antennas. The very large flat area of this unique site could certainly ac-

commodate a Cherenkov telescope array as well. Another attractive feature

of this site seems is an adequate infrastructure which will be built up for

ALMA. A potential site for installation of a similar array in the Northern

Hemisphere would be a site close to the Yangbajing Laboratory (Tibet,

China) at 4.3 km a.s.l. where the low-threshold air-shower array ARGO-

YBJ is under construction, and other detectors have operated for a number

of years.

An array of such large telescopes located at a relatively modest, but

more comfortable altitude around 2 km a.s.l. would have somewhat larger,

by a factor of 2 or 3, energy threshold. The lower Cherenkov light density

at these elevation can be compensated for by more sensitive cameras based

on novel (unfortunately, yet not available) fast (nanosecond) detectors of

optical radiation with quantum efficiency exceeding 50%. Because of the

unavoidable increase of the night sky background. such cameras cannot,
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however, provide proportional reduction of the energy threshold. Finally

we note that combination of several such (sub)arrays with spacing of ap-

proximately 200 to 400 m, as shown in Fig. 2.27b, can provide an excellent

flux sensitivity around 100 GeV.

Reduction of the energy threshold down to several GeV is a critical

issue for a number of astrophysical and cosmological problems, e.g. for

study of γ-radiation from pulsars and cosmologically distant objects like

quasars and gamma-ray bursts. Therefore, preference should be given to

very high elevations. Moreover, with sub-10 GeV threshold arrays one

may significantly gain in sensitivity because of the effect related to the so-

called rigidity cutoff. At such low energies the cosmic ray background is

dominated by electrons. However, for the geomagnetic latitudes of both the

ALMA and Yangbajing sites, the geomagnetic field effectively prevents the

electrons and protons with energies less than 10 to 15 GeV from entering

the Earth’s atmosphere (see e.g. Lipari, 2002). This may have an impact

on the background caused by electrons, and consequently would improve

the flux sensitivity at energies below the rigidity cutoff.

The range of sensitivities that can be achieved by a 5@5 type instrument

after approximately 100 hours observation of a point source is shown in Fig.

1.2. Comparing the sensitivity curves in Fig. 1.2 one may conclude that

5@5 and GLAST are competitors. However, they are, in fact, highly com-

plementary. Note that the sensitivity curves for GLAST and 5@5 shown in

Fig. 1.2 correspond to very different times (100 h for 5@5 versus 1 year for

GLAST). While GLAST with its almost 2π FoV can provide very effective

simultaneous monitoring of a large number (hundreds or even thousands)

of sources, and also enables studies of the galactic and extragalactic com-

ponents of the diffuse γ-ray background, 5@5 has an obvious advantage for

the search and study of highly variable or transient γ-ray sources. On the

other hand, 5@5 is a detector with a small field of view, therefore it requires

special strategies for the search and study of multi-GeV emitters. Because

of overlap of the energy intervals covered by these two instruments, GLAST

may serve as a perfect “guide” for 5@5. Generally, all sources that will be

detected by GLAST can be potential targets for observations with 5@5.

The concept of 5@5 is not only motivated by the possibility of cov-

erage of the as yet unexplored region of multi-GeV γ-rays. In fact, 5@5

combines two advantages of the current ground-based and satellite-borne

γ-ray domains - large photon fluxes at GeV energies (typically, 10−8 to

10−6 ph/cm2s above 1 GeV versus 10−12 to 10−10 ph/cm2s above 1 TeV),

and enormous detection areas in the TeV domain (up to 105 m2 at TeV en-



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

Status of the Field 95

ergies to ≈ 1 m2 at GeV energies). This makes 5@5 a unique “Gamma-ray

timing explorer” (with a sensitivity to detect EGRET sources with hard

spectra extending to 10 GeV, in exposure times of a few seconds to several

minutes) for the study of transient non-thermal γ-ray phenomena like rapid

variability of Blazars, synchrotron flares in Microquasars, the high energy

(GeV) counterparts of Gamma Ray Bursts, etc.

The capability of 5@5 will not be limited to highly variable source stud-

ies. This instrument, in fact, has significantly broader objectives related

to detailed γ-ray spectrometry of emission in the energy interval from 10

to 100 GeV from γ-ray sources like SNRs, Plerions, Pulsars, the Galactic

Disk as a whole, large (kpc to Mpc) scale jets in radiogalaxies, rich galaxy

clusters, etc.. Therefore, 5@5 will be complementary in its capabilities to

the forthcoming 10m class telescope arrays (spectrometry typically above

100 GeV) and GLAST (spectrometry below 10 GeV). The good energy

resolution in the energy interval between 10 and 100 GeV, supported by

an adequate γ-ray photon statistics, is crucial also for cosmological studies

through (i) probing the cosmic optical and near infrared background ra-

diation, (ii) detecting γ-rays from large scale cosmological structures, and

(iii) searching for characteristic line emission from the non-baryonic Dark

Matter Halos.

The successful realization of the 5@5 concept in the form of an operating

high-altitude Cherenkov telescope array during the lifetime of GLAST was

identified as a major observational goal and classified as one of the highest

priority objectives in the field of gamma-ray astronomy (Buckley et al.,

2002).

2.3.3.5 Large field-of-view detectors

The imaging atmospheric Cherenkov telescopes are designed for observa-

tions of γ-rays from objects with well determined positions. However, the

high sensitivity of stereoscopic arrays coupled with relatively large (4 de-

gree or more) field-of-view homogeneous imaging cameras, may allow quite

effective sky surveys as well, as has been demonstrated by the HEGRA

CT-system. The next generation telescope arrays with an energy threshold

around 100 GeV and with significantly improved sensitivity at TeV ener-

gies, will provide deeper surveys. In particular, it is expected that all point

TeV sources with fluxes at the 0.1 Crab level can be be revealed within one

steradian of the sky during a one-year survey. A 5@5 type instrument will

have a similar potential at GeV energies.
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Nevertheless, the development of a ground-based technique allowing si-

multaneous coverage of a significant (1 steradian or so) fraction of the sky

is recognised as a high priority issue. This would be important, for exam-

ple, for monitoring of γ-ray activity of a large number of highly variable

blazars and, for independent detection of solitary VHE γ-ray events, e.g.

TeV counterparts of GRBs. The general requirements to the performance

of the future wide FoV γ-ray ground-based detectors is dictated by the

parameters of the upcoming imaging Cherenkov telescope arrays. Namely,

the energy threshold of these instruments should be close to 100 GeV and

their sensitivity for a one year survey should be at least 0.1 Crab in order to

be compatible to the sensitivity of the Cherenkov telescope arrays achieved

for several hour (1 night) observation time. Two possible approaches have

been proposed in this regard - (i) very large FoV imaging air Cherenkov

telescope technique based on refractive optics (Kifune, 2001) and (ii) dense

air shower particle arrays or large water Cherenkov detectors installed at

very high, 4 km or higher altitudes (for a review see Hoffman et al., 1999).

The first technique requires several technological innovations –

very large UV transparent Fresnel lenses, mega-pixel/nanosecond/high-

quantum-efficiency detectors, a huge data handling capability, etc. This

approach may receive a significant support from the cosmic ray community

which recently proposed to build a similar, but space-based downward look-

ing atmospheric fluorescence detectors for registration of extremely high

energy cosmic rays (the OWL and EUSO projects).

The second approach does not face serious technological challenges. The

feasibility of both the high altitude air shower array and water Cherenkov

techniques have been convincingly demonstrated by the Tibet and Milagro

collaborations (for a review, see e.g. Buckley et al., 2002). Moreover,

ARGO, a new air shower detector under construction by the Chinese-Italian

collaboration in Tibet, is expected to have performance rather close to the

above requirements (Bacci et al., 2002). An ambitious idea of constructing

a Milagoro type instrument with 10 times more physical area and located at

4 km a.s.l. (G. Sinnis, private communication), promises further significant

improvement of sensitivity of the 100 GeV threshold, large field-of-view

ground-based technique.

2.3.3.6 IACT arrays for probing PeV γ-rays

The current trend to reduce the energy threshold of ground-based γ-ray

detection technique concerns both the atmospheric Cherenkov telescopes
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and the air-shower detectors. As a result, presently there is only little

instrumental activity in the energy domain above 10 TeV. On the other

hand, this energy region is of high astrophysical interest. For example, the

detection of 100 TeV γ-rays from shell type SNRs would be a key proof

that the shocks in SNRs accelerate protons up to energies 103 TeV. Another

interesting issue is related to 10-100 TeV γ-rays from nearby extragalactic

sources, for example from radiogalaxies M 87 or Cen A – potential sites of

acceleration of the observed highest energy cosmic rays.

The fluxes of γ-rays typically decrease very rapidly with energy. This

limits the capability of the traditional air-shower arrays because of both

limited proton/gamma separation power and limited detection area, and

consequently low γ-ray photon statistics. Any meaningful study of cosmic

γ-rays beyond 10 TeV requires a detection area of about 1 km2.

At large zenith angles of about 60◦, the collection area of the atmo-

spheric Cherenkov detectors increases rapidly. Thus the use of IACT sys-

tems at such large angles can improve the γ-ray statistics in the multi-TeV

region. For many astrophysical objects, on the other hand, the observation

time within a single night is very short in this mode, because the γ-ray

source sets rapidly below the horizon. Besides, even small variations of the

atmospheric transparency add non-negligible uncertainties in the deriva-

tion of the shower parameters obtained at large zenith angles. Also, an

exploitation of the large-zenith angle technique requires very small pixel

size, and therefore quite expensive multi-channel cameras.

An effective and straightforward approach seems the use of an array of

imaging telescopes optimised for detection of γ-rays in the 10 to 100 TeV

region. Such an array can consists of telescopes of rather modest, approx-

imately 10 m2 mirror size, and separated from each other by a distance

essentially larger than the conventional 100 m. Depending on the tasks,

and the configuration of the imagers (multi-pixel cameras), the optimum

distance varies between 300 to 500 m. The requirement to the pixel size of

the imagers is also quite modest, from 0.25◦ to 0.5◦, however they have to

cover very large field-of-view, 6 to 8 degree, in order to collect showers from

distances up to 500 m or more. Monte Carlo simulations show (Plyashesh-

nikov et al., 2000) that an array consisting of 9 or more such telescopes

can provide an extraordinary collection area exceeding 1 km2, a reasonable

efficiency for suppression of hadronic showers, good angular resolution of

several arcmin and reasonable energy resolution. Such an array can serve

also as an effective tool for the study of the energy spectrum and mass

composition of cosmic rays up to the so-called “knee” around 103 TeV.
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Chapter 3

Gamma Ray Production and

Absorption Mechanisms

Any interpretation of an astronomical observation requires, by definition,

unambiguous identification of the relevant radiation mechanism(s). The

adequate knowledge of the features of the principal radiation processes is

another key issue. Therefore the physics of radiation and absorption mech-

anisms is one of the central subjects of astronomy. With some exceptions,

all basic radiation processes relevant to astronomy have been studied in

great detail using the methods and tools of the modern experimental and

theoretical physics, in particular the atomic and molecular physics, nuclear

physics, high energy (particle) physics. Generally, each wavelength band

in astronomy is characterised by one or two basic radiation mechanisms.

However, this is not the case of gamma-ray astronomy. Here we deal with

a large number of competing processes which makes the theoretical stud-

ies very interesting, but also challenging. Very often, we face a dilemma

when the same experimental result can be equally well explained by more

than one radiation mechanism. For example, for explanation of the TeV

γ-radiation from blazars at least four different possible channels associated

with the inverse Compton scattering of electrons, as well as with interac-

tion of protons with magnetic field (synchrotron radiation), photon fields

(photo-meson processes) and matter (inelastic p-p collisions) have been pro-

posed, and, at this stage, none of them can be firmly discarded. Even in

simpler scenarios, like γ-ray production in supernova remnants, a basic

question of the dominant radiation mechanism remains unsolved. More-

over, sometimes two or more radiation processes contribute comparably to

the same energy interval of the observed γ-ray flux. This is the case, for

example, of diffuse radiation of the Galactic Disk at MeV and GeV energies.

The unambiguous identification of γ-ray production mechanisms in ce-

lestial objects requires not only comprehensive experimental data contain-

99
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ing information about the spectral, temporal and spatial properties of radi-

ation1, but also clear understanding of the features of relevant elementary

processes and their relationships to each other, especially in the context of

multiwavelength studies.

Apart from the emission by thermal relativistic plasmas, γ-ray

production in astronomical environments implies interactions of acceler-

ated particles (electrons, protons and nuclei) with ambient targets - ther-

mal gas, low-frequency photons, magnetic fields. There are several possible

ways of grouping different radiative processes by character of interactions

(leptonic or hadronic, absorption or radiation) or by type of the target.

Below we adopt the latter classification which allows a rather convenient

description of relative contributions of different processes for a given as-

tronomical environment dominated by matter, radiation or magnetic field.

The cross-sections of all electromagnetic processes are calculated within the

framework of Quantum Electrodynamics. These results, obtained with an

extremely high accuracy, are summarised in many famous monographs (e.g.

Heitler, 1954; Jauch and Rohrlich, 1955; Akhiezer and Berestetskii, 1965).

On the other hand, our knowledge about the hadronic cross-sections are

based essentially on accelerator data. In the energy region of interest, up

to 1015 eV or even higher, all relevant cross-sections are measured with an

adequate accuracy for astrophysical applications.

Below we will discuss the properties of the most important absorption

and radiation processes in the γ-ray domain with an emphasis on the mech-

anisms that operate effectively in the high and very high energy regimes,

while the processes relevant to low energy domain will be covered briefly.

3.1 Interactions with Matter

Two γ-ray production mechanisms related to electron bremsstrahlung and

the decay of neutral π-mesons produced at nucleon-nucleon interactions

are among the most effective processes resulting in high and very high

energy γ-ray emission. The annihilation of positrons, as well as the nuclear

processes associated with neutron-capture reactions and de-excitation of

nuclei, dominate at lower, MeV energies.

1Polarization is another inherent characteristic of radiation, but unfortunately prac-
tical realization of polarization measurements in the high energy γ-ray regime is an
extremely difficult task.
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3.1.1 Electron bremsstrahlung and pair-production

Comprehensive analysis of features of the cross-sections of these pro-

cesses can be found in Heitler (1954) and Akhiezer and Berestetskii (1965).

Although the two processes have many similarities, generally electron

bremsstrahlung has broader astrophysical applications than pair produc-

tion. The latter becomes important only in the context of cascade devel-

opment in optically thick environments.

The integral cross-sections of the bremsstrahlung and pair production

processes in hydrogen gas are shown in Fig. 3.1. The energies of electrons

and γ-rays are expressed in units ofmec
2. The cross-sections are normalised

to the asymptotic value of the pair production cross-section at ε0 → ∞:

σ0 = 7/9 × 4αfr
2
eZ(Z + 1)

ln(183Z−1/3)

1 + 0.12(Z/82)2
(3.1)

where Z is the charge of the target nucleus, and re is the classical electron
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Fig. 3.1 Total cross-sections of the bremsstrahlung (σbr) and pair production (σp)
processes in hydrogen gas normalised to the asymptotic value (σ0) of the pair production
cross-section at ε0 → ∞. The bremsstrahlung cross-sections are calculated for secondary
γ-rays produced with energies exceeding (1) the pair-production threshold, εth = 2; (2)
the critical energy, εth ' 700; (3) half of the energy of the primary electron, εth = ε0/2.
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radius. This actually implies introduction of the so-called radiation length

X
(m)
0 = 7/9(nσ0)

−1 , (3.2)

the physical meaning of which is the average distance over which the ultra-

relativistic electron loses all but 1/e of its energy due to bremsstrahlung.

The same parameter also implies the mean free path of γ-rays. This conve-

nient parameter is widely used to describe cascade development in optically

thick sources. The cascade effectively develops at depths exceeding the ra-

diation length. Usually the radiation length is expressed in units of g/cm2.

For hydrogen gas X
(m)
0 ' 60 g/cm2. The second important parameter that

characterises the cascade development is the so-called critical energy below

which ionization energy losses dominate over bremsstrahlung losses. In hy-

drogen gas, εcr ' 700. Effective multiplication of particles in a cascade is

possible only at energies ε ≥ εcr. At lower energies electrons dissipate their

energy by ionization rather than producing more high energy γ-rays which

would support further development of the electron-photon shower.

In Fig. 3.1 the bremsstrahlung total cross-sections is calculated for 3 dif-

ferent values of minimum energy of emitted photons: εth = 2, εcr and εe/2.

The first value corresponds to the cross-section of production of all γ-rays

capable of producing electron-positron pairs. The second value corresponds

to the cross-section for γ-rays produced above the critical energy, and thus

capable of supporting the cascade. And finally, the third value corresponds

to the cross-section of production of the “most important” γ-rays which

play the major role in the cascade development. It is seen from Fig. 3.1 that

while for εth = 2 the pair-production cross-section is an order of magnitude

smaller compared to the bremsstrahlung cross-section, for εth = εe/2 the

cross-sections of two processes become almost identical at ε ≥ 100.

The differential cross-sections of bremsstrahlung and pair production are

presented in Fig. 3.2 The pair-production cross-section obviously is a sym-

metric function around the point x = εe/ε0 = 0.5. The bremsstrahlung dif-

ferential cross-section has a 1/εγ type singularity at εγ → 0, but because of

the hard spectrum of bremsstrahlung photons the energy losses of electrons

contribute mainly to emission of high energy γ-rays. Thus bremsstrahlung

should be treated as an essentially catastrophic process. Nevertheless, it is

convenient to introduce the so-called average energy loss-rate,

−
(

dεe
dt

)

br

=

(

cmpn

X0

)

εe . (3.3)

Correspondingly, the lifetime of electrons due to the bremsstrahlung
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losses is

tbr =
εe

−dεe/dt
' 4 × 107(n/1 cm−3)−1 yr, (3.4)

where n is the number density of the ambient gas.

Note that the electron energy loss rate given by Eq.(3.3) is proportional

to the electron energy, and, correspondingly, the lifetime given by Eq.(3.4) is

energy independent. This implies that for a initial (acceleration) power-law

spectrum Q(εe), bremsstrahlung losses do not change the original electron
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Fig. 3.2 Differential cross-sections of the bremsstrahlung (upper panel) and pair pro-
duction (bottom panel) processes in hydrogen. The cross-sections are normalised to one
radiation length. The energies of primary electrons and γ-rays ε0 (in units of mec2) are
indicated at the curves.
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spectrum, taking into account that the cooled steady-state spectrum N(εe)

is determined as (see e.g. Blumenthal and Gould, 1970)

N(εe) ∝ (dεe/dt)
−1

∫

εe

Q(Ee)dεe . (3.5)

Interestingly, in the case of power-law spectrum of electrons N(εe), the

spectrum of bremsstrahlung γ-rays is also power low with the same power-

law index (this is a result of 1/εγ dependence of the differential cross-

section). Thus, the bremsstrahlung γ-ray spectrum simply repeats the

shape of the electron acceleration spectrum Q(εe) ∝ ε−Γ
e .

This is true, however, only when the energy losses are dominated by

bremsstrahlung. In hydrogen gas, at energies below ∼ 700mec
2 ' 350 MeV

ionization dominates over the bremsstrahlung. Because both the ioniza-

tion and bremsstrahlung loss rates are proportional to n, this condition

does not depend on the ambient gas density. On the other hand, in the

relativistic regime, the ionization loss rate does not depend on the elec-

tron energy. Thus, in accordance with Eq.(3.5), the steady-state electron

spectrum becomes flatter, N(εe) ∝ ε−Γ+1
e , and correspondingly at energies

below several hundred MeV we should expect a very hard bremsstrahlung

γ-ray spectrum with power-law photon index Γ − 1.

In many astrophysical scenarios the inverse Compton and syn-

chrotron losses may well dominate, especially at very high energies, over

bremsstrahlung, depending on the ratio of the energy density of the radi-

ation and magnetic fields to the number density of the ambient gas. The

synchrotron and inverse Compton energy loss rates are proportional to the

electron energy. This makes the steady-state electron spectrum steeper,

N(εe) ∝ ε−Γ−1
e , and correspondingly the bremsstrahlung γ-rays emerge

with photon index Γ + 1.

Eq.(3.3) and (3.4) are derived for neutral gas. In a fully ionized gas,

i.e. in the absence of the screening effect, the corresponding equations are

somewhat different (see, e.g., Akhiezer and Berestetskii, 1965). In particu-

lar, an additional term proportional to ln εe appears in the energy loss-rate.

However these corrections do not essentially change the above conclusions.

Due to ionization losses, the efficiency of bremsstrahlung in the energy

range below the critical energy εcr decreases approximately proportional to

the electron energy, and becomes very low at sub-relativistic energies. In

the nonrelativistic regime, proton bremsstrahlung (often called “inverse”

bremsstrahlung) becomes identical to electron bremsstrahlung, when the

proton and electron kinetic energies are express in their rest mass units
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(see e.g. Hayakawa, 1969). Although in some specific cases like in Solar

flares, the non-relativistic bremsstrahlung of electrons and protons may play

a major role in production of nonthermal X-rays, generally this is a very

inefficient radiation mechanism. Because of severe ionization losses only a

tiny fraction, ≤ 10−5, of the kinetic energy of particles is released in X-rays.

Finally we note that since the hard X-rays of energy εx are produced by

protons with energy (me/mp)εx ' 10(εx/5 keV) MeV, this process is tightly

connected with the prompt γ-ray emission due to excitation of the nuclei

of the ambient matter by the same ≥ 10 MeV protons (see Sec.3.1.3.2).

3.1.2 Electron-positron annihilation

The astrophysical significance of this process, e+e− → 2γ, generally is

attributed to the annihilation line at energy mec
2 = 0.511 MeV, as well

as to the 3-photon positronium continuum, produced by annihilation of

thermalized positrons with relatively cold thermal electrons of the ambient

gas/plasma. However, if the positrons are injected into the production

region with relativistic energies, a significant fraction (from 10 to 20 per

cent, depending on the ionization state of the ambient plasma) of positrons

annihilate in flight before they cool down to the temperature of the thermal

background gas (Aharonian and Atoyan, 1981a).

The differential spectrum of the γ-rays produced in the annihilation of

fast positrons with Lorentz-factors ε+ = E+/mec
2 on the ambient electrons

with density ne is described by a simple analytical expression (Aharonian

and Atoyan 1981b)

qann(εγ) =
3σ2

Tcne

8ε+ p+

[(

εγ
ε+ + 1 − εγ

+
ε+ + 1 − εγ

εγ

)

+

2

(

1

εγ
+

1

ε+ + 1 − εγ

)

−
(

1

εγ
+

1

ε+ + 1 − εγ

)2
]

(3.6)

where the photon energy εγ = E/mec
2 varies in the limits

ε+ + 1 − p+ ≤ 2εγ ≤ ε+ + 1 + p+ . (3.7)

Here p+ =
√

ε2+ − 1 is the dimensionless momentum of the positron.

For a power-law steady-state spectrum of positrons, N+ ∝ ε−Γ+1
+ (here

Γ can be interpreted as the primary positron spectral index, assuming that

ionization losses make the positron spectrum harder, Γ → Γ − 1), the
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spectrum of annihilation radiation at εγ � 1 has a power-law form

Jann(εγ) ∝ ε−(Γ)
γ [ln(2εγ) − 1] . (3.8)

Thus, the spectrum of annihilation radiation is steeper than the (steady-

state) spectrum of the parent positrons, but almost repeats the shape of

the primary spectrum of positrons. At lower energies the spectrum has a

more complicated form with a broad maximum around 1 MeV.

The total cross-section of annihilation of a relativistic positron of energy

ε+ is given by σann = 3
8σ

2
Tε

−1
+ [ln(2ε+) − 1]. Correspondingly the annihila-

tion time is

tann =
8

3σ2
Tcn

ε+
ln(2ε+) − 1

' 4 × 106 ε+
ln(2ε+) − 1

(n/1 cm−3)−1 yr. (3.9)

Comparing Eq.(3.9) with Eq.(3.4) one finds that for positron energies

ε ≤ 30, the annihilation times becomes shorter than the bremsstrahlung

cooling time. This implies that at energies less than approximately 15 MeV

the annihilation continuum starts to dominate over the bremsstrahlung

spectrum, taking into account that in both processes the leading photon

receives a substantial part of the positron kinetic energy.

3.1.3 Gamma rays produced by relativistic protons

3.1.3.1 π0-decay gamma rays

This process provides a unique channel of information about the hadronic

component of cosmic rays. The important role of this process in gamma-ray

astronomy was recognised by the pioneers of the field (see e.g. Ginzburg

and Syrovatskii, 1964) long ago.

Relativistic protons and nuclei produce high energy γ-rays in inelastic

collisions with ambient gas due to the production and decay of secondary

pions, kaons and hyperons. The neutral π0-mesons provide the main chan-

nel of conversion of the kinetic energy of protons to high energy γ-rays. For

the production of π0-mesons the kinetic energy of protons should exceed

Eth = 2mπc
2(1 + mπ/4mp) ≈ 280 MeV, where mπ = 134.97 MeV is the

mass of the π0-meson. This particle immediately decays to two γ-rays.

The mean lifetime of π0-decay, tπ0 = 8.4 × 10−17 s, is significantly shorter

than the lifetime of charged π-mesons (≈ 2.6 × 10−8 s). At high energies,

all three types of pions are produced with comparable probabilities. The

spectral form of π-mesons is generally determined by a few (one or two)
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leading particles (that carry a significant fraction of the nucleon energy)

rather than by the large number of low-energy secondaries.

The decays of charged pions lead to νe and νµ neutrinos with spec-

tra quite similar to the spectrum of the accompanying π0-decay γ-rays.

However, this symmetry can be violated in environments with high gas or

radiation densities. In certain conditions, the characteristic time for inelas-

tic interactions of charged pions with nucleons or photons could be shorter

than the decay time, so the energy of pions degrades before they decay.

At very high energies this would result in significantly smaller fluxes of

neutrinos compared to γ-rays.

The distinct feature of the spectrum of π0-decay γ-rays is the maximum

at Eγ = mπc
2/2 ' 67.5 MeV, independent of the energy distribution of

π0 mesons, and consequently of the parent protons. The appearance of

such a bump in the γ-ray spectrum is a result of the π0 → 2γ decay

kinematics. It is easy to show (see e.g. Stecker, 1971; Ozernoy et al.,

1973) that the spectrum of γ-rays from decays of monoenergetic pions of

energy Eπ and velocity vπ is constant f(Eπ) = c/(vπEπ) within the interval

between E1 = 0.5Eπ(1−vπ/c) and E2 = 0.5Eπ(1+vπ/c). The spectrum of

γ-rays for an arbitrary distribution of π0-mesons Π(Eπ) can be presented

as superposition of rectangles for which only one point at mπc
2/2 is always

presented. Obviously this should result in a spectral maximum independent

of the distribution of parent pions.

The spectral features of γ-rays through the channel pp → π0 → 2γ

has been extensively studied by many authors (e.g. Stecker, 1971; Dermer,

1986; Berezinsky et al., 1993; Mori, 1997, etc.). Although precise calcu-

lations of γ-ray spectra require quite heavy integrations over differential

cross-sections obtained experimentally at particle accelerators, the emissiv-

ity of γ-rays for an arbitrary broad energy distribution of protons can be

derived within a simple formalism which nevertheless provides surprisingly

good accuracy over a broad γ-ray energy range.

The γ-ray emissivity qγ(Eγ) is directly defined by qπ(Eπ) as

qγ(Eγ) = 2

∫ ∞

Emin

qπ(Eπ)
√

E2
π −m2

πc
4
dEπ , (3.10)

where Emin = Eγ +m2
πc

4/4Eγ . The emissivity of secondary pions qπ from

inelastic proton-proton interactions can be calculated with high accuracy

using accelerator measurements of the inclusive cross-sections σ(Ei, Ep)

(see e.g. Gaisser, 1990). The emissivity of π0-mesons calculated in the

δ-function approximation for the cross-section σ(Eπ , Ep) then becomes
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qπ(Eπ) = c nH

∫

δ(Eπ − κπEkin)σpp(Ep)np(Ep)dEp

=
c nH

κπ
σpp

(

mpc
2 +

Eπ
κπ

)

np

(

mpc
2 +

Eπ
κπ

)

(3.11)

where σpp(Ep) is the total cross section of inelastic pp collisions, and κπ
is the mean fraction of the kinetic energy Ekin = Ep −mpc

2 of the proton

transferred to the secondary π0-meson per collision; np(Ep) is the energy

distribution of the protons.

In a broad region from GeV to TeV energies κπ ≈ 0.17 which includes

a ∼ 6% contribution from η-meson production (Gaisser 1990). From the

threshold at Ekin ' 0.3 GeV, σpp rises rapidly to about 30 mb. But after

Ekin ∼ 2 GeV, σpp increases only logarithmically. In the GeV to TeV energy

region, the total cross section can be approximated by

σpp(Ep) ≈ 30 [0.95 + 0.06 ln(Ekin/1 GeV)] mb (3.12)

for Ekin ≥ 1 GeV, with the assumption σpp = 0 at lower energies. More

accurate approximations of the cross-section below 1 GeV do not noticeably

change the fluxes of γ-rays even at very low energies provided that the broad

power-law spectrum of protons extends beyond 10 GeV, and thus the overall

flux is contributed to by protons with energies above a few GeV.

The rather good accuracy of this simple approach (Aharonian and Ay-

oyan, 2000) is demonstrated in Fig. 3.3 where the emissivity of π0-decay

γ-rays calculated on the basis of Eq.(3.10) – (3.12) is compared with the

results of Monte-Carlo calculations by Mori (1997) based on a detailed

treatment of the cross-sections of secondary pion production.

The dashed curve corresponds to a similar calculation but for the local

CR proton flux given in the form of Eq. (4.30) in Chapter 4, which has

been used for the detailed γ-ray emissivity calculations by Dermer (1986)

(the original spectrum from Dermer (1986) is not shown in order not to

overload the figure with almost coinciding curves). The two other curves

in Fig. 3.3 correspond to the emissivities calculated for power law proton

spectra with spectral indices Γ = 2.5 (dot–dashed curve) and Γ = 2 (3-

dot–dashed curve), normalised to the same energy density of CR protons

wp =
∫

np(Ep)EpdEp ≈ 1.2 eV/cm3 derived from the CR proton flux given

by Eq. (4.30). For CR proton spectra with Γ ≥ 2.4 the emissivities, in

terms of E2
γ qγ , reach their maximum at E ' 1 GeV, and then at lower

energies the spectra sharply decline.



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

Gamma Ray Production and Absorption Mechanisms 109

The characteristic cooling time of relativistic protons due to inelastic

p-p interactions in the hydrogen medium with number density n0 is almost

independent of energy. Assuming an average cross-section at very high

energies of about 40 mb (see Eq.(3.12)), and taking into account that on

average the proton loses about half of its energy per interaction (for the

coefficient of inelasticity f ≈ 0.5), we find

tpp = (n0σppfc)
−1 ' 5.3 × 107(n/1 cm−3)−1 yr . (3.13)

Since the tpp cooling time is almost energy-independent in the energy

region above 1 GeV, where the nuclear losses well dominate over ionization

losses, the initial (acceleration) spectrum of protons remains unchanged.

On the other hand, the γ-ray spectrum essentially repeats the spectrum

of the parent protons. This implies that at high energies γ-rays carry

direct information about the acceleration spectrum of protons. To a certain

extent, this is similar to the bremsstrahlung γ-rays of relativistic electrons.

Assuming that the electrons and protons are accelerated with the same

Fig. 3.3 The emissivities, per 1 H-atom, of π0-decay γ-rays calculated using an approx-
imate method given by Eq. (3.10)-(3.12) for the spectra of CR protons corresponding
to the ‘median’ proton flux (solid line) of Mori (1997), and the flux given by Eq. (4.30)
(dashed line), as compared with the results of detailed calculations by Mori (1997) shown
by full dots. The dot-dashed and 3-dot–dashed curves correspond to the emissivities cal-
culated for the single power-law spectra of protons with indices Γp = 2.5 and Γp = 2.
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power-law spectrum, the ratio of γ-ray emissivities of these two pro-

cesses can be estimated as qbrγ /q
π0

γ ' r−1 3tpp/tbr ' 4r−1, where r is

the electron to proton ratio. Thus for r ≥ 10 (which is the case for

the galactic cosmic rays), the π0-production at high energies dominates

over the bremsstrahlung γ-rays. Moreover, at very high energies, due to

inverse Compton and synchrotron losses, the contribution from electron

bremsstrahlung is further suppressed.

3.1.3.2 Nuclear gamma-ray line emission

Although below 300 MeV the protons cannot produce pions, they still play

an important role in the production of γ-rays through nuclear excitation

of the ambient medium (Ramaty et al., 1979). De-excitation of the target

nuclei leads to γ-ray lines in the energy region between several hundred keV

to several MeV. The excitation cross-sections for the isotopes most relevant

for astrophysical applications have been recently comprehensively reviewed

by Kozlovsky et al. (2002). The energy region of nonthermal particles

responsible for the prompt γ-ray line emission, extends approximately from

several MeV to 100 MeV per nucleon. The γ-ray emission is formed by

contributions from both target and projectile nuclei. The lines from both

components are broad. In the first case the typical line width in the cold,

low density medium is of the order of several tens of keV; it is determined

essentially by the recoil momentum of the target nucleus. The γ-ray lines

from projectile nuclei are broader due to their high velocities, 0.1c or more.

Apart from these broad line components, one would expect also very narrow

γ-ray lines, if the target nuclei are contained in cosmic grains. In this case,

because of ionization losses, the excited nuclei come to the rest before they

decay.

The spectrum of de-excitation γ-ray line emission depends on the abun-

dance of elements in cosmic rays (very broad lines) and in the ambient

medium both in the form of the gaseous component (broad lines) and

grains (narrow lines). The most distinct features in the overall nuclear γ-

ray spectrum appear around 4.4 MeV (from 12C∗), 6.1 MeV (from 16O∗),

0.85 MeV (56Fe∗), 0.45 MeV (from α-α reactions), etc.

Generally, the formation of nuclear γ-ray emission through excitation

of nuclei by low energy (sub-relativistic) cosmic rays is quite an inefficient

mechanism in the sense that only a very small fraction, 10−5 to 10−6 of the

kinetic energy of fast particles is released in the form γ-ray lines (Ozernoy

and Aharonian, 1979; Skibo et al., 1996). The rest goes to the heating



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

Gamma Ray Production and Absorption Mechanisms 111

and ionization of the ambient gas. The problem of ionization or, in the

fully ionized plasma, Coulomb losses can be somewhat relaxed, assuming

that γ-ray production takes place in a hot two temperature plasma with

kTe ≤ 1010K and kTi ≥ 1010K. However, the nuclear de-excitation line

production efficiency in such environment remains rather small. Indeed,

in a plasma with an ion temperature high enough for nuclear excitation,

inelastic spallation reactions proceed at a similar or higher rate, leading to

nuclear destruction during the time equal or smaller to the stationary high-

temperature plasma formation time. As a result, the nuclear line luminosity

cannot exceed 10−4 of the total luminosity radiated away by the electron

component (Aharonian and Sunyaev, 1984; Bildsten et al., 1992).

An interesting outcome of the spallation reactions in compact objects is

the formation of a proton-neutron plasma without a noticeable content of

nuclei, but, due to electro-neutrality, with electrons and, possibly, positrons.

In addition, if the plasma density is sufficiently high, n ≥ 1016 cm−3 (thus

the neutrons are effectively captured by protons before they decay), deu-

terium nuclei co-exist in equilibrium with protons and neutrons. Because

of rapid radiative cooling of electrons through the thermal bremsstrahlung

and/or Comptonization, a two temperature plasma can be formed around

a black hole in which the nucleons lose their energy mainly through p-e

Coulomb exchange. Besides, the nucleons radiatively cool due to the cap-

ture of neutrons by protons and proton-neutron bremsstrahlung (Aharonian

and Sunyaev, 1984). Although the energy spectra of these two radiation

components are different, the peak luminosities of both processes appear

in the γ-ray domain, Eγ ∼ kTi. At temperatures kTi � 10 MeV, the pion

production becomes an additional γ-ray production channel (Dahlbacka

et al., 1974, Kolikhalov and Sunyaev, 1979; Mahadevan et al., 1997; see

however Aharonian and Atoyan (1983) concerning the low efficiency of this

process, at least in spherical accretion flow).

Observations of γ-rays with characteristic spectra in the 1 to 100 MeV

energy range can provide direct evidence of the formation of two tempera-

ture plasmas under conditions when the heavy nuclei are destroyed, and the

emission in γ-ray lines is suppressed. Another interesting effect connected

with such a scenario is the escape (“evaporation”) of neutrons from the

accretion flow, and their capture by the atmosphere of the companion star

(Aharonian and Sunyaev, 1984; Guessoum and Kazanas, 1990; Guessoum

and Jean, 202). In dense cold regions, the neutrons are quickly thermalized

and captured by protons resulting in narrow 2.22 MeV γ-ray line emission.

Moreover, it has been shown (Belyanin and Derishev, 2001) that for a broad
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range of accretion parameters, neutrons may effectively decouple from pro-

tons leading to the formation of a self-sustained halo. This implies that

new neutrons in the halo are supplied mainly by the destruction of helium

nuclei by the existing neutrons. Thus, once formed, such a halo can exist

even if the proton temperature is much lower than the energy threshold of

helium dissociation.

Finally we note that γ-ray line emission is expected also from radioac-

tive isotopes synthesised in stellar interiors or during supernova explosions

(Clayton, 1982). Since nucleosynthesis can be effective only in very dense

environments, of the large number of γ-ray lines only a few can survive

and be observed. These are γ-rays related to the abundant isotopes with

long lifetimes. The best candidates are lines from 26Al and 60Fe for the

production of diffuse galactic emission, as well as γ-ray lines from 7Be,
44Ti and 56Ni that can observed during solitary transient phenomena (see,

for a review, e.g. Diehl and Timmes, 1998; Tatischeff, 2002).

3.2 Interactions with Photon Fields

The interaction of relativistic electrons with radiation fields through in-

verse Compton scattering provides one of the principal γ-ray production

processes in astrophysics. It works effectively almost everywhere, from

compact objects like pulsars and AGN to extended sources like supernova

remnants and clusters of galaxies. Because of the universal presence of the

2.7 K CMBR, as well as low gas densities and low magnetic fields, inverse

Compton scattering proceeds with very high efficiency in the intergalactic

medium over the entire γ-ray domain. Since the Compton cooling time

decreases linearly with energy, the process becomes especially effective at

very high energies.

The electron-positron pair production in photon-photon collisions is

tightly coupled with inverse Compton scattering. First of all, it is an ab-

sorption process that prevents the escape of energetic γ-rays from compact

objects, and determines the “γ-ray horizon” of the Universe. At the same

time, in an environment where the radiation pressure dominates over the

magnetic field pressure, the photon-photon pair production and the inverse

Compton scattering “work” together supporting the effective transport of

high energy radiation via electromagnetic “Klein-Nishina” cascades.

Although the inverse Compton scattering of protons is suppressed by

a factor of (me/mp)4, very high energy protons effectively interact with
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the ambient photon fields through electron-positron pair-production and

photomeson processes. While in the first process γ-rays are produced in-

directly, via inverse Compton scattering of the secondary electrons, photo-

meson reactions result in the direct production of π0-mesons and their

subsequent decay to γ-rays. Typically, at extremely high energies these

interactions proceed effectively both in compact objects and large scale

structures.

3.2.1 Inverse Compton scattering

The derivation of the cross-section for Compton scattering with given four-

vector momenta of the electron and photon can be found in Akhiezer and

Berestetskii (1965). The basic expressions of the inverse Compton scatter-

ing (i.e. when the energy of the electron significantly exceeds the energy of

the target photon) have been comprehensively analysed by Jones (1968),

Blumenthal and Gould (1970) and Coppi and Blandford (1990) for the case

of isotropically distributed photons and electrons. The anisotropic case

has been studied by Aharonian and Atoyan (1981c), Nagirner and Putanen

(1993), Brunetti (2000), and Sazonov and Sunyaev (2000).

The angle-averaged total cross-section of inverse Compton scattering

depends only on the product of the energies of the interacting electron ε

and photon ω0, κ0 = ω0εe (where all energies are in units of mec
2). In the

nonrelativistic regime (κ0 � 1) it approaches the classical (Thomson) cross-

section σIC ≈ σT(1 − 2κ0), while in the ultrarelativistic regime (κ0 � 1)

it decreases with κ0 as σIC ≈ (3/8)σTκ
−1
0 ln(4κ0). With an accuracy of

better than 10 per cent in a very broad range of κ0, the cross-section can

be represented in the following simple form (Coppi and Blandford, 1990)

σIC =
3σT

8κ0

[(

1 − 2

κ0
− 2

κ2
0

)

ln(1 + 2κ0) +
1

2
+

4

κ0
− 1

2(1 + 2κ0)2

]

(3.14)

The total cross-section of Compton scattering as a function of κ0 is shown

in Fig. 3.4.

The energy distribution of up-scattered γ-rays is determined by the

differential cross-section of the process. Assuming that a monoenergetic

beam of low energy photons ω0 penetrates an isotropic and homogeneous

region filled with relativistic electrons of energy εe, the spectrum of radia-

tion scattered at the angle θ relative to the initial photon beam is written
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as (Aharonian and Atoyan, 1981c)

d2N(θ, εγ)

dεγdΩ
=

3σT

16πω0ε2e

[

1 +
z2

2(1 − z)
− 2z

bθ(1 − z)
+

2z2

b2θ(1 − z)2

]

, (3.15)

where bθ = 2(1−cos θ)ω0εe, z = εγ/εe. The energy of the high energy γ-ray

photon εγ varies in the limits ω0 � εγ � εγ,max, where εγ,max = εeb/(1+b),

b = 4κ0.

In the case of isotropically distributed electrons and photons, the inte-

gration of Eq.(3.15) over the angle θ gives (Jones, 1968, Blumenthal and

Gould, 1970)

dN(εγ)

dεγ
=

3σT

4ω0ε2e

[

1 +
z2

2(1 − z)
+

z

b(1 − z)
− 2z2

b2(1 − z)2
+

z3

2b(1 − z)2
− 2z

b(1 − z)
ln
b(z − 1)

z

]

. (3.16)

The differential energy spectra of γ-rays for several fixed values of κ0 are

shown in Fig. 3.5. In the deep Klein-Nishina regime (κ0 � 1) the spectrum
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Fig. 3.4 Total cross-sections of inverse Compton scattering and photon-photon pair pro-
duction in isotropic radiation fields. Two spectral distributions for the ambient photon
gas are assumed: (i) monoenergetic with energy ω0 (curves 1 and 3), and (ii) Planckian
with the same mean photon energy ω0 ' 3kT/mec2 (curves 2 and 4).
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grows sharply towards the maximum at εγ,max. This implies that in this

regime just one interaction is sufficient to transfer a substantial fraction of

the electron energy to the upscattered photon (see also Table 3.1). In the

Thomson regime (κ0 � 1) the average energy of the upscattered photon

is εγ ≈ ω0ε
2
e , thus only a fraction εγ/εe ∼ κ0 � 1 of the primary electron

energy is released in the upscattered photon.

For a power-law distribution of electrons, dNe/dεe ∝ ε−Γ
e , the resulting

γ-ray spectrum in the nonrelativistic regime (a = 4ω0εγ � 1) has a power-
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Fig. 3.5 Differential spectra of γ-rays from inverse Compton scattering (upper panel)
and electrons from photon-photon pair production (bottom panel) in an isotropic and
mono-energetic photon field. The parameters εγ,max, εe,min and εe,max are defined as

εγmax = 4ε0(κ0/1 + 4κ0) and εemin, emax = 0.5ε0(1 ∓
√

1 − 1/κ0). The same values of
the parameters κ0 = εeω0 and s0 = εγω0 are indicated by the curves.
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law form with photon index α = (Γ + 1)/2 (Ginzburg and Syrovatskii,

1964). In the ultrarelativistic (a � 1) regime the γ-ray spectrum is no-

ticeably steeper, ∝ ε−αγ (ln a + const) with α = (Γ + 1) (Blumenthal and

Gould, 1970). Several useful analytical approximations for γ-ray spectra

over a broad energy interval, including these two regimes and the Klein-

Nishina transition region (a ∼ 1), can be found in Aharonian and Atoyan

(1981c) and Coppi and Blandford (1990). The spectral features of the

inverse Compton radiation in power-law target photon fields have been

studied by Zdziarski (1988)

Table 3.1 The mean fraction of primary energy (ε̄γ/ε0) transferred
to the secondary photon in the inverse Compton scattering (ics) and
the synchrotron radiation (syn) processes for different values of the
parameters κ0 = ε0ω0 and χ0 = ε0H/Hcr, respectively.

κ0, χ0 0.01 0.1 1 102 104 106

(ε̄γ/ε0)ics 0.014 0.099 0.358 0.760 0.867 0.910
(ε̄γ/ε0)syn 0.44 · 10−2 0.033 0.118 0.241 0.250 0.250

The energy-loss rate of relativistic electrons in a monoenergetic field of

photons with energy ω0 and number density nph is given by the following

equation (Aharonian and Atoyan, 1981c)

dεe
dt

=
3σTcnph

4ω0b

[(

6 +
b

2
+

6

b

)

ln(1 + b) − ln2(1 + 6)−

2Li

(

1

1 + b

)

− (11/12)b3 + 8b2 + 13b+ 6

(1 + b)2

]

. (3.17)

where Li(x) =
∫ 1

x (1 − y)−1 ln(y)dy.

In the Thomson and Klein-Nishina regimes Eq.(3.17) reduces to the well

known expressions (e.g. Blumenthal and Gould, 1970)

dεe
dt

=
4

3
σTcω0nphε

2
e at b� 1 , (3.18)

and

dεe
dt

=
3

8

σTcnph

ω0
(ln b− 11/6) at b� 1 . (3.19)

The energy losses in these two regimes have quite a different depen-

dence on the electron energy. While in the Thomson regime the loss rate is

proportional to ε2e , in the Klein-Nishina regime it is almost energy indepen-

dent. This implies that in the first case the steady-state electron spectrum
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becomes steeper, whereas the Compton losses in the Klein-Nishina regime

make the electron spectrum harder.

For calculations of electron energy losses in radiation fields with more

realistic distributions one should integrate Eqs.(3.17)-(3.19) over ω0. It is

interesting to note that in the Thomson regime the energy-loss rate does

not depend on the spectral distribution of target photons, but depends only

on the total energy density of radiation ur. Correspondingly, the cooling

time of electrons due to Thomson scattering is given by

tIC ≈ 3 × 108(ur/1eV/cm3)−1(Ee/1GeV)−1 yr , (3.20)

where the radiation energy density ur and the electron energy Ee are ex-

pressed in units of eV/cm3 and GeV, respectively. Note that the same

equation describes the synchrotron energy losses if we replace ur by the

magnetic field energy density B2/8π.

The comparison of Eq.(3.20) with the bremsstrahlung cooling time given

by Eq.(3.4) shows that Compton and synchrotron losses dominate over the

bremsstrahlung cooling, if

Ee ≥ 10

(

1eV/cm3

ur +B2/8π

)

( n

1cm−3

)

GeV. (3.21)

3.2.2 Photon-photon pair production

Photon-photon pair production is the inverse process to pair annihilation.

Therefore the differential cross-section is identical to the pair annihilation

cross-section, except for a different phase-space volume. In the relativistic

regime this process is quite similar also to inverse Compton scattering.

However, unlike the pair annihilation and Compton scattering, the photon-

photon pair production has a strict kinematic threshold given by

εγ1εγ2(1 − cos θ) ≥ 2 , (3.22)

where εγ1 and εγ2 are the energies of two photons in units of mec
2 colliding

at an angle θ (in the laboratory frame).

The large cross-section makes the photon-photon pair production one

of the most relevant elementary processes in high energy astrophysics. The

role of this process in the context of intergalactic absorption of γ-rays was

first pointed out by Nikishov (1962). Bonometto and Rees (1971) were first

who emphasised the importance of this process in dense radiation fields of

compact objects.
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Several convenient approximations for the total cross-section of this

process in the isotropic radiation field have been proposed by Gould and

Schrèder (1967), Aharonian et al. (1983a) and Coppi and Blandford (1990).

With an accuracy of better than 3 per cent, the total cross-section in the

monoenergetic isotropic photon field can be represented in the following

analytical form

σγγ =
3σT

2s20

[(

s0 +
1

2
ln s0 −

1

6
+

1

2s0

)

ln(
√
s0 +

√
s0 − 1)−

(

s0 +
4

9
− 1

9s0

)
√

1 − 1

s0

]

. (3.23)

The total cross-sections of inverse Compton scattering and pair produc-

tion in an isotropic monoenergetic photon field of energy ω0 are shown in

Fig. 3.4 (curves 1 and 3, respectively). Both cross sections depend only

on the product of the primary (εe or εγ) and target photon (ω0) energies,

κ0 = εeω0 and s0 = εγω0. While as κ0 → 0, the inverse Compton cross-

section approaches the Thomson cross-section, σIC ≈ σT(1−2κ0), as s0 → 1

the pair production cross-section approaches zero, σγγ ≈ (1/2)σT(s0−1)3/2.

For κ0, s0 � 1 the two cross-sections are quite similar and decrease with κ0

and s0: σIC ≈ (3/8)σTκ
−1
0 ln(κ0), σγγ ≈ (2/3)σTs

−1
0 ln(s0). The pair-

production cross-section has a maximum at the level of σγγ ≈ 0.2σT

achieved at s0 ≈ 3.5 − 4.

The parameter that characterises γ-ray absorption at photon-photon

interactions in a source of size R is the so-called optical depth

τ(εγ) =

∫ R

0

∫ ω2

ω1

σ(εγ , ω)nph(ω, r)dωdr , (3.24)

where nph(ω, r) describes the spectral and spatial distribution of the target

photon field in the source. For a homogeneous source with a narrow spec-

tral distribution of photons, for order of magnitude estimates one can use

the approximation τ(εγ) = Rσ(εγ , ω̄)n(ω̄), where ω̄ is the average target

photon energy. However, generally one has to be careful with this type of

estimate, especially at low energies; while this approximation implies a com-

pletely transparent source (i.e. τ = 0) at εγ < 1/ω̄, in fact non-negligible

absorption can take place at low energies. For example, for a Planckian

distribution of target photons, the optical depth τ cannot be disregarded

at energies εγ ≤ 1/ω̄ ' mec
2/3kT , because of interactions with photons

from the Wien tail region (see Fig. 3.4). Very useful approximations for



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

Gamma Ray Production and Absorption Mechanisms 119

the optical depth of γ-rays in a Planckian photon gas can be found in

Gould and Schrèder (1967).

Because of narrowness of the pair-production cross-section, for a large

class of broad band target photon energy distributions nph(ω), the optical

depth at given γ-ray energy εγ is essentially determined by a relatively

narrow band of target photons with energy centered on ω∗ = 4/εγ (Her-

terich, 1974). Therefore, the optical depth can be written in the form

τ(εγ) = η(σT/4)ω∗nph(ω∗)R, where the normalization factor η depends on

the spectral shape of the background radiation. For a power-law target pho-

ton spectrum, nph(ω) = n0ω
−α, the parameter η is calculated analytically,

η = (7/6)4αα−5/3(1 + α)−1 (Svensson, 1987).

The energy spectrum of electrons produced at photon-photon pair pro-

duction has been studied by Aharonian et al. (1983a), Zdziarski and Light-

man (1985), Coppi and Blandford (1990) and Böttcher and Schlickeiser

(1997). For a low-energy monoenergetic photon field (ω0 � 1), and cor-

respondingly εγ � 1, the spectrum of electron-positron pairs can be rep-

resented, with an accuracy of better than a few per cent, in the following

analytical form (Aharonian et al., 1983a):

dN(εe)

dεe
=

3σT

32ω2
0ε

3

[

4ε2γ
(εγ − εe)εe

ln
4ω0(εγ − εe)εe

εγ
− 8ω0εγ+

2(2ω0εγ − 1)ε2γ
(εγ − εe)εe

−
(

1 − 1

ω0εγ

)

ε4γ
(εγ − εe)2ε2e

]

. (3.25)

The kinematic range of variation of εe is

εγ
2

(

1 −
√

1 − 1

ω0εγ

)

≤ εe ≤
εγ
2

(

1 +

√

1 − 1

ω0εγ

)

. (3.26)

The differential energy spectra of γ-rays for several fixed values of the

parameters s0 = ω0εγ are shown in Fig. 3.5. The spectra are symmetric

around the point x = εe/εγ . Although the average energy of the secondary

electrons is εγ/2, for very large s0 the interaction has a catastrophic char-

acter - the major fraction of the energy of the primary γ-ray photon is

transferred to the leading electron. This fraction exceeds 0.5 and asymp-

totically approaches 1 (see Table 3.2).

For calculation of electron spectra produced in radiation fields by γ-rays

with more realistic spectral distributions, N(εγ), one should integrate the

product of spectrum given by Eq.(3.25) and N(εγ) over a broad primary
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γ-ray energy interval. For a power-law spectrum of γ-rays, N(εγ) ∝ E−Γ,

the spectrum of secondary pairs can be approximated, with an accuracy of

better than 20 per cent, in a simple form (Aharonian and Atoyan 1991b):

q±(E) dE = f(Γ)
exp [−(1/(x− 1)]

E∗x(1 + 0.07 xΓ/ lnx)
dE , (3.27)

where x = εe/ε∗ ≥ 1, ε∗ = 1/4ω0, f(Γ) = (1.11 − 1.60Γ + 1.17Γ2), and
∫

q±(E) dE = 2 (two electrons per interaction). Starting from the min-

imum (allowed by kinematics) energy at εe = ε∗, the electron spectrum

sharply rises achieving its maximum at ≈ 2.4ε∗, and then at εe � ε∗, it

behaves as q± ∝ ε
−(Γ+1)
e ln εe.

Table 3.2 The mean fraction of energy of the primary γ-ray
photon transferred to the leading secondary electron at elec-
tron-positron pair production in a mono-energetic radiation field
(rad) and in the magnetic field (B) for different values of the pa-

rameters κ0 = ε0ω0 and χ0 = ε0H/Hcr, respectively.

κ0, χ0 1 3 10 102 104 106

(ε̄e/ε0)rad 0.500 0.701 0.797 0.891 0.948 0.966
(ε̄e/ε0)B 0.634 0.693 0.746 0.782 0.824 0.825

Two pairs of coupled processes – inverse Compton scattering and

photon-photon pair production – determine the basic features of interac-

tions of electrons and γ-rays in the radiation dominated environments. At

extremely high energies higher order QED processes may compete with

these basic channels. Namely, when the product of the energies of collid-

ing cascade particles (electrons or photons) E and the background photons

ω significantly exceed 105m2
ec

4, the processes γγ → e+e−e+e− (Brown et

al., 1973) and eγ → eγe+e− (Mastichiadis, 1991; Dermer and Schlickeiser,

1991) dominate over single (e+, e−) pair production and Compton scatter-

ing, respectively. For example, in the 2.7 K CMBR the first process stops

the linear increase of the mean free path of the highest energy γ-rays around

1021 eV, and puts a robust limit on the mean free path of γ-rays of about

100 Mpc. Analogously, above 1020 eV the second process becomes more

important than the conventional inverse Compton scattering. Because the

γγ → 2e+2e− and eγ → eγe+e− channels result in production of 2 ad-

ditional electrons, they substantially change the character of interactions.

Note, however, that an effective realization of these processes is possible

only under very specific conditions with an extremely low magnetic field

and narrow energy distribution of the background photons.
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3.2.3 Interactions of hadrons with radiation fields

In astrophysical environments the radiation density often exceeds the den-

sity of gas component. In these conditions the interactions of high en-

ergy hadrons with radiation can dominate over interactions with mat-

ter, albeit the relevant cross-sections are relatively small. The main pro-

cesses of hadron-photon interactions include (i) inverse Compton scatter-

ing: p+γ → p+γ′, (ii) electron-positron pair production: p+γ → p e+e−,

(iii) photodisintegration of nuclei: A+ γ → A′ +kN, (iv) photomeson pro-

duction : N+γ → N+kπ. In extremely dense radiation fields the secondary

π±-mesons may effectively interact with photons before they decay.

Except for the inverse Compton scattering, all other processes take place

only above certain kinematic thresholds: ∼ 1 MeV, 10 MeV, and 140 MeV

(in the rest frame of projectile particles) for the pair production, photodis-

integration, and pion production, respectively.

The process of inverse Compton scattering of protons is identical to

the inverse Compton scattering of electrons, but the energy loss rate of

protons is suppressed, for the fixed energy of both particles, by a fac-

tor of (me/mp)4 ≈ 10−13. Generally, this process does not have notice-

able astrophysical applications. At energies above the pair production

threshold, the inverse Compton energy loss rate is significantly (by a fac-

tor of α(mp/me)
2 ∼ 104) slower compared to the losses caused by pair-

production.

In certain conditions the pair-production may result in significant spec-

tral distortions of highest energy protons propagating through dense photon

fields. The cross-section of this process is quite large (the same Bethe-

Heitler cross-section in the rest frame of proton), but in each interaction

only a small fraction of the proton energy is transferred to the secondary

electrons (Blumenthal, 1990). Therefore the energy loss rate of protons

remains relatively slow. Moreover, the energy region where this process

dominates is quite narrow. It is limited by the energy interval of protons

∼ (1− 100)× 1015(ω0/1 eV)−1 eV, (ω0 is the average energy of target pho-

tons). When the proton energy exceeds the pion production threshold, the

hadronic photomeson interactions well dominate over the pair production

(see e.g. Berezinsky and Grigoreva, 1988; Geddes et al., 1996)

The photodisintegration of nuclei may have a strong impact on the

formation of the chemical composition of very high energy cosmic rays in

compact astrophysical objects (Karakula and Tkaczyk, 1993) as well as in

the intergalactic medium (e.g. Stecker, 1969). However, this process does
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not lead to significant production of high energy γ-rays.

Photomeson production is the most important channel for transforma-

tion of the kinetic energy of protons into high energy γ-rays, electrons and

neutrinos. Close to the energy threshold, the process proceeds through

single-pion production, p + γ → p + π0, and p + γ → n + π+. At higher

energies, multi-pion production channels begin to dominate.

Cross-sections of these processes are basically well known from particle

accelerator experiments. For astrophysical applications the data obtained

with γ-ray beams at energies from 140 MeV to 10 GeV are quite sufficient,

if one takes into account the fact that for typical broad-band target photon

spectra the hadron-photon interactions are contributed mainly from the

region not far from the energy threshold, i.e. Eγ ≤ 1 GeV.

The photomeson processes in radiation fields have been studied by

Mücke et al. (1999) using the Monte-Carlo code SOPHIA. Recently Atoyan

and Dermer (2003) suggested a simple approach for approximation of the

pion production cross-sections by the sum of two step-functions σ1(Eγ)

and σ1(Eγ) for the single-pion and multi-pion channels respectively, with

σ1 = 340 µb for 200 MeV ≤ Eγ ≤ 500 MeV and σ2 = 120 µb for

Eγ ≥ 500 MeV. The inelasticities in these two energy intervals are approx-

imated by fpγ = 0.2 and 0.6, respectively. Finally, applying the δ-function

approximation to calculations of the spectra of secondary particles (assum-

ing Eγ ≈ 0.1Ep with 2 photons per π0-decay, and Eγ,ν ≈ 0.05Ep, with 1

electron and 3 neutrinos produced in every charged pion decay), this simple

approach appears quite accurate for an adequate treatment of production

rates and energy spectra of secondary products.

The cross-sections of interactions of secondary electrons and γ-rays with

the ambient photons exceed by three orders of magnitude the photomeson

cross-sections. Therefore the electrons and γ-rays cannot leave the active

region of pion production, but rather initiate electromagnetic cascades in

the surrounding photon and magnetic fields. The standard spectra of the

low-energy cascade γ-rays that eventually escape the source are not sensi-

tive to the initial spectral distributions, and thus contain information only

about the total hadronic power of the source. On the other hand the sec-

ondary neutrinos freely escape the production region, and thus carry direct

information about the energy spectra of accelerated protons.

Another interesting feature of the mixed hadronic/electromagnetic cas-

cades in radiation dominated environments is the effective transport of pri-

mary nonthermal energy released in accelerated protons further away from a

central engine through production and escape of secondary neutrons. This
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important channel of energy transport, pointed out first by Eichler and

Wiita (1978), has been explored by many authors (Kirk and Mastichiadis,

1989; Sikora et al., 1989; Giovanoni and Kazanas, 1990, Atoyan and Der-

mer, 2003, etc.). The presence of dense photon fields in the compact particle

accelerators may have an even more fundamental impact. It has been re-

cently recognised (Derishev et al., 2003) that in relativistic flows, e.g. in

GRBs or AGN jets, the multiple conversions of relativistic particle from

charged to neutral state (proton→neutron→proton..., e → γ → e...) may

allow a strong (up to the bulk Lorenz factor squared) energy gain in each

cycle, whereas in the standard relativistic shock acceleration scenario the

energy gain ∼ Γ2 occurs only in the first circle (Achterberg et al., 2001) .

This novel acceleration mechanism, which is capable of boosting protons in

GRBs and AGN jets to maximum available energies (limited by the condi-

tion of confinement in the magnetic field), could be a key to the solution

of the problem of the highest energy, E ≥ 1020 eV, particles observed in

cosmic rays.

3.3 Interactions with Magnetic Fields

3.3.1 Synchrotron radiation and pair-production

Many important results of the theory of synchrotron radiation are obtained

within the framework of classical electrodynamics (see e.g. Jackson, 1975).

The classical treatment of the synchrotron radiation is limited by the con-

dition

Ee

mec2
B

Bcr
� 1 , (3.28)

where Bcr = m2
ec

3/e~ ≈ 4.4 × 1013 G is the so-called critical value of the

magnetic field relevant to quantum effects.

Generally, the energy of synchrotron photons are much less than the en-

ergy of parent electrons. However, in specific astrophysical environments,

e.g. in pulsar magnetospheres or in magnetised accretion disks, the syn-

chrotron radiation could be close to the “quantum threshold” of about

EB ' 107 TeV Gauss. The production of electron-positron pairs in a mag-

netic field by high energy γ-rays is, by definition, a quantum process. In

the quantum regime these two processes are tightly coupled, and lead to

an effective cascade development.

For interactions of electrons and photons with magnetic fields it is conve-
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nient to introduce interaction probabilities instead of standard total cross-

sections (Anguelov and Vankov, 1999). But in the literature this parameter

is still formally called a cross-section. These probabilities, normalised to

the strength of the magnetic field, are shown in Fig. 3.6.

The probabilities of both synchrotron and pair production processes de-

pend on a single parameter – χ0 = ε0B/Bcr, where B is the component of

the magnetic field perpendicular to the vector of the particle speed. This

parameter is an analog of the parameters κ0 and s0 in the photon field.

While the probability of synchrotron radiation at χ0 � 1 is constant, the

probability of pair production below χ0 = 1 drops dramatically (propor-

tional to exp [−8/(3χ0)]). After achieving its maximum at χ0 ' 10, the

probability of pair production decreases with χ as ∝ χ
−1/3
0 (see Erber,

1966). At large χ0, the probability of synchrotron radiation has a similar

behaviour, but its absolute value exceeds by a factor of 3 the probability of

pair production.

The differential spectra of γ-rays due to synchrotron radiation and

the electrons due to the magnetic pair-production are shown in Fig. 3.7.

The cross-sections for synchrotron radiation and pair production are from
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Fig. 3.6 Total cross-sections (interaction probabilities) of the synchrotron radiation
and magnetic pair production. Solid curves from Aharonian and Plyasheshnikov (2003),
points – Monte Carlo calculations of Anguelov and Vankov (1999).
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Akhiezer et al. (1994). At χ0 � 1, the synchrotron γ-ray spectra are

very steep, but at large values, χ0 ≥ 1, γ-rays are characterised by a flat

distribution. This implies a rather catastrophic character of interaction

like in the photon gas. Note that in the photon gas at κ0 � 1 the frac-

tion of the parent electron energy that is transferred to γ-rays exceeds 0.5

and asymptotically approaches 1. In the magnetic field the energy transfer

is smaller. At χ0 ∼ 1, it is approximately 0.1, and asymptotically ap-

proaches to 16/63 ' 0.25 at extremely large χ0 (see Table 3.1). The energy

distribution of pair-produced electrons is obviously a symmetric function.
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Fig. 3.7 Differential cross-sections of synchrotron radiation (upper panel) and the mag-
netic pair production (bottom panel) normalised to the total cross-sections of these
processes. The values of the parameter χ0 = B/Bcrε0 are indicated by the curves.
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Although at large χ0 the electron spectrum increases when εe → ε0, the

pair production spectra in a magnetic field are flatter than in radiation

fields, and correspondingly the energy of the primary γ-ray in the photon

gas is transferred to the leading electron with somewhat higher efficiency

(see Table 3.2).

3.3.2 Synchrotron radiation of protons

Generally, proton synchrotron radiation is treated as an inefficient process.

However, under certain conditions the synchrotron cooling time of pro-

tons can be comparable or even shorter than other timescales that charac-

terise the acceleration and confinement regions of ultrarelativistic protons.

Moreover, in compact accelerators of ∼ 1020 eV protons, very high energy

synchrotron or curvature γ-radiation of protons always accompanies accel-

eration of the highest energy particles (Levinson, 2000; Aharonian et al.,

2002; Derishev et al., 2003). The formalism of proton synchrotron radi-

ation is quite simple and identical to the theory of electron synchrotron

radiation. Nevertheless, it is worth discussing some basic features of this

process relevant to the magnetic-field dominated environment in which the

protons are accelerated at the theoretically highest possible rate.

The comprehensively developed theory of electron synchrotron radia-

tion (see e.g. Ginzburg and Syrovatskii, 1965) can be readily applied

to the proton-synchrotron radiation by re-scaling the Larmor frequency

νL = eB/2πmc by the factor mp/me ' 1836. For the same energy of

electrons and protons, Ep = Ee = E, the energy loss rate of protons

(dE/dt)sy appears (mp/me)
4 ' 1013 times slower than the energy loss rate

of electrons. Also, the characteristic frequency of the synchrotron radiation

νc = 3/2 νL (E/mc2)2 emitted by a proton is (mp/me)
3 ' 6 × 109 times

smaller than the characteristic frequency of synchrotron photons emitted

by an electron of the same energy. The synchrotron cooling time of the pro-

ton, tsy = E/(dE/dt)sy, and the characteristic energy of the synchrotron

photon εc = hνc are then

tsy =
6πm4

pc
3

σT m2
e E B2

= 4.5 × 104B−2
100 E

−1
19 s , (3.29)

and

εc = hνc =

√

3

2

heBE2

2πm3
pc

5
' 87 B100 E

2
19 GeV , (3.30)
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where B100 = B/100 G and E19 = E/1019 eV. Hereafter it is assumed

that the magnetic field is distributed isotropically, i.e. B⊥ = sinψ B with

sinψ =
√

2/3.

The average energy of synchrotron photons produced by a particle of

energy E is equal to εm ' 0.29 εc (Ginzburg and Syrovatskii, 1965). Cor-

respondingly, the characteristic time of radiation of a synchrotron photon

of energy ε by a proton in a magnetic field B is

tsy(ε) ' 2.2 × 105 B
−3/2
100 (ε/1 GeV)−1/2 s . (3.31)

For comparison, the time needed for radiation of a synchrotron γ-ray photon

by an electron is shorter by a factor of (mp/me)
5/2 ' 1.5 × 108.

The spectral distribution of synchrotron radiation is given by

P (E, ε) =

√
2

h

e3B

mc2
F (x) , (3.32)

where x = ε/εc, and F (x) = x
∫∞

x dxK5/3(x) ; K5/3(x) is the modified

Bessel function of 5/3 order. The function F (x) can be presented in a simple

analytical form F (x) = C x1/3 exp (−x) (e.g. Melrose, 1980). Numerical

calculations show that with C ≈ 1.85 this approximation provides very

good, less than 1 per cent error, accuracy in the region of the maximum at

x ∼ 0.3, and still reasonable (less than several per cent error) accuracy in

the broad dynamical region 0.1 ≤ x ≤ 10.

In Fig. 3.8a four different examples of possible proton spectra are pre-

sented. Curve 1 corresponds to the most “standard” assumption for the

spectrum of accelerated particles - power-law with an exponential cutoff at

energy E0: Np(E) = N0E
−αp exp(−E/E0). Curve 2 corresponds to a less

realistic, truncated power-law spectrum, i.e. Np(E) ∝ E−αp at E ≤ E0,

and Np(E) = 0 at E ≥ E0.

While the cutoff energy E0 in the spectrum of accelerated particles

could be estimated quite confidently from the balance between the particle

acceleration and energy loss rates, the shape of the resulting spectrum in

the cutoff region depends on several circumstances - the specific mecha-

nisms of acceleration and energy dissipation, the diffusion coefficient, etc.

For example, it has been argued that in the shock acceleration scheme one

may expect not only spectral cutoffs, but perhaps also pile-ups preceding

the cutoffs (Melrose and Crouch 1997; Protheroe and Stanev 1999; Drury

et al., 1999). Two such spectra are shown in Fig. 3.8a. Curve 3 repre-

sents the extreme class of spectra containing a sharp (with an amplitude
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of factor of 10) spike at the very edge of the spectrum. The Curve 4 cor-

responds to a smoother spectrum with a modest pile-up (or “bump”) and

super-exponential (but not abrupt) cutoff. The corresponding spectral en-

Fig. 3.8 (a) Possible spectra of accelerated protons (left panel), and (b) the corre-
sponding Spectral Energy Distributions of their synchrotron radiation (right panel). At
energies E � E0 all proton spectra have power-law behaviour with αp = 2, but in
the “cutoff” region around E0 they have very different shapes. Curve 1 corresponds to

the proton spectrum described by a power-law with exponential cutoff; curve 2 corre-
sponds to the truncated proton spectrum; curve 3 corresponds to the proton spectrum
with a sharp pile-up and an abrupt cutoff at E0; curve 4 corresponds to the proton
spectrum with a smooth pile-up and a super-exponential cutoff. For comparison, in
the right panel the spectrum of the synchrotron radiation of mono-energetic protons,
xF (x) ∝ x4/3 exp (−x), is also shown (curve 5).

ergy distributions (νSν = ε2J(ε)) of synchrotron radiation are shown in

Fig. 3.8b. In the high energy range, ε ≥ ε0, where ε0 is defined by Eq.(3.30)

as ε0 = εc(E0), the radiation spectrum from the proton distribution with

sharp pile-up and abrupt cut-off is quite similar to the synchrotron spec-

trum from mono-energetic protons, xF (x) = x4/3 e−x; x = ε/ε0.

All synchrotron spectra shown in Fig. 3.8b exhibit, despite their es-

sentially different shapes, spectral cutoffs at approximately x ∼ 1, if one

defines the cutoff as the energy at which the differential spectrum drops to

1/e of its extrapolated (from low energies) power-law value. Therefore the

energy ε0 = εc(E0) could be treated as an appropriate parameter represent-

ing the synchrotron cutoff for a quite broad class of proton distributions. In

the case of mono-energetic protons, the cutoff energy coincides exactly with

ε0. This is true also for the power-law proton spectrum with exponential

cutoff for which the SED of the synchrotron radiation has a shape close to
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νSν ∝ ε1/2 exp [−(ε/ε0)
1/2].

The maximum energy of the synchrotron radiation depends on the spec-

trum of accelerated protons. The high energy cutoff in the spectrum of

protons is determined by the balance between the particle acceleration and

cooling times. It is convenient to present the acceleration time of particles

tacc in the following general form

tacc = η(E) rg/c = 1.36 × 104 E19 B
−1
100 η(E) s , (3.33)

where rg = E/(eB⊥). The so-called gyro-factor η(E) ≥ 1 characterises

the energy-dependent rate of acceleration. For almost all proposed models

η remains a rather uncertain model parameter. On the other hand, any

postulation of acceleration of EHE protons in compact objects like in small

scale AGN jets or in transient objects like GRBs, requires η to be close to

1 (Aharonian et al., 2002b).

If the energy losses of protons are dominated by synchrotron radiation,

the maximum energy of accelerated particles is determined by the condition

tsy = tacc:

E0 = (3/2)3/4
√

1

e3B
m2

pc
4 ' 1.8 × 1019 B

−1/2
100 η−1/2 eV . (3.34)

The relevant cutoff in the electron spectrum appears at a lower energy,

Ee,0 = (me/mp)2E0 ' 5.3 × 1012 B
−1/2
100 η−1/2 eV.

Substituting Eq.(3.34) into Eq.(3.30) we find that the position of the

cutoff in the synchrotron spectrum is determined by only two fundamental

physical constants, the mass of the emitting particle and the fine-structure

constant αf = 1/137:

ε0 =
9

4
α−1

f mc2 η−1 . (3.35)

Thus, for η = 1 the self-regulated cutoffs in the spectra of synchrotron

radiation by electrons and protons appear at energies ' 160 MeV and

' 300 GeV, respectively. If γ-rays are produced in a relativistically moving

source with Doppler factor δj > 1, the electron and proton spectral cutoffs

are shifted towards the GeV and TeV domains, respectively.

In relatively small magnetic fields, synchrotron radiation is the only

channel of proton interactions. However, at sufficiently large values of the

product Ep × B, protons start to produce secondary particles – electron-

positron pairs, pions, etc. The energy threshold of production of a particle

of mass mx is estimated as Ep ∼ mp(mx/m)2(Bcrit/B) (e.g. Ozernoy et
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al., 1973). For example, in pulsars with magnetic fields as strong as 1012 G

pair production starts at proton energies of about 100 GeV. The production

of π-mesons requires ≈ 5 orders of magnitude larger energies.

3.4 Relativistic Electron-Photon Cascades

Relativistic electrons – directly accelerated, or secondary products of vari-

ous hadronic processes – may result in copious γ-ray production caused by

interactions with ambient targets in forms of gas (plasma), radiation and

magnetic fields. In different astrophysical environments γ-ray production

may proceed with high efficiency through bremsstrahlung, inverse Compton

scattering and synchrotron (and/or curvature) radiation, respectively.

Generally, γ-ray production in a given process is effective when the rele-

vant radiative cooling time does not significantly exceed (i) the source age,

(ii) the time of non-radiative losses caused by adiabatic expansion or by

particle escape, and (iii) the cooling time of competing radiation mecha-

nisms resulting in low-energy photons outside the γ-ray domain. As long

as the charged particles are effectively confined to the γ-ray production

region, in some circumstances these conditions could be fulfilled even in en-

vironments with relatively low gas and photon densities or a weak magnetic

field. More specifically, the γ-ray production efficiency could be close to 1

even when trad � R/c (R is the characteristic linear size of the production

region, c is the speed of light). In such cases the secondary γ-rays escape

the source without significant internal absorption.

Each of the above mentioned gamma-ray production mechanisms has

its major “counterpart” – a gamma-ray absorption mechanism of the same

electromagnetic origin – resulting in electron-positron pair production in

matter (the counterpart of bremsstrahlung), in photon gas (the counter-

part of inverse Compton scattering), and in a magnetic field (the counter-

part of synchrotron radiation). As discussed above, the γ-ray production

mechanisms and their absorption counterparts have similar cross-sections,

therefore the condition for radiation trad ≥ R/c generally implies small

optical depths for the corresponding γ-ray absorption process, τabs ≤ 1.

But in many astrophysical scenarios, in particular in compact galactic

and extragalactic objects with favourable conditions for particle accelera-

tion, the radiation processes proceed so fast that trad ≤ R/c. At these

conditions the internal γ-ray absorption becomes unavoidable. If the γ-ray

production and absorption processes occur in relativistic regimes, namely
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when (i) Eγ,e ≥ 103mec
2 in hydrogen gas, (ii) Eγ,eω0 � m2

ec
4 in photon

gas (Klein-Nishina regime), or (iii) (Eγ,e/mec
2)(B/Bcrit) � 1 in the mag-

netic field (quantum regime), the problem cannot be reduced to a simple

absorption effect. In this regime, the secondary electrons produce a new

generation of high energy γ-rays, and these photons again produce electron-

positron pairs, so an electromagnetic cascade develops.

The characteristics of electromagnetic cascades in matter have been

comprehensively studied in the context of interactions of cosmic rays with

the Earth’s atmosphere (see e.g. Rossi and Greisen, 1941; Nishimura, 1967;

Ivanenko, 1968), as well as for calculations of the performance of detectors

of high energy particles (e.g. Nelson et al., 1985). The theory of electro-

magnetic cascades in matter can be applied to some sources of high energy

cosmic radiation, in particular to the “hidden source” scenarios like mas-

sive black holes in centers of AGN or young pulsars inside the dense shells

of recent supernovae explosions (see e.g. Berezinsky et al., 1990). Also,

within the so-called “beam dump” models (see e.g. Halzen and Hooper,

2002) applied to X-ray binaries, protons accelerated by the compact object

(a neutron star or a black hole), hit the atmosphere of the normal com-

panion star (Berezinsky, 1976; Eichler and Vestrand, 1984) or the accretion

disk (Cheng and Ruderman, 1989; Anchordoqui et al., 2003) and thus re-

sult in the production of high energy neutrinos and γ-rays. In such objects,

the thickness of the surrounding gas can significantly exceed 100 g/cm2,

thus the protons produced in the central source would initiate (through the

production of high energy γ-rays and electrons) electromagnetic showers.

These sources perhaps represent the “best hope” of neutrino astronomy,

but they are generally considered as less attractive targets for gamma-ray

astronomy. However, the γ-ray emission in these objects is not fully sup-

pressed. The recycled radiation with spectral features determined by the

thickness (“grammage”) of the gas shell, should be seen in γ-rays in any

case, unless the synchrotron radiation of secondary electrons dominates over

the bremsstrahlung losses and channels the main fraction of the nonthermal

energy into the sub-gamma-ray domain.

The development of electromagnetic cascades in photon gas and mag-

netic fields is a more common phenomenon in astrophysics. In photon fields

such cascades can be created on almost all astronomical scales, from com-

pact objects like accreting black holes, fireballs in gamma-ray bursts, and

sub-pc jets of blazars, to large-scale (up to ≥ 100 kpc) AGN jets and ≥ 1

Mpc clusters of galaxies. Very high energy γ-rays emitted by astronomi-

cal objects and interacting with diffuse extragalactic photon fields initiate
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electromagnetic cascades in the entire Universe (Hayakawa, 1966; Prilut-

sky and Rozental, 1970; Berezinsky and Smirnov, 1975; Aharonian et al.,

1992; Protheroe and Stanev, 1996; Coppi and Aharonian, 1997; Sigl et al.,

1997). The superposition of contributions of γ-rays from these cascades

should constitute a significant fraction of the observed diffuse extragalactic

background.

Bonometto and Rees (1971) were the first who realized the astrophysical

importance of electron-photon cascades supported by γ-γ pair-production

and inverse Compton scattering in dense photon fields. When the so-called

compactness parameter (Guilbert et al., 1983) l = LσT/Rmec
3 (L is the

luminosity andR is the radius of the source) is less than 10, then the cascade

develops in the linear regime, i.e. when the soft radiation produced by

cascade electrons does not have a significant feedback effect on the cascade

development. In many cases, including the cascade development in compact

objects, this approximation works quite well.

The properties of linear cascades in photon fields have been quantita-

tively studied using the method of Monte Carlo simulations (Aharonian et

al., 1985; Protheroe, 1986; Protheroe and Stanev, 1993; Mastichiadis et al.,

1994, Müke et al., 1999) or by solving the cascade equations (Aharonian

et al., 1990; Coppi, 1992; Ivanenko and Lagutin, 1991; Kalashev et al.,

2001, Aharonian and Plyasheshnikov, 2003). Generally, the kinetic equa-

tions that describe the cascade development can be solved only numerically.

However, with some simplifications it is possible to derive useful analyti-

cal approximations (Svensson, 1987; Zdziarski, 1988; Coppi and Blandford,

1990) which help to understand the features of the steady-state solutions

for cascades in photon fields.

Cascade development in a magnetic field is a key element for under-

standing of the physics of pulsar magnetospheres (Sturrok, 1971; Baring

and Harding, 2001). Therefore it is generally treated as a process associated

with very strong magnetic fields. However, such cascades could be triggered

in some other (at first glance unusual) sites like the Earth’s geomagnetic

field (Anguelov and Vankov, 1999; Plyasheshnikov and Aharonian, 2002),

accretion disks of massive black holes (Bednarek, 1997), etc. In general, the

pair cascades in magnetic fields are effective when the product of the particle

(photon or electron) energy and the strength of the B-field becomes close

to the “quantum threshold” of about Bcritmec
2 ' 2 × 107C TeV Gauss,

unless we assume a specific, regular field configuration. An approximate

method, similar to the so-called approximation A of cascade development

in matter (e.g. Rossi and Greisen, 1941), has been applied by Akhiezer
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et al. (1994). Although this theory quite satisfactorily describes the basic

features of photon-electron showers, it does not provide adequate accuracy

for a quantitative description of the cascade characteristics (Anguelov and

Vankov, 1999).

As long as we are interested in the one-dimensional cascade develop-

ment (which seems to be quite sufficient for many astrophysical purposes),

all 3 types of cascades can be described by the same integro-differential

equations as the ones derived by Landau and Rumer (1938), but in each

case specifying the cross-sections of the relevant interaction processes. The

solution of these equations over a broad range of energies is, however, not a

trivial task. Such a study based on the numerical solutions of the so-called

adjoint cascade equations (Uchaykin and Rizhov, 1998) has been recently

conducted by Aharonian and Plyasheshnikov (2003). The results of this

investigation shows that the electron-photon cascade curves in photon gas

and a magnetic field have features quite different from the cascade devel-

opment in matter. The energy spectra of cascade particles are also con-

siderably different from the conventional cascade spectra in matter. The

spectra of cascade particles in the magnetic field have properties interme-

diate between those for cascade spectra in matter and in radiation fields.

Although for certain astrophysical scenarios the development of cascades in

“pure” environments can be considered as an appropriate and fair approxi-

mation, in some conditions the interference of the processes associated with

interactions of cascade electrons and γ-rays with both the ambient photon

gas and magnetic field (or matter) can significantly change the character of

cascade development, and consequently the spectra of observed γ-rays. The

impact of such interference is very complex and quite sensitive to the choice

of the principal parameters. Therefore each practical case is a subject to

independent studies.
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Chapter 4

Gamma Rays and Origin of Galactic

Cosmic Rays

4.1 Origin of Galactic Cosmic Rays: General Remarks

Since the discovery of Cosmic Rays (CRs) by Victor Hess in 1912, the origin

of this radiation has remained a mystery. Despite extensive efforts we still

do not have a coherent theory which can explain a great variety of the

features of CRs.

4.1.1 What do we know about Cosmic Rays?

Actually, we know a lot. In particular, we know that CRs consist mainly of

primary protons, nuclei and electrons, i.e. particles directly accelerated to

relativistic energies by powerful objects, which plausibly are different from

ordinary stars. At the same time, a major fraction of some species of CRs,

in particular the nuclei of the (Li,Be,B) group, as well as the anti-particles

(positrons and antiprotons) have a secondary origin. They are produced

by primary CRs interacting with the ambient interstellar gas, and partly

with the thermal plasma (and, perhaps, also with low-frequency photon

fields) inside the accelerators. Anti-particles can be produced also in some

exotic processes like evaporation of primordial black holes or annihilation

of dark matter. However the current data do not show convincing evidence

of a significant fraction of “exotic” positrons and antiprotons in CRs. The

secondary particles carry important information about the history of CRs

during their passage through the galactic magnetic fields. In particular

they tell us about the average time spent by CRs in the disk before they

escape the Galaxy, tesc ∼ 107 yr. We know quite well the flux and the

energy spectrum of CRs, and we know that the energy spectrum of CRs

extends to extremely high energies, E ∼ 1020 eV and even beyond (see

135
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Fig. 4.1). The energy spectrum of electrons is measured up to ' 2 TeV.

The proton-to-electron ratio at GeV energies is about 100; at 1 TeV the

content of electrons does not exceed 10−3 (see Fig. 4.2).

The CR spectrum has two distinct features - the so-called knee and

ankle around 1015 eV and 1018 eV, respectively (see Fig. 4.1). It is be-

lieved that all particles below the knee are of galactic origin, and that the

Extremely High Energy Cosmic Rays (EHECRs) above the ankle are pro-

duced/accelerated outside of the Galactic Disk - in the Halo of our Galaxy,

or in powerful extragalactic objects like AGN, Radiogalaxies and Clusters

of Galaxies.

The acceleration, accumulation and effective mixture of nonthermal par-

ticles, through their diffusion and convection in galactic magnetic fields,

produce the so-called “sea” of Galactic Cosmic Rays (GCRs). The average

density of GCRs throughout the Galactic Disk is determined by operation

of all galactic sources over a relatively long time period, comparable with

the escape time of CRs of about ∼ 107 yr. Assuming that the level of

the “sea” of GCRs is not far from the directly measured fluxes of CRs,

we can estimate the average energy density of CRs in the Galactic Disk,

wCR ≈ 1 eV/cm3. More than 90 percent of this density is contributed by

particles with energy ≤ 100 GeV. Within the homogeneous disk model,

we then can derive the luminosity (acceleration power) of the Galaxy in

CRs: ẆCR = V wCR/tesc ∼ 3 × 1040 erg/s, where V ∼ 1067 cm3 is the vol-

ume of the disk where CRs are effectively confined. Although this estimate

cannot guarantee an accuracy of better than a factor of a few, it is quite

independent of model parameters. For the fixed mass of the diffuse gas

Mg = mpnV , the ratio V/τesc is reduced to Mgc/x̄, where x̄ = τescmpnc is

the mean amount of matter (“grammage”) traversed by CRs. This param-

eter is determined by the content of secondary nuclei in CRs, and for the

bulk of the observed CRs is about several g/cm2. Thus, the CR production

rate in the Galaxy can be estimated solely on the basis of CR measure-

ments, namely from the total flux and the secondary-to-primary ratio of

CRs, being rather independent of details characterising their confinement

region (density, volume, etc.). In particular, both the disk and halo con-

finement models give approximately the same CR production rates (see e.g.

Berezinsky et al., 1990).

We know, from the energy-dependence of the secondary-to primary ratio

of CRs, that the acceleration spectra of individual CR sources are signifi-

cantly harder than the spectrum of the locally measured CRs, and therefore

(supposedly) the spectrum of the “sea” of GCRs. The average source (ac-
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celeration) spectrum of CRs is believed to be described by a differential

power-law index Γ close to 2.1 (see e.g. Swordy, 2001), although a steeper

source spectrum with Γ up to 2.4 cannot be excluded, if CRs are addi-

tionally re-accelerated in the interstellar medium (e.g. Seo and Ptuskin,

1994).

And finally, we know that the pressure of CRs is comparable with the

pressure of galactic magnetic fields, as well as with the turbulent and ther-

mal pressure of the interstellar gas. This implies that GCRs play an im-

portant role in the dynamical balance of our Galaxy, and perhaps have also

a non-negligible impact on interstellar chemistry through the heating and

ionization of the interstellar medium (see e.g. Wolfendale, 1993).

4.1.2 What we do not know about Cosmic Rays?

The irony of the discipline called Astrophysics of Cosmic Rays is that, in

spite of the considerable experimental material and extensive theoretical

efforts, we still do not have a definite opinion about the origin of these

relativistic particles.

We do not know what part of the observed CR spectrum is in fact
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Fig. 4.1 Summary of measurements of the broad-band spectrum of high energy cosmic
rays (from Gaisser, 2001).
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of Galactic origin - below the knee around 1015 eV or does it extend to

the ankle at 1018 eV? There is more confidence in the assumption that

particles from the Extremely High Energy (EHE) domain above 1018 eV are

produced outside the Galaxy (see e.g. Cronin, 1999; Nagano and Watson,

2000). These particles cannot be produced in the Galactic Disk, otherwise

significant anisotropies would then be expected, in contrast to observations.

However, the association of these particles with the Halo of our Galaxy

cannot be ruled out, in particular within the so-called “top-down” scenarios,

in which the observed particles are not result of classical acceleration (the

“bottom-up” scenario), but may originate from decays of relic topological

defects (Berezinsky et al., 1998) or super-massive particles (Berezinsky et

al., 1997a; Birkel and Sarkar et al., 1998) clustered in the Galactic Halo.

CR protons

CR electrons

G

L

S

Σ

Fig. 4.2 Two-component approach to the observed CR electron flux (from Aharonian
et al., 1995). The thin solid line represents the Local (“L”) component of electrons that
originates from a single, t = 105 yr old burst-like source at r = 100 pc and t = 105 yr.
The dashed line represents the Galactic (“G”) component assuming a homogeneous
distribution of CR sources in the Galactic Disk. The 3dot-dashed line corresponds to
secondary electrons and positrons produced by galactic cosmic rays. The calculations
are normalised to the observed flux at 10 GeV. The required energy release in electrons
with power-law index Γ = 2.2 is We = 1.1 × 1048 erg. The spectrum of protons from
the same local source assuming Wp = 3 · 1050 erg is also shown (dot-dashed line). The
range of measured CR proton fluxes is indicated by the hatched region.
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We do not know what powers the CR accelerators, and how they work.

We do not know how many and which type of sources are responsible for

the observed CR fluxes. Moreover, we are not fully confident that the

bulk of directly observed CRs are contributed by sources distributed in

the entire Galactic Disk. Paradoxically, we cannot exclude the scenario

in which these particles may have a local origin, being contributed by a

few sources or even a single nearby object. This statement is true at least

for very high energy CR electrons. Because of severe radiative losses, the

source(s) of the observed TeV electrons cannot be located well beyond a few

100 pc (Nishimuara et al., 1980), and therefore the sheer fact of extension

of the observed electron spectrum to TeV energies is an unambiguous indi-

cator of existence of a nearby cosmic Tevatron(s) (Aharonian et al. 1995,

Nishimuara et al., 1997). This means that the assumption of a continuous

distribution of sources of CR electrons would have to be valid down to scales

of ∼ 100 pc. Otherwise, the correct approach to the interpretation of the

observed CR electron flux requires a separate treatment for two different

components: (1) the contribution from one or a few nearby local sources

(L-component), and (2) the contribution from sources at large distances,

typically beyond 1 kpc, which may still be treated in the framework of the

traditional assumption of a uniform and continuous (in space and time)

source distribution in the Galactic Disk (G-component). Fig. 4.2 shows

that the two-component approach describes reasonably well the observed

flux of CR electrons from GeV to TeV energies.

Formally, a single local source can explain the entire CR population up

to the knee around 1015 eV. Such a possibility is demonstrated in Fig. 4.2.

Although the assumed total energy budget Wp = 3 · 1050 erg seems some-

what high, it can be reduced by a significant factor assuming a somewhat

smaller distance to the source. The contribution from several local sources

is another possible option. Also, better agreement with the experimental

data, especially at low energies, can be readily achieved assuming a specific

energy dependence for the diffusion coefficient. Should we take such an

attractive (or rather provocative) possibility too seriously? In recent years

Erlykin and Wolfendale (1997, 2000) have claimed empirical evidence for a

complex structure in the CR spectrum in the region of the knee attributing

it to the effect of explosion of a single, recent, nearby supernova. Although

this claim has not received a supportive response from other experts in the

field of air-shower physics (see e.g. Schatz, 2002), the idea of a single CR

source is a hypothesis in its own right and should not be necessarily related

to the existence or lack of a specific structure in the knee.
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The “local single CR source” hypothesis implies a dramatic revision of

the current belief that the bulk of cosmic rays we detect are part of the

“sea” of GCRs. Therefore it needs thorough inspection both on theoretical

and experimental grounds. At the same time, the fact that we cannot firmly

rule out such a possibility reflects the poor status of the field. A pessimist

may even argue that CR measurements alone are a priori not sufficient to

solve the problem. However, the Cosmic Ray Community does not share

such a pessimistic view.

4.1.3 Common beliefs and “nasty” problems

It is widely believed that Supernova Remnants (SNRs) are the major source

population in our Galaxy responsible for the observed CRs. The main phe-

nomenological argument, recognised at very beginning of astrophysical in-

terest in the problem (see e.g. Ginzburg and Syrovatski, 1964), is based

on the fact that the power to maintain the galactic population of CRs is

estimated to be a few percent of the total mechanical energy released by

SNe explosions in our Galaxy. It is notable that as early as 1933 W.Baade

and F.Zwickey realized the possible association of cosmic rays with super-

novae, based on the comparable energies characterising these two phenom-

ena. This is, of course, an important, but not decisive, argument, given that

other potential source populations like pulsars, young stars with powerful

mechanical winds, microquasars, gamma-ray bursts etc. can also meet, at

least formally, this energy requirement. In this regard, note, for example,

that the mechanical power of the jets of the galactic microquasar SS 433 is

comparable with the total production rate of CRs in the Galaxy.

The second, equally important argument in favour of SNRs comes from

theory. Actually, the only model of particle acceleration developed at a

level which allows quantitative calculations is diffusive shock acceleration

applied to the strong shocks in SNRs (see e.g. Drury, 1983; Blandford

and Eichler, 1987; Berezhko and Krymsky, 1988; Jones and Ellison, 1991).

Over last 20 years the basic properties of this model have been comprehen-

sively checked by many theorists using different mathematical approaches.

Recently, there have been important developments in the field based on

the non-linear treatment of the problem (for review see Malkov and Drury,

2001; Drury et al., 2001). In particular, it has been clearly understood

that nonlinear reaction effects on the shock structure are unavoidable, if

the process is to operate with high efficiency. On the other hand, the effi-

ciency of acceleration of particles, i.e. the fraction of the mechanical energy
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of the shock transfered to non-thermal particles, should be very high, 10

per cent or more, in order to explain the observed CR flux. Therefore, non-

linear shock acceleration seems to be a key element in the SNR paradigm

of GCRs. This allows conclusive observational predictions given the inflex-

ibility (in a good sense) of the nonlinear shock acceleration theory. The

distinct feature of this model is the very hard, power-law type (although

not precisely power-law) energy distribution with differential spectral index

Γ close to 2.

The high efficiency coupled with hard acceleration spectra extending

well beyond 10 TeV, should lead to detectable γ-ray fluxes of hadronic ori-

gin. Thus, the best way to check the hypothesis is to search for π0-decay

γ-ray signals, especially at TeV energies, from 103-104 yr old shell type

SNRs (Drury et al., 1994; Naito and Takahara, 1994). TeV γ-rays have

indeed been reported from three famous SNRs - SN 1006, RX J1713.7-3946

and Cas A (see Chapter 2). These are, however, objects where ultrarel-

ativistic electrons are at least equally plausible as parent particles. On

the other hand, other SNRs, like γ Cygni and IC 433, where γ-rays of

hadronic origin are expected to dominate , have not shown TeV emission.

Currently, this fact is interpreted by many as a failure of SNRs in general,

and diffusive shock acceleration in particular, to produce the bulk of GCRs.

However, given the limited sensitivity of current detectors, as well as large

uncertainties in key model parameters, these conclusions in many cases are

poorly justified and, in fact, misleading. Driven by an ultimate desire for

dramatic revisions of the current concepts, the claims about the difficulties

associated with γ-ray observations are premature and, to a large extent,

exaggerated. At the same time, GLAST and the new generation of IACT

arrays like H.E.S.S., VERITAS and CANGAROO-III, will be able to probe

the SNR visibility in π0-decay γ-rays at a level which must provide, even

under the most pessimistic model assumptions, a decisive test for the SNR

origin of galactic cosmic rays (Aharonian, 1999).

Another test of diffusive shock acceleration may come from studies of

the secondary component of CRs produced by primary particles interacting

with the interstellar medium (ISM). The CR data for the B/C ratio detected

up to ∼ 100 GeV/amu, derived assuming a simple propagation model,

favour a quite strong energy dependence of the escape time of CRs from

the Galactic Disk, τesc ∝ E−δ with δ ' 0.6 − 0.7. Applied to protons, this

requires a source spectral index of Γ ' 2.0 − 2.1 which agrees with the

index anticipated by nonlinear shock acceleration. Note that the source

spectral index derived in this way is distinctly harder than the values of
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Γ ∼ 2.3−2.4 favoured by re-acceleration models of CR propagation (Drury

et al., 2001). Thus, any independent evidence of significant re-acceleration

of CRs in the interstellar medium would work against the nonlinear shock

acceleration.

On theoretical grounds, the diffusive shock acceleration model faces sev-

eral challenges or “nasty problems” (Drury et al., 2001) like the “injection

problem” and the “maximum energy problem”, recently critically reviewed

by Kirk and Dendy (2001), Drury (2001) and Malkov and Drury (2001).

Diffusive shock acceleration requires particles with energy at least several

times larger than the thermal energy of the plasma, and it is not yet clear

how to get particles from the thermal pool accelerated to supra-thermal

energies. Recent theoretical progress in this direction (e.g. Malkov and

Völk, 1995; Dieckmann et al., 2000) provides optimism that eventually the

injection problem will be resolved, most likely through extensive numerical

simulations (Kirk and Dendy, 2001).

The problem of the maximum achievable energy problem is an old one

and has a vital implication for the SNR paradigm of GCRs. In diffusive

shock acceleration theory, the maximum energy of particles is achieved

during the so-called free-expansion phase which, however, does not last

long enough to allow acceleration of particles up to the highly desired point,

the knee around 1015 eV. Therefore, violation of the so-called “upper limit”

of Lagage and Cesarsky (1983), which, for the standard SNR parameters,

the shock speed, duration of the free-expansion phase, and the ambient

magnetic field, cannot significantly exceed 1014 eV, remains as one of the

highest priorities of current theoretical studies.

A promising way has recently been suggested by Lucek and Bell (2000).

They showed that cosmic ray streaming drives large-amplitude Alfvènic

waves which may amplify the magnetic field non-linearly to many times

the pre-shock value. Thus, the cosmic rays themselves provide the field

necessary for their effective acceleration! The increased magnetic field re-

duces the acceleration time, and correspondingly increases the maximum

particle energies to 1015 eV and even beyond. Needless to say that this

effect, if confirmed by independent theoretical investigations, would be the

solution of the 20-year old “maximum energy” problem. Ideally speaking,

the most elegant version of the SNR paradigm of galactic cosmic rays should

allow shock acceleration of particles up to the “ankle” around 1018 eV. The

smooth transition of the spectrum from the “sub-knee” to the “above the

knee” region of the spectrum, which over 3 decades up to 1018 eV continues

as steep power-law with Γ ∼ 3, not only indicates a possible galactic origin
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for this part of the spectrum, but also favours the same acceleration mecha-

nism (and sources) responsible for the CR spectrum from 1 GeV to 1018 eV.

Although the model of Lucek and Bell (2000) allows acceleration of pro-

tons up to 1017 eV, in their second paper Bell and Lucek (2001) argued

that expansion into a pre-existing stellar wind may increase the maximum

cosmic ray energy by an additional factor of 10. Acceleration of particles

well beyond the knee is possible also by shocks in so-called Superbubbles

- a “multiple supernova remnant” powered by SN explosions and winds of

luminous stars in OB associations (e.g. Parizot, 2000; Bykov, 2001). Par-

ticle acceleration by multiple shocks (Bykov and Toptygin, 2001) in such

systems has features similar to the standard picture in isolated SNRs, but

because of larger dimensions particles may achieve energies up to 1018 eV.

Finally, this brief overview of the status of origin of galactic cosmic rays

would be biased if we concluded without remarking that in the future we

may need to invoke, despite all the pleasing features and advantages of the

SNR paradigm of GCRs, other source populations, pulsars, X-ray bina-

ries with relativistic jets, or something else, and develop new acceleration

theories to explain the phenomenon called Galactic Cosmic Rays.

4.1.4 Searching for sites of production of GCRs

As discussed above, after several decades of intensive experimental and

theoretical studies, our knowledge about the accelerators of galactic cosmic

rays continues to be quite limited and inconclusive. The main obstacle to

revealing the production sites and acceleration mechanisms of GCRs is the

effective diffusion of charged particles in interstellar magnetic fields, which

results in the confusion of individual contributors to the “sea” of GCRs, and

significantly modifies the original (source) spectra of accelerated particles.

Therefore, it is believed that the resolution of these long-standing questions

will be provided by gamma-ray astronomy, i.e. through indirect but (al-

most) model-independent measurements of secondary γ-rays . The basic

idea of this approach is straightforward and concerns both the acceleration

and propagation aspects of the problem. While the localised sources of

γ-rays pinpoint the sites of particle acceleration, the angular and spectral

distributions of the diffuse γ-ray emission of the Galactic Disk contain in-

formation about the character of propagation of both the electronic and nu-

cleonic components of CRs in the galactic magnetic fields. The realization

of this seminal prediction recognised by pioneers of the field in the 1950s and

1960s is still considered as one of the major goals of γ-ray astronomy. The
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non-thermal synchrotron radiation contains additional and complementary

information at radio and possibly also at X-ray wavelengths, but it concerns

only the electronic component of CRs in two extreme energy bands, typ-

ically below 1 GeV and above 100 TeV, respectively. TeV neutrinos carry

adequate information about the nucleonic component of CRs as well, but

the sensitivities of the current high energy neutrino projects do not ade-

quately match, even under extreme model assumptions, the neutrino fluxes

expected from interactions of GCRs.

The study of the diffuse γ-radiation by the SAS-II and COS B satel-

lite experiments, and especially by the EGRET instrument aboard the

Compton GRO, have already made a significant contribution to the cur-

rent knowledge of spatial distribution of relatively low energy, 1 to 100 GeV,

CRs in the Galactic Disk. Furthermore, many famous galactic objects rep-

resenting different classes of potential accelerators of GCRs like pulsars (e.g.

Crab, Vela, and Geminga), shell-type supernova remnants (e.g. IC 433 and

γ Cygni), giant molecular clouds (GMCs) and associated star formation

regions (e.g. Orion and ρ Ophiuchus complexes), are identified by EGRET

as sources of 100 MeV radiation (Hartman et al., 1999). At the same

time, most of the EGRET sources, especially the objects at low- and mid-

galactic latitudes, still do not have clear counterparts at other wavelengths

(see Chapter 2). The next generation space-based γ-ray detector, GLAST,

with its superior flux sensitivity and good angular resolution should be able

to reveal the nature of these γ-ray hot spots. For bright sources with flat

γ-ray spectra, GLAST can provide spectral coverage up to energies of ∼100

GeV. This ensures the great role of GLAST for future studies of GCRs of

intermediate energies, typically between 1 GeV and 1 TeV.

Even so, the energy coverage of GLAST will not tell us much about

the sources responsible for the formation of the most energetic part of the

spectrum of GCRs which extends to the knee around E ∼ 103 TeV. This is

the domain of ground-based γ-ray detectors. The range of flux sensitivities

that could be achieved by future γ-ray detectors is shown in Fig. 1.2. It

is seen that GLAST and the forthcoming IACT arrays can probe γ-ray

point sources in a very broad energy region from 0.1 GeV to 10 TeV, at

the level of energy fluxes between 10−13 and 10−12 erg/cm2s. Thus, all

point galactic sources with luminosities down to Lγ(E) = 4πd2E2J(E) '
1031 (d/1 kpc)2 erg/cm2s can be detected by GLAST and/or IACT arrays.

Note that for both GLAST and stereoscopic IACT systems with angular

resolution of about 0.1◦ − 0.2◦, the “point” source implies an angular size

less than a few arcminutes. Thus, the detection of extended sources with
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angular size of about 1◦ would require an order of magnitude higher γ-

ray luminosities. The GeV luminosities of the EGRET sources detected

at low galactic latitudes exceed 1034 (d/1 kpc)2 erg/s. Therefore, most of

the EGRET sources should be seen in TeV γ-rays, provided that the γ-ray

spectra extend unbroken to the TeV region with differential photon index

' 3 for point sources and ' 2.7 for extended “1◦” sources.

Since the spectra of particle acceleration (e.g. by SNR shocks) generally

are expected to be significantly harder than the locally observed spectrum

of CRs, the failure to detect TeV γ-rays from EGRET sources (see Chap-

ter 2) can be interpreted as a result of “early” cutoffs in the source spectra

below 1 TeV. If so, the EGRET sources cannot (at first glance) be consid-

ered as important contributors, at least at high energies, to the “sea” of

GCRs. However, the lack of TeV γ-rays from GeV sources can be result

of propagation effects, namely energy-dependent escape of accelerated par-

ticles from the source. Generally the confinement time of particles in the

source decreases with energy (the leakage of particles becomes easier at high

energies), therefore the quasi-stationary spectrum of particles established

in the source could be significantly steeper than the acceleration spectrum.

Correspondingly, even for a hard, e.g. E−2 type, particle acceleration spec-

trum, the secondary γ-rays produced by interactions of relativistic particles

inside the sources, could have quite a steep spectrum – just opposite to the

common belief in which the hardest γ-ray spectra are expected from CR

accelerators themselves.

This effect is illustrated in Fig. 4.3. It is assumed that high energy

protons are injected into a dense region of size R = 3 pc, gas density

n = 100 cm−3, and magnetic field B = 100 µG. These parameters are typi-

cal for the so-called giant molecular clouds – possible sites of particle accel-

eration and gamma-ray production. The acceleration spectrum of protons is

assumed to be a power-law with an index α = 2.1, and exponential cutoff at

1015 eV. The time history of acceleration is assumed as L = L0(1+t/τ0)
−2,

with L0 = 1038 erg/s and τ0 = 103 yr. This assumption implies that the ac-

celeration rate was essentially constant over the first 103 years, but has later

decreased with time as t−2. Finally, the confinement time of particles was

approximated in the form tesc = R2/2D(E) ≈ 4×104κ−1(E/100 TeV)−1 yr,

where κ = 1 corresponds to the slowest possible escape in the Bohm dif-

fusion regime. One can see that for the chosen parameters of the ambient

medium and acceleration rate, the proton escape results in a significant sup-

pression of TeV γ-rays, especially at observation epochs t ≥ 104 yr, even if

the particle escape proceeds in the regime close to the Bohm diffusion.
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Thus, the study of a cosmic accelerator by detecting γ-rays from the

central source cannot be complete because it contains information only

about relatively low-energy particles effectively confined in the source. In

many cases the detection of γ-rays from regions surrounding the accelerator

could add much to our knowledge about the highest energy particles which

109 11 12 13 148

108 9 11 12 13 14

108 9 11 12 13 14

log10(E/eV)

Fig. 4.3 Expected γ-ray spectra at different observation epochs – t = 103, 104 and 105

years after the start of operation of the proton accelerator, for three different assumptions
concerning the escape time of particles from the γ-ray production region: κ =1, 30, 1000.
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quickly escape from the source and thus do not contribute to the γ-ray

production inside the source.

For “typical” CR accelerators, e.g. SNR with a total energy release in

protons of less than W ≤ 1050 erg, the extension of these regions cannot

significantly exceed several tens of parsecs, because at such large distances

from the source, the density of relativistic particles becomes negligible com-

pared to the level of the “sea”of GCRs (see below). Also, the detection of

extended sources is quite difficult due to the backgrounds caused by diffuse

galactic γ-rays (for GLAST) and local CRs (for ground-based detectors).

The existence of a powerful particle accelerator by itself is not yet suf-

ficient for effective γ-ray production. Clearly, an additional component – a

dense gas target – is required. Giant Molecular Clouds (GMCs) are perfect

objects to play that role in our Galaxy. They are physically connected with

star formation regions which are believed to be the most probable sites for

the production of galactic cosmic rays. Fig. 1.5 illustrates the γ-ray pro-

duction by molecular clouds located in the vicinity of a particle accelerator

where the energy density of CRs can significantly exceed the level of the

“sea” of GCRs of about 1 eV/cm3.

The low-energy ambient photon fields play a similar role for tracing

VHE (multi-TeV) electrons through their inverse Compton radiation. With

some exceptions (e.g. Crab Nebula, Cas A) the 2.7 K CMBR significantly

dominates over other photon fields for the production of IC γ-ray emission.

Therefore, the detection and identification of the inverse Compton radiation

component associated with the 2.7 K CMBR should allow us to find the

sources of ultra-relativistic electrons, and study the propagation features of

these electrons in the regions not far from their birth sites.

Because of its universal character and the precisely measured energy

spectrum and density, the 2.7 K CMBR may serve as an ideal target also

for the search and study of extremely high energy, E ≥ 1019 eV, protons

in the vicinity of their extragalactic accelerators like AGN, radiogalaxies,

clusters of galaxies, etc., through the radiation components initiated by the

secondary products of interactions of protons with the 2.7 K CMBR.

4.2 Giant Molecular Clouds as Tracers of Cosmic Ray

The first studies of the diffuse galactic γ-radiation by the SAS-2 and COS

B satellite missions revealed a relatively small, by a factor of ≤ 2, spatial

gradient of CRs in the Galactic Disk (see e.g. Bloemen, 1989). EGRET
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measurements generally confirm this conclusion (Hunter et al., 1997a). A

small variation of the CR density on large galactic scales can be naturally

explained by effective mixture of contributions from individual sources dur-

ing the CR propagation in the Galactic Disk on timescales τ ≥ 107 yr.

Meanwhile, the gradient of cosmic rays, both in the absolute flux and spec-

tral shape, can be much stronger on smaller (sub 100-pc) spatial scales,

especially in the vicinity of young CR accelerators. Consequently, we may

expect significantly higher γ-ray emissivity in these regions relative to the

average γ-ray production rate in the Galactic Disk.

Below, the emissivity of π0-decay γ-rays in the R ≤ 100 pc region of

a proton accelerator will be discussed for both impulsive (i.e. burst-like)

and continuous scenarios of injection of relativistic protons into the ISM.

Though in this section the sources of cosmic rays are not specified, it is as-

sumed that the total CR energy per “average” particle accelerator does not

exceed Wp ∼ 1050 erg, which is the typical amount of energy believed to be

produced in the form of relativistic particles during their diffusive accelera-

tion by SNR shocks (e.g. Drury, 1983). On the other hand, approximately

this amount of nonthermal energy per supernova is needed to explain the

current fluxes of galactic cosmic rays (e.g. Ginzburg and Syrovatskii, 1964).

Pulsars comprise the second important class of potential suppliers of galac-

tic cosmic rays. An upper limit on the total energy release in cosmic rays by

a pulsar may be obtained assuming that during t ≤ 105 years a pulsar effec-

tively accelerates particles with a rate Lp close to the rotational energy loss

rate L0 ∼ 1037 erg/s, i.e. Wp ∼ L0×t ∼ 3 ·1049 erg. Assuming now that the

accelerated particles during their propagation in the ISM reach a radiusR(t)

at time t, the mean energy density of particles in the occupied region is es-

timated as wp = Wp/(4/3)πR3 ≈ 0.55 (Wp/1050 erg)(R/100 pc)−3 eV/cm3.

Thus, in the regions up to several tens of parsecs around CR accelerators

with Wp ∼ 1049 − 1050 erg, the fluxes of relativistic particles at certain

stages, depending on the time history of injection and the character of

their propagation in the ISM, may exceed the average level of the “sea”

of GCRs, w0 ≈ 1 eV/cm3. Correspondingly, at these stages we should

expect higher γ-ray fluxes. Moreover, in the case of energy dependent

diffusive propagation of particles, the spectral shape of the expected γ-ray

flux may differ significantly from the spectrum of γ-rays produced by the

“sea” of galactic cosmic rays. This circumstance, coupled with the possible

location of high density regions near the particle accelerators, would result

in enhanced γ-radiation. Also, the hard proton spectra which appear at

some stages of their propagation significantly increase the probability for
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detection of TeV γ-rays (Aharonian, 1995; Aharonian and Atoyan, 1996a),

and thus allow us to probe CR sources to very high energies. The star

formation regions, which are believed to be potential settings of acceleration

of CRs by supernova shocks, strong stellar winds, pulsars, etc., are of

special interest (Montmerle, 1979; Casse and Paul, 1980; Paul 2001).

4.2.1 Proton fluxes in the ISM near the accelerator

Let assume that relativistic particles accelerated by a single source escape

the source and enter the ISM. The energy spectrum of particles at a given

time and distance from the source depends on (1) the time history and

the injection spectrum, (2) the energy loss rate, and (3) the character of

propagation of cosmic rays. In the standard diffusion approximation, the

spherically symmetric propagation of cosmic rays produced by an impulsive

source is described by Eq.(A.1); the general solution for an arbitrary energy

source of relativistic particles injected into the ISM Q(E,R, t), energy loss

rate P (E), and the diffusion coefficient D(E), is given by Eq.(A.2). The

energy losses of the protons in the gas are due to ionization and nuclear

interactions, P (E) = Pion + Pnucl. In the hydrogen medium, at kinetic

energies of protons above 1 GeV the nuclear energy losses dominate over

ionization losses.

4.2.1.1 Impulsive source

In the case of a power-law injection spectrum of an impulsive source, i.e.

Q(E, t) = N0E
−Γ δ(t), and power-law diffusion coefficient, D(E) ∝ Eδ,

the general solution reduces to

f(E,R, t) ≈ N0E
−Γ

π3/2 R3
dif

exp

(

− (Γ − 1)t

τpp
− R2

R2
dif

)

, (4.1)

where

Rdif ≡ Rdif(E, t) = 2

√

D(E) t
exp(tδ/τpp) − 1

tδ/τpp
(4.2)

is the diffusion radius. It corresponds to the radius of the sphere up to

which particles of energy E effectively propagate during the time t after

their injection into the interstellar medium.

Generally, the spectrum of cosmic rays at the given time t and distance

R from the accelerator may noticeably differ from the source (acceleration)
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spectrum. While the energy-independent diffusion leads to variation of the

cosmic ray flux only in time, and does not change the form of the pri-

mary spectrum, the energy-dependent diffusion results in significant spec-

tral changes. The modification of the particle spectrum is defined mainly

by the parameter g(E,R, t) = ζ3 exp(−ζ2), where ζ ≡ ζ(E,R, t) = R/Rdif .

For timescales less than the energy loss time, t� τpp, the effective diffusion

radius is reduced to the form Rdif = 2
√

D(E) t.

(a) (b)

Fig. 4.4 The temporal evolution of the energy spectrum of relativistic protons in the
vicinity of an impulsive accelerator during their energy-dependent propagation (from
Atoyan and Aharonian, 1996a). The power-law source spectrum with exponent Γ = 2.2
and total energy Wp = 1050 erg are assumed. The differential fluxes of protons at
different distances R and times t are shown. The curves plotted by fancy (1), solid (2),
dashed (3), and dot-dashed (4) lines correspond to the age of the source t = 103 yr,
104 yr, 105 yr, and 106 yr , respectively. The energy-dependent diffusion coefficient D(E)
with power-law index δ = 0.5 is assumed. (a) and (b) are for D∗ = 1028 cm2/s and
D∗ = 1026 cm2/s, respectively. The hatched curve shows the fluxes of cosmic ray protons
observed near the Earth.
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For a given energy, the maximum cosmic ray flux at a fixed distance

from the source is reached when ζ =
√

1.5, i.e. at

t = tmax(E,R) = R2/6D(E) . (4.3)

At t � tmax(E) the particles have not yet reached the point R, while at

t � tmax(E) the cosmic ray flux decreases due to the spherical expansion

as R−3
dif ∝ t−3/2. At sufficiently high energies, for which the time of the

maximum flux has already passed, the modification factor at a distance

R from an impulsive source is proportional to E−(3/2) δ. Therefore the

particles are distributed in a power-law form with

Γ′ = Γ + (3/2) δ . (4.4)

At lower energies, for which the maximum flux has not yet been reached, the

primary spectrum is exponentially suppressed. Note that for D(E) = const

the differential flux of cosmic rays just repeats the shape of the injection

spectrum with a time-dependent amplitude proportional to g(t).

The evolution of the differential fluxes of protons,

J(E,R, t) = (c/4π) f , (4.5)

during their energy-dependent propagation in the interstellar medium from

a single impulsive source with Wp = 1050 erg is shown in Figs. 4.4. The

power-law diffusion coefficient in the form of

D(E) = D∗(E/10 GeV)δ (4.6)

with δ = 0.5 is assumed, whereD∗ = D(10 GeV) is the value of the diffusion

coefficient at E = 10 GeV. The commonly used diffusion coefficient at

10 GeV is of about D∗ ∼ 1028 cm2/s (see e.g. Berezinsky et al., 1990).

However, much smaller values, e.g. D∗ ∼ 1026 cm2/s, in particular in dense

regions of the interstellar gas, cannot be excluded (Ormes et al., 1988).

4.2.1.2 Continuous source

The impulsive source of particles corresponds to a scenario in which the

time interval for acceleration of the bulk of relativistic protons, ∆t, is sig-

nificantly less than the age of the accelerator, t. Therefore, for relatively

short timescales, t ≤ 103 − 104 yr, the assumption of “impulsive particle

acceleration” should be considered rather as an idealised working hypothe-

sis. In particular, for SNRs the assumption of impulsive source would be

actually valid only for timescales t > 104 − 105 yr. Though the possibility
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of the effective production of CRs at early stages of supernova evolution

cannot be excluded, a more realistic model of diffusive shock acceleration

in SNRs predicts particle acceleration in the so-called Sedov phase with a

typical duration ∆t ∼ 103 − 104 yr. Thus, SNRs may be treated rather as

continuous accelerators. On the other hand, the case of impulsive source

could be applied to the classical “continuous accelerators” like pulsars, if

one assumes that the bulk of particles is produced at the early stages, e.g.

before the braking of the pulsar due to the magnetic dipole radiation.

In the case of continuous acceleration of particles by a single source with

time dependent evolution, Q(E, t) = Q0E
−Γq(t) , Eq.(4.1) should be con-

volved with the function q(t− t′) in the time interval 0 ≤ t′ ≤ t. Although

the acceleration of particles may have rather complicated time history, to

make the interpretation of the results easier, in Figs. 4.5 are shown the

spatial and temporal evolution of CRs calculated for the continuous source

with a constant acceleration rate.

For the assumed luminosity of Lp = 1037 erg/s, the total energy released

in relativistic protons during 105 yr by a stationary accelerator is about

3× 1049 erg, which is only 3 times less than the total energy of accelerated

protons assumed in Fig. 4.4 for an impulsive source. From comparison of

Fig. 4.4 and Fig. 4.5 it is seen, however, that the character of the evolution in

time of the fluxes from impulsive and continuous accelerators is qualitatively

different. To understand this difference, note that for the time intervals

less than the energy loss time, the energy distribution function of particles

injected from a continuous source is given by the expression:

f(E,R, t) =
Q0E

−Γ

4πD(E)R
erfc

(

R

Rdif(E, t)

)

, (4.7)

where erfc(z) is the error-function (see e.g. Atoyan et al., 1995). At a

given distance R, the flux of protons with given energy E at initial stages,

t ≤ r2/4D(E) (i.e. when Rdif ≤ R), increases exponentially with time t,

and when Rdif(E, t) � R it gradually saturates at the level

J(E,R) =
cQ0E

−Γ

(4π)2D(E)R
. (4.8)

This is the maximum flux at given distance R from a continuous source,

which is relevant to the situation when the decrease of the cosmic ray

density due to spherical expansion of the volume occupied by the cosmic

rays injected earlier is compensated for by the arrival of new particles.

For a power-law diffusion coefficient, the spectrum of accelerated particles
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from a single continuous source observed at distance R is described by the

power-law exponent

Γ′ = Γ + δ , (4.9)

i.e. by a factor of δ/2 smaller than in the case of an impulsive accelerator

(see Eq. 4.4)). For Γ = 2.2 and δ = 0.5, the index Γ′ = 2.7 is close the

spectral index of the cosmic rays observed locally near the Earth. For these

(a) (b)

Fig. 4.5 The temporal evolution of the energy spectrum of relativistic protons in the
vicinity of a continuous accelerator during their energy-dependent propagation (from
Atoyan and Aharonian, 1996a). The power-law primary spectrum with the exponent
Γ = 2.2 and the source luminosity Lp = 1037 erg/s in the protons are assumed. The
differential fluxes of protons at different distances R and times t are shown. The curves
plotted by fancy (1), dot-dashed (2), dashed (3), and solid (4) lines correspond to the age
of the source t = 102 yr, 103 yr, 104 yr, and 105 yr , respectively. The energy-dependent
diffusion coefficient D(E) with power-law index δ = 0.5 is assumed. (a) and (b) are
for D∗ = 1028 cm2/s and D∗ = 1026 cm2/s, respectively. The hatched curve shows the
fluxes of cosmic ray protons observed near the Earth.
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parameters Eq. (4.8) is reduced to

J(E,R) = 2.5 L37 D28(R/10 pc)−1 E−2.7
GeV cm−2 s−1sr−1GeV−1 (4.10)

where L37 = L/1037 erg/s, and D28 = D∗/1028 cm2/s. From comparison

of Eqs.(4.10) with the locally observed CR spectrum given by Eq.(4.30),

we find that for a large diffusion coefficient, D∗ = 1028 cm2/s, the flux of

protons from a continuous accelerator with Lp = 1037 erg/s could exceed the

level of the “sea” of GCRs only in the near vicinity of the source. However,

for a smaller diffusion coefficient, D28 = 0.01, much larger regions around

the source, up to distances R ∼ 100 pc, could be significantly enhanced by

cosmic rays (see Fig. 4.5).

4.2.1.3 The case of dense gas regions

The results presented in Fig. 4.4 and Fig. 4.5 correspond to the propagation

of particles in low-density medium, n ∼ 1 cm−3, where the energy losses of

protons during the timescales of interest, t ≤ 106 yr, are negligible. The

effect of energy losses of relativistic protons in a dense medium with n =

103 cm−3 and D∗ = 1026 cm2/s is demonstrated in Fig. 4.6 for (a) impulsive

and (b) continuous sources, respectively.

(a) (b)

Fig. 4.6 The temporal evolution of the proton fluxes in dense medium with n =
103 cm−3 at R = 10pc from the accelerator (from Aharonian and Atoyan, 1996a) .
The diffusion coefficient with D∗ ∼ 1026 cm2/s and δ = 0.5 are assumed. The curves
marked as 1, 2 and 3 correspond to the fluxes at times t = 104 yr, 105 yr and 3× 105 yr ,
respectively. (a) - impulsive accelerator with Wp = 1050 erg. (b) - continuous accelera-
tor with Lp = 1037 erg/s. The hatched curve indicates the level of the locally observed
cosmic ray proton flux.
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For time periods up to t = 104 yr the proton fluxes in the high and

low density media coincide, because the cooling time of the protons tpp

in a medium with n ∼ 103 cm−3 still is significantly larger than 104 yr

(see Eq. 3.13). However, for t ≥ 105 yr the fluxes of protons propagating

in a dense medium are strongly affected by interactions with the ambient

gas. In particular, in the case of an impulsive injection of CRs in the

dense medium, the fluxes of protons at t = 3 × 105 yr are exponentially

suppressed compared with the relevant fluxes in a low-density medium.

For a continuous accelerator, the effect caused by energy losses of protons

is less profound; it is substantially masked by the flux of recently injected

particles.

4.2.2 Gamma rays from a cloud near the accelerator

One of the principal parameters determining the γ-ray visibility of GMCs is

M5/d
2
kpc, where M5 = Mcl/105M� is the diffuse mass of a GMC in units of

105 solar masses, and dkpc = d/1 kpc. Assuming that γ-rays are produced

by interactions of CRs with the ambient gas,

Fγ(≥ Eγ) ' 10−7

(

M5

d2
kpc

)

q−25(≥ Eγ) cm−2s−1 , (4.11)

where q−25(≥ Eγ) = qγ(≥ Eγ)/10−25 (H − atom)−1s−1 is the γ-ray

emissivity. In a “passive” GMC, i.e. in a cloud submerged in the “sea”

of GCRs, assuming that the level of the latter is the same as the pro-

ton flux measured at the Earth, given by Eq.(4.30), the γ-ray emissivity

above 100 MeV is equal to q−25(≥ 100 MeV) = 1.53 × 10−25ηA (H −
atom)−1s−1, where the parameter ηA ' 1.5 takes into account the con-

tribution of nuclei both in CRs and in the interstellar medium (Dermer,

1986; Mori, 1997). A “passive” cloud could be detectable by GLAST,

if M5/d
2
kpc ≥ 0.1, taking into account the large angular size (typically

1 degree or more) of relatively close clouds. At energies E � 1 GeV,

J(≥ E) ' 1.5 × 10−13 (E/1 TeV)−1.75(M5/d
2
kpc) ph/cm2s, thus even for

M5/d
2
kpc ∼ 10 (there are only several clouds in the Galaxy with such a

large value of M5/d
2
kpc), detection of TeV γ-rays from passive clouds is

extremely difficult. Nevertheless, searches for VHE γ-rays from GMCs are

of a great interest because of the possible existence of high-energy cosmic

ray accelerators nearby or inside GMCs (Aharonian, 1991).

Indeed, since the density of CRs in the regions up to 100 pc around
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the accelerators at some stages may exceed the average level of the “sea”

of GCRs, wGCR ≤ 1 eV/cm3, we may expect significantly enhanced γ-ray

emissivities in these regions. This is demonstrated in Fig. 4.7, where the

π0-decay γ-ray emissivities, in terms of E2
γqγ(Eγ), are presented for an

impulsive proton accelerator at two different instants t and two different

distances R from the accelerator. For comparison, the γ-ray emissivity of

the “sea” of galactic cosmic ray protons is also shown.

The expanding “bubble” of cosmic rays penetrating the nearby molec-

ular clouds initiates intense γ-ray emission. The right-hand side axis in

Fig. 4.7 shows the differential γ-ray fluxes expected from a cloud with

M5/d
2
kpc = 1. The temporal evolution of the integral γ-ray fluxes in

the energy intervals between 0.3-3 GeV and 1-10 TeV from a cloud with

M5/d
2
kpc = 1, located at 10 pc, 30 pc, and 100 pc distances from an im-

pulsive proton accelerator with Wp = 1050 erg, are shown in Fig. 4.8. For

the diffusion coefficient, the values of D∗ = 1027 cm2/s and δ = 0.5 are

10 pc

30 pc

30 pc

from "sea of GCRSs"

1

2

3

4

10 yr
5

10
3
yr

Fig. 4.7 The differential emissivities and fluxes of γ-rays at different times t and dif-
ferent distances R from an impulsive proton accelerator with Wp = 1050 erg. The
left-hand side axis shows the γ-ray emissivities, in terms of E2

γqγ(Eγ). The right-hand
side axis shows the γ-ray fluxes, E2

γFγ(Eγ), which are expected from a cloud with pa-
rameter M5/d2

kpc = 1 for the given emissivity qγ . The curves 1 and 3 correspond to

times t = 103 yr, and the curves 2 and 4 to t = 105 yr. The emissivities at the distance
R = 10pc are plotted by solid lines (curves 1 and 2), and the emissivities at R = 30pc
are shown by dashed lines (curves 3 and 4). The primary proton spectrum and the dif-
fusion coefficients are the same as in Fig. 4.4 with D10 = 1026 cm2/s. The curve shown
by the full dots corresponds to the γ-ray emissivity for the locally observed proton flux.
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assumed. The emissivities and fluxes of γ-rays from the “sea” of galactic

cosmic rays interacting with the cloud, are also shown.

The comparison of the expected γ-ray fluxes with the sensitivities of

GLAST (for approximately 1 year observation time), and the future IACT

� � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � �
� � � � � � � � � � � � � � � � � � �

0.3−3 GeV

  1−10 TeV

GLAST

IACTs

10 pc

30 pc

100 pc

’’

from "sea" of GRCs

from "sea" of GRCs

Fig. 4.8 Time dependence of the π0-decay γ-ray emissivities (the left-hand side ordi-
nate axes) and the fluxes (the right-hand side ordinate axes) from a cloud in the energy
intervals 0.3-3 GeV and 1-10 TeV at three different distances from an impulsive acceler-
ator: 10 pc, 30 pc, and 100 pc. The fluxes are calculated for a GMC with M5/d2

kpc = 1

and a proton accelerator with Wp = 1050 erg. The horizontal lines indicate the cor-
responding emissivities and fluxes of γ-rays expected from the “sea” of GCRs. The
expected sensitivities of GLAST and the next generation of IACT arrays in the same
energy intervals are shown for the range of the γ-ray source size between 0.1◦ and 1◦.
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arrays (for ≈ 10 h of observation time), show that at certain (not necessarily

same) epochs the cloud could be visible at GeV and/or TeV energies, up

to distances to the accelerator R ∼ 30 pc even for the source size of about

1◦, provided that W50M5/d
2
kpc ≥ 0.01 (W50 = Wp/1050 erg).

Typical estimates of distances to most of the unidentified EGRET

sources, based on their spatial distribution in the galactic plane, is be-

tween 1.2 and 6 kpc. The corresponding γ-ray luminosities ≥ 1035 erg/s

can be explained by the CR irradiation of GMCs with reasonable values

of the parameter M5/d
2
kpc between 0.1 and 1, provided that powerful and

relatively young particle accelerators with Wp ∼ 1049 − 1050 erg, operate in

the vicinity of these clouds.

The remarkable feature of γ-radiation of GMCs is the strong evolution

in time of both the absolute fluxes and the spectra of γ-rays. The character

of the evolution is different for impulsive and continuous injection of cos-

mic rays into the ISM, and essentially depends on the diffusion coefficient

D(E) and distance R between the target and accelerator (see Fig. 4.7 and

Fig. 4.8). Depending on the combination of the diffusion coefficient D(E),

distance R, as well as the age of the accelerator t, one should expect quite

different γ-ray spectra from source to source. Namely, in the case of a

cloud near a relatively young accelerator the differential γ-ray spectrum is

expected to be much harder than the primary spectrum of the accelerated

particles, i.e. αγ < 2. Meanwhile, the γ-ray spectra from clouds located

near old accelerators would be soft, with a spectral index αγ ≥ 2.7. De-

pending on the energy of γ-rays under consideration, the accelerator may

be classified as “young” for a cloud at the given distance R, if R/Rdiff ≥ 1,

i.e. during the times until t ≤ R2/4D(10Eγ). Note that in the case of

energy-independent propagation of cosmic rays the spectra of γ-rays are

the same at all epochs, and at Eγ ≥ 1 GeV they repeat the spectrum of the

parent protons, though the evolution of the absolute fluxes is strong.

Thus, the detection of γ-rays from different clouds located at different

distances from the accelerator may provide unique information about the

diffusion coefficientD(E) as well as about the age of the accelerator. Similar

information may be obtained detecting γ-rays from the same cloud, but

in different energy domains, e.g. at GeV and TeV energies. However,

in the case of energy-dependent propagation of cosmic rays the chance of

simultaneous detection of a cloud in GeV and TeV γ-rays could be not very

high, because the maximum fluxes at these energies are reached at different

epochs. Since the higher energy particles propagate faster and therefore

reach the cloud earlier, the maximum of GeV γ-radiation appears at an
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epoch when the maximum of the TeV γ-ray flux has already passed. In

the case of energy-independent propagation (e.g. due to strong convection)

the ratio of fluxes Fγ(≥ 100 MeV)/Fγ(≥ 1 TeV) is independent of time,

therefore the clouds which are visible at GeV energies would be detectable

also at TeV energies.

4.2.3 Accelerator inside the cloud

The second interesting possibility for enhanced cosmic ray density in GMCs

is the existence of an accelerator inside the cloud (see e.g Ginzburg and

Ptuskin, 1984; Morfill et al., 1984; Ormes et al., 1988; Aharonian and

Atoyan, 1996a). For a constant gas density and power-law CR spectrum,

the γ-ray flux at energies above 1 GeV reduces to

Fγ(≥ Eγ) = 10−6 g

(

W50

d2
kpc

)

n2E
−Γ+1
GeV ηA cm−2s−1 , (4.12)

where W50 is the total kinetic energy of CR protons in the cloud at instant

t of observation in units of 1050 erg, n2 ≡ n/102 cm−3, and g ' 0.7 − 0.95

for Γ between 2.0 and 2.8.

This equation allows us to understand qualitatively the energy budget

of cosmic rays which is required to make a cloud visible in γ-rays. However,

for quantitative calculations one needs to take into account the effects of the

spectral modification due to energy-dependent propagation (end escape) of

relativistic particles in the cloud. The γ-ray fluxes expected from a cloud

with an impulsive and continuous accelerator in its center are shown in

Fig 4.9a,b. For the chosen radius of the cloud, Rcl = 20 pc, a mean gas

density n = 130 cm−3 is assumed, which corresponds to the mass of the

cloud Mcl = 105M�. The distance to the cloud is taken to be d = 1 kpc.

At initial epochs, t ≤ 103 yr, when all relativistic protons remain inside the

cloud, the γ-ray fluxes repeat the hard power-law spectrum of protons with

an index Γ = 2.2. At t ≥ 104 yr the γ-ray spectrum gradually steepens due

to the escape of high energy particles from the cloud. For the chosen gas

density of n ∼ 100 cm−3, the cloud with the continuous accelerator inside

becomes visible at GeV energies, i.e. Fγ(≥ 1 GeV) ∼ 10−8 cm−2s−1, only at

late epochs, t ∼ 104 yr, when the total energy output in accelerated protons

becomes of order of 3 × 1048 erg. On the other hand, because of the hard

source spectrum of accelerated protons, the cloud may already be visible

in TeV γ-rays at epochs t ≥ 103 yr when Fγ(≥ 1 TeV) ≥ 10−12 cm−2s−1.
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In the case of an impulsive accelerator the expected GeV-TeV corre-

lations look quite different. In this scenario γ-ray fluxes monotonically

decrease with time because of proton losses, especially due to the escape

of particles from the cloud. The effect is especially strong at TeV energies.

While, for the chosen radius, density and the diffusion coefficient, the flux

of γ-rays at 1 GeV remains almost stable until t ∼ 105 yr, the flux of TeV

γ-rays at t ∼ 105 yr drops to a very low (although still detectable) level.

Remarkably, this feature is quite different from the one which is expected

if the accelerator is outside the cloud. In this case the low energy particles

need more time to reach the cloud, therefore the cloud becomes visible at

GeV γ-rays later than at TeV γ-rays (compare Figs. 4.7 and 4.9a).

At t� 105 yr γ-ray fluxes are suppressed not only due to the escape of

the particles from the cloud, but also due to their energy losses. At stages

when the energy losses of protons become important, i.e. t ≥ τpp, a signif-

icant fraction of the total energy of accelerated protons is deposited in the

secondary electrons from the π±-mesons, which results in additional γ-ray

production due to the bremsstrahlung of these electrons. This component

of radiation, together with the bremsstrahlung associated with the primary

(i.e. directly accelerated) electrons, may have a significant impact on the

(a) (b)

Fig. 4.9 Gamma-ray fluxes expected from a cloud with an accelerator in its center. The
parameters of the cloud and the diffusion coefficient are: Rcl = 20pc, n = 130 cm−3,
d = 1kpc, D10 = 1026 cm2/s, δ = 0.5. (a) - impulsive accelerator; the curves 1, 2, 3, 4
correspond to the ages t = 103, 104, 105, 106 yr, respectively. (b) - continuous acceler-
ator; the curves 1, 2, 3, 4 correspond to the ages t = 102, 103, 104, 105 yr, respectively.
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γ-ray spectrum below 1 GeV.

4.2.4 On the level of the “sea” of galactic cosmic rays

It is generally believed that the local CR flux (hereafter LCRs), i.e. that

directly measured at the Earth, gives a correct estimate for the level of the

“sea” galactic cosmic rays. However, strictly speaking, this is an ad hoc

assumption. In fact, it is not obvious that LCRs should be taken as being

representative of the whole galactic population of relativistic particles. In

other words, we cannot exclude the possibility that the flux of LCRs could

be dominated by a single or few local sources, especially given the fact that

the Solar system is located in a rather extraordinary region - inside active

star formation complexes which constitute the so-called Gould Belt. This

statement is certainly true for the observed ≥ 1 TeV electrons which suffer

severe synchrotron and inverse Compton losses, and thus reach us, for any

reasonable diffusion coefficient, from regions no farther than a few hundred

parsecs (see Sec. 4.3).

Because of possible contamination of the “sea” of GCRs by nearby

sources, we may expect a non-negligible deviation of both the spectrum

and the energy density of LCRs from the spectrum and density of GCRs.

Therefore, the “GCRs≡LCRs” hypothesis needs a reliable observational

confirmation. This can be achieved by observations of high energy γ-rays

from “passive” GMCs, i.e. from clouds located in environments free of

strong CR accelerators. If the flux of LCRs does reflect the level of the

“sea” of GCRs, the shape and the absolute flux of γ-rays from “passive”

clouds can be predicted with reasonable accuracy. The standard spectral

shape of γ-radiation would be an important indicator of quietness of γ-ray

emitting clouds, although the absolute γ-ray fluxes from individual clouds

can be quite different because of different values of the parameter M5/d
2
kpc.

Therefore this method requires detailed spectroscopic measurements for an

ensemble of GMCs with known distances dkpc and masses M5. Also, de-

tection of enhanced γ-ray fluxes, compared with the “standard” γ-ray flux

calculated for LCRs, would imply a presence of nearby CR sources. Al-

though these clouds cannot be used for precise determination of the level

of the “sea” of GCRs, a reliable detection of γ-radiation from even a sin-

gle under-luminous GMC, i.e. a cloud emitting γ-rays below the expected

“standard” flux, would imply that the CR flux we observe at the Earth is

our local “fog” which obscures the genuine flux of GCRs. Below we argue

that the γ-observations of the Orion complex contain evidence for such a
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drastic conclusion with important astrophysical implications for the origin

of cosmic rays.

The extensive study of the high energy diffuse emission towards Orion

by EGRET allowed an accurate measurement of the emissivity in the Orion

region above 100 MeV, qγ/4π = (1.65 ± 0.11) × 10−26 s−1sr−1, and, more

importantly, a derivation of the differential emissivity in a broad energy re-

gion from 30 MeV to 10 GeV (Digel et al., 1999). These measurements, to-

gether with γ-ray emissivities calculated under different assumptions about

the CR spectrum and flux, are shown in Figs. 4.10a,b and Fig. 4.11 (Aha-

ronian, 2001a). The emissivity of π0-decay γ-rays that corresponds to the

local proton flux represented by Eq.(4.30), assuming an additional 50 per

cent contribution from α-particles and other nuclei, is shown in Fig. 4.10a

(curve 1). Although the predicted integral emissivity above 100 MeV,

qγ/4π ' 1.8 × 10−26 s−1sr−1, almost coincides with the measured emis-

sivity, it is difficult to fit the derived γ-ray spectrum without assuming an

additional, low energy component, e.g. a power-law with a photon index

Γ = 2.4 (dotted line). This component could be naturally attributed to

the bremsstrahlung of primary (i.e. directly accelerated) and partly also

Fig. 4.10 Gamma-ray emissivity in the Orion region. The spectra of π0-decay γ-rays
are shown by solid lines. The power-law (p-l) components at low energies, with the
photon index Γ = 2.4, are shown by dotted lines. The dashed lines correspond to the
total, ‘π0’+‘p-l’ spectra. (a) π0-decay γ-ray emissivity is calculated for the flux of LCRs
(curve 1), and a flux lower by a factor of 1.5 (curve 2). The dashed curve corresponds to
the sum of the latter and the low energy p-l component; (b) π0-decay γ-ray emissivity
(solid curve) is calculated for a proton spectrum with power-low index index Γ = 2.1
and energy density w = 0.7 eV/cm3. The dashed curve corresponds to the superposition
of the π0-decay and low energy p-l components. (From Aharonian, 2001a).
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secondary (i.e. π±-decay) electrons. It is seen from Fig. 4.10a that the

superposition of the ‘power-law’ and ‘π0-decay’ contributions (dashed line)

satisfactorily fits the derived emissivity, if one ignores the last point mea-

sured by EGRET between 1 and 10 GeV. Note that such a fit is achieved

assuming a somewhat reduced, by a factor of 1.5, CR flux in Orion com-

pared with the local CR flux (curve 2).

One should probably not overemphasise this difference, taking into ac-

count possible systematic errors in measurements of the CR flux, as well

as uncertainties in the CO measurements used for derivation of the column

density of the molecular hydrogen. However, the discrepancy becomes quite

significant if we include in the fit the measured highest energy point at 1-10

GeV. This point apparently requires a harder CR spectrum. In particular,

Fig. 4.10b shows that a good fit to the EGRET data could be achieved

assuming a flat spectrum of protons with power-law index Γ = 2.1, and en-

ergy density w = 0.7 eV/cm3 at E ≤ 1 TeV, which is by a factor of 1.7 less

than the energy density of LCRs. The lack of γ-ray measurements above

Fig. 4.11 Differential γ-ray emissivities in the Orion region. The curves 1, 2 and 3
correspond to emissivities calculated for CR spectra with the same power-law index
Γ = 2.1, but with exponential cutoff at 3 different energies, E0 =100 GeV, 1 TeV, and
10 TeV, respectively. The corresponding energy densities of CR protons are: wp = 0.55,
0.7, and 0.85 eV/cm3. At low energies an additional power-law component of radiation
(∝ E−2.4) is also assumed (dotted curve). The superpositions of π0-decay and power-law
components are shown by dashed curves. (From Aharonian et al., 2001a).
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10 GeV do not allow a robust constraint on the power-low index, but, most

probably, it cannot exceed 2.4. This almost excludes the possibility that

Orion is a passive γ-ray source (i.e. its γ-radiation is merely contributed

by the “sea” of GCRs interacting with massive molecular clouds). A more

plausible interpretation of this result would be a scenario when the bulk

of the observed γ-ray flux is produced by particles accelerated within the

Orion complex, with a less (although unavoidable) contribution from GCRs

homogeneously distributed throughout the Galactic Disk, and freely pass-

ing through the molecular clouds. Indeed, such an extra contribution by

GCRs around 1 GeV would lead to an overproduction of γ-rays, unless we

assume that the level of the “sea” of GCRs at energies ∼ 1 − 10 GeV does

not exceed ≈ 1/3 of the directly measured flux of LCRs.

This rather dramatic conclusion formally could be avoided by specu-

lating that the low-energy CRs cannot freely penetrate the dense clouds

(see, however, Cesarsky and Völk, 1978). For example, assuming that the

coefficient of reflectivity of CRs from a cloud decreases with energy, e.g. ap-

proximately as E−κ, with κ ∼ 0.6 − 0.7, one can obtain the required hard

spectrum of particles in Orion without invoking additional nearby acceler-

ators . Both these possibilities do not agree, to a certain extent, with the

current concepts of origin and propagation of GCRs. Therefore, more care-

ful analysis is needed before claiming any deviation from the conventional

models of GCRs. Note that the conclusion about the hard CR spectrum

in Orion is essentially based on the reported γ-ray flux above 1 GeV. This

indicates the importance of future accurate spectrometric measurements of

γ-radiation of Orion, as well as of other individual γ-ray emitting clouds

detected by EGRET towards Cepheus, Monoceros, and Ophiuchus (Digel

et al., 1999). These measurements should allow an effective separation of

the contributions from the “sea” of GCRs and from the local CR accel-

erators. It is especially important to extend the measurements to higher

energies. If the “excess” flux at 1-10 GeV is indeed due to the acceler-

ator(s) nearby or inside the Orion complex, we may expect continuation

of this hard spectrum well beyond 10 GeV, depending on the high en-

ergy cutoff in the CR spectrum (see Fig. 4.11). On the other hand, the

hypothesis of the energy-dependent reflection of CRs from dense clouds

(assuming that GCRs≡LCRs), predicts an essentially different spectrum

of γ-rays - a flat part below a few GeV, with a quite steep power-law tail

with Γ ' 2.75 at higher energies. This part of the spectrum is produced by

particles of the “sea” of GCRs which freely enter the cloud. Such standard

high energy γ-ray tails should be observed from other local clouds as well.



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

Gamma Rays and Origin of Galactic Cosmic Rays 165

Large-scale CO surveys of molecular clouds in the Milky Way by Dame et

al. (1987) revealed two dozen local GMCs within 1 kpc. The study of high

energy γ-rays from these clouds with a broad-distribution of distances from

∼ 100− 200 pc (like the Taurus dark clouds or Aquila Rift) to 800 pc (like

Cyg OB7 and Cyg Rift), which should be visible for GLAST, is of great

interest for the derivation of the spatial and spectral distribution of CRs in

our local environment.

4.3 Probing the Sources of VHE CR Electrons

The standard interpretation of the energy spectrum of CRs usually assumes

a uniform and continuous distribution of sources in the Galaxy both in space

and time. Whereas for the nucleonic component of CRs this approximation

can be considered as a reasonable (although not undisputable) working

hypothesis, the validity of this assumption for the electrons is questionable,

at least for the high energy part of the measured spectrum which extends

up to TeV energies.

In Fig. 4.12 the energy spectrum of CR electrons calculated assuming

a uniform and continuous distribution of the sources in the Galactic Disk

(solid curve) is decomposed to show the contributions from sources located

at distances r ≥ r0 for different r0 . It is seen that even at energies ∼ 10 GeV

the total flux of the observed electrons is dominated by particles produced

and injected into the ISM at distances r ≤ 1 kpc from the Sun. At TeV

energies, the sources beyond 1 kpc contribute less than 0.1% of the total

electron flux. Note that the calculations are performed assuming rather fast

diffusion, with a diffusion coefficient given by Eq.(4.6) with D∗ = 1028 cm/s

and δ = 0.6 (the power-law acceleration spectrum of electrons is assumed

to have Γ = 2.4). For a smaller diffusion coefficient the contributions from

large distances would be even smaller. Since a homogeneous distribution of

CR sources (in space and in time) on spatial scales � 1 kpc seems unlikely,

both the spectrum and the absolute flux of TeV electrons may significantly

vary from site to site in the Galactic Disk (Aharonian et al., 1995, Atoyan

et al., 1995).

The extended IC γ-radiation of electrons produced in the vicinity of

their accelerators, provides a unique tool to search for the electron Teva-

trons in our Galaxy.
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4.3.1 Distributions of VHE electrons

The energy-loss rate of electrons in Eq.(A.1) for the standard regions of

ISM can be presented in the form P (γ) = p0 + p1γ + p2γ
2 (in units

of s−1). Here p0 ' 6 · 10−13n s−1 is for the ionization losses of elec-

trons in the neutral interstellar gas with number density n (in units

of cm−3). The second term with p1 ' 10−15n s−1 corresponds to the

bremsstrahlung energy losses and the last one, with p2 ' 5.2 · 10−20 w0s
−1

and w0 = wB + w2.7K + wopt (in units of eV/cm3), represents synchrotron

and inverse Compton losses (w2.7K = 0.25 eV/cm3 is the 2.7 K CMBR

energy density, wopt ' 0.5 eV/cm3 is the energy density of optical-IR ra-

diation in interstellar space; the energy density of the magnetic field is

wB = 0.6 eV/cm3 for B = 5µG). Note that a more accurate expression

for P (γ) should take into account that the Compton scattering of electrons

with energies γ ≥ 105 off the optical photons corresponds to the Klein-

Fig. 4.12 The flux of CR electrons. The hatched region corresponds to the estimate
of the mean flux of low energy electrons derived from radio data in the direction of
galactic poles. The calculations demonstrate the relative contributions from different
regions of the Galactic Disk to the overall flux of electrons assuming that the sources
are continuously and uniformly distributed in the Galactic Disk. The overall flux (solid
curve, r0 = 0pc) is decomposed in order to show the contributions from the sources
located at distances r ≥ r0 for different r0 indicated near the curves. (From Aharonian
et al., 1995).
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Nishina rather than to the Thomson limit. However, as long as the energy

density of the magnetic field and 2.7 K CMBR is comparable with the

density of optical radiation, this approximation provides quite accurate re-

sults. Above several GeV, Compton and synchrotron losses dominate over

bremsstrahlung and ionization losses. Moreover, for timescales t ≤ 107 yr,

only Compton and synchrotron losses are important, thus P (γ) ≈ p2γ
2.

This allows a simple analytical description of the density of electrons at

a distance R and at time t after their injection from an impulsive source

(Atoyan et al., 1995):

f(R, t, E) =
Q0E

−Γ

π3/2R3
(1 − p2tE)Γ−2

(

E

Edif

)3

e−(R/Rdif )
2

, (4.13)

where E < Ecut ≡ Ecut(t) =(p2t)
−1mec

2 (otherwise f=0), and

Rdif(E, t) ' 2

√

D(E) t
1 − (1 − E/Ecut)1−δ

(1 − δ)E/Ecut
(4.14)

Fig. 4.13 demonstrates the temporal and spectral features of the electron

Fig. 4.13 The energy spectra of electrons at different epochs t after their injection into
the ISM at 100 pc from an impulsive accelerator. The calculations correspond to the
total energy output We = 1048 erg in power-law electrons with Γ = 2.2 extending up to
Emax = 500 TeV. The diffusion coefficient is the same as in Fig. 4.12.
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flux at 100 pc from an impulsive accelerator.

In the case of continuous injection of electrons from a point source the

energy spectrum of electrons is described by

f(R, t, E) =
Q0γ

−Γ

4πD(E)R
erfc

(

R

2
√

D(E)tE

)

, (4.15)

where tE = min(t , mec
2/p2E) . At low energies Eq.(4.15) has an energy

dependence similar to Eq.(4.13) for burst-like injection. However, at higher

energies it is qualitatively different. In particular, the steepening of this

spectrum at high energies corresponds to a power-law index Γ′ ≈ Γ + δ.

Also, the cutoff of the energy spectrum above γcut expected in the case of

burst-like injection, now disappears.

4.3.2 Extended regions of IC gamma radiation

Electrons ejected by a single accelerator can be traced by their inverse

Compton radiation outside the accelerator. The characteristics of this ra-

diation, produced in relatively compact environments of accelerators (e.g.

in the pulsar-driven nebulae in the case of pulsars or in the shells in the case

of SNRs) are described in the next Chapters. Here we discuss the character-

istics of radiation of these electrons beyond the (possible) compact nebulae,

assuming that the cloud of electrons expands in a conventional region of the

ISM with magnetic field BISM ≤ 5µG and a diffuse optical/infrared photon

density of wr ≤ 1 eV/cm3. The synchrotron radiation of multi-TeV elec-

trons peaks at optical or UV frequencies, and because of the diffuse galactic

background cannot be detected. At the same time, the X-ray tail of this

radiation produced by ≥ 100 TeV electrons may significantly contribute to

the diffuse X-ray background of the Galactic Disk (see below).

The cloud of electrons expanding in the ISM radiates high energy γ-rays

through inverse Compton scattering on the 2.7 K CMBR and on the diffuse

interstellar infrared/optical (IR/O) radiation. The high production rate of

IC γ-rays is provided predominantly by 2.7 K CMBR photons, although

the energy density of IR/O is a factor of 2 to 4 higher than the density of

2.7 K CMBR, w2.7K ' 0.25 eV/cm3. Indeed, the emissivity of IC γ-rays

in the case of a blackbody distribution of ambient photons in the Thomson

regime is proportional to

q(Eγ) ∝ ζT (p+5)/2
r E−(p+1)/2

γ (4.16)
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where Tr and ζ are the temperature and dilution factor of the radiation, and

p is the current power-law index of electrons (Blumenthal and Gould, 1970).

Thus, for the parameters characterising the 2.7 K CMBR (Tr = 2.7K,

ζ = 1) and the interstellar IR/O starlight (Tr ≈ 5000K, ζ ≈ 1.5 · 10−13),

the contribution from the 2.7 K CMBR dominates as long as p ≤ 2.8. In

addition, the efficiency of IC scattering on IR/O photons at very high en-

ergies drops significantly due to the Klein-Nishina effect. The dominance

of the IC radiation due to the up-scattering of the 2.7 K CMBR is a nice

feature which allows derivation of robust information about the electrons

independent of (poorly known) details, e.g. concerning the spatial varia-

tions of the diffuse IR/O radiation in the Galactic Disk.

The IC luminosities of the expanding cloud of electrons continuously

ejected by an accelerator (e.g. by an isolated pulsar) into the ISM, are

shown in Fig. 4.14. Due to the assumed hard spectrum of the electrons,

IC scattering on the 2.7 K CMBR dominates over other γ-radiation chan-

Fig. 4.14 The γ-ray luminosity of the expanding “cloud” of relativistic electrons at
different epochs. A constant electron injection rate of Le = 1037 erg/s with a power-law
acceleration spectrum (Γ = 2) extending up to 1015 eV is assumed. The magnetic field
is BISM = 3 µG, the ambient gas density is n = 1 cm−3, and energy density of O/IR
starlight radiation is wIR = 0.5 eV/cm3.
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nels. At lower energies, E ≤ 1 GeV, the contribution of the bremsstrahlung

photons becomes noticeable, especially for steep electron spectra.

The results presented in Fig. 4.14 are obtained by integrating the fluxes

over all angles from the central source. Therefore they depend only on the

initial spectrum of electrons, but not on the diffusion coefficient. However,

the character of diffusion of electrons in the ISM has a crucial impact on

the angular distribution of radiation, and thus on the visibility of γ-ray

fluxes. This is illustrated in Figs 4.15a,b where the γ-ray fluxes expected

within different angles in the direction of the source of electrons are shown.

The fluxes are calculated assuming that the relativistic electrons are con-

tinuously injected into the ISM with a constant rate Le = 3.5 · 1036 erg/s

during the last 104 years from a source at a distance of 0.5 kpc.

Fig. 4.15a corresponds to the “worst” combination of the model param-

eters in the sense of the detectability of γ-rays. The fast expansion of the

cloud of electrons due to the large diffusion coefficient and the relatively soft

(Γ = 2.4) initial spectrum of electrons (which during propagation becomes

even steeper due to the energy-dependent diffusion) results in radiation of

10

1

0.1

o

o

o

fast diffusion

1
o

0.1
o
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o

slow diffusion

Fig. 4.15 IC γ-ray fluxes expected within different detection angles from an elec-
tron accelerator located at a distance of 0.5 kpc. The injection rate of electrons
is Le = 3.5 · 1036 erg/s. (a) (left) fast diffusion – power-law diffusion coefficient
D(E) = D∗(E/10GeV)−δ with D∗ = 1027 cm2/s and δ = 0.5; steep spectrum of accel-
erated electrons with Γ = 2.4. (b) (right) slow diffusion – constant diffusion coefficient
with D∗ = 1027 cm2/s and δ = 0; hard spectrum of accelerated electrons with Γ = 2.
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the bulk of the photons within large angles and at low energies. Corre-

spondingly, the γ-ray fluxes in both GeV and TeV energies turn out to be,

for the assumed injection rate of electrons, well below the sensitivities of

current γ-ray telescopes. The situation could be quite different if electrons

with a hard initial spectrum propagate more slowly in the ISM (Fig. 4.15b).

For the small diffusion coefficient the bulk of γ-rays are produced with a

very hard spectrum in rather compact regions surrounding the source. As

a result of this optimistic scenario, the γ-ray fluxes reach a level detectable

by GLAST and future IACT arrays

In Fig. 4.16 γ-ray fluxes within different angular distances from an im-

pulsive source are shown. It is assumed that We = 1049 erg, released in the

form of relativistic electrons, was injected into ISM at early stages of “oper-

ation” of a 104 year old source. It is interesting to note that We = 1049 erg

corresponds to the total energy required to explain the (directly) measured

fluxes of high energy cosmic ray electrons above E ≥ 100 GeV solely by

a nearby single source like the Geminga pulsar (Aharonian et al., 1995).

Thus, the next generation of IACT systems with extended (∼ 1◦) flux

sensitivity better than E2J(E) = 10 eV/cm3 should be able to discover

similar objects in our Galaxy by detecting characteristic TeV γ-radiation

from isolated pulsars located at distances beyond 1 kpc.

The sharp cutoffs in γ-ray spectra shown in Fig. 4.16 are due to radia-

tive loses of electrons produced 104 years ago and not supported by freshly

accelerated particles. Therefore such objects could be detected most effec-

tively at E ∼ 1 TeV. Older objects obviously require observations at lower

energies.

The γ-ray fluxes in Figs. 4.15a,b and 4.16 are calculated for certain

sets of model parameters. Note that for the fixed diffusion coefficient and

the spectral index of accelerated electrons, the absolute flux and angular

size of the IC radiation shown are proportional to Le/d
2 (or We/d

2) and

1/d, respectively. Therefore, the angular and spectral characteristics of IC

radiation of other sources with different combinations of Le (or We) and d,

can be calculated by renormalization of the curves presented in Figs. 4.15a,b

and 4.16.

Finally, it is worth noting that the predicted fluxes of GeV γ-rays

produced during the propagation of the electrons in the conventional re-

gions of the ISM can be marginally detected by GLAST. However, in the

case of expansion of the cloud of electrons in dense (n � 1 cm−3) regions

surrounding an electron accelerator, the fluxes of the bremsstrahlung pho-

tons could increase significantly to observable levels.
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The injection of VHE electrons into the ISM by SNRs and pulsars (or

by any other possible sources of high energy electrons) may result in rather

high diffuse radiation from some regions of the Galactic Disk. In fact, due

to the short propagation paths of VHE electrons, the IC component of

the diffuse radiation of the Galactic Disk at high energies should be struc-

tured with an increase of the flux towards the discrete electron accelerators.

The separation of the high energy IC component from the overall diffuse

background of the Galactic Disk, e.g. by searching for specific spatial and

spectral variations on angular scales ≤ 10◦, would allow identification of

the high energy electron accelerators in our Galaxy.

fast diffusion

We=10
49

erg

10
o

1o

0.1
o

Fig. 4.16 IC γ-ray fluxes expected within different detection angles from an impulsive
electron accelerator located at 2 kpc. It is assumed that W e = 1049 erg energy of
relativistic electrons has been injected into ISM at early stages of 104 year old accelerator.
The power-law electron spectrum and the diffusion coefficient, as well as the parameters
characterising ISM are the same as those used in Fig.4.14.
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4.4 Diffuse Radiation from the Galactic Disk

The study of diffuse galactic γ-ray emission, i.e. the radiation components

produced in interactions of electronic and nucleonic components of CRs

with the interstellar gas and photon fields, provides information about the

density and energy spectra of CRs in different parts of the Galactic Disk,

and thus provides a key insight into the character of propagation of CRs in

the Galaxy on kpc scales. A proper understanding of these processes is a

necessary condition for accurate estimates of the production rates of rela-

tivistic electrons and protons/nuclei in our Galaxy. Presently, our knowl-

edge of GCRs is based on conclusions derived from the concept that inter-

prets the secondary CR nuclei and anti-particles (positrons, antiprotons) as

result of interactions of primary CRs with interstellar gas throughout the

entire Galaxy. It is not obvious, however, that the locally observed CRs

can be taken as undisputed representatives of the whole galactic popula-

tion of relativistic particles (see Sec. 4.2.4). Therefore, the diffuse galactic

γ-radiation is believed to be the most informative and model-independent

channel telling us about the energy and spatial distributions of CRs in the

Galactic Disk. The synchrotron radiation of the ISM at radio and possibly

also at X-ray wavelengths provides additional and complementary informa-

tion, but it concerns only the electronic component of CRs in two extreme

energy bands below 1 GeV and above 100 TeV, respectively.

The identification and separation of the truly diffuse γ-ray emission is

not an easy task because of a non-negligible contamination due to contri-

butions from weak but numerous unresolved discrete sources. Before the

launch of the Compton Gamma Ray Observatory the observations of the

diffuse galactic γ-ray background were limited to the energy range between

100 MeV and few GeV explored by the SAS-2 and COS-B γ-ray satellites.

The results of these important missions revealed noticeable correlations

between the high energy γ-ray fluxes and the column density of the in-

terstellar hydrogen, and thus demonstrated the existence of a truly diffuse

galactic γ-radiation (for a review see Bloemen, 1989).

The highly successful observations conducted in the 1990s by detectors

aboard the Compton Gamma Ray Observatory resulted in good quality

data from the Galactic Disk over five decades of energy, from 1 MeV to

10 GeV (see Hunter et al., 1997b, and references therein), and initiated

new theoretical studies of diffuse high-energy γ-rays (e.g. Bertsch et al.,

1993; Gralewicz et al., 1997, Porter and Protheroe, 1997; Pohl and Espos-

ito, 1998; Moskalenko and Strong, 1998; Strong et al., 2000; Aharonian



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

174 Very High Energy Cosmic Gamma Radiation

and Atoyan, 2000, etc.). Because of several competing processes, the prob-

lem of identification of specific radiation mechanisms is rather complicated

and confused. Nevertheless the existing data do allow definite conclusions

concerning the relative contributions of different processes in each specific

γ-ray energy band. The discussion of the problem in the following sections

will be limited to the inner parts of the Galactic Disk within ≥ 315◦ and

l ≤ 45◦, which is not only the best experimentally studied region, but is also

of prime interest because the CR sources are believed to be concentrated

in that region of the Galaxy.

4.4.1 CR spectra in the inner Galaxy

In this section a simple model (Aharonian and Atoyan, 2000) of propagation

of relativistic particles in the Galactic Disk will be described, which will be

used for calculations of the resulting γ-radiation from the disk at galactic

latitudes |b| ≤ 5◦. Although the halo of galactic CRs may extend up to

heights of a few kpc (e.g. Bloemen et al., 1993), one needs to know the

mean spectrum of CRs only in a region close to the galactic plane. Below

this region is approximated as a disk with a half-thickness h ' 1 kpc and

radius RG ∼ 15 kpc.

The diffusion equation for the energy distribution f = f(r, E, t) of rel-

ativistic particles can be written in a general form as (Ginzburg and Sy-

rovatskii, 1964)

∂f

∂t
= divr(D gradrf) − divr(uf) +

∂

∂E
(Pf) +A[f ] , (4.17)

where u ≡ u(r) is the fluid velocity of the gas containing relativistic par-

ticles, and P ≡ P (r, E) = −dE/dt describes their total energy losses,

including the adiabatic energy loss term Padb = divu E/3 (e.g. Owens and

Jokipii, 1977; Lerche and Schlickeiser, 1980). D ≡ D(r, E) is the spatial

diffusion coefficient, and A[f ] is a functional representing acceleration terms

of relativistic particles.

The integration of Eq.(4.17) over the volume V = 4πhR2
G results in a

convenient equation for the total energy distribution function of particles

N(E, t) =
∫

f d3r in the Galactic Disk at |z| ≤ h:

∂N

∂t
=
∂(P N )

∂E
− N

τesc
+ Q , (4.18)
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where τesc is the “diffusive + convective” escape time of particles:

τesc(E) =

[

1

τdif(E)
+

1

τconv

]−1

. (4.19)

The parameter τconv describes the convective escape of particles from

the disk through its surface due to the galactic wind driven by the pres-

sure of CRs and the thermal gas (Jokipii, 1976; Berezinsky et al., 1990;

Breitschwerdt et al., 1991; Ptuskin et al., 1997),

τconv ' ah/u , (4.20)

where u is the wind velocity on the surface of the Galactic Disk, which could

reach ∼ 50 km/s (Zirakashvili et al. 1996) at the height h = 1 kpc, and the

(generally energy-dependent) parameter a ≥ 1 is the ratio of the mean den-

sity of particles in the disk to their density at the disk surface (Aharonian

and Atoyan, 2000). Correspondingly, the mean convective escape time of

CRs from the Galactic Disk is estimated to be τconv ' 2 × 107a yr.

The diffusive escape time is very often presented in a convenient power-

law form

τdif(E) = τ10 (E/10 GeV)−δ + τmin , (4.21)

where τ10 corresponds to the particle escape time at energy E = 10 GeV.

Because the diffusive escape time cannot be less than the light travel time,

τmin = h/c, the energy dependence of τesc above a certain energy disappears.

On the other hand, since τdif increases with decreasing E, τesc given by

Eq.(4.19) becomes energy-independent below some E∗ defined from the

condition τdif(E∗) = τconv. Neglecting at these energies τmin in Eq.(4.21),

from Eq.(4.19) it then follows that the overall escape time can be presented

in the form

τesc ≈ τconv/[1 + (E/E∗)
δ] . (4.22)

The implications of the Leaky-Box type Eq.(4.18) and the limits of its

validity are discussed by Aharonian and Atoyan (2000). Here we briefly

mention that the power-law index δ in Eq.(4.21) for the diffusive escape

time in the Leaky-Box type Eq.(4.18) does not coincide with the power-law

index δ1 of the diffusion coefficient D(E) ∝ Eδ1 in the general Eq.(4.17),

but is effectively confined within the limits δ1/2 < δ < δ1. Generally, CR

propagation requires a more detailed treatment of diffusion and convec-

tion effects (see Strong et al. (2000) for numerical 3D-simulations of CR
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diffusion, and Breitschwerdt et al. (2002) for a self-consistent analytical

approach to the problem), as well as certain assumptions about the distri-

bution of CR sources in the Galactic Disk (e.g. Pohl and Esposito, 1998).

Also, the disk-halo transition at distances ∼ 1 kpc is an important part

of the picture of CR transport by the galactic wind, and should be care-

fully taken into account in detailed calculations of the diffuse γ-radiation,

in particular at high galactic latitudes.

Such treatments, however, contain a number of ad hoc assumptions,

thus for the study of diffuse galactic γ-radiation the accuracy of sophisti-

cated theoretical models should not be overrated, given the uncertainties

concerning both the parameters of the interstellar medium (especially in

distant, confused parts of the Galaxy) and the origin of sources of GCRs.

Therefore, at this stage the simple phenomenological approach based on the

approximate description of CR spectra by the Leaky-Box type equations

is reasonably justified, at least for the narrow region of the galactic plane,

and allows unambiguous conclusions from the existing γ-ray data.

For a time-dependent injection Q(E, t), the solution to Eq.(4.18), in

terms of the spatial density functions n = N/V and q = Q/V , is

n(E, t) =
1

P (E)

∫ t

0

P (ζt)Q(ζt, t1) × exp

(

−
∫ t

t1

dx

τesc(ζx)

)

dt1 . (4.23)

Here the variable ζt corresponds to the energy of a particle at an instant

t1 ≤ t which has energyE at the time t, and is determined from the equation

t− t1 =

∫ ζt

Ee

dE1

P (E1)
. (4.24)

For a quasi-stationary injection of electrons into the ISM on time-scales

exceeding the escape time τesc(E), the energy distribution of particles be-

comes time-independent. For both CR protons and electrons injected into

the ISM we assume a stationary (continuous) source function (per unit vol-

ume) in a ‘standard’ power-law form with an index Γ0 and an exponential

cutoff at E0. The flux of diffuse radiation with energy Eγ in a given direc-

tion is defined by the unit volume emissivity qγ(r, Eγ) integrated along the

line of sight:

J(Eγ) =

∫

qγ(r, Eγ)

4π
dl =

qγ(Eγ) ld

4π
, (4.25)

where qγ(Eγ) is the mean emissivity, and ld is the characteristic line-of-sight

depth of the emission region.
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4.4.2 Diffuse radiation associated with cosmic ray electrons

There are four principal processes for the production of non-thermal hard

X-rays and γ-rays in the interstellar medium by CR electrons: inverse

Compton (IC) scattering, bremsstrahlung, annihilation of positrons, and

synchrotron radiation (provided that the electrons are accelerated up to

energies exceeding 100 TeV). The first three mechanisms are discussed be-

low; the synchrotron radiation of hard X-rays will be discussed in Sec. 4.4.4

in the context of IC radiation from the highest energy electrons.

4.4.2.1 IC gamma rays

Calculations of the diffuse IC γ-rays require knowledge of the low-frequency

target photons fields. The photon fields which are important for pro-

duction of IC γ-rays are the 2.7 K CMBR and the diffuse galactic radi-

ation – the starlight and dust photons at near and far infrared frequencies,

respectively. While the density of the 2.7 K CMBR is universal, with

w2.7K ≈ 0.25 eV/cm3, the densities of diffuse galactic photon fields vary

from site to site. The studies of Chi and Wolfendale (1991) show that the

starlight energy density increases from the local value wNIR ' 0.5 eV/cm3

(Mathis et al. 1983) up to ' 2.5 eV/cm3 in the central 1 kpc region of the

Galaxy. For the calculations below the mean value, wNIR ' 1.5 eV/cm3 is

used. The energy density of dust emission in the galactic plane is rather

uncertain; it is estimated from wFIR ' 0.05−0.1 eV/cm3 (e.g. Mathis et al.

1983) to wFIR ' 0.2− 0.3 eV/cm3 (Chi & Wolfendale 1991). For the calcu-

lations below wFIR ' 0.2 eV/cm3 is used. Fortunately, large uncertainties

in wFIR do not appear to have a strong impact on the calculations because

at all γ-ray energies the contribution from IC up-scattering of 2.7 K CMBR

photons significantly exceeds the IC fluxes produced on FIR photons (see

below).

Another source of uncertainties in calculations of the diffuse IC fluxes is

the lack of independent information about the high energy electrons. While

radio measurements allow definite conclusions about the average electron

flux below a few GeV, at higher energies the electron fluxes in the Galaxy

are rather uncertain. The standard interpretation of the energy spectrum

of CRs usually assumes a uniform and continuous distribution of sources

in the Galaxy both in space and time. The validity of this assumption is

questionable, at least for TeV electrons. Because of severe radiative losses,

the source(s) of observed TeV electrons should be younger than ≈ 105 yr,

and cannot be located much beyond a few 100 pc. Therefore, the measured
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electron spectrum might not be applicable for calculations of γ-radiation

from distant parts of the Galactic Disk.

Both the spectrum and the absolute flux of high energy electrons at TeV

and higher energies may show significant variations from site to site in the

Galactic Disk. In particular, one could expect a significant enhancement of

the electron flux in the central region of the Galaxy due to the suspected

concentration of CR sources there. Therefore one may allow deviations of

the predicted electron distribution in the inner Galaxy from the observed

fluxes, except perhaps for the region below a few GeV where the radio

observations do provide information about the average spectrum of galactic

electrons along the line of sight.

In Fig. 4.17 the average spectrum of electrons calculated for the inner

part of the Galaxy is shown. The calculations are performed assuming a

power-law injection spectrum with Γe,0 = 2.15. For the assumed energy

density of resulting electrons, we = 4π/c
∫

E J(E) dE = 0.05 eV/cm3, the

calculated spectra J(E) below 1 GeV match the electron fluxes derived

from radio observations. This normalisation requires an acceleration rate

Fig. 4.17 The mean flux of electrons assuming a quasi-stationary production of electrons
with a power-law acceleration index Γe,0 = 2.15 and exponential cutoff at E0 = 100 TeV.
For the CR propagation the following escape times are assumed: τconv = 2 × 107 yr,
τdif = 107(E/10 yr)−0.6 + τmin; τmin = 3 × 103 yr. For the ISM the following param-
eters are assumed: B = 6 µG, nH = 0.15H − atom/cm3, and wFIR = 0.2 eV/cm3,
wNIR = 1.5 eV/cm3. The electron injection rate is normalised so that the energy density
in the resulting spectrum of electrons is we = 0.05 eV/cm3. The hatched region and
experimental points are the same as in Fig. 4.12.
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of electrons in the Galaxy per 1 km3

Le ' 1.6 × 1037 erg/kpc3 s . (4.26)

This implies that for the inner part of the Galactic Disk, with R ≤
8.5 kpc and a half thickness 1 kpc, the overall acceleration power should

be about 7 × 1039 erg/s. Between 100 MeV and 1 GeV the dissipation of

electrons is dominated by adiabatic and bremsstrahlung losses, the rates of

which are proportional to energy, dE/dt ∝ E (or t = E/(dE/dt) = const),

and thus do not change the original (acceleration) spectrum. Therefore the

spectral index of the observed synchrotron radio emission contains direct

information about the acceleration spectrum of electrons in this energy re-

gion. Below 100 MeV, the electron spectrum suffers significant deformation

(flattening) because of energy-independent ionization losses, while above 1

GeV the spectrum steepens because of both the escape and radiative (syn-

chrotron and inverse Compton) losses.

Fig. 4.18 The flux of diffuse γ-rays produced by CR electrons. The open dots show
the bremsstrahlung flux, and the open triangles show the overall flux of the IC radiation
components due to the 2.7 K CMBR (thin dashed line), diffuse NIR/optical radiation
(dot–dashed line), diffuse FIR radiation (3-dot–dashed line). The heavy dotted line
shows the flux of γ-rays due to annihilation of relativistic positrons in flight. The sum
of the bremsstrahlung and IC fluxes is shown by the solid line. The heavy dashed line
corresponds to the overall γ-ray flux including also the annihilation radiation. The data
points show the mean flux of diffuse high energy γ-rays observed by EGRET, and the
hatched region shows the range of average diffuse γ-ray fluxes detected by COMPTEL
from the direction of the inner Galaxy at low galactic latitudes.
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The fluxes of diffuse γ-rays produced by electrons are shown in Fig. 4.18.

The spectrum of IC γ-rays below the highest energy observed by EGRET,

E ≤ 30 GeV, is not very sensitive to the exact value of the cutoff energy,

E0, in the injection spectrum of electrons, provided that E0 exceeds several

TeV. For the energy density of the diffuse interstellar NIR/optical radiation

wNIR = 1.5 eV/cm3 is assumed, for which the IC radiation component

produced on galactic starlight photons (dot-dashed line) somewhat exceeds,

at energies between 10 MeV amd 30 GeV, the IC flux from the up-scattered

2.7 K CMBR (dashed line). The ‘FIR’ component of IC radiation (3-

dot–dashed line), calculated for wFIR = 0.2 eV/cm3, in any energy band

contributes less than 25% of the total IC flux.

In its turn, the overall IC γ-ray flux can account, for the chosen infrared

photon field densities, for only ≤ 20 % of the γ-ray fluxes observed both

at MeV (“COMPTEL”) and GeV (“EGRET”) energies (see Fig. 4.18).

Formally, the IC fluxes could be increased assuming larger depths ld of the

emission region. However, the value ld = 15 kpc assumed in Fig. 4.18 is

already large, and could not realistically be increased further.

Another way to increase the flux of IC γ-rays would be to assume

that the electron density in the inner Galaxy is significantly larger than

we = 0.05 eV/cm3. The freedom here is however restricted by radio obser-

vations. Below a few GeV the spectral index of electrons is well determined,

Γe = 2αr − 1 ' 2.15 where αr = 1.57 ± 0.03 is the photon index of the

observed radio emission. Normalising the GeV electrons to the radio flux

at ν = 10 MHz, F10MHz, we find a direct relation between the IC γ-ray and

synchrotron radio fluxes:

F
(NIR)
IC (E) ' 2.6

(

wNIR

1 eV/cm3

)(

B

6µG

)− 1+Γe
2

×

( ε0
1 eV

)

Γe−3
2

(

E

5 MeV

)

3−Γe
2

F10 MHz . (4.27)

For the radio flux at ν = 10 MHz, Fν ≤ 4× 10−10 erg/cm2 s ster, a decrease

of the magnetic field by a factor of two would lead to an increase of the

electron flux shown in Fig. 4.17 by a factor of 2αr ∼ 3, and correspondingly

to an increase of the IC γ-ray fluxes by the same factor. Thus an increase

of the IC flux would also imply very high radio fluxes, exceeding by more

than one order of magnitude the flux detected from the direction of the

galactic poles, unless we assume unrealistically low magnetic field, B ∼ 1µG

in the galactic plane. Besides, this would also automatically increase the
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flux of the bremsstrahlung γ-rays, resulting in an overproduction of diffuse

radiation in the 10 − 30 MeV region.

4.4.2.2 Electron bremsstrahlung

Below 1 GeV, bremsstrahlung γ-rays are produced by the same electrons

responsible for the galactic synchrotron radio emission. Therefore the dif-

ferential flux J(E) of this radiation in the region from 30 MeV to ∼ 1 GeV

should have a characteristic power-law slope with an index coinciding with

the spectral index of the radio electrons Γe ' 2.1 − 2.2. The results of

numerical calculations are shown in Fig. 4.18 by open dots assuming a

standard composition of the interstellar gas.

The comparison of the bremsstrahlung gamma- and radio synchrotron

fluxes produced by the same 70 MeV ≤ Ee ≤ 1 GeV electrons gives:

Fbrem(30 MeV) ' 28
NH

1022cm−2

(

ld
10kpc

)−1(
B

6µG

)−1.57

F10MHz, (4.28)

where F10MHz is the radio flux from the galactic plane. Since the latter

cannot be less (and, presumably, is even several times higher) than the

flux of 10−10 erg cm−2 s−1 sr−1 detected from the direction of galactic poles

(Webber et al. 1980), the contribution of bremsstrahlung to the overall

flux of E ∼ 10 MeV γ-rays should be significant, unless we assume either

an unrealistically high magnetic field (B � 10µG) and/or unrealistically

low gas column density (NH � 1022 cm−2).

It is interesting to compare the bremsstrahlung flux in the energy re-

gion E ∼ 30 MeV with the ‘NIR’ component of the IC flux in the region

E ∼ 10 MeV. Both radiation components are due the same electrons, al-

though contributed by two different, low-energy and high-energy, parts of

the power-law distribution of radio electrons, respectively:

Fbrem(30 MeV)

F
(NIR)
IC (10 MeV)

' 7.6
NH

1022 cm−2

(

ld
10 kpc

)−1(
wNIR

1 eV/cm3

)−1

. (4.29)

In the region E ≤ 30 MeV the bremsstrahlung flux is contributed by

electrons with Ee < 70 MeV (i.e. outside the domain of the radio emit-

ting electrons) where the ionization losses cause significant flattening of the

electron spectra. This results in a drop of Fbrem at 10 MeV by a factor

of 1.5 compared to Fbrem(30 MeV). For wNIR ∼ 1 eV/cm3, the overall IC

flux at 10 MeV is comparably contributed by both NIR and 2.7 K CMBR

target photons. Taking all these effects into account, we may conclude that
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around E ∼ 10 MeV bremsstrahlung should dominate the overall diffuse

emission of the galactic plane. This is confirmed by the accurate numerical

calculations presented in Fig. 4.18.

4.4.2.3 Annihilation of CR positrons in flight

A non-negligible fraction of the diffuse γ-radiation below 10 MeV could be

due to annihilation of relativistic positrons in flight (Aharonian and Atoyan,

1981a; Aharonian et al., 1983b). The differential spectrum of γ-rays pro-

duced in the annihilation of a fast positron on electrons of the ambient

thermal gas with density ne is described by Eq.(3.6). For a power-law dis-

tribution of positrons, the spectrum of annihilation radiation at energies

E � mec
2 has an almost power-law behaviour given by Eq.(3.8). The an-

nihilation to bremsstrahlung flux ratio Jann/Jbrem does not depend on the

ambient gas density and, for given content of positrons, κ+ = e+/(e+−e−),

depends only on the energy distribution of electrons.

The flux of annihilation radiation calculated for the electron spectrum

from Fig. 4.17 assuming κ+ = 0.5, is shown in Fig. 4.18. It is seen that

the contribution of the annihilation radiation at 1 MeV exceeds the contri-

butions of other radiation processes. Thus, depending on the (unknown)

content of low-energy (≤ 10 MeV) positrons in CRs, this process may re-

sult in a significant enhancement of the diffuse radiation at MeV energies.

In this regard it is interesting to note that at Ee < 1 GeV the fraction

of positrons in the local (directly measured) component of CR electrons

gradually increases, reaching κ+ ≥ 0.3 at Ee ∼ 100 MeV (Fanslow et al.,

1969).

Generally, the assumption that the annihilation of supra-thermal

positrons in flight may significantly contribute to the diffuse low-energy

γ-radiation of the inner Galaxy would imply also a high flux of 0.511MeV

annihilation line radiation. The OSSE measurements (Purcell et al., 1993)

indicate that the positron annihilation in the ISM proceeds predominantly

(' 97 %, Kinzer et al., 1996) through the positronium state, the annihi-

lation radiation of which consists of two components - the narrow 0.511

annihilation line and the γ-ray continuum below 0.5 MeV. At energies

E ∼ (0.2 − 0.5)MeV the diffuse γ-ray emission of the inner Galaxy is

contributed mainly by the fluxes of these two components of the annihila-

tion radiation (not shown in Fig. 4.18). The total flux of these photons is

at the level ' 10−3 cm−2s−1 (see Kinzer et al. 1996), which is equivalent

to ' 2.4× 10−2 cm−2 s−1sr−1 for the 3.8◦× 11.4◦ field of view of the OSSE
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instrument.

Approximately 20 per cent of relativistic positrons annihilate in flight

in the same medium where they cool due to Coulomb and bremsstrahlung

energy losses (Aharonian and Atoyan, 1981a). The integrated flux of the

annihilation radiation by relativistic electrons shown in Fig. 4.18 (dotted

curve), is ' 6.7 × 10−3 cm−2 s−1sr−1. Therefore one could expect that the

photon flux of annihilation radiation of thermalized positrons should be

as high as 3 × 10−2 cm−2 s−1sr−1, i.e. quite comparable with the OSEE

observations. And, vice versa, if the observed diffuse annihilation line at

0.511 MeV is due to positrons injected in the ISM with relatively high,

E � 1 MeV, energies (e.g. by pulsars), we should expect collateral con-

tinuous MeV radiation from positrons (before their thermalization) at a

level comparable with the fluxes shown in Fig. 4.18. If the positrons are

produced with low energies, E ≤ 1 MeV, e.g. they arise from β-decay of

radioactive nuclei, the continuous MeV radiation obviously cannot have an

annihilation origin.

The overall fluxes of diffuse γ-rays of electronic origin without and with

the annihilation radiation are shown in Fig. 4.18 by heavy solid and dashed

curves, respectively. It is seen that the γ-radiation produced by CR elec-

trons is significantly below the measured fluxes in the entire energy range

from 100 MeV to 30 GeV. Although, due to the lack of independent infor-

mation on the spectrum of high energy electrons, the predicted γ-ray fluxes

contain significant uncertainties, the gap by a factor of 5 to 7 around 1 GeV

is not easy to fill by any reasonable set of model parameters. Moreover,

the flat shape of the overall flux produced by CR electrons cannot explain

the “GeV bump” without violation of the fluxes observed at lower energies.

More naturally, this bump can be related to interactions of CR protons and

nuclei with the interstellar gas.

4.4.3 Gamma rays of nucleonic origin

The inelastic collisions of CR protons and nuclei with the interstellar gas

result in γ-ray emission through production and subsequent decay of sec-

ondary π0-mesons. For a power-law energy distribution of protons, the

differential production spectrum of this radiation J(E) has a distinct max-

imum at 100 MeV, which in the νFν = E2J(E) presentation is shifted to

≈ 1 GeV, thus shaping the so-called “GeV bump” in the spectral energy

distribution (SED), provided that the spectrum of protons is steeper than

E−2.
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In Fig. 4.19a the SED of π0-decay γ-rays calculated for power-law CR

spectra are shown, assuming for the product of the CR energy density and

the hydrogen column density < wpNH >= 2.5 × 1022 eV/cm5. The fluxes

produced by protons are multiplied by the factor ηA = 1.5 which takes into

account the overall contribution from nuclei both in CRs and the ISM.

The dashed curve in Fig. 4.19a is the diffuse γ-ray flux calculated for the

local CR proton flux which is described by a power-law energy distribution

(e.g. Simpson, 1983) with spectral index Γ = 2.75:

J�(E) = 2.2E−2.75
GeV cm−2s−1sr−1GeV−1 . (4.30)

Above 1 GeV, the calculated γ-ray spectrum fails to explain the diffuse

flux observed γ-ray flux by a factor of 1.5-2. This deficit cannot be overcome

by increasing wp or NH, otherwise the flux at sub-GeV energies would be

over-predicted by the same factor. The assumption of a hard power law

index for CRs in the Galactic Disk, Γp = 2.3 (dot-dashed line), explains

the data at ∼ 1 GeV, but over-predicts the flux at higher energies. And

finally, a moderately steep spectrum of protons with Γp ' 2.5 (solid line)

satisfactorily explains the spectral shape of the observed excess around

several GeV, except for the point at 2 GeV which appears ≈ 20% higher.

There is another, perhaps more attractive, possibility providing a some-

what better fit for the GeV γ-ray spectrum, namely assuming the following

(a) (b)

Fig. 4.19 Spectra of π0-decay γ-rays. The CR proton energy distributions are given:
(a) (left) by a single power-law with 3 different indices Γp: 2.75 (curve 1), 2.5 (curve 2),
and 2.3 (curve 3); and (b) (right figure) in the form of Eq.(4.31) with Γ0 = 2.1, δ = 0.65
and three different values for E∗: 3GeV (curve 1), 20 GeV (curve 2), and 100GeV (curve
3). The fluxes are calculated assuming ηA = 1.5, and < wp NH >= 2.5 × 1022 eV/cm5

(a), and < wp NH >= 2.1 × 1022 eV/cm5 (b). The data points are the fluxes detected
by EGRET from the inner Galaxy.
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energy distribution of protons in the inner Galaxy:

np(Ep) ∝ E−Γ0
p

[

1 +

(

Ep

E∗

)δ
]−1

. (4.31)

This equation implies a power-law spectrum of protons with Γp ≈ Γ0

below some E∗, but gradual steepens to Γp ≈ Γ0+δ at higher energies, E �
E∗. Actually, a proton energy distribution of this kind can be naturally

formed in the ISM. Indeed, the energy distribution of the protons, which

do not suffer significant energy losses, can be approximated by np(Ep) '
qp(Ep) · τ−1

esc (Ep). For a power-law acceleration spectrum with Γ0, this

is easily reduced to the form of Eq.(4.31) if the diffusive escape time of

CRs becomes comparable with the convective escape time at Ep = E∗ (see

Eq. 4.22). The results of numerical calculations presented in Fig. 4.19b show

that the GeV bump in the observed γ-ray spectrum can be nicely explained

by a hard spectrum of accelerated protons with Γ0 ' 2.1, additionally

assuming an energy-dependent (δ = 0.65) diffusive escape of particles from

the Galactic Disk which leads to the steepening of the CR spectrum above

E∗ = 20 GeV.

4.4.4 Overall gamma ray fluxes

The radiation mechanisms discussed above significantly contribute to one

or more energy intervals of the broad-band diffuse γ-ray emission of the

Galactic Disk. Therefore, any attempt to interpret the observed diffuse

γ-radiation, even in a specifically limited spectral band, cannot be treated

separately, but rather should be conducted within a multi-wavelength ap-

proach to the problem.

Fig. 4.20 demonstrates that the γ-ray data from ∼ 1 MeV to 30GeV can

be adequately explained with a set of quite reasonable parameters charac-

terising both the cosmic rays and the interstellar medium. For the calcula-

tions a mean line-of-sight depth for the inner Galactic Disk of ld = 15 kpc

and a column density of NH = 1.5 × 1022 cm−3 are assumed. This corre-

sponds to a mean gas density along the line of sight at low galactic latitudes

of about nH = NH/ld ' 0.33 cm−3. The energy densities of CR protons

and electrons in the inner Galaxy are normalised to wp = 1 eV/cm3 and

we = 0.075 eV/cm3, respectively. Interestingly, the latter is larger by a fac-

tor of 1.5 than the energy density of local CR electrons, while the required

energy density of protons is ≈ 20 % less than the observed one. It should
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be noticed, however, that these estimates are inversely proportional to the

hydrogen column density NH, the uncertainty of which exceeds the above

deviations, and therefore does not allow the derivation of the the average

density of CRs in the Galactic Disk to an accuracy of better than ≈ 50%.

At the same time, the required spectral shape of protons in the inner Galaxy

at low energies deviates noticeably from the local proton spectrum given

by Eq.(4.30).

In Fig. 4.20, injection spectra of electrons and protons are assumed

with power-law index Γ = 2.1. For the adopted escape times of τdiff =

1.4 × 107(E/10 GeV)−0.65 yr and τconv = 2 × 107 yr, the diffusive escape

time becomes equal to the time of convective escape at E = 5.8 GeV. Note

that the decrease of E∗, as compared with the ‘best fit’ value E∗ = 20 GeV

in Fig. 4.19b, is necessitated by the significant contribution of the IC com-

ponent to the overall flux (especially at high energies). This demonstrates

the importance of the multi-wavelength approach to the modelling of the

Fig. 4.20 The fluxes of diffuse radiation produced by electronic and nucleonic com-
ponents of cosmic rays in the inner Galaxy. The calculations are performed for hard
power-law injection spectra of electrons and protons with Γ = 2.1, and for the following
parameters characterising the CR propagation: τdiff = 1.4 × 107(E/10 GeV)−0.65 yr,
τconv = 2 × 107 yr. Other model parameters are: we = 0.075 eV/cm3, wp = 1 eV/cm3,
NH = 1.5 × 1022 cm−2, ld = 15 kpc, B = 6 µG. The contributions from π0-decay
(thin solid line), bremsstrahlung (dashed), the total inverse Compton (dot-dashed), and
positron annihilation in flight for κ+ = 0.5 (dotted line) are shown. The heavy dashed
and solid lines represent the overall fluxes with and without the contribution from the
positron annihilation radiation, respectively.
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diffuse γ-radiation even for specific, relatively narrow, energy bands.

Below 100 MeV the observed γ-ray fluxes are due mainly to the

IC and bremsstrahlung components. At energies below several MeV

the annihilation radiation of relativistic electrons contributes significantly

to the overall flux, and may even exceed the individual fluxes of both

bremsstrahlung and IC γ-rays, provided that at energies below 100 MeV

the positron content in the electronic component of the galactic cosmic

rays is significant. The heavy dashed curve in Fig. 4.20 shows the overall

(“IC+bremsstrahlung+annihilation”) flux. For comparison, the COMP-

TEL data points (Hunter et al., 1997b) corrected for contamination caused

by annihilation of thermalised positrons (Purcell et al., 1993), are shown

by stars. One can see that the annihilation of positrons “in flight”, on top

of the IC and bremsstrahlung fluxes, fits the COMPTEL measurements

rather well.

Among the principal radiation mechanisms of diffuse γ-rays in the

region E ≤ 10 MeV, the prompt γ-ray line emission produced by sub-

relativistic cosmic rays (SRCRs) via nuclear de-excitation should also be

mentioned. The emissivity of the total (unresolved) γ-ray line emission

in the energy range between several hundred keV and several MeV, nor-

malised to the energy density of SRCRs wscr = 1 eV/cm3, and calculated

for the standard cosmic compositions of CRs and the interstellar gas, is

about 2× 10−25 ph/s H-atom (Ramaty et al., 1979). This implies that for

NH = 1.5 · 1022 cm−2 and wscr ≤ 1 eV/cm3, the energy flux of this com-

ponent of gamma radiation cannot exceed 10−9 erg/cm2s sr. Thus, this

radiation mechanism cannot be responsible for more than several per cent

of the observed γ-ray flux at MeV energies, unless the energy density of

SRCRs in the ISM exceeds by 1.5-2 orders of magnitude the “nominal” en-

ergy density of CRs in the relativistic regime of about 1 eV/cm3. Although

quite speculative, such high densities of SRCRs cannot be ruled out. More-

over, recently Boldt (1999) and Dogiel et al. (2002) argued that the hard

X-ray emission from the galactic ridge, which likely has non-thermal origin,

is produced by bremsstrahlung of sub-relativistic protons or electrons. The

bremsstrahlung of sub-relativistic particles, both of protons or electrons, in

the cold medium is a rather inefficient mechanism of radiation. Namely, be-

cause of ionization losses only ≤ 10−5 part of the kinetic energy is released

in the form of non-thermal X-rays (Aharonian et al., 1979; Skibo et al.,

1996; Dogiel et al., 2002). Therefore the “sub-relativistic bremsstrahlung”

models require continuous injection of low-energy electrons and/or protons,

e.g. by SNRs, into the ISM with uncomfortably large rates if one tries to
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explain the fluxes of nonthermal X-rays detected by the GINGA, RXTE

and ASCA satellites. Assuming that bremsstrahlung X-rays are produced

directly in the regions of particle acceleration with plasma temperatures of

about several hundred eV, one may somewhat reduce the requirement to

the energy output of quasi-thermal electrons, which however still remains

uncomfortably high, at the level of 1041 erg/s (Dogiel et al., 2002).

The production of X-rays through proton bremsstrahlung is tightly con-

nected with the prompt γ-ray line emission due to the excitation of the

nuclei (primarily Fe, C, O, etc.) of the of ambient gas by the same subrel-

ativistic protons (Aharonian et al., 1979). This allows robust upper limits

on the contribution of proton bremsstrahlung to X-rays from the fluxes of

diffuse γ-rays observed at MeV energies. The studies by Pohl (1998) and

Valinia et al. (2000), based on the comparison of the observed keV and

MeV fluxes, lead to the conclusion that indeed the proton bremsstrahlung

alone could not be responsible for the bulk of the diffuse galactic X-ray

emission. And finally, the hard X-ray fluxes extending to 200 keV cannot

be explained by proton bremsstrahlung, because the energy of protons pro-

ducing 200 keV X-rays, E ≥ (mp/me)EX ' 400 MeV would over-produce

π0-decay γ-rays.

Synchrotron radiation of ultra-relativistic electrons is an alternative

mechanism to explain the diffuse X-ray emission of the Galactic Disk

(Porter and Protheroe, 1997; Aharonian and Atoyan, 2000). An obvious

advantage of this mechanism, compared with the bremsstrahlung of sub-

relativistic particles, is its almost 100% efficiency of transformation of the

particle kinetic energy into X-rays. On the other hand, this mechanism

requires, for any reasonable ambient magnetic field, more than 100 TeV

electrons in the ISM. Since the rates of acceleration by SNR shocks are

not sufficient to compensate for the severe synchrotron losses, these elec-

trons can hardly be produced in SNRs. Pulsar-driven nebulae (plerions)

seem more probable sites for the acceleration of such energetic electrons

through the wind termination shocks. Interestingly, since the same elec-

trons also produce, through IC scattering on the 2.7 K CMBR, ultra-high

energy γ-rays, the magnetic field in the regions of production of hard syn-

chrotron X-rays should be quite large, B ≥ 20 µG (Aharonian and Atoyan,

2000), otherwise the IC fluxes would exceed the flux upper limits at ener-

gies E ≥ 100 to 1000 TeV reported by the by CASA-MIA (Borione et al.,

1998) and KASCADE (G. Schatz, private communication) collaborations

(see Fig. 4.21).

The life-time of Ee � 100 TeV electrons does not exceed several hundred
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years, therefore they cannot propagate more than a few tens of parsecs from

their acceleration sites. This means that the diffuse X-ray background, as

well as the accompanying IC radiation should have a “cell - structure”,

i.e. they consist of superpositions of contributions from a large number of

unresolved extended sources along the line of sight (Aharonian, 1995; Pohl

and Esposito, 1998).

The broad-band diffuse radiation flux shown in Fig. 4.21 is calculated in

the framework of a model which assumes that besides the main population

of CRs (presumably accelerated by the SNR shocks), there is also a second

electron population beyond 100 TeV (accelerated presumably by the pulsar

wind termination shocks). The acceleration power in the second electron

component, which is needed to explain the hard X-ray background, is about

6×1036 erg/s per kpc3, or L
(II)
e ' 3×1039 erg/s in the entire inner Galactic

Disk. If these electrons are associated with pulsar winds, for ≈ 104 sources

this would imply a rather modest mean acceleration power per “old pulsar”

of about 3 × 1035 erg/s, i.e. three orders of magnitude less than the power

of the relativistic electron-positron wind of the Crab pulsar. The kick ve-

locities of pulsars can be of order from a few 100 to ∼ 1000 km/s, thus the

106 yr old pulsars would be able to propagate to distances ≤ (0.3 − 1) kpc,

contributing therefore to the emission at galactic latitudes of up to several

degrees. If so, we may expect an interesting effect of a gradual spectral hard-

ening of radiation arriving from higher galactic latitudes. The detection of

this flat IC component, which at high latitudes may dominate, at least at

TeV energies, over the significantly suppressed π0-decay radiation, should

be possible by GLAST and forthcoming IACT arrays.

4.4.5 Probing the diffuse γ-ray background on small scales

The diffuse galactic gamma-ray background consists of the truly diffuse

emission that is produced in the interaction of CRs with the interstel-

lar gas and photon fields, and of contributions from unresolved discrete

sources. Actually, if the “sea” of GCRs is described by the steep, E−2.75

type spectrum of local CRs (curve 1 Fig. 4.19a), a new component of ra-

diation would be required to explain the so-called “GeV excess” detected

by EGRET1. Pohl et al. (1997) have noticed that pulsars can account for

up to 20 per cent of the diffuse emission above 1 GeV in selected regions

of the ISM, albeit that they cannot be responsible for all the GeV excess.

1The “GeV excess” should be understood as a discrepancy between the observed flux
and model predictions for the spectrum of local CRs observed in the solar vicinity.
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  INTEGRAL             GLAST      5@5       H.E.S.S.               ?

Fig. 4.21 The broad-band diffuse background radiation from the Galactic plane in terms
of the two-component model of relativistic electrons. The heavy solid line corresponds
to the flux produced by the electrons of the first (main) CR population, with the same
model parameters as in Fig. 4.20, but for δ = 0.7 and κ+ = 0.3. The heavy dashed line
shows the overall flux including the contribution from the second population of electrons
accelerated to energies E0 = 250 TeV. The local mean magnetic field of the region where
the second electron population is confined is assumed B = 25 µG. The fluxes of galactic
diffuse radiation at γ-rays detected by COMPTEL and EGRET, and at X-rays detected
by RXTE (Valinia and Marshall, 1998) and OSSE (Kinzer et al., 1997), as well as the
upper flux limits at very high energies reported by the Whipple (Le Bohec et al., 2000),
HEGRA (Aharonian et al., 2001) and CASA-MIA (Borione et al., 1998) collaborations,
are also shown.

Berezhko and Völk (2000) argued that a significant fraction of the diffuse

radiation from inner Galaxy can be contributed by unresolved SNRs, as-

suming that approximately 10 SNRs of an age younger than 105 yr can

on average lie within 1◦ of the galactic center. This model predicts a hard

γ-ray spectrum up to 1 TeV energies with an absolute flux around 1 TeV of

about 10−8 erg/cm2s sr, i.e. a factor of 2 higher than the fluxes of the truly

diffuse radiation shown in Fig. 4.20 and 4.21. This flux from the direction

of the galactic center can be readily detected by the H.E.S.S. IACT array.

Important support for this model would be the resolution of individual con-

tributors and their identification with known SNRs. Since this radiation is

supposed to be a superposition of contributions from ≤ 10 SNRs within a

1◦ field of view, the fluxes of individual contributors are expected at the

level of 10−12 erg/cm2s at 1 TeV and a factor of 3 higher at several GeV.
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In principle, these sources can be resolved both at GeV and TeV energies

by GLAST and H.E.S.S., respectively.

A large contribution to the diffuse background at low galactic latitudes

may come from “active” molecular clouds. The propagation of CRs in the

Galactic Disk implies an effective mixture of contributions from individual

sources/accelerators of CRs on a ∼ 107 yr timescale. Therefore one cannot

expect a strong gradient of CR density on large, kpc scales. However, strong

variations are possible on smaller scales, in particular in the l ≤ 100 pc

regions around the CR accelerators, where the CR density may significantly

exceed the average density of the “sea” of GCRs. If these regions also host

massive gas clouds, we may expect enhanced γ-ray emission within l/d ∼
0.5◦(d/10 kpc)−1. Speculating now that a significant fraction of the diffuse

γ-ray background is produced selectively, being a result of radiation from

regions containing both particle accelerators and massive gas clouds, one

may explain in a quite natural way the hard spectra of radiation observed

by EGRET above 1 GeV. Indeed, if γ-rays are produced at interactions of

clouds with relatively fresh (recently accelerated) particles with spectra that

have not yet suffered strong modulation (steepening) due to propagation

effects, the resulting γ-ray spectra should be significantly harder than the

typical γ-ray spectrum produced by the “sea” of GCRs in regions of the

ISM far from the cosmic accelerators. Such an assumption agrees with

the correlation observed between γ-ray intensity and the hydrogen column

density (Hunter et al., 1997) which in the galactic plane is predominantly

due to molecular clouds.

If a significant fraction of the diffuse γ-ray background is indeed con-

tributed by regions of enhanced CR density surrounding the particle ac-

celerators, then we should expect non-negligible fluctuations, both in the

spectral shape and in the absolute flux on scales less than 1◦. In Fig. 4.22a

the diffuse γ-ray fluxes detected by EGRET within a 10−3 sr solid angle,

corresponding to regions on sky with angular radius ≈ 1◦, are shown. The

largest flux, marked as “GD(C)”, corresponds to the radiation that arrives

from direction of the Galactic Center, namely to the average flux detected

from the region with galactic coordinates l ∼0◦ and 2◦ ≤ b ≤ 6◦ (Hunter

et al., 1997). It is approximated as
(

dN

dE

)

GC

≈ 1.7 × 10−7E−2.5(∆Ω/10−3sr) ph/cm2s GeV . (4.32)

The curve marked as “GD(A)” in Fig. 4.22a corresponds to the flux

from the Anti-center region, namely l ∼180◦ and 6◦ ≤ b ≤ 10◦ (Hunter et
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al., 1997). It is approximated as
(

dN

dE

)

GA

≈ 6.1 × 10−9E−2.33(∆Ω/10−3sr) ph/cm2s GeV . (4.33)

Note that the EGRET measurements of the diffuse galactic radiation do

not extend beyond 30 GeV, but in Fig. 4.22a we extrapolate the fluxes up

to 300 GeV. Interestingly, the highest energy γ-rays detected by EGRET

around 300 GeV belong to the isotropic (extragalactic) diffuse background

radiation (Sreekumar et al., 1998). This component, marked in Fig. 4.22

as “EGB”, is described by a hard power-law spectrum,
(

dN

dE

)

EGB

≈ 1.1 × 10−9E−2.15(∆Ω/10−3sr) ph/cm2s GeV . (4.34)

For comparison, in Fig. 4.22a π0-decay γ-ray fluxes of individual su-

pernova remnants and “passive” molecular clouds are also shown. For the

differential flux of a “typical” γ-ray emitting SNR, the following approxi-

mation is used (see Sec. 5.1)
(

dN

dE

)

SNR

≈ 10−8E−2 ASNR ph/cm2s GeV . (4.35)

where ASNR = W50n0/d
2
kpc; W50 = Wp/1050 erg is the total energy of

accelerated CRs contained in the remnant, n0 = n/1 cm−3 is the gas density

in the remnant, and dkpc = d/1 kpc is the distance to the source.

The differential flux of γ-rays from a “passive” GMC (see Sec. 4.2) at

energies above 1 GeV is approximated as
(

dN

dE

)

GMC

≈ 4.7 × 10−8E−2.75 AGMC ph/cm2s GeV . (4.36)

where AGMC = M5/d
2
kpc; M5 = M/105M� is the total mass of the cloud.

And finally, in Fig. 4.22a we present the spectrum of CR ray electrons

observed in the solar vicinity. Although the intensity of these particles

exceeds by two orders of magnitude or more the flux of diffuse γ-rays, the

active anti-coincidence shields of the satellite based detectors effectively

protect the γ-ray telescopes from charged particles. At the same time

the showers produced by CR electrons constitute the main background for

imaging Cherenkov telescope arrays operating in the sub-100 GeV regime.

The minimum size of angular cells chosen for the the study of the spatial

variation of the spectrum of diffuse γ-rays is determined by the angular
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resolution of detectors and the accumulated photon statistics. Because

of the small detection area and limited angular resolution, the spatially

resolved spectral analysis of EGRET has been performed using 10◦ × 4◦

bins with ≤ 40 per cent statistical errors and a highest interval of 1–30 GeV

(Hunter, 2001). GLAST, with significantly improved angular resolution and

larger detection area, should be able to derive γ-ray spectra for smaller bins

and upper energies of 100 GeV. Fig. 4.23 shows the number of γ-rays above

given energy E per degree2 expected for 1 year of scanning mode operation

by GLAST (Hunter, 2001). It is seen that GLAST has the potential to

derive spectra up to 80 GeV and 15 GeV for 4 deg2 bins from the directions

of the galactic center and anti-center, respectively, if one requires at least 10

detected photons. At the same time, GLAST should be able to image the

γ-ray emission towards the galactic center above 1 GeV on much smaller

scales, ≤ 1 deg2 (down to 0.3◦ × 0.3◦ limited by angular resolution at 1

GeV), albeit without adequate spectral information.

The extension of spectral studies of the diffuse background beyond 10

(a) (b)

Fig. 4.22 (a) Fluxes of diffuse galactic γ-ray emission within a 10−3 sr solid angle de-
tected by EGRET towards the galactic center, GD(C), and anti-center, GD(A). For com-
parison, the flux of the (isotropic) extragalactic background radiation (EGB) detected
by EGRET up to 300 GeV is also shown. The curves marked “SNR” and “GMC” rep-
resent the fluxes of a “standard” SNR with the scaling-factor ASNR = 1 (see Eq.(4.35))
and from a “standard” passive molecular cloud with the scaling-factor AGMC = 1 (see
Eq.(4.36)), respectively. The flux of CR electrons observed in the solar vicinity is also
shown. (b) The differential counts of radiation components presented in figure (a) ex-
pected after a Tobs = 104 s observation with the high altitude IACT array 5@5. The
detection rates of CR electrons are shown for 3 different values of the geomagnetic cutoff:
0, 10, and 20 GeV. (From Aharonian and Bogovalov, 2003).
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GeV with ≤ 1/3◦ resolution is of great interest, because these measurements

would allow us to trace propagation of CRs on scales less than 100 pc even

for very distant (d ≥ 10 kpc) regions of the Galactic Disk. Because of the

limited detection area, the potential of GLAST is still limited, especially for

spectroscopic measurements from regions outside of the inner Galaxy and

at large galactic latitudes. Planned imaging atmospheric Cherenkov de-

tectors like CANGAROO-III, H.E.S.S. and VERITAS will have very good

angular resolutions of about 0.1◦ and detection areas 104 − 105 m2. Even

so, above the energy threshold of these instruments around 100 GeV, the

γ-ray fluxes drop significantly, thus spectroscopic studies in this energy

regime will be limited by the low photon fluxes. In the energy region from

several GeV to several 100 GeV an adequate potential for studies of the dif-

fuse galactic background may require future low-threshold IACT arrays like

5@5 installed at very high mountain altitudes (see Sec. 2.3.3). A challenge

for such instruments would be the spectroscopy of the diffuse γ-radiation

on 1/3◦ or perhaps even smaller angular scales. The number of γ-rays

detected by 5@5 at given energy E with ∆E = E (i.e. E(dN/dE) within

10−3 sr solid angle and for an exposure time 104 s, are shown in Fig. 4.22b

(Aharonian and Bogovalov, 2003). It is seen that the number of detected

γ-rays in each 0.3◦ × 0.3◦ bin (∆Ω ' 10−4 sr) toward the galactic center

could be as large as 103 at 30 GeV and 250 at 100 GeV. Although the detec-

tion rate of CR electrons which constitute the main source of background

for 5@5, is an order of magnitude higher, the signal-to-noise ratio, S/
√
B is

sufficiently high for the detection of statistically significant signals for just
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Fig. 4.23 The number of γ-rays above an energy E expected per 1 deg2 from the
directions of the galactic center and anti-center, after 1 year of operation of GLAST in
the scanning mode (from Hunter, 2001).
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several hours observations by this instrument. For the effective field of view

of about 3 degree (in diameter), these observations may allow a simultane-

ous probe of 25 “0.3◦ × 0.3◦ ” bins. This should be sufficient to resolve

point-like sources with luminosities several times 1033(d/10 kpc)2 erg/s,

and thus to separate the flux of truly diffuse γ-ray emission from contribu-

tions of discrete sources. Note that the 1/3◦ angular scale corresponds to

50(d/10 kpc)2 pc linear size, thus these observations may reveal the sites

of CR production in the Galaxy even when the accelerators themselves are

not visible in γ-rays. Remarkably, this could be a quite widespread case,

for example due to the lack of adequate targets in accelerators and/or fast

escape of accelerated particles from their production sites. In any case, the

study of ≤100 pc proximity of CR accelerators should allow correct esti-

mates of the overall energy released in accelerated relativistic particles and

an important study of CR propagation effects (e.g. the diffusion coefficient)

in the (presumably) very active and turbulent regions surrounding the CR

accelerators.

4.4.6 Concluding remarks

The diffuse galactic γ-ray emission carries unique information, a proper un-

derstanding of which should eventually result in a quantitative theory for

the origin of galactic cosmic rays. The problem is complicated and confused

by the operation of several competing γ-ray production mechanisms. Al-

though the data obtained by the COMPTEL and EGRET detectors aboard

the Compton GRO allow rather definite conclusions concerning the relative

contributions of different γ-ray production mechanisms in the energy region

from 1 MeV to 30 GeV, many details concerning both the spatial distri-

bution of CRs and their energy spectra in different parts of the Galactic

Disk remain unresolved. The next generation of space- and ground-based

γ-ray detectors with significantly improved performance should be able to

provide a framework for a coherent understanding of many aspects of the

origin and propagation of galactic cosmic rays.

Gamma-rays below 100 MeV. In this energy region the diffuse γ-

radiation has an electronic origin, namely the observed γ-ray fluxes from

10 MeV to 100 MeV can be well explained by superposition of the

bremsstrahlung and IC components of radiation . At lower energies, a

non-negligible flux can be contributed by the annihilation of relativistic

positrons with the ambient thermal electrons, and perhaps also by superpo-
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sition of prompt γ-ray lines from interaction of sub-relativistic protons and

nuclei with the ambient interstellar gas. The detailed spectroscopic studies

in the region between several 100 keV and 10 MeV by detectors of the IN-

TEGRAL mission could reveal the spectral features associated with these

radiation channels. The detection of prompt γ-ray lines would allow deter-

mination of presently highly uncertain flux of sub-relativistic CRs in the

ISM, and thus should give a definite estimate of the proton bremsstrahlung

contribution to the nonthermal hard X-ray emission of the galactic ridge.

The direct measurements of hard X-rays, in particular the mapping and

spectroscopy of radiation from 20 keV to several 100 keV by the detectors

of the INTEGRAL mission may distinguish between two models relating

this radiation to the bremsstrahlung of sub-relativistic particles (electrons

and/or protons) and to the synchrotron radiation of extremely high energy

electrons. The second model predicts also IC γ-radiation extending well be-

yond 1 TeV at the flux level marginally detectable by the next generation

of IACT arrays. The detailed spectroscopic studies of diffuse radiation by

GLAST, in particular the identification of spectral features in the “electron-

dominated” to the “nucleon-dominated” transition region around 100 MeV,

should allow determination one of the crucial parameters characterising the

production and propagation of low-energy CRs, the ratio of the CR electron

density to the proton density in the Galactic Disk.

The “GeV bump” and beyond. Above 100 MeV, π0-decay γ-rays

dominate the diffuse radiation at low galactic latitudes for any reasonable

set of parameters characterising the electron-to-proton ratio in CRs and the

ambient photon and gas densities in the Galactic Disk. Moreover, the excess

emission detected by EGRET at energies of several GeV can be naturally

explained by γ-rays of nucleonic origin, assuming that the spectrum of

CR protons in the inner Galaxy is harder than the spectrum of directly

observed CRs. In particular, the results presented in Figs. 4.19a and 4.20

show that the proton spectrum given by Eq.(4.31) with E∗ ∼ 5 − 10 GeV,

Γ0 = 2.1 and δ ' 0.6, which could be formed due to a certain combination

of diffusive and convective escape time-scales, is able to explain reasonably

well the observed excess GeV emission. In the total “π0+IC” spectrum the

contribution of π0-decay γ-ray component gradually decreases, however,

this decline is compensated for by the hard IC component, which at energies

above 100 GeV becomes the dominant contributor to the overall γ-ray flux

(see Figs. 4.20 and 4.21). The “GeV bump” can be explained also by a

single power-law spectrum of CR protons with Γp ∼ 2.5 (Fig. 4.19a), but
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then we should assume strong suppression of the IC contribution to the

overall γ-ray flux. These two scenarios predict essentially different origins

of γ-rays in the VHE domain. While in the case of the proton spectrum

given by Eq.(4.31), the γ-ray emission at E ≥ 100 GeV is contributed

mainly by IC scattering of multi-TeV electrons on the 2.7 K CMBR, in

the case of a single power-law spectrum of protons the VHE γ-ray flux is

dominated by the π0-decay component. The upper limits for the diffuse γ-

ray fluxes at TeV energies shown in Fig. 4.21 are significantly higher than

the predicted fluxes. Moreover, the upper limits reported by the Whipple

(LeBohec et al., 2000) and HEGRA (Aharonian et al., 2001) collaborations

are derived for galactic longitudes around 40◦, and thus are irrelevant to

the radiation of the inner Galaxy. This part of the Galactic Disk can be

much better surveyed by IACT arrays located in the Southern Hemisphere.

These instruments should be able to detect the VHE diffuse γ-ray emission

of the Galactic Disk, and thus to provide crucial information about the

character of propagation of ≥ 110 TeV cosmic rays in the Galactic Disk.

Resolving small-scale features of the diffuse background. The re-

moval of contributions from unresolved γ-ray sources is a key condition

for detailed study of truly diffuse radiation, in particular its spectral and

spatial variations which carry direct information about the character of

propagation of GCRs. If the “unresolved source component” is contributed

by objects with fluxes of more than 10 per cent of the minimum detectable

flux by EGRET, GLAST will be able to resolve the truly diffuse component

from the overall diffuse γ-ray background of the Galactic Disk, and probe its

spatial distribution on an angular scale ≈ 0.3◦. This corresponds to linear

scales of less than 100 pc even in remote galactic regions. This implies that

GLAST can reveal the sites of enhanced CR density expected within 100 pc

around strong cosmic ray accelerators. The potential of GLAST for spec-

troscopic measurements is, however, limited by photon statistics, especially

for energies beyond 10 GeV. In this energy region a unique spectroscopic

performance on the same angular scales of about ≈ 0.3◦ may demonstrate

the future sub-10 GeV IACT arrays like 5@5. Before then, the forthcoming

IACT arrays should be able to detect the diffuse galactic background at

TeV energies. In particular, a deep survey of the inner Galaxy by H.E.S.S.

may provide the first observational probe of the average density of TeV

cosmic rays and, hopefully, allow the study of their variations in the inner

Galaxy on 1◦ angular scales.
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Chapter 5

Gamma Ray Visibility of Supernova

Remnants

For more than 40 years, the galactic SNRs have been believed to be the

sites of production of the bulk of the observed CR flux. The strong shocks

in SNRs may provide - through the diffusive shock acceleration mechanism

– very effective, up to 10 to 30 per cent, conversion of the total SN ex-

plosion into relativistic protons and nuclei, as well as explaining the hard,

E−(2.0−2.1) type, source spectra, as it follows from the CR propagation

studies in the galactic disk (see Chapter 4). Although quite plausible,

these arguments still remain as a theoretical conjecture, and thus cannot

supersede direct evidence. The detection and identification of π0-decay

γ-rays from SNRs, primarily at TeV energies, would be the first straight-

forward proof of the acceleration of protons by SNR shocks. On the other

hand, the failure to detect π0-decay γ-ray signals from several selected

SNRs would impose strong constraints on the energy in accelerated protons,

WCR ≤ 1049 − 1050 erg. This would indicate an inability of the ensemble of

galactic SNRs to explain the observed CR fluxes.

5.1 Gamma Rays as a Diagnostic Tool

For a standard “power-law with exponential cutoff” energy distribution of

protons,

dN/dE ∝ E−Γ exp (−E/E0) , (5.1)

the flux of γ-rays produced in the interactions of CR protons with the

ambient gas is basically determined by the scaling parameter

A =

(

WCR

1050 erg

)(

d

1 kpc

)−2
( n

1 cm−3

)

, (5.2)

199



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

200 Very High Energy Cosmic Gamma Radiation

where WCR is the total energy in accelerated protons, n is the ambient gas

density, and d is the distance to the source. The γ-ray spectrum at high

energies repeats the spectral shape of parent protons – a power-law with

approximately the same power-law index Γ and a cutoff at E ∼ 0.1E0. For

Fig. 5.1 Fluxes of π0-decay (heavy solid line) and IC (thin lines) γ-rays from a 103 year
old SNR. The π0 decay γ-rays are calculated for the scaling parameter A = 1. The IC
γ-ray fluxes are calculated for 3 different values of the magnetic field B = 3 (solid curve),
10 (dashed curve), and 30 µG (dot-dashed curve), assuming that the electrons produce
the same flux of synchrotron radiation Sν = 10 µJy. For the protons and electrons we
assume the same acceleration spectrum with Γ = 2 and E0 = 100 TeV.

a given energy density of accelerated protons , the integral flux of γ-rays

above 300 MeV is almost independent of the proton spectral index,

Jγ (≥ 300 MeV) ≈ 3 · 10−8A cm−2s−1 . (5.3)

At energies 1 GeV ≤ E ≤ 0.1E0, and for the standard chemical composition

of CRs and the ambient gas,

Jγ(≥ E) = 10−11E−Γ+1
TeV AfΓ cm−2s−1, (5.4)
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where fΓ ≈ 1 and 0.2 for the the proton spectral indices Γ = 2 and 2.3,

respectively. The integral fluxes of π0-decay γ-rays from a 103 yr old SNR

for the scaling parameter A = 1 are shown in Fig. 5.1. The γ-ray fluxes

are calculated for a proton spectrum with Γ = 2 and E0 = 100 TeV.

Within the diffusive shock acceleration model, the amount of relativistic

particles increases with time as the remnant passes through its free expan-

sion phase, and reaches the maximum when the SNR enters the so-called

Sedov phase – the phase when the mass of the swept-up matter becomes

comparable with the mass of the ejecta. Correspondingly the peak lu-

minosity of γ-rays appears at the early Sedov phase (Drury et al., 1994,

Berezhko and Völk, 1997), typically 103−104 years after the SN explosion.

At this stage the radius of the shell exceeds several parsecs which implies

an angular size of about 1◦ for relatively close (d ≤ 1 kpc) SNRs. The

conflict between the angular size (φ ∝ 1/d) and the γ-ray flux (Jγ ∝ 1/d2)

significantly limits the number of SNRs which could be detected in γ-rays

by the current generation of IACTs. The best candidates would be young

SNR at distances of a few kpc or less, which have already entered their

Sedov phase, show nonthermal synchrotron radiation, and are expanding

into regions of enhanced gas density. An additional criterion would be the

possible association of these SNRs with γ-ray sources detected by EGRET.

The Whipple collaboration has chosen for observations 6 SNRs which more

or less satisfy these condition. No positive signal from any of these SNR

has been detected (Buckley et al., 1998). The corresponding upper limits

on the fluxes above 300 GeV are shown in Fig. 2.8 (Chapter 2) along with

the EGRET integral fluxes or upper limits (Esposito et al., 1996).

These points are compared with the theoretical expectations normalised

to the EGRET data points as well as with a range of fluxes based on conser-

vative estimates of the scaling parameterA. Although being very important

and meaningful, these upper limits cannot be used as an evidence against

the SNRs as sites of acceleration of galactic cosmic rays, especially if one

takes into account large, typically up to a factor of 10, uncertainties in the

scaling parameter A. For example, even for the most stringent constraint

on the TeV flux set so far, the upper limit obtained by the HEGRA collabo-

ration for the Tycho SNR at the 33 mCrab level (Aharonian et al., 2001e) is

still above the prediction of the “nominal theory” . The model predictions

in Fig. 2.9 assume that Tycho has progressed well into the Sedov phase. In

fact this young supernova remnant could still be in the pre-Sedov phase. If

so, the fraction of the mechanical energy converted into relativistic parti-

cles could be below 10 percent (θ = 0.1), and correspondingly lower γ-ray
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fluxes would be expected.

The TeV upper limits become uncomfortable only if we assume that

the MeV/GeV fluxes detected by EGRET are dominated by interactions

of accelerated protons with the ambient nebular gas. However, due to the

poor angular resolution of EGRET, the association of most of the “excess

GeV” regions with SNRs is questionable and needs further observational

evidence. For example, in the case of γ Cygni, the GeV data are not

consistent with the spatial extent of the remnant, and can be associated

with a weak X-ray source, RX J2020.2+4026 (Brazier et al., 1996). The

theoretical predictions do not unconditionally support the associations of

GeV sources with SNRs either. Drury et al.(1994) argued that EGRET

could not detect GeV γ-rays from standard SNRs, because even for the best

candidates the parameter A is less than 1, with the flux level determined by

A = 1 being only marginally compatible with the EGRET sensitivity. Only

special configurations like dense molecular clouds overtaken by supernova

shells may provide detectable γ-radiation at both GeV and TeV energies at

the level of sensitivities of EGRET and current ground-based instruments

(Aharonian et al., 1994a).

If we nevertheless accept that the EGRET detections have physical links

to SNRs, i.e. assume that the GeV radiation is produced at interactions of

accelerated particles with ambient gas, there are at least 3 possible reasons

that could explain the lack of TeV γ-rays from the same SNRs.

Large contributions of the electron bremsstrahlung. Assuming that

only 20 percent (or less) of the observed fluxes below 1 GeV from IC 433,

γ Cygni and W44 is contributed by protons, the flux of π0-decay γ-rays at

TeV energies would be correspondingly reduced by a factor of 5, i.e. to the

level which does not contradict the TeV upper limits shown in Fig. 2.8. If

so, the major fraction of GeV radiation should be attributed to electrons,

most likely of bremsstrahlung origin. This would require the electron-to-

proton ratio of accelerated particles close to 1, i.e. strong, up to a factor

of 100, enhancement of electrons in the total energy budget of accelerated

particles compared to their relative content in the locally observed CRs.

If true, this would imply that SNRs cannot be responsible for the bulk of

observed cosmic ray protons and nuclei.

Cutoffs in the proton spectrum below 1 TeV. This assumption can

be tightly connected with the requirement of dense ambient gas. In order

to provide the observed absolute fluxes of GeV γ-rays by interactions of
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accelerated electrons and/or protons we should assume high density envi-

ronments, otherwise it is difficult to keep the total energy budget in accel-

erated particles within reasonable limits. Indeed, the EGRET fluxes above

300 MeV shown in Fig. 2.8 are close to 10−7 ph/cm2s, which implies that

the parameter A in Eq.(5.2) should be as large as 3. For the maximum

available content of CRs in a SNR, WCR ' 1050 erg, the density of the

ambient hydrogen gas should exceed 10 cm−3, given the ≥ 2 kpc distances

to the SNRs in the Whipple selection list. If particle acceleration takes

place in the same region, a variety of new effects, in particular the role of

wave damping on the maximum energy to which particles can be acceler-

ated (Drury et al., 1996), should be included in theoretical treatments. For

example, Baring et al. (1999) have argued, based on their study of non-

linear shock acceleration, that SNRs expanding into high density regions

cannot effectively accelerate particles beyond 1 TeV. Another mechanism

for “early cutoffs” in the SNR spectra, associated with a feedback effect in

the highly turbulent plasma, has been suggested by Malkov et al. (2002).

Although the cutoffs below 1 TeV in the spectra of accelerated protons

could be the simplest solution to the problem of lack of γ-rays from the

“EGRET SNRs”, it leaves unanswered the question of whether it should

be treated as an argument against the SNR paradigm of galactic cosmic

rays in general, or it simply implies that another type of SNRs should be

invoked for explanation of the spectrum of GCRs extending to 1015 eV.

Steep acceleration spectra. For a fixed scaling parameter A, a proton

spectrum with Γ = 2.3 results in a factor of 5 lower γ-ray flux above 1 TeV

than one with a harder spectrum of Γ ∼ 2. Thus, a steeper acceleration

spectrum of protons would be another simple way to avoid TeV γ-rays at

the flux levels exceeding the Whipple and HEGRA upper limits, even if the

observed fluxes around 1 GeV are entirely due to the π0-decay component

of radiation. In this regard we note that the presently favoured source spec-

trum ∝ E−Γ with Γ ≤ 2.1, derived from the observed energy dependence of

the ratio of secondary to primary cosmic rays (e.g. Swordy, 2001), implies

negligible reacceleration of CRs in the ISM. Otherwise softer source spec-

tra, as steep as E−2.4, should be expected. This actually agrees with the

so-called Kolmogorov type spectrum for the interstellar turbulence which

predicts CR propagation with a diffusion coefficient ∝ E−1/3. Although

CR source spectra with Γ ' 2.3 − 2.4 seem to be in conflict with models

of the nonlinear diffusive shock acceleration, such relatively steep source

spectra do not rule out SNRs as major contributors to the galactic cosmic
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rays.

An example of a good fit to the γ-ray data from the supernova remnant

IC 443, based on the above assumptions to avoid high TeV fluxes, is shown

in Fig. 5.2. In accordance with this phenomenological study (Gaisser et al.,

1998), for a specific set of parameters it is possible to accommodate both

the EGRET fluxes and TeV γ-ray upper limits.
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Fig. 5.2 Interpretation of γ-ray fluxes from IC 433 (from Gaisser et al., 1998). The
solid, dashed and dotted lines correspond to the contributions from bremsstrahlung, π0-
decay, and inverse Compton processes, calculated for the following model parameters:
Γp = Γe = 2.32, E0 = 80 TeV, e/p = 0.16, B = 54µG, n = 103 cm−3.

In all γ-ray production scenarios in SNRs the inverse Compton com-

ponent does not noticeably contribute to the overall flux of low energy

(E ≤ 1GeV) γ-rays (see e.g. Gaisser et al., 1998). Therefore, the absolute

EGRET fluxes require quite a large density of ambient gas which in turn

could be the reason for the large power-law indices of Γ ∼2.3-2.4 or “early

cutoffs” (E0 ≤ 1 TeV) in the proton spectra, if the particle acceleration

and γ-ray production regions coincide. In this context one may conclude

that the SNRs in low density and homogeneous environments may appear
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as more effective TeV emitters. The scaling factors A of such SNRs are,

however, small, A ≤ 0.1, thus the integral γ-ray fluxes of hadronic origin

at 1 TeV could be below 10−12 ph/cm2s at 1 TeV. In addition to the low

fluxes, the detection of TeV radiation of hadronic origin from such objects

is not a easy task because of the extended character of radiation (1◦ or so)

and the significant “contamination” induced by inverse Compton γ-rays of

directly accelerated electrons.

5.2 Inverse Compton Versus π
0-Decay Gamma Rays

When deriving information about the accelerated protons one has to sub-

tract a possibly non-negligible “contamination” caused by directly accel-

erated electrons that upscatter photons of the 2.7 K CMBR (which is the

dominant target photon field in most of SNRs) to γ-ray energies. The same

multi-TeV electrons responsible for IC γ-rays of TeV energies produce also

synchrotron UV/X-ray radiation. The typical energies Eγ and εx of the IC

and synchrotron photons produced by an electron are related by

Eγ ' 2(εx/0.1 keV) (B/10µG)−1 TeV . (5.5)

This relation neglects the Klein-Nishina effect which however becomes im-

portant at energies Eγ ≥ 10 TeV. The ratio of the synchrotron and IC

fluxes fE ≡ E2F (E) = νSν at these energies does not practically depend

on the shape of the spectrum of parent relativistic electrons, but strongly

depends on the magnetic field:

fIC(Eγ)

fsy(εx)
' 0.1 (B/10µG)−2 (5.6)

For a flat X-ray spectrum with photon index ' 2, the energy flux fX is

almost energy-independent. Therefore fX at a typical energy of 1 keV could

serve as a good indicator of the IC γ-ray fluxes expected at TeV energies,

although for magnetic fields B ≤ 100µG the energy of synchrotron photons

(produced by the same parent electrons) relevant to ∼ 1 TeV γ-rays is in

the soft X-ray domain.

The contribution of π0-decay γ-rays dominates over the contribution of

the IC component when

A ≥ 0.1 (S1keV/10µJy) (B/10µG)−2 , (5.7)

where S1keV is the flux of nonthermal synchrotron radiation at 1 keV
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normalised to 10µJy (the corresponding energy flux fx ≈ 2.4 ×
10−11 erg/cm2s), which is a typical level of nonthermal X-ray fluxes re-

ported from shell-type supernova remnants SN 1006 and RX J1713.7-3946.

In Fig. 5.1 the integral fluxes of π0-decay and inverse Compton γ-rays

from a SNR of age 103 yr are shown. The π0-decay γ-ray flux corresponds

to the scaling factor A = 1. The IC fluxes are calculated by normalising the

synchrotron X-ray fluxes to S1keV = 10µJy for ambient magnetic fields of

3µG, 10µG, and 30µG. For both electrons and protons we assume continu-

ous acceleration over 103 years with a time-independent injection spectrum

with Γ = 2 and E0 = 100 TeV. Note that for the normalisations used, the

results presented in Fig. 5.1 only slightly depend on the source age, unless

it is larger than the synchrotron cooling time of multi-TeV electrons,

tsynch ≈ 1.2 × 103 (B/10µG)−2 (Ee/100 TeV)−1 yr . (5.8)

Examination of the condition given by Eq.(5.7) is of particular interest.

If it could be shown that the TeV signals, reported by the CANGAROO col-

laboration from two shell type SNRs, SN 1006 (Tanimori et al., 1998b) and

RX J1713.7-3946 (Muraishi et al., 2000) cannot be explained by IC scatter-

ing, this would be observational evidence of shock-acceleration of protons

in a SNR, because the only alternative for the explanation of TeV emission

of these objects are γ-rays of nucleonic origin produced in interactions of

accelerated protons with the ambient gas (Aharonian, 1999).

Generally, with the exception of Cas, and perhaps a few other specific

objects, the IC radiation of SNRs in the TeV region is dominated by the

2.7 K CMBR seed photons. As long as the gas number density does not

significantly exceed 10 cm−3, in this energy regime we can safely ignore the

contribution from electron bremsstrahlung. The relative contributions of

these radiation components can be estimated from Fig. 5.3 where the elec-

tron energy-loss timescales due to different cooling processes are shown.

This is true, however, for the stationary (continuous) electron accelera-

tor. After the electron accelerator turns off, the number of electrons with

E ≥ 20 TeV producing ≥ 1 TeV inverse Compton γ-rays diminishes, and

bremsstrahlung then may dominate even in the TeV regime. It is interest-

ing to compare also the bremsstrahlung and π0-decay γ-ray fluxes. The

cooling times of both processes slightly (logarithmically) depend on particle

energy. The cooling time of electrons due to relativistic bremsstrahlung is

comparable with the p − p cooling time of protons, but it is shorter, by a
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factor of 3 to 5, than the characteristic cooling time of protons through the

π0-decay channel. Therefore the π0-decay γ-ray flux would dominate over

the bremsstrahlung γ-ray flux (at energies above 100 MeV), if the overall

energy in accelerated protons exceeds the energy in relativistic electrons by

a factor of 10 or more.
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Fig. 5.3 The electron-energy-loss timescales, t = E/(dE/dt), due to synchrotron emis-
sion, bremsstrahlung, Compton scattering of the 2.7 CMBR and Coulomb collisions for

the case of n = 4 cm−3 and B = 20 µG (it is assumed that the interstellar gas with
nISM = 1 cm−3 and B ISM = 5 µG is compressed by a strong shock by a factor of 4). For
these parameters, Compton losses dominate below 100 MeV, bremsstrahlung losses dom-
inate near 1 GeV, and the synchrotron losses dominate above 10 GeV. On each radiative
loss curve the typical photon energy emitted by an electron with the given kinetic energy
is indicated. This shows that the radio synchrotron and the relativistic bremsstrahlung
(as well as π0-decay) emission components will endure for the longest time after the
electron source has turned off, and the X-ray synchrotron, TeV inverse Compton and
non-relativistic (sub-MeV) bremsstrahlung emission components will decrease fastest.
(From Sturner et al., 1997).
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5.3 Synchrotron X-ray Emission of SNRs

The IC origin of TeV emission of SNRs implies the existence of multi-TeV

electrons and, therefore, unavoidable synchrotron radiation extending to

O/UV and shorter wavelengths. In the galactic plane the magnetic field

is estimated to be as large as B ≥ 3 µG . Since the the energy density

of such magnetic fields exceeds the density of the 2.7 K CMBR (≈ 4 ×
10−13 erg/cm3), the energy flux of TeV radiation is expected to be (always)

below the energy flux of synchrotron X-rays. Diffusive shock acceleration

models predict significant shock-compression of the magnetic field, by a

factor of 4 or even more (in the case of the development of nonlinear shocks).

Therefore, the energy flux of TeV emission should not exceed 10 percent

of the synchrotron X-ray flux, unless the SNR is located well above the

galactic plane and we deal with strictly parallel shock acceleration.

In synchrotron models the spectral fit to the X-ray flux is crucial be-

cause the fluxes are produced by electrons in the region of the exponential

cutoff E0 between 10 and 100 TeV. For a “power-law with exponential cut-

off” type spectra, the power-law index of electrons Γ is derived from the

radio data, while the information about the cutoff energy E0 is contained

in the X-ray part of the spectrum. In the particular case of negligible

energy losses, the spectrum of electrons N(Ee) repeats the injection spec-

trum, N(Ee) ∝ Q(Ee), therefore in the δ-functional approximation, the

differential synchrotron spectrum can be presented in a convenient form

J(ε) ∝ ε−(Γ+1)/2 exp[−(ε/ςε0)
1/2] , (5.9)

where

ε0 = hνc ' 5.3

(

B

10µG

)(

E0

100 TeV

)2

keV , (5.10)

is the characteristic synchrotron energy for an electron of energy E0, and ς

is a free parameter introduced to adapt this formula to accurate numerical

calculations, which show that the best broad-band fit with an accuracy of

better than 25% in the cutoff region up to ε ∼ 20ε0, is provided by ς = 1.

In the framework of diffusive shock acceleration model, the synchrotron

cutoff energy is determined by the “acceleration rate=synchrotron loss rate”

condition. The acceleration time (see e.g. Malkov and Drury, 2001) can

be written, with accuracy of about 50 per cent, in a simple form tacc ≈
10D/v2

s , where D is the diffusion coefficient in the upstream region, and v

is the upstream velocity into the shock. The diffusion coefficient is generally
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highly unknown parameter, however if one requires acceleration of electrons

to highest energies (thus allowing extension of synchrotron radiation to the

X-ray domain), we must assume that the diffusion proceeds in the Bohm

regime. Therefore it is convenient to parametrise the diffusion coefficient

in terms of the Bohm diffusion coefficient

D(E) = η
rg c

3
, (5.11)

where rg = 3.3 · 1015(E/10 TeV)(B/10µG)−1 cm is the particle gyroradius,

and η ≥ 1 is the gyrofactor; η = 1 implies the smallest possible diffusion

coefficient, and correspondingly the shortest possible acceleration time,

tacc ≈ 2.7 × 103

(

Ee

100 TeV

)(

B

10µG

)−1(
vs

2000 km/s

)−2

η yr . (5.12)

The maximum energy of accelerated electrons in the regime dominated

by synchrotron losses, is determined from Eqs.(5.8) and (5.12):

E0 ' 67 η−1/2

(

B

10µG

)−1/2(
vs

2000 km/s

)

TeV . (5.13)

From Eqs.(5.10) and (5.13) one can find that the the energy of expo-

nential cutoff in the synchrotron spectrum,

εm ' 2

(

vs
2000 km/s

)2

η−1 keV . (5.14)

does not depend on either the magnetic field or the age of the source. Since

η ≥ 1, and the shock speed in the Sedov phase does not significantly ex-

ceed 2000 km/s, the steep featureless X-ray spectrum above 1 keV may

serve as a decisive diagnostic tool to identify the synchrotron origin of ra-

diation. On the other hand, the sheer fact of the detection of nonthermal

X-radiation from several shell type SNRs (Petre et al., 1999) and its pos-

sible synchrotron origin imply that the acceleration of electrons in these

SNR proceeds in the regime close to the Bohm diffusion.

5.4 TeV Gamma Radiation of SN 1006 and Similar SNRs

5.4.1 Inverse Compton models of TeV emission

The featureless X-ray emission observed by ASCA from the shell of SN 1006

(Koyama et al., 1995) is naturally interpreted as synchrotron emission of
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electrons accelerated to energies ∼ 100 TeV at the shock front. Motivated

by this fact, several theorists (Mastichiadis, 1996; Mastichiadis and De

Jager, 1996; Pohl, 1996; Yoshida and Yanagita, 1997) predicted strong

TeV emission produced by the same electrons upscattering off the 2.7 K

CMBR. Therefore, the detection of TeV emission from SN 1006, claimed

soon after these predictions (Tanimori et al., 1998b) strengthened the belief

in the electronic origin of TeV radiation. The π0-decay contribution to the

observed flux is widely considered to be less important. However, it has

been argued (Aharonian, 1999) that the simple one-zone synchrotron and

IC model applied to SN 1006 might have serious theoretical problems. The

interpretation of TeV emission in terms of IC mechanism requires several

bold conditions, the validity of which requires thorough theoretical studies

and new X-ray and γ-ray observations concerning both the spectral and

morphological properties of the source:

Constraint on the magnetic field. Since the 2.7 K CMBR serves as the

main target photon field for the IC scattering, the flux of γ-rays is deter-

mined, for the given X-ray flux (S1keV ∼ 20µJ), only by the strength of the

magnetic field. Therefore, in the framework of the IC origin of TeV γ-rays

the ratio of observed fluxes of X-rays and TeV γ-rays provides an estimate

of the the strength of the ambient B-field. In the simplified one-zone model

which assumes that the synchrotron X-rays and IC γ-rays are produced by

same electrons confined in a spatially homogeneous region, Fig 5.1 provides

quite accurate estimates for IC fluxes . However, the study of spectral fea-

tures of the γ-ray emission requires a careful derivation of the spectrum

of ≥ 10 TeV electrons which should be controlled by the spectrum of syn-

chrotron X-rays. In the synchrotron-inverse Compton models the spectral

fit to the X-ray flux is crucial because the fluxes are produced by electrons

in the region of the exponential cutoff E0 between 10 and 100 TeV. For the

“power-law with exponential-cutoff” type energy distribution of electrons,

the resulting synchrotron radiation depends on the spectral index of elec-

trons Γe and the parameter Π = E0B
1/2 (see Eq.5.10). Strictly speaking,

this result is valid for the δ-functional approximation, provided that the

deformation of the injection spectrum of electrons due to the energy losses

can be ignored (i.e. when tsource ≤ tsynch). Since the inverse Compton

origin of TeV radiation from SN 1006 requires a magnetic field less than

10 µG, and the age of the accelerator is less than 103 yr, such an approxi-

mation is quite acceptable. Moreover, numerical calculations show that this

parameter remains a (quasi) invariant even in the general case, although
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its absolute value could differ somewhat from predictions of the δ-function

approximation.

In Fig.5.4 the spectra of synchrotron radiation are shown calculated for

the same product

Π = E B1/2 = 61.5 TeVµG1/2 , (5.15)

but for 3 different combinations of E0 and B: (1) B = 3µG, E0 = 35.5 TeV;

(2) B = 5µG, E0 = 27.5 TeV; (3) B = 8µG, E0 = 21.3 TeV

The power-law index Γ of electrons is derived from the radio synchrotron

spectrum with spectral index αr, Γ = 1+2αr ' 2.15. In all calculations the

same normalisation to the radio fluxes is used. Therefore different magnetic

fields require different total energy in relativistic electrons. At the same

time, because the target photon field (2.7 K CMBR) for the IC scattering

is fixed, there is a strong dependence of the IC γ-ray fluxes on the magnetic

field. In particular, in the case of small magnetic fields, B ≤ 10µG, when

the radiative cooling time of 10 to 100 TeV electrons, responsible for the

observed X-rays and TeV γ-rays, exceeds the age of the source, we have

Fγ ∝ B−(αr+1). Note that for B ≤ 3µG the radiative losses are dominated

by IC on the 2.7 K CMBR.

Fig. 5.4 shows that the interpretation of the observed TeV radiation by

the IC mechanism in the framework of a simplified spatially homogeneous

(one-zone) model is possible only for an ambient magnetic field in a very

narrow range around 5µG. Magnetic fields ≥ 7µG result in a strong reduc-

tion of the IC flux, while the assumption of low magnetic fields, B ≤ 4µG,

leads to overproduction of γ-rays.

Maximum electron energy. For a magnetic field in the NE rim

B ' 5µG and the limited age of 103 yr of SN 1006 a question arises

as to which mechanism could be efficient enough to accelerate electrons to

energies E0 = Π/
√
B ∼ 25 TeV (in fact, to much higher energies, E � E0,

taking into account that in a magnetic field as low as 5µG only electrons

with energy more than 200 TeV could produce synchrotron X-rays up to

8 keV as detected by ASCA). In the model of diffusive shock acceleration,

the absolute maximum energy that an electron can achieve is determined

by Eq.(5.12), assuming that the cooling time of electrons given by Eq.(5.8)

exceeds the age of the source T0:

E0 ' 35

(

B

10 µG

)(

T0

103 yr

)(

vs
2000 km/s

)2

η−1. (5.16)
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For B = 7µG, and assuming that the Sedov phase in SN 1006 started

several hundred years after the explosion, from Eqs. (5.16) and (5.15) one

finds vs ' 3500 η1/2 km/s. Thus, even assuming that the acceleration in

SN 1006 takes place at maximum possible rate (η = 1), the lower limit on

the shock speed exceeds the estimates of vs based on the Sedov solution

(Willingale et al., 1996; Winkler and Long, 1997).

Fig. 5.4 The synchrotron and IC fluxes calculated for the homogeneous source without
escape of accelerated particles (“one-zone” model). A power-law injection spectrum of
electrons with Γe = 2.15 is assumed in order to fit the radio data. The maximum energy
E0 is determined from the condition given by Eq.(5.15) for 3 different values of the
magnetic field: B = 3 µG (dashed line), 5 µG (solid line), and 8 µG (dot-dashed line).

Diffusion effects. The required small magnetic field, B ≤ 7µG, allows

the highest energy electrons produced in the shell to effectively escape

from the acceleration region. This will give rise to enhanced IC emis-

sion outside of the rim, namely in the interior regions of the remnant

where the magnetic field could be as low as the typical interstellar B-field.

The escape of electrons from the rim is unavoidable because of the diffu-

sive and convective propagation of particles with a characteristic timescale

τesc = (τ−1
con + τ−1

dif )−1. The convective escape time is

τcon(t) = ∆r/u2 , (5.17)
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where u2 is the fluid speed downstream of the shock (in its rest frame),

thus at present u2 = vs/ρ ∼ 500 km/s for the compression ratio ρ ∼ 4.

The width, ∆r, of the NE rim in X-rays as measured by ROSAT does

not exceed 20 per cent of the angular radius of the remnant of about 17

arcminutes (Willingale et al., 1996) which corresponds to rs = 4.9 dkpc pc.

In calculations below a constant ∆r/rs = 0.2 ratio is assumed throughout

the evolution of the remnant. The diffusive escape time is

τdiff(t) ' (∆r)2

2D(E)
, (5.18)

where D(E) is the diffusion coefficient in the shocked region (the rim). In

the theory of shock acceleration the diffusion coefficient is generally taken in

the form given by Eq.(5.11). The maximum confinement (and therefore the

maximum energy) of particles is achieved in the Bohm regime corresponding

to η = 1.

The kinetic equation and the solution to this equation for the two-zone

model (Aharonian and Atoyan, 1999), which treats the overall (i.e. inte-

grated over the volumes) fluxes from the rim (zone 1) and outside (zone

2), allows to study the effects associated with the electron escape. In par-

ticular, in the case of small magnetic field the electron escape results in

comparable contributions of γ-rays from the rim and outside, as demon-

strated in Fig. 5.5. The same could be true also for the synchrotron radia-

tion, unless the magnetic field in the rim does not exceed the average field

of the nebula. In fact, the ASCA observations show a narrow X-ray rim

with sharp edges. Thus, we may conclude that the magnetic field in the

rim is significantly enhanced, which can be naturally explained by strong

shock compression. Also, from Fig. 5.5 we may draw the conclusion that

the magnetic field in the rim should be within the limits 5 ≤ B1 ≤ 10µG

(preferably B1 ' 6 − 8µG), and η close to 1, i.e. the diffusion in the

rim should take place essentially in the Bohm limit. In order to provide

maximum electron energy, E0, of order of 30 TeV, the shock speed should

exceed 3000 km/s, which implies a large distance to the source, d ≥ 1.5 kpc.

For this set of parameters, approximately half of the total TeV emission is

contributed from the inner parts of the remnant, r ≤ 0.8rs. The narrow

range of the required magnetic field in the rim allows a rather accurate

estimate of the total energy of relativistic electrons in SN 1006. For ex-

ample, for the distance d = 1.8 kpc, the total electron energy in the rim is

We ' 3 × 1048erg, whereas the energy in the electrons which escaped the

rim is We ' 2 × 1048erg.



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

214 Very High Energy Cosmic Gamma Radiation

The total energy of the magnetic field in the remnant with B2 = B1/4 '
2µG for a distance 1.8 kpc is about 1046 erg. A similar amount of magnetic

field energy is expected also in the rim since the amplification of the B-field

there is compensated by a smaller volume of the rim. Thus, the inverse

Compton origin of TeV γ-radiation requires about 1 percent of the total

Fig. 5.5 Synchrotron (top panel) and IC γ-ray (bottom panel) fluxes calculated in the
framework of the 2-zone model for two values of the magnetic field in the rim: B1 = 5 µG
(solid lines) and B1 = 10 µG (dashed lines). The magnetic field outside of the rim is
taken as B2 = B1/4. The heavy lines show the fluxes from the NE rim, and thin lines
correspond to the total fluxes. The distance to the source is assumed to be 1.8 kpc. The
maximum electron energy E0 is calculated from Eq. (5.16) for the gyrofactor η = 1 for
B1 = 5 µG, and η = 2 for B1 = 10 µG. (From Aharonian and Atoyan, 1999).
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explosion energy of SN 1006 in relativistic electrons, and implies that the

conditions in SN 1006 are far from equipartition between the relativistic

electrons and the magnetic field. These two conclusions are intrinsic for

the leptonic models of TeV emission of SN 1006. The estimates of ener-

gies of relativistic electrons and magnetic fields are very robust and almost

independent of the model parameters.

5.4.2 Hadronic origin of TeV emission?

Currently, the nucleonic origin of the observed TeV emission is treated by

the community as an inadequate alternative to the IC mechanism, the main

argument being the low ambient density of the gas in SN 1006, n ' 0.4 cm−3

(Willingale et al., 1996) as well as the presumed large distance to the source

of about 2 kpc (Winkler and Long, 1997). However these arguments are

not sufficiently robust to dismiss such an important possibility with far

reaching conclusions concerning the origin of the nucleonic component of

galactic cosmic rays (Aharonian, 1999).

The very fact of the existence of � 10 TeV electrons, as follows from

the X-ray data, is evidence for a strong shock in SN 1006, and implies a

large compression factor, ρ ' 4 or even more, up to 10, as follows from

non-linear studies of shock acceleration in SNRs (e.g. Baring et al., 1999).

Therefore it seems not unrealistic to assume a significantly higher density

of the gas in the rim region, e.g. n ' 2 cm−3. The current estimates of

the distance to the source also contain significant uncertainties, and do not

exclude a distance of about 1 kpc or even less. To explain the reported flux

of TeV emission, for Γp = 2 the scaling factor A ' 0.83 is needed (Fig. 5.6).

This requires for the total energy in accelerated protons

Wp ' 4 × 1049 (n/2 cm−3)−1 d2
kpc erg . (5.19)

This is only ∼ 10 per cent of the total kinetic energy of explosion estimated

for SN 1006 as 5 × 1050 erg. The numerical calculations (Berezhko et al.,

2002) within a specific nonlinear kinetic model of particle acceleration in

SNRs (Berezhko et al., 2002) confirm that indeed the existing TeV data

can be explained by accelerated protons.

The estimate of the scaling factor A derived from a comparison of the

calculated and observed TeV fluxes depends significantly on the spectrum

of the protons. In Fig. 5.6 the π0-decay γ-ray fluxes calculated for 3 spectra

of protons with spectral indices, Γp =1.8, 2, and 2.1, are shown. The fluxes

are normalised to the reported flux at 3 TeV. The corresponding values of



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

216 Very High Energy Cosmic Gamma Radiation

the scaling factor are A=0.44, 0.83, and 1.35, respectively. Even in the case

of relatively soft spectrum of protons with Γp = 2.1, the required scaling

factor would be still acceptable if more than 20 per cent of the energy of the

supernova explosion could be transformed into accelerated protons. Steeper

proton spectra with slopes Γp ≥ 2.1 do not match the energy budget of the

source. Such spectra are excluded also by the EGRET flux upper limit,

Fγ ≤ 1.7 · 10−7 ph/cm2s at E ≥ 100 MeV .

The γ-ray spectra in Fig. 5.6 are calculated assuming a maximum pro-

ton energy of E0 = 200 TeV. Although the exact value of E0 does not

significantly change the requirements to the scaling factor A, it has a no-

ticeable impact on the spectral form of γ-rays above 10 TeV. Therefore only

future precise spectroscopic measurements in this energy region can provide

an important information about E0. At the same time the existing sub-10

TeV data already tell us that within the framework of nucleonic model of

TeV radiation of SN 1006 the cutoff energy E0 cannot be significantly less

than 100 TeV. Such large values of E0 could be achieved only under the as-

sumption of a large magnetic field in the shock region, B ≥ 100 µG (see Eq.

5.16). This assumption does not leave any chance for the IC mechanism

Fig. 5.6 The fluxes of π0-decay γ-rays calculated for a proton spectrum with E0 =
200 TeV, and 3 different power-law indices: Γp =1.8, 2 and 2.1. The fluxes are normalised
to the reported flux at 3 TeV. The corresponding values for the scaling parameter are
A = 0.44, 0.83, and 1.35, respectively. (From Aharonian and Atoyan, 1999).
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to give a noticeable contribution into the observed TeV emission. At the

same time, the X-ray emission can be explained by synchrotron radiation

for arbitrary magnetic field strengths . In particular, for B ≥ 100 µG, the

maximum electron energy is determined by the balance between the accel-

eration rate and the synchrotron energy loss rate, and therefore the position

of the corresponding synchrotron cutoff does not depend on the magnetic

field and the age of accelerator (see Eq.5.14). The X-ray spectrum of SN

1006 is satisfactorily fitted by Eq.(5.9) with ε0 ∼ 0.1 keV. This gives an

interesting estimate of the acceleration rate. Indeed, for the characteristic

shock speed vs ≈ 2000 km/s, the parameter η ∼ 20, i.e. the acceleration

rate is an order of magnitude slower than the acceleration in the Bohm

regime. Then from Eq.(5.16) it follows that in order to accelerate protons

to E0 ∼ 200 TeV, the magnetic field should be as large as 1 mG. The mag-

netic field in SNRs can be amplified to such levels through the generation

of Alfvén waves by accelerated particles themselves (Lucek and Bell, 2000).

5.4.3 Distinct features of electronic and hadronic models

Within the one-zone model for IC γ-radiation from SN 1006, which assumes

that all accelerated electrons are confined in the NE rim, the observed X-

ray to TeV γ-ray flux ratio requires a very low magnetic field of about

5 µG. A more realistic model of γ-ray production that includes the effect

of convective and diffusive escape of electrons allows a somewhat larger

magnetic field, up to 10 µG, with preferable values being in a rather narrow

range between 6 and 8 µG. Given the short time of particle acceleration

available, t0 ≤ tSN1006 ' 103 yr, such a small magnetic field would imply

a very high shock speed in SN 1006, vs ≥ 3000 km/s, in order to provide

the acceleration of electrons to energies E0 ∼ 30 TeV needed to explain the

X-ray and TeV observations.

This model allows definite predictions which could be tested by future

observations. A significant, if not dominant, fraction of the IC TeV emission

should be produced outside the NE rim. Namely, a γ-ray flux comparable

with the flux from NE rim should be expected from the extended inner

region of the remnant adjacent to the rim. The size of this region depends

on the character of propagation of electrons in the rim. Indeed, even in

the case of diffusion of electrons in the Bohm limit in the remnant with a

magnetic field of B2 ∼ 2µG, the characteristic distance of penetration of
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electrons towards the central region of the remnant can be estimated as

l(Ee) '
√

2D(Ee)t0 ' 0.75 (Ee/10 TeV)1/2 pc. (5.20)

Since the IC production of TeV γ-rays (on the 2.7 K CMBR) with

energies less than several TeV takes place in the Thompson regime, and

therefore their characteristic energy scales as E ' 1 (Ee/20 TeV)2 TeV, the

size of the emission region of TeV gamma rays should be as large as the

width of the rim, and increases linearly with the energy of the γ-rays.

Moreover, if the propagation of electrons in the remnant is much faster

than in the Bohm limit (η � 1), the electrons could fill up practically the

entire remnant. In that case the energy dependence of the size of γ-ray

emission will be significantly weakened.

Another distinctive feature of the IC origin of TeV radiation is the

spectral shape of radiation: (i) very hard, with the photon index Γ ∼ 1.5

below 1 TeV, (ii) flat with Γ ∼ 2 between 1 and 10 TeV, and (iii) very steep

above 10 TeV.

The alternative to the IC interpretation is the nucleonic origin of the

observed TeV radiation. This interpretation becomes energetically comfort-

able, which implies no more than 1050 erg in accelerated protons and nuclei,

if we assume (i) a small distance to the source of about 1 kpc, and (ii) a

significant enhancement of the gas density in the rim due to strong shock

compression. This predicts a compact size of the TeV emission comparable

with that of the X-ray rim. In the region below 1 TeV the spectrum of γ-

rays of nucleonic origin, with a power-law index of Γ ' αp ∼ 2 is expected

to be steeper than the spectrum of IC γ-rays. However a flatter spectrum

of π0-decay γ-rays cannot be excluded if the protons have an acceleration

spectrum as hard as E−1.5 (see Malkov, 1997).

The shape of the spectrum of π0-decay γ-rays above 1 TeV depends on

the characteristic maximum energy of accelerated protons. Since the flux

of TeV γ-rays is no longer connected with the X-ray fluxes, the value of

the magnetic field in the acceleration region (NE rim) could be as high as

1 mG. Correspondingly, the energies E0 ≥ 100 TeV could be achieved. On

the other hand if E0 is significantly less than 100 TeV, one may expect a

turnover in the spectrum of γ-rays above several TeV.

Thus, it is possible that both in the low (sub-TeV) and in the high

(multi-TeV) energy regions the IC and π0-decay γ-rays have similar spectra.

Therefore the spatial rather than spectroscopic measurements of γ-radiation

above 100 GeV with future IACT arrays will provide decisive information

about the origin of very high energy radiation of SN 1006. The IC models
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predict significant γ-ray fluxes not only from the rim, but also from the

inner parts of the remnant. On the other hand, the π0-decay γ-rays trace

the density profile of the gas in the production region, therefore one should

expect a rather compact γ-ray source essentially coinciding with the rim.

Because of the small range of magnetic field strength allowed by the

IC model of TeV radiation of SN 1006, the energy required for relativistic

electrons in this model is predicted with good accuracy: We ' 5× 1048 erg.

This is at least two orders of magnitude larger than the energy contained

in the magnetic field, even if we ignore the energy contained in accelerated

protons. Thus, the interpretation TeV radiation in terms of IC scattering

would imply that the conditions in SN 1006 are far from the equipartition

regime. Also the acceleration of electrons should proceed in the regime

close to the Bohm diffusion limit with η = 1.

The nucleonic model of TeV emission requires a total energy in ac-

celerated protons from 2 × 1050 erg down to 1049 erg, depending on the

enhancement factor for the gas density in the rim, the spectral index of

the accelerated protons, and the distance to the source. In particular, for

a moderate assumption for the spectral index Γp = 2, and the gas com-

pression ratio ρ = 4 (i.e. n = 1.6 cm−3), the energy in protons is estimated

to be ≈ 5 × 1049(d/1 kpc)2 erg. In order to accelerate protons to energies

E0 ∼ 100 TeV the ambient magnetic field should exceed 100 µG.

5.4.4 Concluding remarks

The synchrotron X-ray emission from SN 1006 is an indication for accelera-

tion of electrons in these objects to energies significantly exceeding 10 TeV.

Although the inverse Compton scattering of same electrons unavoidably

leads to production of VHE γ-rays, the flux of TeV γ-ray emission from

SN 1006 reported by the CANGAROO collaboration exceeds, at least an

order of magnitude, the γ-ray flux of inverse Compton origin expected from

this supernova remnant, unless one assumes unreasonably small magnetic

field in the production region of synchrotron X-rays. The required magnetic

of about 5 µG seems to be quite unrealistic not only because we generally

expect much stronger field in the compressed shocked regions of the shell,

but also because it implies acceleration of electrons in the extreme Bohm

diffusion regime by the shock with a speed as large as 3500 km/s. Also,

the IC model requires a strong departure from the equipartition condition

in the region of particle acceleration, We ≥ 100WB.

The γ-ray fluxes predicted by hadronic models are also noticeably below
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the reported TeV flux, unless one assumes that the acceleration of protons

proceeds with efficiency significantly exceeding the nominal value of 10 per

cent, and that the gas density in the shell is significantly enhanced due to

strong shock compression.

Thus, it is clear that both the leptonic and hadronic models face serious

difficulties to explain the TeV fluxes reported by the CANGAROO collabo-

ration from SN 1006. Either the CANGAROO result is wrong (the simplest

solution from the point of view of a theorist), or something is conceptually

wrong with our current understanding of acceleration, propagation and ra-

diation of very high energy particles in supernova remnants (the favoured

outcome from the point of view of an observer). On the other hand, there

is little doubt that, if the supernova remnants are indeed effective factories

of multi-TeV electrons and protons, TeV γ-ray emission should eventually

show up, at one flux level or another.

Although the results of this section were explicitly devoted to SN 1006,

they, in fact, can be successfully applied to a generic supernova remnant,

by considering the acceleration rates of electrons and protons as free pa-

rameters. Hopefully, the observations of SNRs with the next generation

of detectors with significantly improved sensitivities will comprise a solid

observational basis for further phenomenological and theoretical studies. In

particular, the extension of measurements both down to GeV energies and

beyond 10 TeV will provide the currently missing arguments in favour of (or

against) the leptonic or hadronic models. However, key information about

the origin of this radiation most probably will be provided by studies of the

spatial distribution of TeV emission. The IC models require a very small

magnetic field, and therefore relatively broad spatial distribution of TeV

radiation. The hadronic models assume strong shock compression of the

ambient gas, therefore they predict TeV emission produced essentially in

the narrow shell. The forthcoming arrays of imaging Cherenkov telescopes

have the potential to address these issues in the near future.

5.5 Molecular Clouds Overtaken by SNRs

The reasons which make the detection and identification of π0-decay γ-

rays from SNRs that are located in ordinary (low-density) regions of

the ISM rather difficult, are twofold: (i) slow interaction rate (tpp '
5 × 107(n/1 cm−3)−1 yr), allowing only limited efficiency of conversion of

energy of relativistic protons to γ-rays, Lγ ' Ẇp(3tpp/tSNR)−1 ≤ 10−3Ẇp;
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(ii) significant “contamination” due to the IC component of radiation, es-

pecially at TeV energies. Therefore, the best hope to obtain solid evidence

of γ-rays of hadronic origin is associated with SNRs in dense environments

(Aharonian et al., 1994a). In this regard two scenarios seem to be relevant

– “SN explosion inside the GMC” and “GMCs overtaken by the supernova

shell”. The features of γ-radiation of both cases are discussed in Sec.4.2

(Chapter 4) without specifying the type of particle accelerator. In the par-

ticular case of SNR shocks operating as particle accelerators, the scenario

of “SN explosion inside the GMC” cannot guarantee effective particle ac-

celeration to very high energies , because of rapid cooling of the shock.

Moreover, even if particles are somehow accelerated to very high energies,

they may escape the clouds quickly, leading to formation of steep particle

spectra inside the cloud. The second scenario gives a more or less passive

role to giant molecular clouds (GMCs) which act as targets for protons, sig-

nificantly enhancing the production rate of π0-decay γ-rays. This scenario

seems the most natural way to amplify the γ-radiation to a level comparable

with the sensitivity of EGRET. Therefore, if the the reported associations

of several EGRET sources with SNRs (Sturner and Dermer, 1995; Esposito

et al., 1996; Torres et al., 2003) are not result of accidental geometrical

coincidence, dense GMCs overtaken by SNRs seem the most natural sites

of γ-ray production. A SNR in cloudy environments may in fact initiate

a cluster consisting of several γ-ray sources associated with it (Aharonian

and Atoyan, 1996).

Montmerle (1979) was perhaps the first to suggest that SN explosions

occurring in OB associations which are rich in massive molecular clouds may

lead to observable high energy γ-ray fluxes. Such evidence has been found

by Pollock (1985) who argued that the interaction of the SNR G78.2+2.1

(γ Cygni) with a nearby cloud should be responsible for γ-rays detected by

COS B in that direction.

The discovery by EGRET of approximately 80 γ-ray sources at low

galactic latitudes, the most of them being still unidentified, initiated new

interest in SNRs interacting with nearby clouds. In the last several years

the possible correlation of sources from the 3rd EGRET catalog (Hart-

man et al., 1999) with relatively young galactic SNRs has been extensively

explored. These efforts, motivated by a search for counterparts for the

unidentified EGRET sources at low galactic latitudes, revealed new evi-

dence of SNRs interacting with molecular clouds. An interesting outcome

of these studies was, for example, the discovery of a large (8◦ × 8◦), low

brightness shell type SNR in the Capricornus region, the radio structure of
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which spatially correlates with three unidentified EGRET sources (Combi

et al., 2001). Moreover, the 21 cm line observations revealed that two of

these sources coincide with HI clouds. Although the possibility of a chance

association cannot be ruled out, this cluster of γ-ray sources can be nat-

urally interpreted as radiation of dense clouds overtaken by the remnant.

Despite large observational and theoretical uncertainties (e.g. in the ambi-

ent gas density and strength of the magnetic field, the age of the remnant,

the energy spectra and e/p ratio of accelerated particles, etc.), the inter-

pretation of γ-ray data as the result of interactions of accelerated particles

in dense regions (n ≥ 10 cm−3) favours two radiation mechanisms – elec-

tron bremsstrahlung and π0-decay γ-rays . On the other hand it is difficult

to estimate the contributions from each of these channels based merely on

the low-energy γ-ray observations. Detailed multiwavelength studies of a

large sample of SNR-GMC interacting systems are needed to understand

the acceleration and radiation processes in these objects.

X-ray observations are of special interest. Hard X-rays of synchrotron

origin detected from several shell type SNRs are an unambiguous indica-

tor of multi-TeV electrons accelerated, most likely, by strong SNR shocks.

Since the cutoff energy of this component determined by Eq.(5.14) is always

expected around or below 0.1 keV, the synchrotron X-radiation of SNRs can

be easily recognised by its steep spectrum above 1 keV, as well as by its spa-

tial localisation in the shell, where the acceleration takes place. Besides the

X-rays of synchrotron origin, we may expect another component of hard X-

radiation due to the nonthermal bremsstrahlung of subrelativistic electrons

or protons. Because of the Coulomb-loss-flattened distribution of electrons

in high density environments, this mechanism predicts an extremely hard

X-ray spectrum with power-law photon index Γ ∼ 1 (Uchiyama et al.,

2002a). Therefore, the high energy γ-radiation of either bremsstrahlung or

π0-decay decay origin should be accompanied of subrelativistic X-radiation

with a characteristic ε−1 type spectrum, detection of which may serve as

an indicator of the existence of a large amount of subrelativistic particles

in clouds. For a given spectrum of the electron population, the ratio of

the X- and γ-ray fluxes depends on the position of the Coulomb break in

the electron spectrum, which in its turn depends on the product of the

ambient density and the age of the source. It is likely that such radia-

tion has been indeed detected from γ Cygni (Uchiyama et al., 2002a) and

RX J1713.7-3946 (Uchiyama et al., 2002b).
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5.5.1 Bremsstrahlung X-rays from γ Cygni

The broad-band spectral energy distribution of the so-called Hard X-ray

Clump (HXC) detected by ASCA in the supernova remnant γ Cygni is

shown in Fig. 5.7. Nonthermal bremsstrahlung from the accelerated elec-

trons is a natural source of the HXC flux, because the shocked dense clouds

act as an effective target for energetic electrons. Due to Coulomb interac-

tions the high density gas results in a significant hardening of low-energy

electrons below the “Coulomb break”, giving rise to the standard ε−1 type

bremsstrahlung spectrum in the X-ray band, which agrees with the ASCA

data. The bremsstrahlung spectrum above the “Coulomb break” essentially

repeats the acceleration spectrum of electrons.

Fig. 5.7 presents the results of numerical calculations for 2 sets of pa-

rameters which describe the gas density and the acceleration spectrum of

electrons, assuming that electron bremsstrahlung is responsible for both

the ASCA hard X-ray and the EGRET γ-ray fluxes. For the electron

spectrum with the acceleration index Γe = 2.1, the best fit is achieved

for a gas density of n = 34 cm−3. A steeper acceleration spectrum with

Γe = 2.3 requires larger gas density, n = 130 cm−3. Note that the adopted

acceleration spectra are consistent with the reported radio spectral index

αr = 0.5± 0.15. Also, an exponential cutoff in the electron spectrum at 10

TeV is assumed. If the electron distribution with Γe = 2.3(2.1) extends be-

yond GeV energies, for the magnetic field 10−5 G the calculated radio flux

density amounts to about 10%(60%) of the measured radio flux density in-

tegrated over the whole remnant. Furthermore, if the electron distribution

extends beyond TeV energies, the bremsstrahlung spectrum with Γe = 2.1

exceeds the Whipple upper-limit, whereas the spectral index Γe = 2.3 is

still in agreement with the Whipple result. Both combinations of model

parameters quite satisfactorily fit the spectral shape and the absolute flux

of hard X-rays.

Ignoring the energy losses of electrons would lead to significantly steeper

X-ray spectra, and would also result in overproduction of absolute X-ray

fluxes (dotted curves in Fig. 5.7). Note that the main contribution to X-rays

comes from relatively high energy electrons with energies close to 10 MeV

for the acceleration index Γe = 2.3.

Because of its poor angular resolution, EGRET measurements do not

provide clear information about the site(s) of production of high energy γ-

rays. Nevertheless, it is likely that only a part (perhaps, even only a small

part) of the reported high energy γ-ray fluxes originates in the HXC region.
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The γ-ray fluxes could be easily suppressed by assuming lower gas densities.

Indeed, such an assumption would lead to a shift of the “Coulomb break”

energy in the electron spectrum to lower energies, and the predicted high

energy γ-ray spectra would appear significantly below the reported EGRET

fluxes (the solid curve in Fig. 5.7).

A more likely candidate site for the production of the bulk of high energy

γ-rays is the region called DR4 from which most of the radio emission

emerges. A massive cloud with a density of ∼ 300 cm−3 occupying ∼ 5%

of the SNR volume has been suggested to exist in the vicinity of DR4

to explain the γ-ray flux . Actually the reported EGRET error circle is

somewhat removed from the HXC, but closer to the DR4. A density of

∼ 300 cm−3 is higher than the upper limit density of the HXC. Such high

gas density implies a high (about 50 MeV) “Coulomb break” energy in the

electron spectrum, and considerable suppression of the X-ray flux. This

Fig. 5.7 Broadband spectral energy distribution of the HXC region of γ Cygni. The
range of the power-law fit of the hard X-ray component is shown together with γ-ray data
(≥ 100 MeV) of 2EG J2020+4026 taken from Esposito et al. (1996) and the Whipple TeV
upper limit from Buckley et al. (1998). The bremsstrahlung photon spectra from the
loss-flattened electron distribution are calculated for the electron index Γe = 2.1 and the
gas density n = 34 cm−3 (long-dashed line), Γe = 2.3 and n = 130 cm−3 (dashed line),
and Γe = 2.3 and n = 10 cm−3 (solid line). The dotted lines show the bremsstrahlung
spectra corresponding to the acceleration spectra of electrons, i.e. ignoring the Coulomb
losses of electrons. (From Uchiyama et al., 2002a).
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would naturally explain the lack of noticeable hard X-ray flux from the

DR4 region, which is bright in radio and perhaps also in γ-rays.

For a gas density of about 100 cm−3 in the HXC, the X-ray flux is

produced predominantly by electrons with energies of about 10 MeV. The

X-ray flux is roughly proportional to the product of the gas density and

the number of relativistic electrons, because the relativistic bremsstrahlung

cross-section depends only logarithmically on the electron energy. On

the other hand, the Coulomb energy loss rate of relativistic electrons,

dE/dt ∝ E/τCoulomb is proportional to the gas density and almost inde-

pendent of the electron energy. Therefore the energy loss rate of the bulk

of the electrons can be uniquely determined by the hard X-ray luminosity,

independent of the density and the shape of the electron energy distribu-

tion. The estimated hard X-ray luminosity, LX ' 1.2 × 1033D2
1.5 erg/s,

can be converted to an energy loss rate of Le ∼ 5 × 1037D2
1.5 erg/s.

The energy released in relativistic electrons then would be estimated as

We ∼ τageLe ∼ 1049D2
1.5 ergs. This enormous energy deposition due

to Coulomb collisions would heat the emission region of the HXC. Sub-

sequently the heat would be radiated away in the far-infrared band by

molecular line emission, if the gas is comprised of molecules. The observed

infrared luminosity of γ Cygni is indeed comparable to the above estimate

of the Coulomb energy loss rate.

5.5.2 The case of RX J1713.7-3946

This shell type supernova remnant is of great interest, being one of three

SNRs so far detected both in synchrotron X-rays (Koyama et al., 1997;

Slane et al., 1999, Uchiyama et al., 2003) and TeV γ-rays (Muraishi et al.,

2000, Enomoto et al., 2002). Two very massive (M ∼ 105M�) and dense

(n ∼ 500 cm−3) clouds are found in the vicinity of this SNR, one of which

(cloud A) probably borders with the shock-wave region of the remnant

(Slane et al., 1999). The results based on observation in ASCA’s large FoV

revealed an extended X-ray source (Uchiyama et al., 2002b) coincident with

cloud A (see Fig.5.8a). The cloud has a positional association also with the

unidentified EGRET source 3EG J1714-3857. Butt et al. (2001) claimed

that the shock front of RX J1713.7-3946 is interacting with the cloud A,

and argued that this would be a natural site of production of ≥ 100 MeV

γ-rays, presumably of hadronic origin.

The X-rays from cloud A have, most likely, nonthermal origin. As

discussed in the previous section, the unusually flat spectrum (the pho-
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Fig. 5.8 (a) Overall ASCA view of RX J1713.7-3946 in the energy band 5-10 keV
(left; from Uchiyama, Takahashi and Aharonian, 2002) and (b) the X-ray image of the
northwest rim in the Chandra’ s 17′ × 17′ field-of-view in the 3-5 keV band (right; from
Uchiyama, Aharonian, and Takahashi, 2003).

ton index Γ = 1 ± 0.3) can be best interpreted in terms of character-

istic bremsstrahlung emission from the ionization-loss-flattened distribu-

tion of either subrelativistic electrons or protons. Although this model

explains the observed spectral features of the X-ray emission, it requires

huge (marginally acceptable) kinetic energy of about 1050 erg in the form

of subrelativistic particles, if the estimate for the distance to the source

of about 6 kpc (Slane et al., 1999) is correct. The energy requirement is

reduced to a quite reasonable level if one assumes that the SNR is located

much closer, e.g., at d ' 1 kpc (Koyama et al., 1997). In any case, the

relation of this radiation to RX J1713.7-394 is not quite clear, and in fact

is a subject of further studies.

In this regard, the X-ray emission detected from the northwest rim

of RX J1713.7-39, as well as the TeV radiation detected from the same

direction have more fundamental implications for this supernova remnant.

The synchrotron origin of the X-radiation implies the existence of multi-TeV

electrons, and contains information about the parameter B1/2E0. In order

to disentangle B and E0, one needs an additional piece of information, and

so long the 2.7 K CMBR remains the main reservoir for target photons and

the magnetic field does not significantly exceed 10 µG, such information

is contained in IC γ-rays. But these observations would have much more

fundamental implications, in particular for the origin of galactic CRs, if the
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detected TeV-radiation was of hadronic origin (e.g. Aharonian, 2002a).

The observations of RX J1713.7-3946 by the CANGAROO collaboration

using the new 10 m diameter imaging Cherenkov telescope (Enomoto et al.,

2002) not only confirmed the TeV signal reported earlier (Muraishi et al.,

2000), but also provided very important information about the shape of the

differential spectrum, which between 0.4 TeV and 10 TeV is approximated

by a power-law with photon index α = 2.84 ± 0.35. If confirmed, this

information would be almost sufficient for a definite conclusion about the

origin of TeV γ-rays.

Indeed, the energy flux of TeV radiation of about 5 · 10−11 erg/cm2s

is quite comparable with the flux in synchrotron X-rays (Enomoto et al.,

2002), which implies that the IC origin of TeV γ-rays would require a

magnetic field as small as B = (8πw2.7K)1/2 ' 3 µG. This requirement

is tighter than the case of SN 1006, especially if one takes into account

that RX J1713.7-394 is located in the galactic plane. Given the shock

compression of the magnetic field in the shell by a factor of 4 or more, this

upper limit on the magnetic field seems unrealistic, and consequently the

interpretation of TeV data in terms of the IC scattering on the 2.7 K CMBR

rather inadequate. Moreover, the observed steep spectrum at relatively low

energies does not agree with prediction of the “2.7 CMBR inverse Compton”

origin of TeV γ-rays. Indeed, the spectral fit for the synchrotron radio to

X-ray data requires B1/2E0 ' 100 µG1/2TeV and the electron spectral

index αe = 2.08 (Enomoto et al., 2002). For B ≤ 3 µG, this gives a lower

limit on the cutoff energy of electrons, E0 ≥ 50 TeV. Since the target

photon is fixed, this allows a robust prediction for the spectral shape of

the TeV emission. Namely, it can be described by a hard power-law with a

photon index of Γ ' 1.5 up to 1 TeV, after which it gradually steepens to

Γ ∼ 2 around a few TeV, and Γ ≥ 3 above 10 TeV. Since this is in apparent

conflict with the observed single power-law type spectrum with Γ ' 2.85,

the IC interpretation can be discarded if the 2.7 K CMBR represents the

main target field for electron scattering (see Fig. 2.10).

Formally one may assume that some other seed photon field, differ-

ent to the 2.7 K CMBR, dominates in the formation of the IC scattering

component. In this case the steep γ-ray spectrum can be explained by

the Klein-Nishina effect. This implies that the mean energy of these seed

photons should be 1 eV or larger. In order to make this IC component

dominant, one has to assume an unreasonably high density of optical/UV

photons in RX J1713.7-39, one that is not supported by observations. The

bremsstrahlung component also can be confidently excluded. Although for
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B ' 3 µG and n ' 300 cm−3 the absolute bremsstrahlung flux around 1

TeV can match the observed γ-ray flux, in order to avoid overproduction

of γ-rays at higher energies one must assume a cutoff in the electron spec-

trum around 1 TeV which, however, contradicts the synchrotron-best-fit

condition of B1/2E0 ' 100 µG1/2TeV.

After excluding all possible γ-ray components of leptonic origin, one

may arrive at conclusion that π0-decay γ-radiation remains the only op-

tion which can explain the TeV data without being in conflict with the

X-ray data. The X-rays can be still explained by synchrotron radiation

of electrons. This of course would require suppression of the IC compo-

nent of γ-radiation assuming B ≥ 3 µG. The model calculations presented

in Fig. 2.10 demonstrate that the TeV spectral points can be satisfacto-

rily fitted by the π0-decay mechanism assuming an exponential cutoff in

the proton spectrum at E0 = 10 TeV. For the average hydrogen den-

sity in the cloud of about n ' 300 cm−3, the observed TeV fluxes can

be explained if the content of relativistic protons in the cloud is about

Wp = 3 × 1048(d/1 kpc)2 erg. The different estimates of the distance to

the source vary between 1 kpc (Koyama et al., 1997) and 6 kpc (Slane

et al., 1999). The total energy accelerated in protons typically is limited

to 1050 erg, a significant part of which is may contained in subrelativistic

protons or electrons. Also, for any realistic geometry only a fraction of

accelerated protons can be captured/confined in the cloud. Therefore, a

relatively small distance to the source, close to its lower limit of about 1

kpc, seems preferable on energy grounds.

The hadronic model of the TeV emission of RX J1713.7-39 has been

criticised by Reimer and Pohl (2002) and Butt et al. (2002) who argued

that this interpretation violates the γ-ray upper limits set by EGRET at

GeV energies. This is, however, a rather shaky argument; the “GeV upper

limit” problem can be overcome in several natural ways. For example,

(i) adopting a slightly harder proton spectrum, it is possible to avoid the

conflict with the EGRET data. Even for a proton spectrum steeper than

E−2, it is still possible to suppress the GeV γ-ray flux, if one invokes (iii)

the effects of energy-dependent propagation of protons while travelling from

the accelerator (SNR shock) to the nearby clouds. Moreover, the lack of

the GeV γ-rays can be naturally explained by (iii) confinement of low-

energy (≤ 10 GeV) protons in the shell, in contrast to the effective escape

of high-energy (multi-TeV) protons, assuming that the particle acceleration

proceeds in the Bohm diffusion regime. And finally, the GeV γ-ray emission

perhaps can be additionally suppressed assuming that (iv) the low energy
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protons do not freely penetrate the densest regions of the cloud due to quasi-

static magnetic mirrors or different type of plasma instabilities caused by

the same cosmic rays.

On the other hand, the limited energy budget available for cosmic rays

requires TeV γ-ray production in very dense regions, in particular in giant

molecular clouds which should significantly override the proton accelera-

tion site(s). Unfortunately, the quality of the CANGAROO data is not

sufficient for definite conclusions concerning the exact location of the TeV

production region(s). The observations of this source by the H.E.S.S. and

CANGAROO-III arrays of Cherenkov telescopes should allow detailed mor-

phology of the TeV production region with a bin size as small as several

arcminutes. A similar accuracy for study of spatial distribution of GeV

γ-rays can be achieved in future observations of RX J1713.7-39 by AGILE

and GLAST. Although hadronic models generally predict similar spatial

plateau

filaments

filaments

plateau

(a) T=10,000 yr

Fig. 5.9 Multiwavelength synchrotron (solid lines) and IC (dashed lines) radiation spec-
tra from the filaments and the plateau regions of RX J1713.7-39 (from Uchiyama, Aha-
ronian and Takahashi, 2003). It is assumed that the electron acceleration takes place in
the filaments. The following parameters sets have been used in calculations: The age and
the distance to the source: T = 10 000 yr and d = 6 kpc. The acceleration rate, the spec-
tral index and the exponential cutoff of the electron spectrum: Le = 2.8× 1036 erg s−1,
α = 1.84, and E0 = 125 TeV, respectively. The magnetic field in the filaments and in
the plateau region : Bfil = Bpla = 50 µG. The convective escape time τcon = 1000 yr,
the gyrofactor in the filaments η = 83.
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distributions of GeV and TeV γ-rays, some differences nevertheless may

arise due to possible energy dependent effects in the propagation of pro-

tons from their acceleration site to the nearby clouds.

The importance of comprehensive studies of both spatial and spectral

properties of nonthermal radiation has been demonstrated by the Chandra

observations of the northwest rim of RX J1713.7-39, the brightest region of

nonthermal X-rays. The Chandra image revealed (Uchiyama et al., 2003) a

complex network of X-ray filaments surrounded by a fainter diffuse plateau,

and a dark region of circular shape (see Fig. 5.8b). The examination of

the individual spectra from different parts of the rim showed that despite

significant brightness variations, the X-ray spectra everywhere in this region

are similar, being well fitted with a power-law with photon index Γ ' 2.3.

Furthermore, the spectra indicate that the synchrotron cutoff is located

beyond 10 keV. Both the filamentary structure and the lack of synchrotron

cutoff below a few keV may challenge the perceptions of the standard shock

acceleration models concerning the production, propagation and radiation

of ultrarelativistic electrons.

The X-ray brightness distribution shown in Fig. 5.8b most likely is the

result of highly inhomogeneous production and propagation of relativistic

 

  

(b) T=1,000 yr

plateau

plateau

filaments

filaments

Fig. 5.10 The same as in Figs. 5.9, but for the following model parameters: T = 1000 yr,
d = 2 kpc, L = 1.6 × 1037 erg s−1, α = 1.95, E0 = 200 TeV, Bfil = 20 µG, Bpla = 6 µG,
τcon = 500 yr, η = 1. (From Uchiyama, Aharonian and Takahashi, 2003).



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

Gamma Ray Visibility of Supernova Remnants 231

electrons. At first glance, homogeneous distribution of multi-TeV electrons

over the rim cannot be ruled out, because in this case the filamentary struc-

ture might be referred to a local enhancement of the magnetic field. How-

ever, in the regime, when the synchrotron cooling time is shorter than the

source age, the synchrotron X-ray luminosity does not depend significantly

on the magnetic field. In this regime an equilibrium is quickly established

between the electron injection and synchrotron losses. This implies that the

synchrotron radiation saturates to the maximum possible rate determined

by the electron injection rate.

In this context it seems natural to identify the X-ray filaments as sites

of particle acceleration. It is likely that the filaments are bright not only

because of the enhanced magnetic field, but also due to high concentration

of electrons inside the accelerators. A significant fraction of these electrons

may escape from the thin filaments, and fill much larger regions. This

will result in synchrotron X-rays from the extended regions (plateau), the

brightness of which can be low, but their overall X-ray flux may exceed the

total flux from filaments.

The results of a numerical time-dependent treatment, which includes

the energy losses and escape of electrons from their accelerators, but do not

specify the acceleration mechanism (i.e. assumes an a priori acceleration

rate and spectrum of electrons extending to ≥ 100 TeV), are shown in

Figs. 5.9 and 5.10, for two different sets of model parameters (Uchiyama et

al., 2003). These results show that the hypothesis of electron acceleration

in the filaments and hot-spots does explain the fluxes and spectral shapes

of the X-ray emission from both the filaments and the plateau region. On

the other hand, the calculated IC fluxes are at least one order of magnitude

below the TeV fluxes reported by the CANGAROO collaboration.

5.6 A Special Case: Gamma Rays from Cassiopeia A

The shell type supernova remnant Cassiopeia A is the brightest and one of

the best studied radio sources in our Galaxy. The synchrotron radiation

of this source continues to submillimeter wavelengths, and perhaps even

further to the infrared (Tuffs et al., 1997) and hard X-rays (Allen et al.,

1997). The estimates of the mean magnetic field and the energy content

in radio emitting electrons based on simple equipartition arguments give

0.16 mG and 5× 1049 erg, respectively (Anderson et al., 1991). Assuming

a larger field, of about 0.3 mG, and taking into account the propagation
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effects one may reduce the total energy in relativistic electrons to a more

comfortable level of about 3 × 1048 erg compared to the estimate of 1.5 ×
1050 erg in the kinetic energy of diffuse ejecta of Cas A (Braun, 1987).

On the other hand, the TeV γ-ray observations by HEGRA (Aharonian et

al., 2001d) constrain the total amount of accelerated protons to 1049 erg

(see below). Thus, the content of electrons in accelerated particles in this

source is significantly enhanced compared to the ratio e/p ∼ 1/100 observed

in local CRs. This implies that Cas A cannot be representative of the source

population which provides the bulk of the observed CR fluxes. To a large

extent this is not a surprise because Cas A is a unique source in our Galaxy

in general, and among SNRs, in particular.

Although most of the radiation of Cas A of both thermal and nonther-

mal origin comes from a shell enclosed between two spheres with angular

radii of 100 arcsec and 150 arcsec, corresponding to spatial radii R = 1.7 pc

and R = 2.5 pc for a distance to the source of d = 3.4 km (Reed et al.,

1995), the bulk of nonthermal energy may originate not in the shell, through

the diffusive shock acceleration of particles (as in most of SNRs), but in

the numerous hot spots which appear to be fast moving knots (Scott and

Chevalier, 1975) or compact, steep-spectrum radio structures (e.g. Bell,

1977; Cowsik and Sarkar, 1984). The radio structures are of special inter-

est because it is likely that their bright radio emission is not just the result

of an enhanced magnetic field, but is (also) caused by the local enhance-

ment of relativistic electrons. In other words, these regions can be the sites

of particle acceleration. The calculations of the spectral and temporal evo-

lution of the synchrotron radiation of Cas A within a two-zone model which

distinguishes between compact, bright steep-spectrum radio knots and the

diffuse “plateau” (Atoyan et al., 2000a), provide further support for this

hypothesis. In particular, it has been shown that the energy distributions

of electrons in these compact structures becomes significantly steeper than

the acceleration spectrum on timescales of the energy-dependent escape of

electrons into the surrounding diffuse plateau region.

A possible fit to the broad band synchrotron fluxes of Cas A is shown

in Fig. 5.11. Magnetic fields B1 = 1.2 mG and B2 = 0.3 mG in the compact

bright radio structures and in the diffuse plateau region, respectively, are

assumed. The total magnetic field energy in the shell is then WB2 = 3.8 ×
1048 erg. In the compact zone-1 regions it is significantly less, WB1 =

2×1047 erg. On the other hand, the contents of relativistic electrons in zones

1 and 2 are comparable – We1 = 1.6 × 1048 erg and We2 = 1.8 × 1048 erg,

respectively.
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By comparing the bremsstrahlung flux of radio emitting electrons with

the flux upper limit I(> 100 MeV) ≤ 1.1× 10−6 ph/cm2s set by the SAS-2

and COS B detectors, Cowsik and Sarkar (1980) derived a lower limit to

the mean magnetic field in the shell of Cas A, B0 ≥ 8 × 10−5 G. Such

a meaningful constraint on the magnetic field is possible because of the

high radio flux of Cas A and effective production of high energy γ-rays

via electron bremsstrahlung. This is actually quite an unusual situation

compared with other shell type “isolated” SNRs (i.e. remnants in regions

free of massive clouds) for which bremsstrahlung is generally a less effective

γ-ray production mechanism. The reasons are twofold: a very large amount

of electrons with energy extending to at least 10 GeV (the electrons which

produce synchrotron radiation at mm wavelengths), and an unusually large

density of the gas in the nebula, n ≥ 10 cm−3. In addition, in the heavy,

oxygen-rich gas in Cas A, the electron bremsstrahlung is amplified (∝ Z(Z+

1)/A) by a large factor of about 4 compared to bremsstrahlung in a pure

hydrogen gas.

Another interesting feature of the γ-ray production in Cas A is that

Fig. 5.11 Synchrotron fluxes calculated in the framework of two-zone model for Cas A
(from Atoyan et al., 2000a). The acceleration spectrum of the electrons in the zone 1,
which is modelled as being composed of 150 compact structures with a mean ra-
dius R = 0.06 pc, is assumed to be a power-law with an index of 2.2 and exponen-
tial cutoff at E0 = 18TeV; the escape time of electrons from knots is assumed as
τ(E) = 28(E/1 GeV)−0.7 yr. The magnetic fields in the knots (zone-1) and in the
plateau region (zone-2) are B1 = 1.2mG and B2 = 0.3mG, respectively. Dashed and
dot-dashed curves show contributions of zone 1 and zone 2 to the overall synchrotron
radiation flux (solid curve).
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the inverse Compton component is dominated by scattering of electrons

on far infrared dust emission with T ' 100 K (Atoyan et al., 2002). For

other SNRs, the 2.7 K CMBR dominates over all other seed photon fields.

Even so, because of severe synchrotron energy losses of the electrons in the

strong magnetic field, exceeding 100 µG, the IC component of radiation in

Cas A is significantly suppressed, and only at TeV energies it may become

comparable with the bremsstrahlung flux.

The expected γ-ray fluxes produced by the electrons responsible for

the broad-band synchrotron emission presented in Fig. 5.11, are shown

in Fig. 5.12. The thin solid line corresponds to the total flux of the

bremsstrahlung γ-rays, and the dashed and dot-dashed lines represent the

bremsstrahlung fluxes from zone-1 and zone-2, respectively.

Because of the steep decline of the energy distribution of radio electrons

in the compact radio structures (zone-1), the intensity of the γ-ray flux

at E ∼ 1 GeV is dominated by the flat-spectrum bremsstrahlung of the

plateau region (see Fig. 5.12). It is also important that the contribution

of other γ-ray production mechanisms at this energy is not yet significant.

Therefore, future measurements of the differential flux of high energy γ-rays

from Cas A by GLAST should allow rather accurate determinations of a

number of important parameters in Cas A.

If the fluxes of hard X-rays observed at E ≥ 10 keV have indeed a syn-

chrotron origin (Allen et al., 1997), relativistic electrons in Cas A should be

accelerated to energies up to tens of TeV. These electrons should then pro-

duce TeV γ-rays. Along with bremsstrahlung, at these energies the princi-

pal mechanism for γ-ray production is the inverse Compton (IC) scattering

of electrons in the field of thermal dust emission with T = 97 K (Mezger et

al., 1986).

The fluxes of IC γ-rays expected from Cas A depend very sensitively

on the mean magnetic field B2 in zone-2 (the shell). In particular, in the

VHE regime, FIC ∼ B
−(5+α2)/2
2 , where α2 ≥ 3 is the spectral index of TeV

electrons in the shell. Thus, the flux of IC γ-rays could be significantly

increased assuming smaller values of B2, and hence also of B1 fields, since

the radio data require the ratio of magnetic fields in two zones to be ap-

proximately at the level of B1/B2 ∼ 4. On the other hand, B2 cannot

be significantly less than 0.3 mG, otherwise bremsstrahlung would lead to

overproduction of X- and γ-rays, in contradiction with the OSSE/RXTE

and EGRET data (see Fig. 5.12).

Formally, the IC γ-ray flux can be increased assuming a more structured

model for the magnetic field distribution in the shell. Namely, one may
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assume that the magnetic field in the shell of Cas A is reduced from the

highest value B1 in the compact zone-1 (the acceleration sites) to a lower

value B2 in the surrounding zone-2, and further on to some B3 ≤ B2 in zone

3. The latter would then represent the regions of the shell with relatively

low magnetic field or the regions adjacent to the shell. Relativistic electrons

could then escape from zone-2 into zone-3, as they do from zone-1 into

zone-2. Because the shell is significantly larger than the compact zone-1

structures, the characteristic timescales for the electron escape from zone-2

into zone-3 should be significantly larger than that the escape time from

zone-1 into zone-2.

In Fig. 2.11 the fluxes of IC γ-rays, calculated in the framework of the

3-zone model with B3 = 0.1 mG, are shown. Two different values for the

magnetic field in zone-1, B1 = 1 mG (solid line) and B1 = 1.6 mG (dashed

line) are assumed. The magnetic field in the zone-2 for both cases is fixed

total

Synch

IC

shell

knots

Brems

Fig. 5.12 The fluxes of synchrotron (dotted line), inverse Compton (3-dot–dashed line),
and bremsstrahlung (solid line) radiations calculated in the framework of the two-zone
model of Cas A for the same model parameters as in Fig. 5.11. The broad band overall
spectral energy distribution consisting of these three components of radiation is shown
by the curve marked as “total”. The bremsstrahlung fluxes produced in zone-1 and
zone-2 are shown separately by the dashed and dot-dashed curves, respectively. The
hatched region shows the expected flux sensitivity of GLAST. The X-ray/soft γ-ray
fluxes measured by RXTE and OSSE detectors, as well as the flux upper limit from
EGRET, are also shown.
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to B2 = B1/4. Although B1 (and B2) in these 2 cases change only by a

factor of 1.6, the fluxes of TeV γ-rays drop significantly, by a factor of 6.

For the given magnetic fields B1 and B2 in the zones 1 and 2, the 3-zone

model allows an increase (compared to the 2-zone model) of the γ-ray fluxes

at energies above 1 TeV by a factor of 3. The assumption of the magnetic

field B3 smaller than 0.1mG does not result in a further increase of TeV

γ-ray fluxes, because for such low magnetic fields all electrons up to several

TeV are not in the “saturation” regime, therefore variations of B3 do not

affect the electron energy distribution in zone 3.

Thus, the IC fluxes, shown in Fig. 2.11, should be treated as strict upper

limits . This is an important conclusion which should be taken into account

in interpretations of TeV radiation. In this regard, the original interpre-

tation of hard X-rays as synchrotron radiation from multi-TeV electrons

(Allen et al., 1997) needs more solid observational support, and deserves

further theoretical studies. In particular, this radiation could be explained

also in terms of the nonthermal bremsstrahlung of electrons accelerated by

plasma waves to subrelativistic energies (Laming, 2001). If so, the need of

TeV electrons would disappear, and correspondingly the IC interpretation

of the TeV signal from Cas A would become rather shaky and, in fact,

somewhat redundant, especially if one takes into account the fact that the

TeV flux can be quite comfortably explained by interactions of accelerated

protons with the ambient gas. As it can seen from Fig. 2.11, the interpre-

tation of the TeV flux in terms of π0-decay γ-rays requires only 1049 erg in

accelerated protons which is only factor of 10 more than the energy in rela-

tivistic electrons, and, at the same time, constitutes only ≤ 7% of the total

kinetic energy available in Cas A. Note that the π0-decay γ-ray flux shown

in Fig. 2.11 corresponds to a rather modest, from the point of view of the

total energy budget, assumption concerning the proton energy distribution

with a spectral index αp = 2.15 and E0 � 1 TeV. But “economically” less

attractive proton spectra, e.g. with αp = 2.4, which would require a factor

of 4 larger total energy in protons, are still acceptable.

Actually, the nonlinear diffusive shock-acceleration model applied to Cas

A faces just opposite problem. This model, based on parameters adopted

to fit the X-ray data in terms of synchrotron radiation, predicts a flat γ-ray

flux significantly exceeding the observed TeV flux (Berezhko et al., 2001).

Such a discrepancy can be removed assuming that the X-rays are not of

synchrotron origin. Then, an alternative (to the diffusive shock-acceleration

in the shell) could be proton acceleration in the bright radio structures,

e.g. by the second-order Fermi mechanism as discussed by Chevalier et al.
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(1978) and Cowsik and Sarkar (1984).

The predictions of the 3-zone model, which was introduced above to es-

timate the maximum (theoretically possible) flux contributed through the

IC channel, just marginally match the TeV flux (see Fig. 2.11). Therefore,

at this stage the leptonic origin of the TeV radiation cannot be ruled out.

The crucial test for the origin of TeV radiation of Cas A can be provided

by future detailed spectroscopic γ-ray measurements in the energy interval

between 100 GeV and several TeV. The spectrum predicted by the leptonic

model at energies above 1 TeV is very steep, with a photon index Γ ≥ 3.

Therefore the detection of a differential γ-ray spectrum harder than E−3 at

TeV energies, would be a strong argument in favour of the hadronic origin of

radiation. At the same time, the detection of a steep TeV spectrum cannot

be uniquely interpreted, because introducing an “early” energy cutoff E0

in the proton spectrum around several TeV one may easily reproduce a flat

high energy γ-ray spectrum with strong steepening above 1 TeV. An addi-

tional piece of information is contained at low energies. The bremsstrahlung

γ-ray fluxes expected above 100 MeV are almost two orders of magnitude

above the GLAST sensitivity, unless the magnetic field in the shell does

not significantly exceed 1 mG. This, however, seems unlikely, because oth-

erwise it would require an unrealistically large energy, WB2 ≥ 3× 1050 erg,

to be deposited in the magnetic field of the shell. Thus, we may conclude

that GLAST as well as sub-100 GeV threshold IACT arrays should detect

γ-ray signals from Cas A. The spectrum of γ-radiation of leptonic origin,

which at these energies is dominated by electron bremsstrahlung, can be

predicted (from radio data) very robustly. It should be close to a flat power-

law, ∝ E−2. This makes the identification of radiation mechanisms quite

difficult, because the proton spectrum (and, consequently, the π0-decay γ-

ray spectrum), cannot be significantly steeper than E−2.2, otherwise the

hadronic mechanism would require an unacceptably large energy in accel-

erated particles. In this regard, more promising is the energy region below

100 MeV, where the π0-decay as well as the IC components are strongly

suppressed, and thus the flux measured at low energies would provide an

important “calibration point” for extrapolation of the bremsstrahlung con-

tribution to higher energies.

In summary, the γ-ray spectrometry of Cas A with GLAST and future

IACT arrays will give definite answers about the energy distribution be-

tween the magnetic field and accelerated electrons and protons, and thus

will provide a crucial insight into the nature of acceleration processes in

one of the most prominent nonthermal objects in our Galaxy.
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5.7 “PeV SNRs”

The featureless energy spectrum of cosmic rays, extending as a single power-

law up to the knee around 1015 eV, indicates that the flux of galactic CRs

is dominated by a single source population. If so, the representatives of

this source population should be sources of nonthermal synchrotron X-rays

and very high energy γ-rays. Since both radiation components have been

reported from 3 prominent SNRs – SN 1006, RX J1713.7-39, and Cas A –

one may interpret this as strong evidence of close association of this hypo-

thetical source population with SNRs. On the other hand, the requirement

of a single source population to dominate in production of the bulk of

galactic CRs would then imply that the SNRs should be able to accelerate

particles to at least 1015 eV (≡ 1 PeV). Although the “standard” diffusive

shock acceleration theory applied to SNRs does not guarantee effective ac-

celeration of protons beyond 1014 eV, particle accelerations to ≥ 1015 eV

is possible, at least in principle, in those SNRs (hereafter “PeV SNRs”)

where the magnetic field exceeds 0.1 mG. Remarkably, the CRs themselves

may provide the necessary magnetic field through amplification of the am-

bient interstellar field by large-amplitude plasma waves (Lucek and Bell,

2000). The increased magnetic field reduces the diffusion coefficient, and

correspondingly increases, by an order of magnitude or more, the maximum

achievable energy (Bell and Lucek, 2001).

The most straightforward search for sites of such extreme “PeV SNRs”

can be performed by ground-based detectors operating effectively in the

energy regime ≥ 100 TeV. In Fig. 5.13 are shown the fluxes of X- and

γ-rays of hadronic origin expected from a “PeV SNR”. Both radiation

components are initiated by interactions of accelerated protons with the

ambient medium with a gas number density n = 1 cm−3 and magnetic

field B = 0.2 G. While the γ-rays arise directly from the decay of π0-

mesons, the X-rays are result of synchrotron radiation of secondary elec-

trons, the products of π±-decays. The lifetime of electrons producing X-

rays, tsynch ' 1.5B
−3/2
mG (EX/1 keV)−1/2 yr, in a magnetic field exceeding

0.1 mG is very short (≤ 50 yr) compared to the age of the source. Therefore

the synchrotron X-radiation actually could be considered as an unavoidable

“prompt” radiation component of hadronic interactions, emitted simulta-

neously with π0-decay γ-rays. Consequently, both the X- and γ-ray fluxes

depend on the total amount of high energy protons currently accumulated

in the source, and the rate of p-p interactions, i.e. on the density of the

ambient matter. Although approximately the same fraction of energy of the
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parent protons is transferred to secondary electrons and γ-rays, because the

energy of relatively low energy (sub-TeV) electrons is not radiated away ef-

fectively, the π0-decay γ-ray luminosity exceeds the synchrotron luminosity.

The LX/Lγ ratio depends on the proton spectrum as well as on the history

of particle injection, but for any reasonable proton spectrum extending to

� 100 TeV, the energy release through the X-ray channel exceeds 20-30

percent of the energy released through the π0-decay channel. The broad-

band spectra of hadronic radiation of a “PeV” SNR shown in Fig. 5.13

are calculated for a proton accelerator at a distance d = 1 kpc operating

during 103 yr with a constant rate Lp = 3 × 1038 erg/s; the total energy

accelerated in protons is about Wp = Lp · T ' 1049 erg. The power-law

spectrum of protons is assumed to be αp = 2.1. The solid, dashed, and

dot-dashed curves correspond to 3 different cutoff energies in the proton

spectrum - E0 = 1015, 3 × 1015, and E0 = 1016 eV, respectively. Remark-

ably, the spectrum of π0-decay γ-rays in the corresponding cutoff region at

∼ (1/10)E0 almost repeats the shape of the proton spectrum around E0.

Thus the search for ultra-high energy γ-rays from SNR in the energy do-

main ≥ 100 TeV would lead to the discovery and identification of galactic

sources responsible for the CR spectrum up to the knee. Moreover, accu-

rate γ-ray spectroscopic measurements at highest energies would provide

extremely important information about the shape of the source (accelera-

tion) spectra of protons. Needless to say, this information could be crucial

for identification of the acceleration mechanisms in SNRs, as well as for

understanding of the role of different processes (e.g. acceleration versus

propagation) which are responsible for the formation of the knee in the CR

spectrum.

Unfortunately, the prospects of realizing this exciting method in prac-

tical terms is quite limited due to the lack of projects of γ-ray detectors

with an adequate sensitivity in the energy interval 1014 − 1016 eV. The

deep survey by the large PeV air-shower array CASA-MIA, with sensitiv-

ity ∼ 10−14 ph/cm2s above 100 TeV did not reveal any source across a

large fraction of the northern sky (McKay et al., 1993). The fluxes shown

in Fig. 5.13 require an order of magnitude better detector sensitivity, unless

the total energy in accelerated protons exceeds 1050 erg and/or the sources

are located in dense environments. Unfortunately, an improvement of the

CASA-MIA sensitivity by an order of magnitude seems quite unrealistic,

given the limited experimental interest in this energy interval, at least at

present.

In such circumstances, the search for “PeV SNRs” via hard synchrotron
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radiation of secondary (π±-decay) electrons is an alternative, and perhaps

an even more powerful tool, given the superior potential of X-ray detec-

tors. In particular, Chandra and XMM-Newton have sufficient sensitivity

to perform such studies. Remarkably, the spectrum of this radiation in the

cutoff region is much smoother that the corresponding cutoff in the γ-ray

spectrum. For example, while the energy distribution in the form of an ex-

ponential cutoff in the proton spectrum is directly transferred to electrons

(but shifted by a factor of 10 to lower energies), the synchrotron radiation

in the corresponding cutoff region behaves as exp (−ε/ε0)1/2. This impor-

tant feature, which is seen in Fig. 5.13, should allow a more comprehensive

study of the highest energy part of the spectrum of accelerated protons via

X-rays - the third generation products of p-p interactions.

An apparent difficulty in this method is connected with the separation

and identification of the “hadronic” synchrotron X-rays from other X-ray

radiation components, in particular from the “nominal” synchrotron ra-

diation of directly accelerated electrons. These two components can be

distinguished if the magnetic field in the X-ray production region exceeds

0.1 mG and the proton spectrum extends to E ≥ 1015 eV. In the case of a

high magnetic field the position of the cutoff of the synchrotron radiation

Fig. 5.13 The broad-band spectra of radiation from a ”PeV SNR” initiated by interac-
tions of accelerated protons with the ambient gas.
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of directly accelerated electrons does not depend on the magnetic field and

typically appears in the soft X-ray domain, hνm,1 ≤ 1 keV (see Eq.(5.14)).

On the other hand, the position of the spectral cutoff of the synchrotron

radiation produced by secondary electrons, hνm,2 , is very sensitive to the

magnetic field. For example, in the Bohm diffusion regime, the proton

cutoff energy is proportional to the strength of the magnetic field, thus

hνm,2 ∝ B · E2
0 ∝ B3. Thus, for extreme SNRs, with very large magnetic

fields and proton cutoff energies, the synchrotron radiation of secondary

electrons may have a relatively hard X-ray-spectrum compared with the

synchrotron spectrum of directly accelerated electrons. The search for such

a component in the nonthermal X-ray spectra of young SNRs is of great

interest. If we are lucky, this may result in the discovery of “PeV SNRs” !
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Chapter 6

Pulsars, Pulsar Winds, Plerions

Pulsars – rapidly rotating, magnetized neutron stars – were the first as-

trophysical sources discovered in high energy γ-rays (for review see e.g.

Fichtel and Trombka, 1997) In fact, these objects, with the Vela pulsar as

the brightest persistent GeV source in the γ-ray sky, remain the only firmly

identified γ-ray source population in our Galaxy.

The existence of neutrons stars had been predicted long before the dis-

covery of pulsars. In their seminal papers published in 1934, Baade and

Zwicky argued that the enormous energy release observed in supernovae

might be result of transition of an ordinary star into a dense neutron star,

consisting mainly of neutrons. The feasibility of formation of such an un-

usual stellar configuration had been theoretically demonstrated by Landau

(1938).

The close association of pulsars with neutron stars was realized by Gold

(1968,1969), soon after their discovery in 1967 by Hewish et al. (1968).

Remarkably, before the discovery of pulsars, Pacini (1968) argued that the

rapidly rotating neutron stars with extremely strong magnetic fields should

be able to power supernova remnants like the Crab Nebula, and predicted

that the rotating, magnetized neutron stars might be observable at radio

frequencies.

There is little doubt that the neutron stars are produced in supernova

explosions. It should be noted in this regard that the ages of the young

radiopulsars in the Crab and Vela supernova remnants, derived from their

periods P and period derivatives Ṗ , are in very good agreement with the

ages of these remnants. Moreover, it is established that these synchrotron

nebulae are powered by pulsars, most likely through relativistic winds ter-

minated at standing reverse shock waves (Rees and Gunn, 1974). It is

believed that the pulsar winds basically consist of electrons and positrons

243
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which originate in the pulsar magnetospheres. The rotationally induced

electric field in the magnetosphere is sufficient to drive pair cascades (Stur-

rock, 1971) producing these electrons, which then may escape the magne-

tosphere from the polar cap regions. However, the wind-to-magnetosphere

connection remains an unsolved theoretical challenge (see Michel, 1998).

Gamma-radiation from rotation powered pulsars can be produced

through several radiation mechanisms in three physically distinct regions:

(1) magnetosphere, (2) relativistic wind, and (3) synchrotron nebula.

These sites are schematically shown in Fig. 1.8. Pulsed γ-rays are gen-

erated in the pulsar magnetosphere limited by the light cylinder. The

relativistic electron-positron wind ejected by the pulsar can itself produce

very high energy γ-rays. The wind, that carries almost the whole rotational

energy of the pulsar, eventually terminates in the surrounding interstellar

medium. This results in formation of a nonthermal (synchrotron and inverse

Compton) nebula the spectrum of which extends from radio wavelengths

to ultra-high energy γ-rays.

6.1 Magnetospheric Gamma Rays

Presently, the number of catalogued radio pulsars – single neutron stars

powered by fast rotation – exceeds 1000. Only six of them have been re-

ported by the EGRET team as high energy γ-ray sources (Thompson et

al., 1999), with up to five possible associations with unidentified EGRET

sources (Torres et al., 2003). Actually, this is not a big surprise, and can be

explained, by the limited sensitivities of γ-ray instruments. For example,

the minimum detectable γ-ray flux for EGRET of about 10−11 erg/cm2s is

almost 6 orders of magnitude higher than the detection threshold of pul-

sars by current radio telescopes at GHz frequencies. This striking difference

in sensitivities is compensated, to a certain extent, by much larger energy

fluxes of γ-rays compared with the radio fluxes. While the pulsars emit

in the radio band a very small fraction (≤ 10−6) of their rotational en-

ergy (Manchester and Taylor 1977), the γ-ray luminosities of some of the

EGRET pulsars above 100 MeV exceeds one per cent of their spin-down lu-

minosities. It is expected that the future major high energy γ-ray detectors

like GLAST will increase the number of radio pulsars seen also in γ-rays

by an order of magnitude (Thompson 2001). Moreover, the radio pulsars,

which are only observable if the radio beam crosses the Earth orbit, are

believed to be only a fraction of a larger source population called rotation
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powered pulsars (RPP). Remarkably, the γ-ray beams are expected to be

significantly wider than the radio beams, and these beams do not fully over-

lap. If so, the RPPs have more chances of being detected in high energy

γ-rays rather than at radio wavelengths. This could be the case of some

of the unidentified EGRET sources, a large fraction of which is likely to

be radio-quiet pulsars like Geminga. Thus, the searches for pulsed radia-

tion components in the spectra of a large fraction of unidentified EGRET

sources (suspected to be pulsars) without invoking information from lower

(radio, optical, X-ray) frequency domains, seems to be another high pri-

ority objective, because in many cases the periodic signals at lower fre-

quencies could be suppressed. Such studies could be effectively performed

by GLAST (McLaughlin and Cordes, 2000), and by future sub-10 GeV

imaging Cherenkov arrays like 5@5 (Aharonian and Bogovalov, 2003).

The brightness temperatures of the radio emission of pulsars vary within

1023 − 1030 K (Manchester and Taylor, 1977). Therefore it is likely that

the pulsed radio emission is generated coherently by a beam of relativistic

electrons. In the IR/optical and X-ray bands the emission is not coherent; it

may have a thermal and/or nonthermal origin. The specific mechanism(s)

responsible for the radio (e.g. Lyubarsky, 1995) as well as IR/optical and

X-ray (Pacini, 1971; Becker and Trümper 1997) remain highly uncertain

even for the most prominent and well studied objects like the Crab and

Vela pulsars.

Fig. 6.1 Characteristic phase-averaged spectrum for a young γ-ray pulsar. Solid lines
show the curvature (CR), synchrotron (Sy), and the thermal surface flux (kT). The
dashed curve (CS) represents the TeV pulsed spectrum from Compton upscattering of
the synchrotron spectrum on the primary e±. (From Romani, 1996).



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

246 Very High Energy Cosmic Gamma Radiation

The situation is somewhat better in the high energy γ-ray domain. Mod-

ulation of γ-ray light curves at the rotation periods of these objects indi-

cates that γ-rays are produced near the surface of neutron stars by electrons

accelerated either at the polar cap or in the vacuum gaps at the outer mag-

netosphere. Three γ-ray production mechanisms – the curvature radiation,

synchrotron radiation, and inverse Compton scattering – can effectively

contribute to the γ-radiation from MeV to TeV energies. An example of

relative contributions of these process in the formation of high energy spec-

tra of pulsars expected in the so-called outer gap model is shown in Fig. 6.1.

It is also recognised that cascade processes in the magnetosphere, initiated

by pair production in the magnetic field, play an important role in the

formation of broad-band γ-ray spectra, especially in the polar cap models

(Daugherty and Harding, 1982).

Ω
B

Light Cyl inder

Ω . B = 0

OUTER GAP

POLAR GAP

Fig. 6.2 Geometry of polar and outer gaps. Dark regions are thin gaps of younger
pulsars. Hatched regions are thick gaps of older pulsars. (From Harding, 2001).

At the same time, one of the key issues of the physics of γ-ray pulsars

– the location of γ-ray production region(s) – remains an open question.

Presently two basic classes of models are discussed in this regard - the

polar cap (Daugherty and Harding, 1982, 1996; Usov and Melrose, 1995)
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and outer gap (Cheng et al., 1986; Romani, 1996; Hirotani and Shibata,

2002) models. The geometry of polar caps and outer gaps is schematically

presented in Fig.6.2.

In both models primary γ-rays are generated by ultrarelativistic elec-

trons accelerated in the quasi-static electric fields. The charge density in

the pulsar magnetosphere is high enough to screen the electric field parallel

to the B-field, thus the co-rotation condition E ·B = 0 is maintained ev-

erywhere except at a few locations. These regions, where E|| 6= 0, can exist

close to the surface of the neutron star in the polar caps (polar cap/inner

gaps model), or at distances comparable with the light cylinder of the pul-

sar along the null charge surface defined by the condition Ω · B = 0, where

the corotation charge density changes sign (outer gap model).

6.1.1 Polar cap versus outer gap models

The ideas which constitute the basis for the polar cap models were devel-

oped by Sturrock (1971) and Ruderman and Sutherland (1975) who pro-

posed that the particle acceleration and their subsequent radiation occur

near the star surface, namely at the magnetic poles. Pair cascade devel-

opment is an important component for γ-ray production in all versions of

the polar cap model, but the details depend on which radiation process

(inverse Compton or curvature radiation) controls the production of pairs

responsible for the screening of the accelerating field. In scenarios where the

inverse Compton scattering is both the dominant primary γ-ray radiation

mechanism and the initiator of the pair cascades (Sturner et al., 1995),

the particle energies are limited to Lorentz factors γe ∼ 106 (Harding and

Muslimov, 1998). If the inverse Compton controlled zones are not stable,

the particle acceleration continues up to γe ∼ 107. This model predicts

quite sharp (super-exponential) cutoffs at energies typically below 10 GeV.

This agrees with the upper limits on the pulsed TeV signals from 6 EGRET

pulsars (see Fig.2.1). Fig. 6.3 shows the high energy cutoffs predicted by

the polar cap model as a function of the surface field strength calculated

for different radii of photon emission (Harding, 2001). The observed cutoff

energies of 8 (identified and suspected) γ-ray pulsars versus their fields are

also shown (the B-fields are derived from the measured parameters P and

Ṗ , assuming R = 106 cm). It is seen that the low B-fields (≡ older pulsars)

allow higher cutoff energies.

In the outer gap models the γ-ray production occurs at large distances

from the star surface, where the local field is reduced by several orders of
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magnitude compared with the field at the star surface, and so the absorption

of γ-rays in the the magnetic field is not sufficient for development of pair

cascades and does not significantly distort the γ-ray spectrum. These mod-
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Fig. 6.3 The expected spectral cutoff energies due to magnetic pair attenuation versus
the surface field strength for a range of periods at different radii (in units of the neutron
star radius) of the emission region. The estimated turnover energies of known γ-ray
pulsars are also shown. (From Harding, 2001).

els can reproduce, more or less successfully, both the spectral shape and the

light curves of γ-ray pulsars, if it is postulated that the observed γ-rays are

dominated by the emission from one pole (Romani and Yadigaroglu, 1995).

In this model the cutoff energy in the γ-ray spectrum is caused by the

maximum energy of accelerated electrons, therefore it is not severely con-

strained. Moreover, while the polar cap model predicts very sharp, super-

exponential cutoffs (because the attenuation coefficient itself increases ex-

ponentially with energy), in the outer gap model the γ-ray spectrum drops

more slowly. Thus detailed spectrometric γ-ray measurements should help

to distinguish between these two models (or rule out both). The Vela pul-

sar seems to be the best target for such a study. Although the EGRET

data contain important information about the approximate location of the
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cutoff energy, they do not allow, however, because of poor photon statistics

above 1 GeV, accurate determination of the spectral shape in the cutoff

region. In this regard GLAST is much better suited for such a task, as

demonstrated in Fig. 2.5.

The need for accurate measurements of pulsars in the multi-GeV region

is not limited by detailed spectrometric studies in the cutoff region. The

EGRET data show that the light curves in the 100 MeV range and above 5

GeV are significantly different. Namely, for all pulsars except PSR B1706-

44, the multi-GeV light curves are dominated by one of the two pulses seen

at lower energies (Thompson, 2001). Thus, the detailed study of the tempo-

ral characteristics of EGRET pulsars in high energy bands seems to be an

equally important objective of future observations. While at lower energies

such studies can be effectively performed by GLAST, for the multi-GeV

band large photon statistics is a critical requirement which only marginally

can be satisfied by GLAST. Ground-based sub-10 GeV imaging Cherenkov

telescope arrays like 5@5 would be ideal instruments for this purpose. 5@5

with its enormous detection area should be able to detect a positive γ-ray

signal above several GeV from the Vela pulsar with a count rate between 20

and 50 photons per second, depending on the shape of the spectrum above

5 GeV (Aharonian and Bogovalov, 2003).

The high detection rate capability of 5@5 should allow the detection of

multi-GeV signals from many other pulsars. For example, unpulsed signals

from sources with spectra similar to Vela, but with absolute fluxes as faint

as 3 milli Vela (' 10−11 erg/cm2s), can be detected by 5@5 in only 3 h

observation time. Note that the one-year survey by GLAST will provide

a similar sensitivity at energies above 100 MeV for pulsars in the galactic

plane, and approximately 10 times better sensitivity for high galactic atti-

tude pulsars (Thompson, 2001). The sensitivities of 5@5 and GLAST are

shown in Fig. 6.4 together with the spin-down “fluxes” of radio pulsars –

the spin-down luminosities of individual objects (derived from P and Ṗ )

divided by 4πd2. The spin-down flux is a meaningful parameter which,

despite uncertainties in both the γ-ray production efficiency and the γ-ray

beaming factor, generally may be taken as an objective criterion for the

“pulsar observability”.

Although Fig. 6.4 indicates the impressive potential of future gamma-

ray detectors for discovery of new γ-ray pulsars, the number of detectable

pulsars significantly depends on the radio and γ-ray emission models. In

accordance with some (perhaps, too optimistic) estimates the number of

pulsars detectable by GLAST could be as large as 750 (McLaughlin and
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Fig. 6.4 Gamma-ray pulsar observability in terms of the spin-down “flux”. The DC
(unpulsed) flux sensitivities of GLAST (above 100 MeV) for high galactic latitude pulsars
after a one-year sky survey, and of 5@5 (above 5 GeV) for 3 h observation time are also
shown.

Cordes, 2000). The simple extrapolation of the “logN-logS” curve con-

structed on the basis of the EGRET pulsars gives more conservative num-

ber, something between 30 and 100 γ-ray pulsars (Thompson, 2001).

In any case, the dramatic increase in the number of γ-ray pulsars should

allow an adequate statistical study of the γ-ray luminosities Lγ of pulsars

versus their magnetic field B and the period P . Because different models

predict significantly different functions Lγ(B0, P ), these studies will help to

distinguish not only between the polar cap and outer gap models, but also

between different scenarios within one of these general models, for example

between the “curvature-radiation initiated cascade” (Harding and Zhang,

2001) and “inverse-Compton initiated cascade” (Sturner et al., 1995) polar

cap models. The analysis of known γ-ray pulsars shows an approximate de-

pendence Lγ ∝ B0P
−2 which is better explained by polar cap models (bad

news for TeV γ-ray astronomy). But a decisive test can be provided only

by future observations. For example, while the polar cap models predict
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γ-ray emission at some level from all pulsars, the outer gap models predict

a “dead line”. The latter divides the B0 − P space between young pulsars

which are capable of supporting effective pair production in the outer gaps

from the older pulsars which cannot (see Harding (2001) and references

therein). Thus detection of γ-rays from a pulsar below this line (i.e. a very

old pulsar) would give a preference to the polar cap type models.

A significant improvement in the sensitivity of γ-ray instruments is

critical also for searching for γ-ray pulsars with unknown pulse periods.

The finding of periodic signals in the γ-ray data is not a simple problem

(see e.g. Chandler et al., 2001). Note that the pulsed components of all

EGRET pulsars have been discovered only after application of the informa-

tion about the period and phase obtained at other energy bands. However,

in many cases the time structure could be essentially different at different

wavelengths. Therefore, it is crucial to search for periodic γ-ray signals

without relying on observations at other energy bands. In its turn, this

requires adequate γ-ray photon statistics.

The statistics of photons increases with an increases in the observation

time, and in principle could be very large, in particular for large field of view

instruments like GLAST. However, the duration of valuable observation

time can not be increased infinitely unless the periodic source is not a

perfect clock. Pulsars are not perfect clocks. The periods of radio pulsars

do increase with time due to rotational losses. The phase of the signal

varies with time as ϕ = 2π(tν + t2ν̇), where ν = 1/P . The variation of the

phase due to the change of the period of rotation can be neglected while

t2ν̇ < 1/2. Thus, the duration of the time for the search of a periodical

signal in absence of an a priori information about the period P and period

derivative Ṗ should satisfy the condition Tobs < (1/2ν̇)0.5. During this time

the number of detected γ-ray photons should be large enough to allow us

to reveal the period of rotation. Generally, the observation time should not

exceed 10 h (Aharonian and Bogovalov, 2003). This perfectly matches the

performance of the sub-10 GeV threshold IACT arrays which should be able

to detect positive γ-ray signals from pulsars at the level of ≈3 milli-Vela

with a photon statistics of about 103, just after several hours of continuous

observations.

6.1.2 Magnetospheric TeV gamma rays?

In the polar cap model we do not expect TeV γ-ray emission from pulsar

magnetospheres, because the high energy γ-rays are heavily absorbed be-
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fore they escape from the magnetosphere. The upper limits on the flux of

pulsed TeV γ-ray emission from the EGRET pulsars shown in Fig. 2.1 are

in good agreement with predictions of this model. Millisecond pulsars with

modest magnetic fields in the range of 108 to 109 G, could, however, be an

exception. In such small magnetic fields the effect of γ-ray absorption is

significantly reduced, and therefore high energy radiation can escape from

the production region. In these pulsars, the γ-ray emission between 1 MeV

and a few hundred GeV is dominated by curvature radiation; at higher

energies an additional inverse Compton component is formed with a dis-

tinct maximum around 1 TeV (Bulik et al., 2000). Although the predicted

absolute γ-ray fluxes are well below the sensitivities of both EGRET and

current ground-based instruments, several such objects could be promising

candidates for future observations with GLAST as well as with low-energy

threshold Cherenkov telescope arrays.

A TeV component of magnetospheric γ-radiation caused by inverse

Compton scattering is expected also in the outer magnetosphere gap model

of “ordinary” pulsars with strong magnetic fields (Cheng et al., 1986). An

interesting feature of this radiation was claimed to be a very hard spectrum

below 1 TeV with a sharp cutoff above several TeV (Romani, 1996). If so,

the most promising energy region for detection of this component would

be a rather narrow interval around 1-3 TeV. In particular, the calculations

of pulsed γ-radiation from Vela shown in Fig. 6.1 predict that the energy

flux in the pulsed TeV γ-rays could be as large as 1% of the pulsed GeV

flux. The upper limit on the TeV flux from the Vela pulsar reported by

the CANGAROO collaboration (see Fig. 2.1) is below the flux predicted

by Romani (1996), but is consistent with the most recent calculations of

pulsed TeV γ-rays within the outer gap model (Hirotani, 2001). Note that

the magnetospheric TeV flux predictions strongly depend on the density

and the spectrum of infrared pulsed photons within the light cylinder. Al-

though recent observations of optical radiation with the VLT show that

the optical emission smoothly extends to 1 eV, no data are available at the

far infrared wavelengths which provide the bulk of the seed photons for the

production of TeV γ-rays. As long as such information is lacking, the upper

limits on the pulsed TeV emission from Vela unfortunately cannot be used

for robust conclusions concerning other model parameters.
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6.2 Gamma Rays from Unshocked Pulsar Winds

Rotation powered pulsars eject plasma in the form of relativistic winds that

carry off most of the rotational energy of the pulsars. The best observed

example is the pulsar in the Crab Nebula. This pulsar ejects a relativistic

wind which is terminated at a distance of about 0.1 pc by a standing re-

verse shock. The shock accelerates electrons up to energies of 1015 eV, and

randomises their pitch angles (Rees and Gunn, 1974; Kennel and Coro-

niti, 1984; Arons, 1996). This results in the formation of an extended

synchrotron source in the region downstream of the shock.

The pulsar winds are characterised by the so-called magnetization or

σ-parameter – the ratio of the electromagnetic energy flux to the kinetic

energy flux of particles in the wind. At σ ≥ 1 the wind is Poynting flux

dominated. At σ ≤ 1 the wind is kinetic energy dominated (hereafter,

KED wind). The analysis of observations of the Crab Nebula prefers σ ∼
10−3 (Kennel and Coroniti, 1984; De Jager and Harding, 1992; Atoyan

and Aharonian, 1996). The recent observations of the compact nebula

surrounding the Vela pulsar, in particular its small size and low luminosity,

favour a somewhat larger σ parameter for the wind of the Vela pulsar, but

still it does not exceed 1.

On the other hand, all models of electron-positron pair production in

the pulsar magnetospheres predict σ ∼ 103 − 104, i.e. at the base of the

wind the plasma is likely to be Poynting flux dominated. Therefore, it is dif-

ficult to avoid the conclusion that a phase transition of the wind takes place

somewhere between the light cylinder and the wind termination shock. De-

spite certain theoretical efforts in the past to understand the reasons (and

mechanisms) of pulsar wind acceleration, the formation of KED winds re-

mains an unsolved problem in pulsar physics. It is generally believed that

the activity in this direction should have pure theoretical character, be-

cause the region where almost the whole rotational energy of the pulser is

transfered into the kinetic energy of the wind cannot be directly observed.

This has a simple explanation. Although the wind electrons may have an

energy as large as 1013 eV, they move together with the magnetic field and

thus do not emit synchrotron radiation. However, this statement is valid

only for the synchrotron radiation of the wind. In fact, the unshocked KED

wind can be directly observed through its inverse Compton radiation (Bo-

govalov and Aharonian, 2000). The IC γ-radiation of the wind electrons

is unavoidable due to the illumination of the wind by external low-energy

photons of different origin. These are nonthermal (synchrotron) and ther-
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Fig. 6.5 Sketch illustrating the trajectories of the electron-positron plasma after accel-
eration, and positions of soft photon sources. (From Bogovalov and Aharonian, 2000).

mal (dust) radiation of the nebula surrounding the pulsar, 2.7 K CMBR,

optical emission of the companion star (in the case of the binary systems),

and finally the soft, thermal and nonthermal emission of the pulsar itself.

6.2.1 Characteristics of the KED wind

The interaction of the KED wind with the soft emission of the pulsar is

unavoidable because, even if the soft radiation is emitted radially, the KED

wind does not move strictly along radial directions. This feature of the KED

winds is a direct consequence of energy and angular momentum conserva-

tion laws and does not depend on specific mechanisms of wind acceleration.

The energy and the angular momentum fluxes of the wind consist of two

parts: one corresponds to matter and the other corresponds to the electro-

magnetic field. The total fluxes of the kinetic energy Ėkin and the angular

momentum L̇kin can be presented as Ėkin = Ṅmc2 < γw >, L̇kin =

Ṅm < rγwvϕ >, where Ṅ is the total injection rate of particles, < γw >

is the average Lorentz factor of the wind, r is the distance to the axis of

rotation, and vϕ is the azimuthal component of the plasma velocity. Below
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it is assumed that the wind consists only of electrons and positrons.

Classical mechanics provides a simple relationship between the rates of

the pulsar’s rotational energy losses, Ėrot = IΩΩ̇, and the angular momen-

tum losses, L̇ = IΩ̇: Ėrot = L̇Ω, where I is the moment of inertia of the

pulsar. In the KED wind the electromagnetic field carries off negligible

energy and angular momentum, therefore

vϕ
c

=
RL

r
. (6.1)

The geometry of the flow and of the IC process is shown in Fig. 6.5. The

pulsar is located on the axis of rotation and ejects the wind radially. The

dash-dotted vertical lines show the light cylinder. The wind is accelerated

at Rw. Particles in the wind move along straight lines without further

acceleration beyond Rw. The equatorial plane of the pulsar is inclined to

the observer at the angle α. IC photons move along the direction of motion

of the electrons. Therefore, only the particles of the wind directed towards

to us can produce observable emission.

According to Eq.(6.1) the projected vector of the plasma velocity after

acceleration lies on the line tangential to the light cylinder. The angle θ

between the direction of the motion of relativistic particles in the wind and

the soft thermal photons emitted from the pulsar depends on the distance

r to the axis of rotation, sin θ = (RL/r) cosα.

6.2.2 The ejection rate and the particle spectrum

The total rate of the particle ejection can be estimated within the in-

ner electrostatic gap models of e± pair production in the pulsar mag-

netosphere (Ruderman and Sutherland, 1975), Ṅgap = n±cScapλ, where

Scap = 2πR3
∗Ω/c is the total area of the polar caps of the neutron star where

the roots of the open magnetic field lines are placed, n± is the density of the

particles in the primary beam, Ω is the angular velocity of rotation of the

pulsar, R∗ is the radius of the pulsar and the factor λ takes into account the

electron multiplication due to the development of electromagnetic cascades

in the magnetosphere. Electromagnetic cascades are initiated by the beam

of electrons accelerated up to the Lorentz-factor γgap ∼ 2×107 (Ruderman

and Sutherland, 1975). The density of the particles in the beam is of the

order of magnitude of the Goldreich-Julian density n± = nGJ determined

as nGJ = (ΩB)/2πec (Goldreich and Julian, 1969). For the Crab pulsar the

electromagnetic cascade in the pulsar magnetosphere increases the number
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of particles by a factor of λ ∼ 104 (Daugherty and Harding, 1982; Gurevich

and Istomin, 1985). Correspondingly, the Lorentz-factor of particles is de-

creased by the same factor. The uncertainties in the model parameters and

assumptions do not allow an accurate theoretical estimate of λ, but give a

broad range of possible values of λ between 103 and 105.

The cascade multiplication of the primary electrons accelerated in the

pulsar magnetosphere results in the formation of an e± plasma with

Ṅ =
λB0Ω

2R3
∗

ec2
, and γw0 =

γgap

λ
. (6.2)

The initial Lorentz-factor of particles is close to γw0 ∼ 103. Then, for the

Crab pulsar, the kinetic energy flux of the initial wind is Ė0 ≈ γw0mc
2Ṅ ,

and σ0 = Ėrot/Ė0 ∼ 2.5 × 104.

We assume that the KED wind with σ � 1 is formed in some “accel-

eration region” at a distance Rw from the axis of rotation. The average

Lorentz-factor of the KED wind is determined as < γw >= Ėrot/Ṅ , with a

typical value ∼ 106 − 107. The KED wind is believed to be cold since the

region of the flow of this wind is observed as an “under-luminous” region

(e.g. Kennel and Coroniti, 1984). A hot wind would produce noticeable

synchrotron emission which would contradict the existence of the under-

luminous region.

In calculations presented below we assume that the particle flux in the

wind is isotropic. However to be consistent with the Chandra observations

(Weisskopf et al., 2000), we assume that the Lorentz-factor of the wind

depends on latitude. In the split-monopole model (Bogovalov, 1999), the

Lorentz-factor

γw = γw0 + γmax cos2 α, (6.3)

where γmax = σ0γ0 is the maximum Lorentz-factor of the plasma on the

equator (α = 0); γ0 ∼ 102 and σ0 ∼ 104 are the Lorentz-factor and the

magnetization parameter of the wind near the light cylinder. The wind is

assumed to be monoenergetic at a given latitude. It follows from Eq.(6.3)

that < γw >= 2/3γmax with γmax = eH0R∗

2mc2λ (R∗Ω/c)
2.

6.2.3 IC Radiation of the pulsar wind in Crab

The fluxes of the IC emission are calculated assuming that the observer

detects photons from a monoenergetic beam of electrons of the wind moving

towards the observer. Since the plane of the Crab pulsar equator is inclined
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to the observer at 330 (Hester et al., 1995), it is reasonable to take γmax =

3/2Ėrot/Ṅmc
2, with γw(α) = γmax cos2(330).

The low frequency emission from the Crab pulsar consists of pulsed

and unpulsed components of radiation, as shown in Fig. 6.6. The pulsed

component detected at IR/optical and X-rays is believed to originate in

the magnetosphere. The magnetospheric (nonthermal) emission is likely to

contain also an unpulsed power-law optical component. Although we may

also expect thermal radiation from the surface of the neutron star, there are

only upper limits on the flux of this radiation component. For a radius of

the neutron star of 10 km, this gives us an upper limit on the temperature

of the surface of 1.9 × 106 K.
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Fig. 6.6 Average radiation densities near the light cylinder of the Crab pulsar. The
heavy solid lines show the measured fluxes. Thin solid lines show the interpolations
and extrapolations of the observational data. The spectrum of the expected blackbody
emission component corresponds to a temperature of 1.9 × 106 K.

(a) target photons of nonthermal origin

The IC γ radiation caused by illumination of the wind by the pulsed

soft photon emission should be modulated at the same period of the pulsar.

This is true even for the isotropic wind. To calculate the IC fluxes it
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is assumed that the nonthermal soft emission is generated by relativistic

electrons which have vϕ close to zero, as happens in the inner and outer

gap models. Therefore, the soft photons move along the radial direction.
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Fig. 6.7 The spectra of pulsed γ-ray emission produced by a pulsar wind with γmax =

3×106 (solid lines) and γmax = 3×107 (dashed lines). The curves 1,2, and 3 correspond
to Rw/RL =30, 50, and 70, and the curves 4,5 and 6 to Rw/RL = 50, 70, 100. The
upper limits on the pulsed radiation from Crab Nebula, reported by the Whipple group
at 300 GeV and by the HEGRA group at 1 TeV, are also shown. The beam of the soft
photons is assumed to be radial (from Bogovalov and Aharonian, 2000).

The comparison of the calculated fluxes with the reported TeV up-

per limits on the pulsed emission from the Crab (Fig. 6.7) set a robust

lower limit on the distance at which the wind acceleration takes place. For

standard assumptions about the location of sources of soft nonthermal ra-

diation, it should exceed 30RL, otherwise it would result in a significant

overproduction of VHE γ-rays (compared with the reported upper limits).

This conclusion agrees with the wind acceleration model of reconnection

of the striped magnetic field in the winds of radio pulsars (Michel, 1982;

Coroniti, 1990). However in Crab-like pulsars this mechanism cannot pro-

vide an effective transformation of the Poynting flux to the kinetic energy

of particles (Lyubarsky and Kirk, 2001). The above constraint on the site

of wind acceleration, ≥ 30RL, can be avoided if one assumes that the low-
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frequency pulsed emission is associated with the site of acceleration of the

wind. If so, the soft photons move almost parallel to the relativistic elec-

trons, and therefore the effect of Compton scattering becomes negligible.

This is, however, a rather drastic (to some extent, provocative) assump-

tion, the implications of which need to be thoroughly studied. In the case

of the Crab pulsar, the broad-band nonthermal emission from radio to γ-

rays are in phase with each other, therefore are likely to be produced in the

same region of the magnetosphere. Now, assuming that the KED wind also

originates from the same region, we actually propose that the pulsed radio,

optical, X-rays and γ-rays below 10 GeV are produced at the light cylinder,

but not in the inner magnetosphere, contrary to the standard predictions

of the inner and outer electrostatic gaps models.

Independent of the location of the source(s) of nonthermal soft emis-

sion, we still should expect another Compton radiation component of the

unshocked wind associated with the thermal emission of pulsar.

(b) target photons from thermal isotropic radiation

The γ-ray fluxes expected from the bulk motion Comptonization of the

thermal isotropic radiation of the pulsar by the KED wind produced near

the light cylinder . are shown in Fig. 6.8.

Solid lines correspond to the fluxes produced by the KED wind produced

at Rw = RL and 2RL and temperature Tr = 1.9 × 106 K. The dashed lines

show the spectra of the IC emission for Rw = RL and Tr = 0.9 × 106

K. Note that the differential spectra of IC γ-rays have a specific line-type

feature which is a result of the IC scattering in deep Klein-Nishina regime.

The comparison of the calculated spectra with the observed TeV γ-ray

fluxes of the Crab Nebula apparently rule out the acceleration of the KED

wind at the light cylinder with Lorentz factors within the limits 3 × 105 <

γmax < 3×107. This contradiction could be resolved assuming that (1) the

thermal radiation from the neutron star is significantly less than the flux

for the assumed black-body radiation with Tr ∼ 106 K or (2) the Lorentz

factor of the KED wind is larger than 3× 107 or smaller 3× 105. Since the

assumed surface temperature is close to the theoretical expectations, the

second option seems more attractive.

Although there are certain theoretical arguments which give preference

to Lorentz-factors of the KED wind larger than 106 (Kennel and Coroniti,

1984), we cannot rule out the formation of the KED wind with a larger

pair multiplication factor λ and, correspondingly, smaller γw. Therefore
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significantly lower (by a factor up to 10-100) values cannot be excluded.

Moreover, such small values of the wind Lorenz factor may have an in-

teresting implication regarding the possible interpretation of the unpulsed

GeV γ-ray emission reported by EGRET, which so far does not have an

adequate explanation, either by the electrostatic gap models of the Crab

pulsar or by the inverse Compton models of the Crab Nebula.

Fig. 6.9 demonstrates that a KED wind with γmax ∼ 4 × 104 formed

at Rw = 3RL may produce IC radiation comparable with the EGRET un-

pulsed γ-ray emission below 10 GeV. Of course the exact values for γmax

and Rw depend on the temperature of the blackbody radiation emitted

from the surface of the neutron star as well as on the geometry of the wind.

Nevertheless, the implications of this interpretation are independent of the

details of model assumed. If confirmed by future observations with GLAST,

this hypothesis would allow the first direct measurement of the Lorentz fac-

tor of a pulsar wind. It would also lead to two important conclusions: (i)
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Fig. 6.8 The spectra of unpulsed TeV radiation from unshocked wind of the Crab pulsar.
It is assumed that the KED wind with γmax = 3×106 and γmax = 3×107 is illuminated
by the thermal (blackbody) emission from the surface of the neutron star with radius
R = 10 km. The solid curves correspond to the surface temperature T = 1.9 × 106,
assuming that the wind is accelerated at Rw = RL (1) and Rw = 2RL (2). The dashed
curves correspond to the emission with a lower temperature, T = 0.9 × 106 K, and
RW = RL. The range of the observed unpulsed fluxes of TeV γ-rays from the Crab is
shown by the dashed zone. (From Bogovalov and Aharonian, 2000).
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unusually small Lorentz-factor of the KED wind, and (ii) production of

the pulsed low-frequency radiation of the pulsar in the same region (out-

side of the magnetosphere) where the KED wind is formed. The second

conclusion is required in order to suppress the Comptonization of the wind

by the pulsed low-frequency radiation, and thus to avoid the conflict with

observations around 10 GeV.
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Fig. 6.9 The spectra of unpulsed IC gamma-radiation produced by the wind of the Crab
pulsar. The dotted curves correspond to the KED wind formed at the light cylinder with
Lorentz-factors 4× 104 (a), 8 × 104 (b), and 1.2× 105 (c). The solid curve is calculated
for the wind with a Lorentz-factor 4× 104 formed at Rw = 3RL. The error bars present
the EGRET fluxes (Nolan et al., 1993) of the unpulsed γ-ray component of radiation
from the Crab. (From Aharonian and Bogovalov, 1999).

6.2.4 Gamma rays from winds of PSR B1706-44 and Vela?

The radio pulsar PSR B1706-44, which has a rotation period P = 102

ms, characteristic age T = 1.7 × 104 yr, and spin-down luminosity Ė =

3.4 × 1036 erg/s, is one of the six high energy γ-ray pulsars detected by

EGRET (Thompson, 1999). The pulsed X-ray emission from this young,

energetic radio and γ-ray pulsar was resolved recently by the Chandra

X-ray Observatory (Gotthelf et al., 2002). This result is consistent with

a ROSAT upper limit of less than 18 per cent for the pulsed component
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(Becker and Trümper, 1997). Only an upper limit on the flux of optical

emission (pulsed or unpulsed) from the pulsar has been reported at the

level of 5 × 1029 erg/s (Mignani et al., 1999).

The pulsar PSR B1706-44 is surrounded by a compact X-ray nebula

(Becker and Trümper, 1997; Finley et al., 1998) with a size of ≈ 5 arcsec

(Dodson and Golap, 2002). However the X-ray source is faint, therefore one

cannot that a noticeable fraction of the X-ray flux is due to the unpulsed

component of X-radiation that originates from the pulsar. The spectrum of

X-ray emission in the 0.1-2.4 keV interval, after correction for absorption,

can be approximated by power-law with photon index 2.4 ± 0.6.

The CANGAROO and Durham collaborations have claimed detection

of unpulsed TeV γ-ray emission from this source (see Sec. 2.3.2.2). The

“standard” interpretation of this radiation – the inverse Compton scattering

of relativistic electrons responsible also for the synchrotron X-ray nebula

– may have a serious problem related to the TeV luminosity of the source

which significantly exceeds the X-ray luminosity. This implies that one has

to assume unrealistically small magnetic field in the nebula or invoke strong

energy-dependent propagation effects of electrons to overcome the problem

(see Sec.6.4.4). Below we discuss a different possible solution to the problem

of low Lx/Lγ ratio, assuming that the TeV γ-ray emission is produced by

unshocked ultralelativistic wind. Because the wind is supposed to be cold,

in this scenario the TeV radiation are not accompanied by synchrotron

X-rays.

The reported TeV fluxes are shown in Fig.6.10, together with the spec-

tra of hypothetical IC γ-rays from the unshocked wind, calculated for the

wind Lorentz-factor γmax = 2.2×106. We assume that half of the X-ray flux

observed from the direction of PSR B1706-44 originates from the pulsar.

For the fixed seed photon X-ray luminosity at 1 keV, the resulting IC γ-ray

flux strongly depends on the photon index of X-radiation and the site of

formation of the KED wind. The calculations are performed under the as-

sumption that we observe the pulsar in the equatorial plane, which increases

the flux of γ-rays to the maximum possible value. This is an inescapable

assumption because of the low level of IR/optical and X-ray photons from

the pulsar/neutron star, which constitute the main target fields for produc-

tion of inverse Compton γ-rays. The calculated γ-ray flux of the wind can

only marginally explain the observed TeV flux, even if the KED-wind is

formed very close to the light cylinder. The low-frequency radiation from

PSR B1706-44 is strongly dominated by the unpulsed component, therefore

the TeV γ-ray emission is expected to be essentially unpulsed as well.
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It is seen that the calculated spectra are in a reasonable agreement with

the reported fluxes “C” and “D97” for αx = 2.4. If we adopt the higher (re-

vised later by the Durham group) flux of ≥ 300 GeV γ-rays, the calculated

IC flux could match the reported flux “D98” only if we adopt extreme values

for both site of formation of the KED wind (Rw = RL) and the spectral in-

dex of X-rays (αx = 3). Thus, despite large uncertainties in the estimates of

the X-ray spectrum at low energies (due to the absorption of soft X-rays in

the interstellar medium), as well as large systematic uncertainties in the re-

ported TeV γ-ray fluxes, the unshocked wind origin of TeV γ-rays requires

rather tough assumptions concerning the Lorentz-factor and the geometry

of the wind. Namely, the TeV γ-ray emission observed from PSR B1706-44

can be explained within the framework of this hypothesis provided that (i)

the wind is produced within the ≤ 2Rw proximity of the light cylinder, .

(ii) it has a Lorentz-factor close to 2 × 106, and (iii) we see the pulsar in

the equatorial plane.
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Fig. 6.10 Differential (left) and integral (right) fluxes of IC γ-ray emission of the wind
of PSR B1706-44 calculated for αx = 2.4 (curves “1”) and αx = 3 (curves “2”) and
assuming that RW = RL (solid curves). The dashed curves correspond to αx = 3 and
Rw = 1.6 RL. The symbol “C” indicates the flux level reported by the CANGAROO
collaboration, and the “D97” and “D98” correspond to the initial and revised fluxes
reported by the Durham group.

A decisive test for this hypothesis will be possible by study of spectral

and angular features of radiation at 1 TeV and below. The unshocked

wind model predicts a specific energy spectrum (see Fig.6.10) which can be

checked by the 100 GeV threshold IACT arrays. Also, this model predicts a
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strictly point source structure for the TeV emission, therefore any evidence

of extended character of the source would discard the model.

An important part of the search strategy for γ-ray signals from “un-

shocked pulsar winds” would be observations of several good candidates,

in particular the Vela pulsar. The large spin-down luminosity, L0 =

7 × 1036 erg/s, and relatively well known fluxes of pulsed and unpulsed

components of low-energy (optical and X-ray) emission, make this nearby

(d ' 250 pc) pulsar a good target for future ground-based γ-ray observa-

tions in general, and for the search for unshocked pulsar winds, in partic-

ular. The IC γ-ray fluxes expected for different assumptions concerning

the Lorentz factor of the wind, γmax, are shown in Fig.6.11. The spectra

are calculated for two sites of formation of the KED wind, R = 2RL and

Rw = RL/ cosα, where α ' 34.6◦ is derived from the toroidal structure

of the synchrotron X-ray nebula as measured by Chandra (Helfand et al.,

2001). Note that Rw = RL/ cosα corresponds to the minimum possible

value of Rw. In Fig.6.11 the flux sensitivities of GLAST and the proposed

Fig. 6.11 Spectral energy distribution of the IC gamma-radiation from the wind of the
Vela pulsar calculated for γmax = 6 × 104 (1), 2 × 105 (2), 6 × 105 (3), and 2 × 106 (4).

Solid curves correspond to R = RL/ cos α , and dashed curves correspond to R = 2RL.
The “5-sigma” sensitivities of GLAST and the IACT array 5@5 are also shown.

IACT array 5@5 (see Chapter 2) are also shown. 5@5 should be able to

detect the predicted fluxes for all possible values of γmax in a broad interval

from 104 to 106.
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6.2.5 IC γ-rays from the binary pulsar PSR B1259-63

IC γ-ray fluxes from pulsar winds depend significantly on the density of

target photon fields. It is clear that the 2.7 K CMBR and diffuse galactic

IR/optical photons cannot play significant role in γ-ray production. In the

case of isolated pulsars, the thermal and nonthermal radiation components

associated with the surface of the neutron star and the pulsar magneto-

sphere appear sufficient for the production of detectable IC γ-ray fluxes

from the winds of pulsars with spin-down fluxes L0/4πd
2 ≥ 10−8 erg/cm2,

provided that the KED ultrarelativistic wind is formed close to the light

cylinder. If, however, the KED winds are formed well beyond the light

cylinder, only the winds of strong pulsars like the Crab and Vela can pro-

duce (marginally) detectable IC γ-ray emission. In this regard, the winds of

binary pulsars are expected to be more prolific IC γ-ray emitters, because

these winds encounter an enormous density of photons from companion

stars. A perfect example of such a source is the binary pulsar system PSR

B1259-63/SS2883 (Ball and Kirk, 2000). Despite the relatively modest

spin-down luminosity of the pulsar PSR B1259-63, L0 = 8.3 × 1035 erg/s,

the luminous and hot (L ' 9 × 103L�, T ' 2.2 × 104 K) companion

star SS2883 provides copious seed photons for Comptonization of the wind

electrons. Indeed, at periastron the companion is only 23R∗ ∼ 1013 cm

from the pulsar, thus the density around periastron is about 1 erg/cm3,

i.e. 12 orders of magnitude greater than the density of the diffuse galac-

tic background radiation (Ball and Dodd, 2001). The existence of such a

dense photon field should result in conversion of a significant fraction of

the electron-positron wind power into high energy γ-rays. Assuming that

the wind momentum is entirely carried by electron-positron pairs, the IC

γ-ray flux should be detectable by future powerful IACT arrays, even if

only 10−4 part of the energy of the wind of PSR B1259-63 is released in

γ-rays (fγ ' 3 × 10−13 erg/cm2s for a distance to the source d = 1.5 kpc).

Actually, the IC radiation of this source consists of two components

associated with the shocked and unshocked wind. Kirk et al. (1999) con-

sidered IC scattering in the shocked region of the wind, downstream of the

termination shock, where the pressure of the pulsar wind is balanced with

the companion Be-star wind. Later, Ball and Kirk (2000) realized that the

target photons from the companion star should pervade the wind upstream

of the termination shock. The effect is so strong that the wind can be decel-

erated by ‘Compton drag’ as the electrons lose their energy and momentum

while interacting with background photon fields (Ball and Kirk, 2000). The
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resulting flux of IC γ-rays is expected to be variable because of the pul-

sar’s eccentric orbit. Both the absolute flux and the spectrum of radiation

depend on the geometrical parameters shown in Fig. 6.12. When θp = 0◦,

the electrons are travelling straight towards the companion star, and in-

verse Compton drag has the greatest effect because of the large density of

target photons. For large values of θp, the drag is less effective because of

the small electron–photon collision angle and the drop of the target photon

density as the wind propagates away from the companion star.

pulsar

Companion star

ψ

D

ic

p

γ
Earth

θ
R

r

Fig. 6.12 Sketch of the binary system defining angles and distances. (From Ball and
Kirk, 2000).

Figure 6.13 shows the spectrum of scattered radiation for three differ-

ent initial wind Lorentz factors and three values of θp. The calculations

are performed assuming that the wind momentum is entirely carried by

electron-positron pairs The spectrum is broadest, and the integrated flux

largest, when θp is small and γw(0)ε0 ∼ 1 (where ε0 ' 3kT ' 5 eV is

the mean energy of photons from the companion star). As long as γw(0)

exceeds 105, Compton scattering takes place in the Klein-Nishina regime,

and thus the IC radiation has a line-type spectrum.

The increase from the minimum to the maximum occurs over 65 days

beginning on day −6, just before periastron. The subsequent decrease

occurs far more slowly over the remaining 1170 days of the orbital period.

This dependence, together with the changes in the photon density due to

the changing binary separation, results in a regular variation of γ-radiation.

All the spectra shown in 6.13 are calculated assuming that the wind

is not terminated by the pressure balance. The impact of the termination

of the wind on the scattered emission from the unshocked wind has been

studied by Ball and Dodd (2001) who showed that this effect can decrease

the overall level of IC radiation of the unshocked wind and change the

spectrum. Also, the termination shock almost eliminates the asymmetry

of the light curve before and after the periastron. This implies that unfor-

tunately it is not easy to distinguish between the contributions from the
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unshocked and shocked regions of the pulsar wind. Nevertheless, even if

the wind of the companion optical star dominates that of the pulsar (termi-

nating it in a shock that wraps around the pulsar), the IC γ-ray emission

of the unshocked wind should be still detectable for a wide range of wind

parameters. The detection of a positive γ-ray signal and its identification

with the IC radiation of the unshocked pulsar wind would provide unique

information about the structure of the pulsar wind. Even an upper limit

on the γ-ray flux, would lead to important conclusions, in particular to

revision of our current belief that the pulsar winds are particle dominated

cold ultrarelativistic outflows consisting mainly of electrons and positrons.
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Fig. 6.13 The spectral energy distribution of inverse Compton scattered photons from
the unshocked wind of PSR B1259-63 at periastron as a function of photon energy –
at angles θp = 5◦ (left), 55◦ (middle), and 125◦ (right). The top row of spectra are
calculated for a pulsar wind with an initial Lorentz factor γw(0) = 105, the middle for
γw(0) = 106, and the bottom row for γw(0) = 107. The solid curves include the effects
of the pair production optical depth. (From Ball and Kirk, 2000).
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6.3 Gamma Rays from Pulsar Driven Nebulae

Pulsars lose their rotational energy by driving ultrarelativistic winds of

electrons, positrons and, possibly, ions. If a pulsar is surrounded by a su-

pernova remnant, its winds are thought to terminate at a collisionless shock

front, the location of which is determined by the balance between the wind

ram pressure and the total pressure in the nebula caused by accumulation

of the energy injected in the nebula over the time of the pulsar (Rees and

Gunn, 1974). This condition, as well as an assumption that the energy den-

sity of magnetic field is approximately half of the overall pressure (so-called

“equipartition condition”), gives quite accurate estimates of the position of

the shock and the average nebular magnetic field, in particular for the most

prominent pulsar-driven nebula or plerion (filled supernova remnant), the

Crab Nebula.

The MHD wind model developed by Kennel and Coroniti (1984) satis-

factorily explains many basic features of the Crab Nebula. In this model

the pulsar wind is terminated by a standing reverse shock which acceler-

ates electrons up to 1016 eV and randomises their pitch angles. This leads

to formation of a bright synchrotron source in the region downstream of

the shock. A synchrotron nebulae is formed when the ultrarelativistic, ki-

netic energy dominated wind is confined in a slowly (nonrelativistically)

expanding shell of the supernova remnant. Thus, the major fraction of the

rotational energy of the pulsar is eventually released in nonthermal syn-

chrotron radiation which extends to the hard X-ray or even γ-ray energy

domain. Inverse Compton scattering of the 2.7 K CMBR and (in the Crab

Nebula) the synchrotron radiation of the plerion by the same ultrarelativis-

tic electrons lead to the formation of more energetic γ-radiation extending

to multi-TeV energies. Although in many cases the energy release in IC

γ-rays may constitute only a small fraction of the synchrotron luminosity

of the plerion, the high energy γ-radiation provides a unique channel of

information about the basic parameters of the nebula.

6.3.1 Broad-band nonthermal radiation of the Crab Nebula

The Crab Nebula is a unique cosmic laboratory with an unprecedentedly

broad spectrum of the observed nonthermal radiation which extends over

21 (!) decades of frequencies – from radio wavelengths to very high energy

γ-rays (see Fig. 2.7). This emission is dominated by two major mechanisms

connected with interactions of relativistic electrons with the magnetic and
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photon fields of the nebula. While the synchrotron component is responsible

for the radiation from radio to relatively low energy γ-rays (E < 1 GeV),

the inverse Compton (IC) scattering of electrons is thought to be the most

probable mechanism for TeV γ-rays.

Fig. 6.14 Adaptively smoothed Chandra HETG-ACIS-S image of the central 200′′ ×
200′′ region of the Crab Nebula (From Weisskopf et al., 2000).

The typical energies of electrons responsible for production of syn-

chrotron photons in different energy bands of the Crab spectrum are in-

dicated in Fig. 2.7. Note that although the conclusion about highest en-

ergy electrons is still based on a model (although well justified) assumption

about the synchrotron origin of the hard X-rays/low-energy γ-rays, the de-

tection of γ-rays well above 1013 eV is the first unambiguous evidence of

effective acceleration of particles beyond 1014 eV.

It is commonly accepted that the synchrotron nebula is powered by the

relativistic wind of electrons generated at the pulsar and terminated by a

standing reverse shock wave at a distance rs ∼ 0.1 pc (Rees and Gunn,

1974). Relativistic MHD models, even in their simplified form (e.g. ig-

noring the axisymmetric structure of the wind and its interaction with the

optical filaments), successfully describe the general characteristics of the
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synchrotron nebula, and predict realistic distributions of relativistic elec-

trons and the magnetic field in the downstream region behind the shock

(Kennel and Coroniti, 1984).

While the synchrotron and IC mechanisms seem to provide a reason-

able explanation of the overall nonthermal radiation of the Crab Nebula

(see Fig. 2.7), one cannot exclude possible deviations in different frequency

domains from the simplified picture of the outer nebula described by the

spherically symmetric MHD models. Indeed, the imaging of the Crab Neb-

ula by the Hubble Space Telescope (Hester et al. 1995) revealed a very

rich and complex structure of the inner part of the nebula, on scales down

to 0.2′′. It consists of features like wisps, jets, knots, etc., and exhibits

cylindrical symmetry. The recent imaging of the Crab Nebula in X-rays

by Chandra (Weisskopf et al., 2000) with subarcsecond resolution confirms

the striking richness of the inner nebula (Fig. 6.14). In particular, these

observations revealed, for the first time, an X-ray inner ring within the

X-ray torus (Aschenbach and Brinkmann, 1975), as well X-ray hot spots

along the inner ring.

The distinct axisymmetrical structure of the inner nebula is strong ev-

idence that the most of the rotational energy of the pulsar is released in

the form of a wind which flows along the pulsar equator. But, after 30

years of extensive theoretical efforts, astrophysicists are still far from a full

understanding of the important details of the physics of interaction of the

pulsar wind with the synchrotron nebula. This prominent source remains

a great challenge for future theoretical work.

6.3.1.1 Synchrotron and IC radiation

To calculate the nonthermal radiation of the Crab Nebula, one has to specify

the spatial distribution of the magnetic field, the acceleration site(s) and

the injection spectrum of the relativistic electrons, as well as the character

of their propagation in the nebula. The calculations presented below are

based on the MHD model of Kennel and Coroniti (1984). Although this

model assumes a spherical geometry, which significantly deviates from the

picture shown in Fig. 6.14, it provides a quite accurate estimates for IC

γ-ray fluxes integrated over the size of the nebula.

The MHD model of Kennel and Coroniti (1984) provides all necessary

parameters, in particular it allows self-consistent calculations of the spatial

and spectral distribution of high energy electrons, freshly accelerated at

the wind termination shock and injected into the nebula (wind electrons).
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Meanwhile, the radio emission of the nebula requires an additional low en-

ergy (E ≤ 100 GeV) component of electrons (radio electrons) accumulated,

most probably, during the whole history of the Crab Nebula. Although

the origin and site(s) of this “relic” component are not yet established,

it can be easily incorporated into the calculations of the broad-band syn-

chrotron spectrum with a minimum number of assumptions based on radio

observations (Atoyan and Aharonian 1996).

Fig. 2.7 demonstrates the good agreement of calculations with the ob-

served spectrum of the Crab Nebula up to hard X-rays, and a reasonable

explanation of the γ-ray fluxes up to 1 GeV by the synchrotron radiation.

The best fit is reached by the following combination of the spectra of the

radio and wind electrons: (1) nre(E) ∝ E−αre exp(−E/Ec) with αre = 1.52

and Ec = 150 GeV, and (2) nwe(E) ∝ (E∗ + E)−αwe exp(−E/E1) with

αwe = 2.4, E∗ = 200 GeV, and E1 = 2.5 × 1015 eV. The presentation

of the spectrum of the wind electrons nwe(E) in such a form provides a

the necessary (and natural in the framework of MHD model) flattening

of the spectrum below E∗ ∼ 200 GeV. The transition from the hard to

steep power-laws in the total (radio + wind) electron spectrum at ener-

gies around 100 GeV accounts for the sharp steepening of the spectrum at

IR/optical wavelengths. Therefore detailed spectroscopic measurements in

this energy region would allow us to specify more precisely the values of

Ec and E∗ which define the degree of “smoothness” of transition from ra-

dio to wind electrons. Independent information about the electrons in this

transition region is contained in the 10 to 100 GeV γ-rays produced by the

same electrons upscattering the ambient low-frequency radiation. Mean-

while, determination of the high energy cutoff E1 in nwe(E) is contingent

on measurements of γ-rays in the 1 MeV to 1 GeV energy band.

The existence of ultra-relativistic electrons in the synchrotron nebula

provides production of detectable TeV γ-ray fluxes through IC scattering

(Gould, 1965; De Jager and Harding, 1992; Aharonian and Atoyan, 1995;

De Jager et al., 1996; Atoyan and Aharonian, 1996; Hillas et al., 1998).

Since the target radiation fields which play a major role in the produc-

tion of IC γ-rays in the Crab Nebula (synchrotron, thermal infrared, and

2.7 K CMBR) are well known, the flux of IC γ-rays can be calculated

with good accuracy. For the given flux of synchrotron X-rays, the number

of TeV electrons strongly depends on the nebular magnetic field. There-

fore the IC γ-ray fluxes are very sensitive to the average magnetic field:

I(≥ 1 TeV) ' 8 × 10−12(B̄/0.3 mG)−2.1 ph/cm2s. Thus the comparison

of the predicted and observed TeV γ-ray fluxes allows determination of
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the magnetic field in the central r ∼ 0.5 pc region (where the bulk of X-

rays and TeV γ-rays are produced) with accuracy ∆B/B̄ ' 0.5(∆F/F ).

Although the statistical significance of γ-ray observations of the Crab Neb-

ula is very high, the systematic uncertainties in the flux estimates remain

rather large, ∆F/F ∼ 1. Even with the present uncertainties, the TeV

observations favour the magnetic field in the X-ray production region to be

B̄ ∼ 0.2 − 0.3 mG, which is in agreement with the estimated equipartition

field (Marsden et al., 1984).

Fig. 6.15 The radial distribution of the magnetic field in the Crab Nebula expected
within the framework of the MHD model of Kennel and Coroniti (1984) for different
values of σ-parameter. r = rs corresponds to the distance of the wind termination shock
from the pulsar.

The shape of the spectrum of IC γ-rays does not depend much on the

basic parameters of the nebula, in particular, it is almost independent of

the parameter σ (the ratio of the electromagnetic energy flux to the particle

energy flux at the shock) which in the framework of MHD model defines

the spatial distribution of the magnetic field B(r) at r ≥ rs. Although the

calculations in Fig. 2.7 correspond to σ = 0.005, the measured synchrotron

fluxes can be equally well fitted with σ anywhere between 0.001 and 0.01.

Indeed, since at distances ≥ 3rs, where the bulk of synchrotron and IC pho-

tons are produced, the magnetic field B(r) calculated with the MHD model

of Kennel and Coroniti (1984) depends rather weakly on σ (Fig. 6.15), only
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minor changes in the assumed injection spectrum of electrons are required

to provide the same synchrotron spectrum for different σ within 0.001-0.01.

Consequently, as far as the target photon fields for IC γ-rays are fixed, there

is no room for strong dependence of the calculated IC fluxes on σ.

In Fig. 2.7 are shown the synchrotron and IC components of radiation,

calculated in the framework of spherically symmetric MHD model, which

describes the flux of the Crab Nebula over the whole range of observed

frequencies fairly well. At the same time, in some specific energy intervals,

in particular in the 1-10 MeV, 1-10 GeV, and perhaps also at ≥ 10 TeV

bands the observed energy spectra cannot be easily explained within the

simplified synchrotron-Compton model. Below we discuss possible ways to

account for these features.

6.3.1.2 Second High Energy Synchrotron Component

The spectral measurements of the unpulsed radiation of the Crab by

COMPTEL revealed an unexpected flattening of the spectrum at energies

1-10 MeV (van der Meulen et al., 1998) which follows the well established

steepening of the spectrum above 100 keV. Since such sharp feature could

hardly be attributed to peculiarities in the injection spectrum of shock ac-

celerated electrons, a more natural interpretation of this spectral feature

can be given assuming the existence of an additional radiation component.

Explanation of this radiation excess in terms of nuclear γ-ray line emission

is not supported by observations (van der Meulen et al., 1998), and more

importantly, it contradicts the total luminosity of the Crab Nebula since

only ξ ≤ 10−5 of the energy losses of nonrelativistic protons and nuclei is re-

leased in prompt γ-ray lines, while the main part goes to heating of the am-

bient gas, and thus should show up in the form of thermal radiation with an

unacceptably high luminosity Lthermal ∼ ξ−1Lobs(1−10 MeV) ≥ 1041 erg/s.

While remaining in the framework of the hypothesis of the synchrotron

origin for the radiation up to 1 GeV, the steepening above 100 keV implies

an exponential cutoff in the injection spectrum of the wind electrons at

energies smaller than E1 = 2.5 × 1015 eV used in Fig. 2.7 . If so, the flat

spectrum observed by COMPTEL requires a second population of high

energy electrons. In Fig. 6.16 a possible fit of the observed fluxes up to

1 GeV by two-component synchrotron emission is presented. The first

component is attributed to the same wind electrons as in Fig. 2.7 but with

E1 = 5 × 1014 eV. For the second component a very hard acceleration

spectrum, for example of Maxwellian type, n2(E) ∝ E2 exp(−E/E2) with
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Fig. 6.16 Synchrotron and IC radiation components produced by the first (solid)
and second (dashed) populations of electrons (see text). The heavy solid line
shows the total flux. The hatched region corresponds to I(E) = (2.5 ±

0.4) (E/1 TeV)−2.5 cm−2 s−1TeV−1 which generally describes the reported fluxes from
300 GeV to 70 TeV. (From Aharonian and Atoyan, 1998a).

E2 = 5.5 × 1014 eV, has been assumed. Although here E1 ≈ E2, actually

the mean energy of the second population Ē = 3E2 ' 1.6 × 1015 eV is

larger that the highest energy particles E ∼ E1 effectively present in the

first population. Note that the required acceleration power in the second

electron population is only P2 ∼ Lobs(1 − 10 MeV) ∼ 1036 erg/s, i.e. less

than 1% of the first (main) population, P1 ∼ 3 × 1038 erg/s. This explains

the small contribution of the second electron population in the total IC

γ-ray fluxes up to energies 1014 eV (see Fig. 6.16).

The possible sites of acceleration of the second electron population could

be the peculiar compact regions such as wisps, knots, etc. Since the equipar-

tition magnetic field in these regions is estimated to be as high as few mG

(in that case E2 is reduced to ' 1014 eV) the highest energy electrons could

not escape the acceleration sites due to severe synchrotron losses. Although

these variable structures, with typical size 0.2′′ (Hester, 1995), are not re-

solvable by low-energy γ-ray instruments, the detection of variability of the

1-100 MeV emission would be direct proof for the synchrotron origin of the

“MeV bump”.
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6.3.1.3 Bremsstrahlung and π0-decay gamma rays?

The second feature seen in Fig. 6.16 is the deficit in the predicted IC fluxes

compared to the reported fluxes at GeV energies. The expected IC γ-ray

flux in this energy region is estimated to be, within 20 per cent accuracy,

≈ 10−8(B̄/0.3 mG)−1.3 ph/cm2s. For the equipartition magnetic field of

B ' 0.3 mG this flux is a factor of 5 below that measured by EGRET

(Nolan et al., 1993, Fiero et al., 1998). In order to explain the measured

fluxes in this energy region, an additional component of GeV radiation

was suggested in De Jager et al. (1996), which the authors in their best-

fit “synchrotron+IC” model call a second IC power-law component. To

increase the IC flux one has to suppose that the magnetic field in the radio

nebula (where the low energy γ-rays are produced) is B ∼ 10−4 G. However

this value does not agree with the well defined flux of TeV radiation. Also,

such a low magnetic field would imply that the energy in radio electrons

is We ' 7 × 1048 erg, while the energy in the magnetic field is a factor of

30 smaller. This would make the confinement of electrons in the nebula

rather problematic. Thus, if the high γ-ray flux above 1 GeV reported by

EGRET originates outside the pulsar, i.e. in the nebula, one may need to

invoke additional radiation mechanism.

Bremsstrahlung gamma-rays. For a mean gas density in the nebula of

n̄ ≈ 5 cm−3, the flux of the bremsstrahlung γ-rays cannot exceed 15 % of

the flux of IC γ-rays. In fact, in the Crab Nebula the gas is concentrated

mainly in dense filaments where n ∼ 103 cm−3 (Davidson and Fesen, 1985).

In the case of a uniform distribution of relativistic electrons throughout

the nebula the effective gas density is defined by the mean density of the

nebula, neff ≈ n̄. However, if electrons are trapped, at least partially, in

the regions of high density, i.e. if they propagate slower inside the fila-

ments than outside, then neff � n̄. The fluxes of bremsstrahlung γ-rays

calculated for neff = 50 cm−3 are shown in Fig. 6.17 . The contribution of

the “amplified” bremsstrahlung flux not only could explain the measured

GeV γ-ray fluxes, but also would significantly modify the spectrum at very

high energies (Atoyan and Aharonian, 1996). Indeed, in the energy range

between 100 GeV and 10 TeV the superposition of the IC and the “ampli-

fied” bremsstrahlung components results in an almost power-law spectrum

with an index αγ ' (2.5− 2.7) in contrast to the curved IC γ-ray spectrum

alone, which is hard at E ' 100 GeV (αγ ' 2.0), but becomes significantly

steeper at higher energies (αγ ' 2.7 at E ' 10 TeV).
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Fig. 6.17 The contributions of different γ-ray production mechanisms to the total non-
thermal radiation of the Crab Nebula. The Synchrotron and IC components are the
same as in Fig. 6.16. The bremsstrahlung and π0-decay γ-ray fluxes are calculated for
neff = 50 cm−3. (From Aharonian and Atoyan, 1998b).

π0-decay gamma-rays. Interactions of the nucleonic component of ac-

celerated particles (which may in principle acquire a significant part of the

power of relativistic wind at the reverse shock; see Arons, 1996) with the

ambient gas lead to the production of γ-rays through secondary π0-decays.

However, since the average gas density in the nebula is low, the contri-

bution of this mechanism to the γ-radiation could be detectable only in

the case of partial confinement of relativistic particles in the filaments, so

that neff � n̄. If so, the π0-decay γ rays may show up (on top of the

steep IC spectrum) at TeV energies and beyond (Atoyan and Aharonian,

1996; Bednarek and Protheroe, 1997). In this regard, the detection of up

to 50 TeV γ-rays from the Crab as reported by the CANGAROO (Tan-

imori et al., 1998a) and HEGRA groups (Horns et al., 2003) may have

significant implications concerning the content of the wind and propaga-

tion/interaction of accelerated particles in the filaments. Although the

reported fluxes do not contradict, within the uncertainties in the nebu-

lar magnetic field, an IC origin of the radiation, the estimated differential

power-law spectra from 1 TeV to 50 TeV with power law index close to

2.5-2.7 seems to be significantly harder than the predicted IC spectrum

(αγ ' 3 at 30 TeV).
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In Fig. 6.17 the spectrum of π0-decay γ-rays is shown, calculated for a

power-law differential spectrum of accelerated protons with αp = 2.1, expo-

nential cutoff at E = 1015 eV and significant flattening below E ∼ 1 TeV,

as is expected from wind acceleration models. For neff = 50 cm−3 used in

Fig. 6.17, the π0-decay fluxes shown correspond to a total energy in ac-

celerated protons of Wp = 1.5 × 1048 erg, a quite acceptable amount from

the point of view of the energy budget of the Crab. It is interesting to

note that for the chosen parameters the superposition of 3 components of

radiation – “IC+bremsstrahlung+π0” – results in the power-law spectrum

with αγ ' 2.5 over the entire energy range from 100 GeV to 100 TeV. This

spectrum significantly differs from the pure IC spectrum, and provides a

better fit to the reported data, the compilation of which is presented in

Fig. 6.16 and 6.17 by the hatched zone. However, given the large uncer-

tainties in the reported γ-ray fluxes, one cannot at present make a strong

statement about the role of the bremsstrahlung and π0 signatures in the

Crab spectrum.

Fig. 6.18 Predicted brightness distributions of high energy γ-rays in the Crab Nebula
at different energies. The heavy solid curve corresponds to the brightness distribution at
E = 100 GeV expected in the case of enhanced bremsstrahlung contribution. All other
curves are for the pure IC γ-rays . (From Atoyam and Aharonian, 1996).
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6.3.1.4 The objectives of future gamma ray studies

The multiwavelength observations of the Crab Nebula have already pro-

vided important information about the nonthermal energy in the form of

magnetic fields and relativistic electrons. However, many details remain

still unresolved which need to be addressed by future observations. Impor-

tantly, the fluxes of the source exceed, by at least one order of magnitude,

the sensitivities of the current or planned instruments at practically all fre-

quencies of the observed spectrum. This ensures further significant progress

in understanding the complex processes in the interaction of the relativistic

pulsar wind with the nebula. Below we outline some issued to be addressed

by new observations in different energy bands.

Probing electrons and B-fields in the synchrotron nebula. The

most informative frequency band to probe the acceleration site(s) and the

character of propagation of the ultrarelativistic electrons in the nebula is the

X-ray domain. The recent studies of of the spatial and spectral structure of

the X-ray emission of the Crab Nebula by Chandra (Weisskopf et al., 2000)

provide essential material for comprehensive modelling of synchrotron ra-

diation in the inner part of the nebula. Since the cooling time of electrons

responsible for the X-radiation, tsy ≈ 50(B/10−4 G)−3/2(ε/1 keV)−1/2 yr,

is very short compared to the age of the source, the total flux of synchrotron

X-rays is a perfect calorimetric measure of the (quasi)-continuous accelera-

tion rate of ultrarelativistic electrons, Ẇe ≈ Lx, and thus also the power of

the kinetic energy dominated wind. At the same time, since the luminos-

ity of synchrotron X-rays emitted in this regime is almost independent of

the magnetic field, the X-ray measurements do not tell us much about the

strength and spatial distribution of the magnetic field. Such information

is contained in TeV γ-rays produced by the same electrons, because the

fraction of energy of electrons released in IC γ-rays is determined by the

ratio of energy density of magnetic field (∝ B2) to the energy density of

target photon fields.

Although the limited angular resolution of γ-ray detectors does not al-

low, at least presently, mapping of the source on subarcmin scales, the

measurements of integral fluxes of IC γ-rays at different energies, being

coupled with synchrotron radiation in the relevant energy bands, could

compensate for this disadvantage. Such an analysis is possible due to the

relationship between the energies of synchrotron and IC photons produced

by the same electrons. Thus, the spatial distribution of synchrotron radia-

tion in different bands provides important (although not completely model-
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independent) information about the regions of production of γ-rays at dif-

ferent energies. The brightness distributions of γ-rays shown in Fig. 6.18

are calculated within the framework of the spherically symmetric MHD

model of Kennel and Coroniti (1984). Although more realistic spatial dis-

tributions of the TeV electrons seen in Chandra images would modify these

symmetric distributions, the results presented in Fig.6.18 quite correctly de-

scribe the average extensions of γ-ray production regions in different energy

bands. For example, since the TeV γ-rays are produced by IC scattering

of the electrons responsible for the observed keV X-rays, the estimate of

the magnetic field based on keV/TeV data relates to the central r ∼ 0.5 pc

region of the Crab Nebula. A model-independent estimate of the magnetic

field in the outer parts of the (optical) nebula can be provided by measure-

ments of γ-ray fluxes at E ∼ 100 GeV. Similarly, the fluxes of E ≥ 10 TeV

γ-rays, combined with hard X-ray data (E ≥ 100 keV), could allow deter-

mination of the magnetic field in the vicinity of the wind shock front at

r ∼ 0.1 pc. Remarkably, as the target photon fields for IC γ-rays are well

known, the accuracy of the estimate of the magnetic field could be better

than 25%, provided that the γ-ray fluxes are measured with an accuracy of

better than 50%.

While at energies between 1 and 10 TeV IC scattering dominates over

all other possible radiation mechanisms, at energies below 1 TeV and above

10 TeV other processes connected with interaction of the relativistic par-

ticles with the nebular gas might contribute to the production of γ-rays

as much as the IC does. Therefore determination of the magnetic field

based on γ-ray fluxes in these energy regions requires separation of the IC

contribution from the possible contamination due to γ-rays of other origin.

The shape of the spectrum of IC γ-rays does not vary much with the basic

parameters of the nebula. While at GeV energies the IC spectrum is very

hard, with a power-law index of Γγ ≈ 1.5, in the VHE region the spectrum

gradually steepens from Γγ ≈ 2 at E ∼ 100 GeV to Γγ ≈ 2.5 at E ∼ 1 TeV,

and Γγ ≈ 2.7 at E ∼ 10 TeV. Confirmation of this spectral shape is one

of the important issues to be addressed by new observations, in particular

by the stereoscopic systems of imaging atmospheric Cherenkov telescopes

which provide good spectrometry with energy resolution ≤ 20 per cent and

high localisation precision for point VHE sources with subarcmin accuracy.

Although this still is not sufficient for adequate study of the angular struc-

ture of the VHE γ-ray production region in the Crab, in combination with

expected large photon statistics it could provide an answer as to whether

the observed γ-rays are produced in nebula, or should they be attributed
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to the pulsar or unshocked wind.

Interaction of accelerated particles with filaments. Although the

uncertainties in the reported fluxes at energies 1-10 GeV do not allow

us to draw definite conclusions about the conflict between the observa-

tions and the predicted IC γ-ray fluxes, the confirmation of high EGRET

fluxes by future observations, e.g. by GLAST, would require more effective

mechanism(s) responsible for γ-ray production in this energy region. The

bremsstrahlung of radio electrons seems to be an intriguing possibility. In

particular, it implies an effective confinement of the relativistic particles in

dense filaments to provide sufficiently high effective gas density (“seen” by

relativistic particles) neff ≥ 50 cm−3. Another possible explanation of the

EGRET excess flux is IC radiation of the unshocked pulsar wind, provided

that the Lorentz factor of the wind is smaller by an order of magnitude

than the “nominal” value, Γ ∼ 106, required by the model of Kennel and

Coroniti (1984).

The enhanced rate of interactions of relativistic particles with the gas

due to their confinement in high density regions, opens the possibility of

probing the content of the pulsar wind by searching for π0 γ-rays in the

spectrum of the Crab at very high energies. Indeed, for the effective gas den-

sity neff ≥ 50cm−3, the total energy of accelerated protons is estimated as

Wp ≤ 2×1048 erg. This is quite a reasonable amount for the energy budget

of the Crab, which however would be sufficient for significant modification

(hardening) of the resulting “IC+π0” spectrum. If future accurate spectro-

metric observations of the Crab show that the power-law γ-ray spectrum

measured at TeV energies extends, without noticeable steepening, well be-

yond 10 TeV, it would be strong evidence of acceleration of a nucleonic

component of cosmic rays in the Crab up to energies of 1015 eV, as well

as a high concentration of relativistic particles in dense gas regions. Inter-

estingly, since this will result in enhanced bremsstrahlung γ-rays as well,

the total “IC+bremsstrahlung+π0” radiation spectrum is expected to be

almost a single power-law for over three decades in energy, from 100 GeV

to 100 TeV.

Origin of hard (MeV) synchrotron radiation. The steepening in

the synchrotron spectrum above 100 keV followed by hard MeV radiation

(“MeV bump”) can be naturally interpreted as the superposition of two

different radiation components, both, most probably, of the synchrotron

origin. If the first component is attributed to the diffuse emission of the

synchrotron nebula, the second component could originate in one or a few
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compact structures, e.g. in knots or in the jet, where the strong magnetic

field (B ≥ 10−3 G) could create favourable conditions for both effective

acceleration of highest energy electrons and production of synchrotron ra-

diation up to ∼ 100 MeV. The limited angular resolution of hard X-ray/soft

γ-ray detectors does not allow direct identification of these compact struc-

tures. On the other hand, since the cooling time of electrons producing

MeV synchrotron radiation does not exceed the light crossing time of these

compact structures, the detailed study of the spectrum and flux variability

of radiation in this energy domain by INTEGRAL and GLAST missions,

could compensate, to some extent, for the lack of spatial information.

Indirect information about the site(s) of the synchrotron “MeV bump”

is also contained in low energy X-rays. Indeed, even in the case of an ex-

tremely hard injection spectrum (e.g. monoenergetic or Maxwellian type)

of electrons responsible for the “MeV bump”, the energy flux of this com-

ponent at 1-10 keV range cannot be less than 10−10 erg/cm2s, so it perhaps

could be resolved by Chandra even if this flux is due to the superposition

of a large number of subarcsecond structures. Note, however, that the de-

tection of these structures in X-rays will not be sufficient to identify them

as the sites of “MeV bump”. The important criteria for such identifica-

tion would be the energy spectrum of this component which is expected to

be essentially harder than the X-ray spectrum of the surrounding diffuse

synchrotron nebula.

6.4 High Energy Gamma Rays from Other Plerions

The existence of the bright synchrotron nebula around the Crab pulsar very

often is interpreted as a crucial condition for effective production of IC γ-

rays. In fact, the strong magnetic field in the Crab Nebula produced by

the strong wind only reduces the γ-ray production efficiency. Indeed, the

energy density of the B-field exceeds by almost three orders of magnitude

the density of the photon fields, thus only ∼ 0.1 per cent of the energy of

accelerated electrons is converted to the IC γ-rays, the rest being emitted

away by synchrotron photons. The low efficiency of γ-ray production is

compensated by the powerful injection of relativistic electrons, thus the

Crab Nebula is a copious γ-ray emitter not because of the existence of

the surrounding nebula but as a result of very high injection rate of rela-

tivistic electrons by the pulsar into the nebula, L̇e ' 4 × 1038 erg s−1. In

fact, the efficiency of IC γ-ray production would be expected significantly
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higher if the magnetic field were weaker. In other plerions with significantly

lower pulsar spin-down luminosities, and consequently weaker pulsar winds,

the magnetic fields are expected to be more than one order of magnitude

smaller. This makes these objects more effective γ-ray emitters in which

the radiative energy loss of electrons is shared between synchrotron and IC

channels more evenly, Lγ/LX = wMBR/wB ' 1 (B/3µG)−2.

Low ambient magnetic fields can be realized, in particular, if the en-

ergetic electrons are injected into the ISM by a pulsar which has already

left its supernova remnant. Another interesting possibility for the effective

formation of an intense IC γ-ray nebulae around pulsars can be attributed

to old pulsars which continue to inject relativistic electrons at late stages

as well, when the remnant has almost disappeared.

The energy of relativistic electrons, if injected by an isolated pulsar into

the conventional regions of the ISM with a magnetic field BISM ∼ 3−5µG,

is released mainly in the form of extended synchrotron (optical to X-ray)

and IC (γ-ray) nebulae. The X-ray luminosity of the nebula around an

isolated pulsar is expected to be much less than the X-ray luminosity of the

Crab Nebula due to both lower spin-down luminosities and low ambient

magnetic fields in the vicinity of these pulsars. Nevertheless, modern X-ray

detectors like Chandra an XMM-Neuton should be able to see faint X-ray

nebulae around many pulsars.

The energy spectrum and the angular distribution of both the X-ray

and γ-ray components depend essentially on the character of propagation

of electrons. The parameter L0/4πd
2, where L0 is the pulsar spin down

luminosity and d is the distance to the source, might be an indicative of

the level of the overall (integrated over the entire extended emission region)

X-ray and γ-ray fluxes, provided that the significant fraction of the pulsar’s

spin down luminosity (e.g. η ≥ 50% like in the Crab pulsar) is transferred

to relativistic electrons, and the age of the pulsar exceeds the cooling time

of ≥ 10 TeV electrons. Then, fluxes of TeV γ-rays at the level of 10 mCrab

can be predicted from the direction of pulsars having a parameter S0 =

L37/d
2
kpc ≥ 10−3 (where L37 ≡ L0/1037 erg/s and dkpc ≡ d/1 kpc), provided

that approximately 1 per cent of the wind power (≈ L0) goes into TeV γ-

rays. This corresponds to the maximum allowed magnetic field strength

B ≈ (8π × 100w2.7K)1/2 ≈ 30 µG. Tens of pulsars with S0 = L37/d
2
kpc ≥

10−3 are found in our Galaxy. This permits optimism that many IC γ-

ray nebulae surrounding these pulsars could be detected by forthcoming

IACT arrays with predicted flux sensitivities at TeV energies better than

10 mCrab.
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There are only a few parameters which define the fluxes of the syn-

chrotron and IC radiation observable over more than 20 decades of fre-

quencies from 107 Hz to ν ≥ 1027 Hz, the principal ones being the magnetic

and ambient photon fields, as well as the “prompt” (current) spectrum of

relativistic electrons. The latter in its turn depends on the electron injection

spectrum and the history of evolution of the source.

6.4.1 Time-evolution of electrons

The spectrumN ≡ N(Ee, t) of relativistic electrons at an instant t is defined

by the equation (e.g. see Ginzburg and Syrovatskii, 1964)

∂N

∂t
=

∂

∂Ee
[P N ] − N

τ
+Q , (6.4)

where Q ≡ Q(Ee, t) is the electron injection rate, P ≡ P (Ee) is the en-

ergy loss rate, and τ ≡ τ(Ee) is the escape time of the electrons from

the nebula. Assuming a δ-function injection at instant t1, i.e. Q(Ee, t) =

Q1(Ee)δ(t − t1), one finds the Green-function solution G(Ee, t, t1) for an

arbitrary injection spectrum Q1(Ee) ≡ Q(Ee, t1), if considering Eq.(6.4)

at t > t1 with initial condition G(Ee, t = t1, t1) = Q1(Ee). The com-

plete Green-function solution in the case of energy-independent escape,

τ(Ee) = const, is given in Ginzburg and Syrovatskii (1964). For an arbi-

trary τ(Ee) and arbitrary Q1(Ee) the Green-function solution to Eq.(6.4)

at t ≥ t1 is

G(Ee, t, t1) =
P (ζt)Q1(ζt)

P (Ee)
exp

(

−
∫ t

t1

dx

τ(ζx)

)

, (6.5)

where ζt depends on t− t1 and Ee, and is found from the equation

t− t1 =

∫ ζt

Ee

dE

P (E)
. (6.6)

The variable ζt corresponds to the initial energy of an electron at instant

t1 which is cooled down to given energy Ee by the instant t. Note that

ζt1 = Ee, and dζt/dt = P (ζt). Integration of G(Ee, t, t1) over dt1 gives the

general solution to Eq.(6.4):

N(Ee, t) =
1

P (Ee)

∫ t

−∞

P (ζt)Q(ζt, t1) exp

(

−
∫ t

t1

dx

τ(ζx)

)

dt1 . (6.7)
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In the numerical calculations below continuous injection of elec-

trons with a “power-law with exponential cutoff” spectrum, Q(E) =

Q0E
−Γe exp (−E/E0), is assumed. An example of electron spectra formed

in a nebula after 104 yr stationary injection of relativistic electrons by a

pulsar into the surrounding medium is shown in Fig. 6.19.

6.4.2 Target photon fields

In order to demonstrate the impact of uncertainties of the background

photon fields on the IC γ-ray fluxes, in Fig. 6.20 the contributions of 4

different target photon fields into the total IC flux are shown assuming that

a pulsar of age t0 powers, through termination of the relativistic wind, the

surrounding medium with B = 3×10−5 G by injecting relativistic electrons

with a constant rate Le = 1037 erg/s.

Formally, the target photon fields can be subdivided into 2 groups,

namely, (i) the external galactic and extragalactic photon fields, and (ii)

the internal radiation produced by the source itself. With the exception

of the Crab Nebula, the internal radiation fields do not play significant

role in production of IC γ-rays. The most important extragalactic field for

production of IC γ-rays is the 2.7 K CMBR. The contribution of the galactic

Fig. 6.19 The electron spectra in a nebula at the present epoch, assuming that a 104 yr
old pulsar continuously injects relativistic electrons into the surrounding medium with a
spectrum Q(E) ∝ E−2 exp (−E/103 TeV) and power Le = 1037 erg/s. The curves shown
are calculated for the following magnetic fields: B = 10−4 G (solid line), B = 3×10−5 G
(dashed line), B = 10−5 G (dot-dashed line), and B = 3 × 10−6 G (fancy line).
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background radiation is essentially due to the dust and starlight photons

with peak intensities at λ ∼ 100 µm and λ ∼ 1 µm, respectively. While

the density of the 2.7 CMBR is universal with wMBR = 0.25 eV/cm3, the

density of the both galactic background fields varies from site to site, with

average values being wdust ∼ 0.05 eV/cm3 and wsl ∼ 0.5 eV/cm3 (Mathis et

al., 1983). Since plerions are located near the galactic plane, this may lead,

in principle, to uncertainties of the calculated IC γ-ray fluxes. Fortunately

these uncertainties turn out not to be crucial. Indeed, as it follows from

Fig. 6.20, even for densities of the dust FIR and starlight radiations wFIR =

0.5 eV/cm−3 and wsl = 1 eV/cm−3, which are respectively 10 and 2 times

10
3
yr total

total

10  yr
4

Fig. 6.20 The contributions of different target photon fields to the production of IC γ-
rays : 2.7 K CMBR (solid line); FIR with wFIR = 0.5eV/cm3 and T = 100 K (dot-dashed
line); NIR/optical with wsl = 1eV/cm3 and T = 5000K (dashed line); synchrotron-self-
Compton radiation produced by relativistic electrons for the source size r0 = 2pc and
magnetic field B = 3 × 10−5 G (dotted line). The overall spectrum of IC γ-rays is also
shown. The injection spectrum of relativistic electrons with Γe = 2, E0 = 100 TeV, and
total injection rate Le = 1037 erg/s are supposed. Ages for the pulsar of t0 = 103 yr
(upper panel) and t0 = 104 yr (lower panel) are considered. The left-hand-side axis
indicates the γ-ray flux luminosities, the right-hand side axis is scaled to the energy
fluxes expected for a distance to the pulsar of d = 1kpc. (From Aharonian et al.,

1997b).
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higher than the average galactic disk values, the IC scattering of electrons

on the 2.7 K CMBR dominates at all γ-ray energies. Since it is rather

difficult to speculate with such dramatic gradients of the diffuse galactic

background even in very bright regions of the galactic disk, one may neglect

with rather high confidence the contribution of these two target photon

fields. In Fig. 6.20 the synchrotron-self-Compton component of radiation

calculated for a source size 2 pc is also shown. Its contribution does not

exceed a few per cent of the total γ-ray flux. Thus, in the production of IC

γ-rays the 2.7 K CMBR dominates over all other seed photon fields. This

fact significantly reduces the uncertainties of predicted γ-ray fluxes.

6.4.3 Effects of B-field, electron energy, and pulsar age

The fluxes and the spectral shape of both synchrotron and IC radiation

at a given time t0 depend on the prompt spectrum of electrons N(Ee, t0)

given by Eq.(6.7).

For magnetic fields comparable with the strength of ISM magnetic field,

BISM ∼ (3 − 5) × 10−6 G, the synchrotron and IC processes contribute

equally to the total energy losses. Correspondingly, in this regime the ener-

gies released through the synchrotron and IC radiation channels are compa-

rable. But when the magnetic field in the source noticeably exceeds BISM,

the energy dissipation of electrons is determined by synchrotron losses. This

leads to a strong imbalance between the energies released in the synchrotron

and IC channels. This is seen in Fig. 6.21a, where the calculated luminosi-

ties of a nebula with different magnetic fields are shown. We assume that a

104 yr old pulsar continuously injects into the nebula relativistic electrons

with luminosity Le = 1037 erg/s. In order to show clearly the effect of

steepening of the electron spectrum due to the radiative energy losses, in

this figure a very large value of E0 = 103 TeV is assumed. The relevant

electron spectrum N(Ee, t = 104 yr) is shown in Fig 6.19.

Because of cooling, the prompt spectrum of electrons above energies

E ≥ E∗ ' 12(B/10−5 G)−2(t0/104 yr)−1 TeV (defined from the condition

tr = t0) becomes steeper than the injection spectrum, Γe+1. An increase of

the magnetic field leads to a decrease of the high energy part of the electron

spectrum, and correspondingly to suppression of the IC γ-ray luminosity

above E ∼ hν(E∗/mec
2)2 as Lγ ∝ B−2. At the same time, since the

synchrotron emissivity is proportional to B2, the suppression of the number

of high energy electrons does not result in a reduction of the synchrotron

luminosity.
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Moreover, since at B ≥ 10−5 G the Compton losses can be neglected,

the synchrotron luminosity saturates at its maximum value (a factor of

2 higher than at B = 3 × 10−6 G). A higher magnetic field has a strong

impact on the low frequency spectrum of the synchrotron radiation. Indeed,
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Fig. 6.21 Synchrotron and inverse Compton radiation components from a nebula sur-
rounding a pulsar injecting electrons with a power-law spectrum, αe = 2, at a constant
rate Le = 1037 erg/s. a (top panel): The age of the pulsar T = 104 yr and the cutoff en-
ergy of electrons E0 = 1000 TeV are fixed. The curves correspond to B = 10−4 G (solid
lines), B = 3×10−5 G (dashed lines), B = 10−5 G (dot-dashed lines), and B = 3×10−6 G
(3dot-dashed lines). b (middle panel): T = 104 yr and B = 10−5 G are fixed. The curves
correspond to E0 = 100 TeV (solid line), E0 = 10TeV (dashed line) E0 = 1TeV (dot-
dashed line). c (bottom panel): B = 10−5 G and E0 = 100 TeV are fixed. The curves
correspond to T = 103 yr (fancy line), T = 104 yr (solid line), T = 105 yr (dashed line),
T = 106 yr (dot-dashed line). The left-hand-side axes indicate the γ-ray flux luminosi-
ties, the right-hand side axes are scaled to the fluxes expected for d = 1kpc. (From
Aharonian et al., 1997b)
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with the increase of the magnetic field, the modified (∝ E−Γe−1
e ) part of

the electron spectrum extends to lower energies, which eventually results

in the transition of the radiation spectrum from E−1.5 to E−2.

Larger magnetic fields lead to a shift of the spectrum of the synchrotron

radiation to higher energies (ε ∝ BE2
e ). However this cannot prevent the

cutoff of radiation caused by the exponential cutoff in the injection spectrum

of electrons. The corresponding cutoff is seen also in the spectrum of IC

γ-rays. The impact of E0, for the fixed value of the magnetic field B =

10−5 G, is demonstrated in Fig. 6.21b. From this figure we may conclude

that if the power-law spectrum of electrons continues beyond 10 TeV, the

IC γ-ray luminosity peaks at TeV energies and synchrotron luminosity

peaks at keV energies, with Lγ/Lx = wph/wB ' 0.1(B/10−5 G)−2. The

X-ray fluxes would be dramatically suppressed if E0 is less than 10 TeV.

In particular, at E0 ≤ 1 TeV the X-rays disappear from the synchrotron

spectrum completely. This leads also to strong suppression of TeV γ-ray

fluxes. However, the γ-ray fluxes below 100 GeV still remain at a rather

high level, f(≥ 100 GeV) ∼ 3 × 10−12 erg cm−2s−1, detectable by future

atmospheric Cherenkov telescopes with 100 GeV threshold energies. Thus,

in such cases we should expect VHE γ-ray nebulae surrounding pulsars

without accompanying X-ray nebulae.

Since in the case of continuous injection of electrons, the energy E∗ ∝
(B2t0)

−1 is the only parameter which determines the spectral shape of the

electrons, the spectrum of the IC radiation is an invariant to the product

B2t0. Obviously, the spectrum of the synchrotron radiation has a more

complicated dependence on B and t0. In particular, since the character-

istic energy of synchrotron photons is proportional to the the BE2
e , the

transition region from E−1.5 to E−2 occurs at photon energies defined by

the combination B−3t−2.

The extended X-ray nebula around pulsars with t0 ≥ 103 yr can be seen

at the level of fx ≥ 10−12 erg/cm2s if the above introduced “spin-down”

energy flux S0 = L37/d
2
kpc ≥ 0.01, provided that a significant part of the

spin-down luminosity is transformed into the wind of relativistic electrons

with spectra extending beyond 10 TeV. This conclusion is almost indepen-

dent of the ambient magnetic field, therefore one may foresee the detection

of many faint synchrotron nebulae surrounding pulsars by Chandra and

XMM-Neuton. The crucial test for this hypothesis would be the detection

of accompanying TeV IC γ-radiation from these objects.
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6.4.4 Synchrotron and IC nebulae around PSR B1706-44

The PSR B1706-44 is one of the γ-ray pulsars detected by EGRET above

100 MeV (Thompson et al. 1999) and a possible TeV source (Kifune et

al., 1995; Chadwick et al., 1998a). The possible association of the TeV

emission with the radiation of the unshocked pulsar wind was proposed in

Sec.6.2.4. Below a more conventional scenario for TeV γ-ray production is

discussed assuming that the reported TeV emission is due to inverse Comp-

ton scattering of electrons which are (partly) responsible for the compact

X-ray nebula around the pulsar.

The compact X-ray nebula surrounding PSR B1706-44 was discovered

by ROSAT (Becker and Trümper, 1997) and confirmed recently by Chandra

(Dodson and Golap, 2002). The X-ray morphology supports the association

of PSR B1706-44 with the supernova remnant G343.1-2.3 (Dodson and

Golap, 2002). The high resolution VLA images at GHz frequencies revealed

also a compact (≈ 3 arcmin) spherical nebula of synchrotron radio emission

(Giacani et al., 2001). The observations with the ATCA telescope show

extended synchrotron radio emission on much larger scales (Dodson and

Golap, 2002).

The X-ray nebula is very compact with a size of 5 arcsec, but since

the source is faint one cannot exclude that non-negligible X-ray emis-

sion is produced also at larger distances from the pulsar. In accordance

with the ROSAT data, the soft X-ray emission in the range 0.1-2.4 keV,

corrected for the absorption, can be fitted by power-law spectrum with

differential photon index αx = 2.4 ± 0.6 (Becker et al., 1995) and lu-

minosity L0.1−2.4keV ≈ 1.2 × 1033 erg/s. The ASCA results in the 2-10

keV band give a similar result, αx = 2.3 ± 0.3 (Finley et al., 1998) and

L2−10keV ≈ 3 × 1033 erg/s.

PSR B1706-44 has been reported to be a VHE γ-ray source (Kifune

et al., 1995; Chadwick et al., 1998a). The inverse Compton origin of this

radiation by relativistic electrons accelerated at the wind termination shock

seems the most natural interpretation of the TeV radiation (Harding, 1996;

Aharonian et al., 1997b; De Jager and Harding, 1998). However, a simple

one-zone approach to the interpretation of X-ray and TeV γ-ray data faces

a serious difficulty. The problem here is related to the unexpectedly small

Lx/LTeV ratio. The reported γ-ray flux (Kifune et al., 1995) J(≥ 1 TeV) '
8 × 10−12 cm−2s−1 implies a VHE γ-ray luminosity exceeding 1034 erg/s,

i.e. an order of magnitude larger than the X-ray luminosity. Since the

luminosities of X- and γ-rays are proportional to the energy densities of



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

290 Very High Energy Cosmic Gamma Radiation

the magnetic field and the 2.7 K CMBR, we immediately arrive at the

conclusion that the magnetic field should be uncomfortably (for a pulsar

driven nebula) small, B ≤ 3 µG. Note that this is smaller than the field

in conventional parts of the interstellar medium. Also, the estimate of the

equipartition B-field in the radio nebula around PSR B1706-44 gives an

order of magnitude larger value, B ∼ 20 µG (Giacani et al., 2001). Since

there is a little gap between the typical energies of electrons responsible

for both X-rays and TeV γ-rays, we cannot exploit the dependence of the

Lx/LTeV ratio on the shape of the electron spectrum. The assumption

about higher seed photon fields around PSR B1706-44 does not help much

either (Aharonian et al., 1997b). A more effective way to overcome this

problem could be to assume that the bulk of electrons have streamed out to

regions outside the wind nebula. This implies that the X-rays are mainly

produced in the nebula where the magnetic field is high, while TeV γ-

rays are produced everywhere (because of the universal distribution of the

main seed photon field, 2.7 K CMBR). In case of fast escape of electrons,

the bulk of IC γ-rays is formed outside the nebula. The fact that the X-

ray luminosity of the nebula constitutes only a small fraction of the wind

power (≈ spin-down luminosity of the pulsar), Lx/L0 ∼ 10−3, is a good

argument in favour of this assumption. Note that in the Crab Nebula,

where the relativistic wind is likely to be confined by a slowly expanding

shell, the spin-down power of the pulsar is dissipated in the nebula, and

finally is radiated away in the form of synchrotron radiation with very high

efficiency, Lx ∼ L0.

In Fig. 6.22 broad band-spectra of PSR B1706-44 are shown, calculated

for a magnetic field profile approximated as Bx = 2 × 10−5 G inside and

Bγ = 3 × 10−6 G outside the compact X-ray nebula. It is assumed that

the escape of electrons from the compact X-ray nebula is described by the

time τ(Ee) = 10 (E/20 TeV)−δ yr. If δ 6= 0, the electron spectrum in the

X-ray nebula is modified due to the energy-dependent escape. This effect is

important at low energies, below 1 TeV, where the radiative losses are neg-

ligible. For the energy-independent propagation of electrons (δ = 0), the

differential spectra of synchrotron radiation below 0.1 keV and IC γ-rays

below 100 GeV have similar shapes with photon index αr = (Γe+1)/2 = 1.5

(solid lines). For demonstration of the effect of energy-dependent escape

or steep injection spectrum of electrons, in Fig. 6.22 the fluxes calculated

for δ = 0.5 and Γe = 2.5 are shown. The radiation fluxes calculated for

single power-law injection spectra of electrons require an electron injection

rate Le ' 5 × 1036 erg/s which slightly exceeds the spin-down luminosity
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of PSR B1706-44. The energy requirement could be significantly softened

if one assumes low-energy cutoff in the electron injection spectrum, which

would suppress the low-frequency synchrotron radiation to a non-observable

level, without a noticeable impact on the synchrotron X-ray and TeV IC

γ-ray fluxes (Fig. 6.22). Note, in this regard, that the low-energy cutoff at

E ∼ 1 TeV is not an unrealistic assumption. In fact, the hypothesis of the

relativistic magnetised wind from a pulsar implies a monoenergetic flux of

electrons. The redistribution of these electrons to a power-law spectrum

could occur later on the wind termination shock, as in the Crab Nebula

(Kennel and Coroniti, 1984). However, for less powerful pulsars the forma-

tion of the wind termination shock, may not be as effective as in the Crab.

As a consequence, the spectrum of electrons injected into the nebula may

not significantly broadened.

Fig. 6.22 demonstrates that the simplified two-zone model with high

and low B-fields inside and outside of the compact X-ray nebula, gives quite

o

oo

Synch IC
VLA

Fig. 6.22 The expected fluxes of the broad-band synchrotron radiation produced in the
region of the compact X-ray nebula around PSR 1706-44 with angular size less than
1 arcmin and the IC gamma-radiation produced in more extended region, � 1 arcmin.
The magnetic field profile is approximated by Bx = 2 × 10−5 G and Bγ = 3 × 10−6 G
inside and outside of the compact X-ray nebula. The escape time of electrons is given
by τ(Ee) = 10 (E/20TeV)−δ yr. The injection spectrum of electrons is assumed to be a
power-law with index Γe = 2 and exponential cutoff at E0 = 20 TeV. The solid curves
are for δ = 0, and the dashed curves for δ = 0.5. Two other curves are calculated for
δ = 0.5, assuming for the electrons injection spectrum Γe = 2.5 and a low energy cutoff
at E∗ = 10 TeV (dot-dashed) and 100 GeV (3dot-dashed). The fluxes at radio (VLA),
X-ray (ROSAT) and TeV γ-rays (CANGAROO) are also shown. (From Aharonian et

al., 1997b).
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reasonable fits to the X-ray and γ-ray data, provided that the multi-TeV

electrons escape the compact nebula on timescales ∼ 10 yr. If the propa-

gation of electrons proceeds in the diffusion regime, the diffusion coefficient

should be close to the Bohm limit. It is clear that the two-zone scenario

discussed above requires comprehensive tests based on detailed morpho-

logical and spectrometric studies at both X-ray and TeV energies. While

the spectra of X-rays and γ-rays above 1 keV and 1 TeV weakly depend

on details concerning the injection spectrum and the character of propaga-

tion of multi-TeV electrons, the fluxes of synchrotron radiation at radio, IR

and optical frequencies and the fluxes of IC γ-rays below 100 GeV strongly

depend on both the electron injection spectrum and the propagation effects.

Broad-band studies of different radiation components of the nebula sur-

rounding PSR B1706-44 should provide important insight into the physics of

relativistic electron-positron winds in pulsars. While Chandra and XMM-

Neuton are well suited for studies of this source in the X-ray band, the

observations at optical and IR frequencies are very difficult, given the large

(∼ 1 arcmin) size of the synchrotron nebula. In this regard, observations

in the γ-ray domain seem to be more promising. The fluxes of IC γ-

rays at GeV and especially at TeV energies are above the sensitivities of

GLAST and IACT arrays. The expected angular extensions and fluxes of

this and (hopefully, many) other similar objects match the performance of

the stereoscopic Cherenkov telescope arrays like CANGAROO-III, H.E.S.S.

and VERITAS to map the moderately extended (≤ 0.3◦) γ-ray production

regions on angular scales ∼ 1 arcmin, and provide detailed spectral studies

at energies between 100 GeV and 10 TeV.
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Chapter 7

Gamma Rays Expected from

Microquasars

7.1 Do We Expect Gamma Rays from X-Ray Binaries?

In one of the first attempts to classify the potential VHE γ-ray emitters,

X-ray binaries were attributed to the category of serendipitous sources, i.e.

objects which “...do not have any firm a priori basis for their selection

as candidate VHE γ-ray sources” (Weekes, 1992). Nevertheless, this very

class of objects played an important role in γ-ray astronomy, in particular

initiating in the 1980s a renewed interest in ground based γ-ray observa-

tions. But ironically, the same sources ultimately raised questions about

the credibility of the results of ground-based γ-ray astronomy from this

period (see Chapter 2). Consequently, now most experts treat these data

with a (healthy) scepticism, especially after the failure of new generation of

ground-based instruments to confirm the early claims of detection of TeV

signals from X-ray binaries and cataclysmic variables. As a result, since the

early 1990s X-ray binaries have not been considered as primary targets for

VHE γ-ray observations. This pessimistic view was largely supported also

by the belief that X-ray binaries should be treated, first of all, as thermal

sources effectively transforming the gravitational energy of the compact ob-

ject (a neutron star or a black hole) into thermal X-ray emission radiated

away by the hot accretion plasma.

However, since the discovery of galactic sources with relativistic jets,

dubbed Microquasars (Mirabel and Rodriguez, 1994), the general view on

the role of nonthermal processes in X-ray binaries has significantly changed.

It is now established that non-thermal processes do play a non-negligible

role in these accretion-driven objects. Approximately 20 per cent of the

∼ 250 known X-ray binaries show synchrotron radio emission, and observa-

tions in recent years have revealed the presence of radio jets in several classes

293
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of X-ray binary sources (see e.g. Spencer, 1998; Fender, 2001). The high

brightness temperature and the polarization observed in the radio emission

from X-ray binaries are indicators of the synchrotron origin of radiation.

It is now established that the non-thermal power of synchrotron jets (in

the form of accelerated electrons and kinetic energy of the relativistic out-

flow) during strong radio flares could be comparable with, or even exceed,

the thermal X-ray luminosity of the central compact object, most likely

a stellar mass black hole (for a review see Mirabel and Rodriguez, 1999).

If the acceleration of electrons proceeds at a very high rate, the spectrum

of synchrotron radiation of the jet can extend to hard X-rays/soft γ-rays

(Atoyan and Aharonian, 1999; Markoff et al., 2001). Moreover, the high

density photon fields provided by the accretion disk around the compact

object and by the companion star, as well as produced by the jet itself,

create favourable conditions for effective production of inverse Compton γ-

rays inside the jet (Levinson and Blandford, 1996; Atoyan and Aharonian,

1999; Georganopoulos et al., 2002). Generally, this radiation is expected to

have an episodic character associated with strong radio flares in objects like

GRS 1915+105. Besides, the electrons accelerated by a shock created by

the jet propagating through the supersonic wind driven by the companion

star (Atoyan et al., 2002) would result in a (quasi) stationary high en-

ergy IC γ-rays, the optical target photons being copiously supplied by the

companion star (Paredes et al., 2000). The shocks generally should accel-

erate protons as well. But the γ-ray production through p− p interactions

may be effective only in high gas density regions. In particular, the old

“atmospheric target” (bombardment of the normal star’s atmosphere by a

relativistic beam of particles accelerated at the compact object – Berezin-

sky, 1976; Eichler and Vestrand, 1984; Hillas, 1984b) or “target crosses

beam” (interaction of a moving gas target with a beam of relativistic parti-

cles – Aharonian and Atoyan, 1991a; 1996b) scenarios can provide copious

production of high energy γ-rays of hadronic origin1. And finally, besides

the γ-rays produced in small-scale (sub-pc) jets of microquasars, one may

expect persistent high energy γ-radiation from extended synchrotron lobes

formed by electrons accelerated at the interface between the relativistic jet

and the interstellar medium (Aharonian and Atoyan, 1998b), or by protons

interacting with dense molecular clouds (Heinz and Sunyaev, 2002).

1Although these models had been inspired by reports of the detection of VHE signals
from Cyg X-3, Her X-1 and some other X-ray binaries, which were later discredited, the
models themselves still present a certain interest as viable scenarios of efficient γ-ray
production.
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7.2 Nonthermal Phenomena in Microquasars

The discovery of microquasars opened new possibilities for exploration of

the phenomenon of relativistic jets common on a larger scale in AGN (see

Chapter 9). Both type of objects are believed to be powered by accretion

of matter by a collapsed object, by a stellar mass (typically 10 M�) black

hole in a microquasar and by a super-massive (up to 109 M�) black hole

in an AGN. Due to their proximity and many orders of magnitude smaller

masses of the central black holes, the microquasars offer an opportunity

for monitoring the jets on much shorter spatial and temporal scales than

it is possible for AGN. Moreover, the “Eddington flux”, LEdd/d
2 (LEdd '

1.3×1038(M/M�) erg/s is the so-called Eddington luminosity – an indicator

of the potential power of the source, and d is the distance to the source),

is typically larger by 2 to 4 orders of magnitude for microquasars than for

AGN. This enables detection of microquasar jets with Doppler factors even

as small as δ ≤ 1, in contrast to the case of the inner jets in AGN, the

detection of which requires strong Doppler boosting. It is important that

for microquasar jets with aspect angles of ∼ 90◦, as in the superluminal

jet sources GRS 1915+105 and GRO J1655-40, the Doppler factors of the

approaching and receding components are comparable, therefore both are

detectable, providing valuable information obtained by radio observations.

A large fraction of microquasars is associated with the so-called galactic

black-hole candidates (BHC). The spectra of these highly variable objects

extend to the domain of very hard X-rays. OSSE observations of a number

of transient BHCs (see Grove et al., 1998) indicate that there are at least

two states which characterise the energy spectra of these objects - (i) the

hard/low state has a typical power-law photon index ∼ 1.5 with a cutoff

around 100 keV; in some sources like Cyg X-1 a new component of radiation

extending to MeV energies is possible, (ii) the soft/high state with a single,

relatively steep power-law spectrum with photon index 2.5-3, but without

indication of a spectral break up to 1 MeV or so. These two spectral states

can be seen in Fig. 7.1 where the energy spectra of seven transient BHCs

are shown.

Observations of the microquasars GRS 1915+105 and GRO J1655-40

and the prominent black-hole candidate Cyg X-1 (likely also a microquasar;

see Stirling et al., 2001) by the COMPTEL instrument on the Compton

GRO show that the spectra of these sources may extend up to 10 MeV

(Iyudin, 2000; McConnell et al., 2002). For any reasonable temperature

of the accretion plasma, models of thermal Comptonization cannot explain
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the MeV radiation, even when one invokes the so-called bulk-motion Comp-

tonization (e.g. Laurent and Titarchuk, 1999). The MeV radiation requires

a new, most likely nonthermal component of radiation. It is interesting to

note that a significant excess above 300 keV in the spectrum of Cyg X-1 was

found by HEAO-1 long ago (Nolan et al., 1981). For explanation of this

excess Aharonian and Vardanian (1985) have proposed a model which the

X/γ spectrum of Cyg X-1 is formed as superposition of two components – (i)

the thermal Comptonization component with a conventional temperature of
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Fig. 7.1 Energy spectra of seven transient BHCs (from Grove et al., 1998). For clarity
of the figure, the fluxes are scaled by arbitrary factors as indicated at the curves. The
transient GRS 1716-249 is shown twice to demonstrate the difference between the spectra
detected at different states.
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the accretion plasma kTe ∼ 20−30 keV (Sunyaev and Titarchuk, 1980) and

(ii) a nonthermal high energy component produced during the development

of a linear pair cascade initiated by relativistic particles in the accretion

plasma surrounding the black hole. A modern version of that model, called

the “hybrid thermal/non-thermal Comptonization” model (for a review see

Coppi, 1998), provides reasonable spectral fits in the energy interval from

10 keV to 10 MeV for both the hard/low and the soft/high states observed

by the Compton GRO detectors (McConnell et al., 2000). This type of

model contains an ad hoc assumption about existence of a relativistic elec-

tron population in the accretion plasma, either as a result of direct electron

acceleration or through pion-production processes in the two-temperature

accretion disk with Ti ∼ 1012 K (e.g. Eardley et al., 1978, Eilek, 1980;

Mahadevan et al., 1997). However, despite good agreement with the ob-

served spectra, these models do not explain the tight temporal correlation

observed between the low/hard X-ray state and the radio emission (Corbel

et al., 2000).

An alternative site for production of γ-rays could be the synchrotron

jets. In particular, it has been proposed that the synchrotron emission

of microquasars might extend to X-ray energies, either in the extended

jet structure (Atoyan and Aharonian, 1999) or close to the base of the

jet (Markoff et al., 2001). The hard X-ray/low energy γ-ray emission

of microquasars can be explained also in terms of Compton scattering of

external photons (from the accretion disk and the companion star) by the

relativistic electrons in the persistent jets of objects like Cyg X-1 and XTE

J1118+480 (Georganopoulos et al., 2002). The interpretation of γ-rays

in terms of nonthermal radiation either via ‘synchrotron-self-Compton’ or

‘external Compton’ scenarios is similar to the models proposed for TeV

blazars (see Chapter 10).

The possible sites for production of different components of broad-band

radiation in a microquasar are schematically shown in Fig. 7.2.

Generally, the microquasars provide more information, compared to the

AGN jets, for quantitative study of nonthermal radiation processes in the

jets. In particular, the two sided moving jets observed in galactic sources

remove some ambiguities typical for extragalactic jets (e.g. the jet Doppler

factors). The time scales of energy generation and dissipation processes

in the accretion disks which launch (in one or another way) the jets, are

proportional to the mass of the central black hole. Therefore, microquasars

give us a unique chance to study many dynamical processes in relevant

time-scales (from seconds to days), while the corresponding time scales of
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analogous processes in AGN exceed the human life time-scales (Sam et

al., 1996). For example, the simultaneous observations of GRS 1915+105

led to the exciting discovery that the bulk of the X-ray emitting accretion

plasma around the black hole disappears in less than several seconds of

formation of the (nonthermal) radio jets (see Mirabel and Rodriguez (1999)

and references therein). This is a clear indication of the close relation

between the accretion and ejection phenomena. At the same time, many

questions concerning the origin, content, energy budget and the structure

of jets in microquasars remain open. Are they dominated by kinetic energy

of particles or by Poynting flux? Is the kinetic power carried by e-p plasma

or by electron-positron pairs? Moreover, we do not know whether the jets

consists of discrete plasmons or whether they are sub-relativistic continuous

flows with internal shocks. Although in the radio images of GRS 1915+105

one clearly sees discrete structures, it does not yet exclude models of quasi-
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Fig. 7.2 The sites of formation of broad band radiation of a typical microquasar (from
Fender, 2002). The normal companion star is a source of optical photons. The soft
and hard X-rays are produced in the accretion disk and in the corona. All these ra-
diation components have thermal origin. Low energy γ-rays can be produced due to
inverse Compton scattering of a hypothetical nonthermal electron population in the
corona. The synchrotron radiation from the jets is observed from radio to mm and in-
frared wavelengths. It is possible that the radiation of the jet extends to X-rays (due to
the synchrotron and/or IC components), and even high energy γ-rays (through inverse
Compton scattering).
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continuous flow with internal shocks. It is quite possible, in fact, that

we are dealing with more than one population of jets. For example, the

existence of emission lines in the optical spectrum of the jet in SS 433 is

an indicator of the nucleonic content of the outflow in this object. At the

same time, we cannot exclude that in other sources the jets are dominated

by electron-positron pairs. The jets can two- or one-sided, quasi-continuous

or consisting of discrete plasmons, etc. The differences of jet structures in

three famous galactic objects - GRS 1915+105, SS 433 and Cyg X-3 are

demonstrated in Fig. 7.3.

For conclusive predictions about the γ-ray fluxes expected from micro-

quasars, detailed modelling of the radiation processes in relativistic outflows
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Fig. 7.3 Radio images of three famous galactic sources with relativistic jets (from
Fender, 2002). Left: ejections from GRS 1915+105 observed with MERLIN (Fender
et al., 1999); Top right: a continuous two-sided image of the jet of SS 433 observed with
the VLBA (Paragi et al., 2001); Lower right: a VLBA image of a one-sided curved jet
from Cyg X-3 (Mioduszewski et al., 2001).
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is obviously needed. The γ-ray fluxes strongly depend on several model pa-

rameters characterising physical conditions in the jet. While some of these

parameters can be fixed quite confidently by modelling the radio flares of

microquasars, for others, like the maximum energy of accelerated particles,

we have to introduce certain ad hoc assumptions. It is remarkable that ra-

dio emission from X-ray binaries like Cyg X-1 and Cyg X-3 has been treated

within the model of radiation from a conical jet long before the of discovery

of microquasars (Hjellming and Johnston, 1988). Presently a large amount

of observational data has been accumulated which allows comprehensive

study of synchrotron radio flares of microquasars based on quantitative

time-dependent treatment of injection, propagation and radiation of elec-

trons in two conceptually different models. The first class of models assumes

that the synchrotron radiation is produced by discrete expanding plasmons

(clouds containing relativistic electrons and magnetic fields) in an optically

thin regime. Different modifications of the basic approach of expanding

clouds for interpretation of variable radio sources have been suggested in

a number of earlier works (Kardashev, 1962; van der Laan, 1966; Band

and Grindlay, 1986). A formalism for the quantitative study of evolution

of the energy distribution of relativistic electrons in an expanding magne-

tised medium for an arbitrary time-dependent injection rate, taking into

account both adiabatic and radiative energy losses, as well as losses caused

by the escape of electrons in energy-dependent and time-dependent form,

has been developed by Atoyan and Aharonian (1999). This formalism is

described in Appendix B. It has been shown that the well studied radio

flare of GRS 1915+105 during the March 1994 is in good agreement with

the synchrotron emission of relativistically expanding clouds.

Kaiser et al. (2000) have developed an alternative model for radio flares

of microquasars based on the assumption of quasi-continuous jet ejection

during outbursts. The shock fronts travelling along the jet accelerate rel-

ativistic particles which emit the observed synchrotron radiation. The un-

derlying physical processes of this model are similar to the internal shock

model proposed for description of radiation features of gamma-ray bursts

(Rees and Meszaros, 1994) as well as for interpretation of X- and γ-ray

emission of inner jets in blazars (Ghisellini, 1999).

Despite certain conceptual differences between the “discrete plasmons”

and “internal shocks” approaches, the differences in fact are not too large

for calculations of the radio emission. The main difference between these

approaches actually is that the “discrete plasmon” model does not specify

the energy reservoir for accelerated electrons, and implies a quasi-isotropic
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electron distribution in the source rest frame (this corresponds to an as-

sumption that the bulk speed of relativistic plasma in the source frame is

small). Because in the rest frame of a strong relativistic shock the down-

stream speed of the plasma is sub-relativistic at best, the difference between

these two approaches cannot be dramatic. In fact, this is confirmed by the

modelling by Kaiser et al. (2000) of the evolution of radio fluxes of the

19 March 1994 outburst of GRS 1915+105 in terms of relativistic internal

shocks propagating in the continuous jets, with the parameters for the radio

source rather similar to those derived in the ‘discrete plasmon’ approach

(Atoyan and Aharonian, 1999). Note, however, that the model of Kaiser

et al. (2000) does not allow an energy-dependent escape of radio electrons

from the jet, therefore in order to explain the spectral evolution (steepen-

ing) of the radio fluxes, they have to assume a sharp cutoff in the injection

spectrum of electrons at low (GeV) energies. Obviously, in that case one

could neither account for the synchrotron flares in the IR (except for very

early stages, during the first ≤ 15 min, of the outbursts; see discussion in

Kaiser et al., 2000), nor expect high energy γ-ray fluxes.

7.3 Modelling of Radio Flares of GRS 1915+105

Radio flares in microquasars are associated with ejection of pairs of rel-

ativistic outflows which contain relativistic electrons and magnetic fields.

Study of the 19 March 1994 outburst of GRS 1915+105, when such a pair

of relativistic (v ≈ 0.92c) radio jets were first discovered in a galactic source

(Mirabel and Rodriguez, 1994), is still of special interest, because this par-

ticular flare remains one of the most powerful and long-lived events detected

from this source, with rather detailed information available on the evolu-

tion of the spectra and fluxes of both ejecta resolved and monitored by VLA

during > 40 days after the outburst.

An important and general feature of the evolution of radio flares of mi-

croquasars is the rapid (≤ 1 d) rise time of the fluxes Sν ∝ ν−αr , with

a transition from an optically thick (αr ≤ 0) to optically thin (αr > 0)

synchrotron spectra, which is a characteristic signature of an expanding

radio source. Fast expansions of synchrotron sources are observed also in

smaller scales flares where during ≤ 1 hr the synchrotron spectrum grad-

ually becomes transparent at progressively longer wavelengths from IR to

radio domains (Mirabel et al., 1998).

Another important feature of the evolution of radio flares is that the
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initially hard spectral index of αr ∼ 0.5 around flare maximum later steep-

ens, typically during less than a few days, to αr ≥ 1. Because of rather

short time scales involved, such fast spectral modifications at photon fre-

quencies ν ≤ 10 GHz cannot be attributed to the “synchrotron aging”

of radio emitting electrons, which would be possible only on time scales

tsyn ∼ 150 (ν/10 GHz)−1(B/1 G)−3/2 days. In fact, these fast modifications

in the radio spectra can be explained as a result of an energy-dependent

escape of radio electrons from the emission region.

Fig. 7.4 Model fits to the time evolution of the radio fluxes (bottom panel) and spectral
indices (top panel) at 8.42 GHz of the southern and northern jets of the 19 March 1994
outburst of GRS 1915+105. The fluxes expected in the case of a smooth time profile of
an injection rate of the electrons into the ejecta are shown by dashed curves, and the
solid curves show the fluxes in the case of a short-term (≤ 1 d) increase of the electron
injection rate into both clouds at the same intrinsic times t′a = t′r ' 9 d. The dotted line
corresponds to the case of a similar peculiarity in the behaviour of the magnetic field.
For details see Atoyan and Aharonian (1999).
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These are two principal features of the model in which the pair of jets of

the 19 March flare are approximated as relativistically moving and spher-

ically expanding plasmons. Although the model contains a number of free

parameters, the large amount of the observational information available

for this particular flare places rather tight limits on the possible range of

variations of the principal parameters, such as the expansion speed, the evo-

lution of the magnetic field, the power-law index of the injection spectrum

of electrons, the energy dependence of the electron escape from the jet, the

characteristic time profile of the continuous injection rate of electrons (e.g.

through their shocked front surfaces) into the clouds, etc. (Atoyan and

Aharonian, 1999).

The expansion of the cloud. In order to explain the clouds’ opacity (τν ≤ 1)

at t0 = 4.8 days after the ejection, the size of the cloud should exceed

R0 ∼ (0.5− 1)× 1014 cm, (depending on the magnetic field B0), and conse-

quently an initial speed of expansion v0 between 0.1 c and 0.2 c is needed.

This agrees with the expansion speed deduced directly from observations.

Also, to allow energy-dependent escape of electrons from the cloud (e.g. as

τesc(E) ∝ E−1), which is assumed for explanation of the observed steep-

ening of the radio spectrum at later stages of the flare, we should require

a deceleration of the cloud’s expansion, e.g. as vexp = v0(1 + t/t∗)
−k with

t∗ ∼ 1 − 3 days (in the frame of the jet), and k ∼ 0.7 − 1.

The relativistic electrons and magnetic fields. The power of injec-

tion/acceleration of electrons and the magnetic field in the cloud are

strongly coupled. At t0 = 4.8 days after formation of the jet (Mirabel and

Rodriguez, 1994), the estimates of the equipartition magnetic field and the

injection rate of relativistic electrons give Beq ' 0.2 G, and Le ∼ 1038 erg/s,

respectively (note, however, that in the expanding cloud the magnetic

field could be lower than its equipartition value). To explain the ob-

served rate of decline of the flare one has to assume: (i) reduction of the

magnetic field with the radius of the cloud as B ∼ R−m with m ∼ 1,

and (ii) decrease of the injection rate of the relativistic electrons at late

stages, e.g. as qe(t) ∼ q0(1 + t/t∗)−p with p ∼ 2k. Under these assump-

tions, the shape of the injection spectrum of electrons is approximated as

Qe(E, t) = qe(t)E
−2 exp(−E/Ec). Since the synchrotron radio emission of

the jet requires electrons with energy ≤ several GeV, the radio observa-

tions do not tell us much about the cutoff energy in the electron spectrum.

Meanwhile, the possible synchrotron origin of the IR emission observed
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from GRS 1915+105, especially at late stages of evolution, when the mag-

netic field does not exceed 0.1 G, implies that electrons with energy up to

at least several tens of GeV should be present in the jet.

The resolution of both approaching and receding jet components of the

19 March flare gives the flux ratio of the ejecta Sa/Sr = 8 ± 1, whereas

Sa/Sr ' 12 is expected for a pair of radio clouds moving in opposite di-

rections with speeds va = vr = 0.92c (Mirabel and Rodriguez, 1994). This

feature may be interpreted as an indication of shocks propagating with

speeds vsh ' 0.92c in the continuous jets of relativistic plasma flowing with

a bulk velocity vj ' 0.7c (Bodo and Ghisellini, 1995). However, the ob-

served flux ratio can be readily explained also in terms of a pair of discrete

plasmons, if one allows only a small difference (i.e. an asymmetry) between

the intrinsic parameters of the counter ejecta, such as a few per cent differ-

ence in the speeds of their propagation va and vr (Atoyan and Aharonian,

1997).

The ability of the “discrete plasmon” model to provide good fits to the

time evolution of radio emission of both ejecta of March 19 1994 event is

demonstrated in Fig. 7.4. It should be noted that it is possible to explain the

observations with an accuracy comparable with the high (∼ 5 %) accuracy

of the measurements reported by Mirabel and Rodriguez (1994), if one

assumes a short-term impulsive increase (‘after-impulse’) of the injection

rate of relativistic electrons into both clouds at the same intrinsic times

t′a = t′r ' 9 day after ejection. If true, such a synchronous ‘after-impulses’

would prove that the ejecta, even far from their ejection site, still continue

to be fed with energy from the central engine through continuous flow

of relativistic winds/jets, which remain otherwise invisible before colliding

with radio ejecta and terminating in shocks.

7.4 Expected Gamma Ray Fluxes

The observations of synchrotron emission in the near IR band (e.g. Mirabel

et al., 1998), and especially the detection of an IR synchrotron jet in

GRS 1915+105 a few weeks after ejection (Sams et al., 1996; Eikenberry

and Fazio, 1997), when the magnetic field in the expanding cloud hardly

exceed 0.1 G, tell us that the spectrum of accelerated electrons in the jets

should extend at least up to several tens of GeV. If the electrons in the jets

are accelerated further beyond TeV energies, we could expect also X-rays

and even MeV γ-rays of a synchrotron origin from microquasars.
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The bulk of X-rays observed from GRS 1915+105, with the peak lumi-

nosity during strong flares exceeding 1039 erg/s, is believed to be produced

in the thermal accretion plasma around the black hole. However, since the

observed X-ray spectra are rather steep, with a typical power-law photon

index αx ∼ 3 in the region of tens of keV (see Fig. 7.1), the synchrotron

component may become visible above 100 keV where the thermal emission

is suppressed.

Direct evidence for acceleration of relativistic electrons beyond TeV en-

ergies in the jets of microquasars can be provided by a detection of IC

γ-rays at energies Eγ ≥ 100 GeV. The calculations in the framework of the

synchrotron-self-Compton model show that during the strong flares one

may indeed expect significant fluxes of VHE γ-rays. The detectability of

these γ-rays essentially depends on physical conditions in the expanding

ejecta, especially on the maximum energy of accelerated electrons and on

the level of the magnetic field.

Fig.7.5 shows the fluxes of synchrotron and IC radiations of

GRS 1915+105 that could be expected from a flare similar to the 19 March

1994 outburst at an early stage, t = 2.4 h after the ejection. The calcula-

tions are done for different combinations of the two principal (for production

of high energy γ-radiation) parameters, the maximum electron energy, Ec,

and the magnetic field, B0, in the clouds at an instant t0 ' 4.8 d when the

clouds reach the size R0 ' 1015 cm. All other model parameters, including

the power-law index m = 1 that describes the evolution of the magnetic

field with time, are the same as the ones used in Fig. 7.4 for modelling of

the 19 March 1994 radio flare of GRS 1915+105.

The calculations shown in Fig.7.5a correspond to the magnetic field

B0 = 0.1 G (at t = 4.8 d), and 3 different cutoff energies in the electron

injection spectrum: Ec = 50 GeV, 1 TeV, and 20 TeV. It is seen that while

the synchrotron spectrum up to IR frequencies (∼ 1 eV) and IC spectrum

up to 1 MeV are insensitive to Ec (provided that it exceeds 50 GeV),

detectable synchrotron X-ray and very high energy IC γ-ray fluxes could

be produced (e.g. at the level of 10−11 erg/cm2s) only when Ec � 1 TeV.

The acceleration of electrons beyond 1 TeV is a necessary, but not suffi-

cient, condition for visibility of the jet in VHE γ-rays. The second condition

is related to the magnetic field which, as the calculations show, should not

exceed its equipartition value, close to B0 ∼ 0.2 G, otherwise only a small

part of the energy of electrons is released in γ-rays through the IC chan-

nel. Indeed, as is seen in Fig. 7.5b, for B0 = 0.2 G the fluxes of both

synchrotron X-rays and IC γ-rays are rather low, whereas the assumption
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of B0 ≤ 0.1 G results in a significant increase of both of these fluxes. Such a

profound variation of high energy radiation with magnetic field is a result of

the strong dependence of the synchrotron radiation on the magnetic field,

Sν ∝ B1+αr . In order to provide the same flux at radio frequencies, a de-

crease of the magnetic field, say, by a factor of a = 2 should be compensated

by an increase of the injection rate of electrons by a factor of a1+αr ∼ 3.

Fig. 7.5 The synchrotron (thin curves), and IC (heavy curves) energy fluxes which
could be expected from a flare like the 19 March 1994 event of GRS 1915+105 at 0.1 day
after the outburst (from Atoyan and Aharonian, 1999). Top panel: B0 = 0.1G and
Ec = 20 TeV (solid), 1 TeV (dashed), and 50 GeV (dot-dashed). Bottom panel: Ec =
20 TeV and B0 = 0.05 G (solid), 0.1 G (dashed), and 0.2 G (dot-dashed). All other
model parameters are the same as those used in Fig. 7.4 to explain the 19 March 1994
radio flare. The hatched region shows the level of hard X-ray flux typical for the strong
flares, and the heavy solid line indicates the level of the VHE γ-ray flux detected from
the Crab Nebula.
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Different magnetic fields B0 actually require different injection rates Le for

relativistic electrons. Thus, for calculations in Fig. 7.5b the electron injec-

tion rates are Le ' 4 × 1038 erg/s, 1.2 × ×1039 erg/s and 3.6 × 1039 erg/s

for the fields B0 = 0.2 G, 0.1G and 0.05G, respectively. This difference in

the injection rates has the strongest impact on the fluxes of synchrotron

radiation at high energies which are produced, unlike the radio fluxes, in

the so called saturation regime (when the electrons radiate away all their

initial energy during the time period which is significantly shorter than the

typical dynamical timescales characterising the source).

It is seen from Fig. 7.5b that during the first several hours after ejection,

when the cloud is still opaque at the radio frequencies, the synchrotron

flux at energies ≥ 100 keV may dominate over the extrapolation of the

thermal component, and may result in a noticeable hardening of the overall

spectrum even below 100 keV. The hard X-ray spectra of microquasars are

usually explained by the Comptonization in the high temperature accretion

plasma around the black hole. However in those cases when the hard power-

law tails extend beyond several 100 keV, and in some sources even beyond

1 MeV, a simple thermal Comptonization approach seems insufficient, and

synchrotron MeV γ-rays could then be a possible alternative.

The magnetic field strength in the jets has a stronger impact on the

intensity of IC γ-rays than on the synchrotron flux (see Fig.7.5b). For

a given field of soft photons, the increase of the magnetic field by factor

of a results in the decrease of the ratio of the photon to the magnetic

field energy densities, wrad/wB, by a factor of a2. Since the IC and the

synchrotron emissivities are proportional to wrad and wB, respectively, with

an increase of the magnetic field in the ejecta not only the electron injection

power becomes smaller, but additionally the fraction of that power which

is channelled (in the “saturated emission” regime) into the IC γ-rays is

considerably reduced.

Fig.7.6 demonstrates the evolution of integral fluxes of synchrotron and

IC γ-rays expected during a flare like the outburst of 19 March 1994, assum-

ing a low B-field (B0 = 0.05 G) and different exponential cutoff energies Ec

in the spectra of accelerated electrons. It is seen that in the case of accel-

eration of electrons in the ejecta beyond 10 TeV the synchrotron radiation

may dominate over the flux of IC γ-rays at least up to 10 MeV

The γ-ray fluxes above several 100 GeV during the first few hours of

the flare could be as strong as the persistent flux of the Crab Nebula (see

Fig. 7.6), provided that the electrons are accelerated to 20 TeV and beyond.

If so, observations during the early stage of the flare (≤ 1 h) could result
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in detection of a statistically significant high energy γ-ray signal from the

jet. During next 1-3 days the IC γ-ray fluxes drop significantly, but they

remain still at the detectable ‘0.1 Crab’ level. Afterwards the signal drops

beyond the reach of contemporary detectors.

Fig. 7.6 Gamma-ray fluxes expected at different times t during a powerful flare like
the 19 March 1994 outburst of GRS 1915+105, calculated for B0 = 0.05G assuming 3
different exponential cutoff energies: Ec = 20TeV (solid), Ec = 1TeV (dashed), and
Ec = 30GeV (dot-dashed). The heavy solid line corresponds to the level of the VHE
γ-ray flux of the Crab Nebula. (From Aharonian and Atoyan, 1998b).
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7.5 Searching for Gamma Ray Signals from Microquasars

The results of the previous section show that for flares as strong as the

March 1994 outburst of GRS 1915+105, there are reasonably high expecta-

tions for detection of γ-ray signals from microquasars. The predicted fluxes

are rapidly declining with the flare evolution, and depend strongly on the

level of magnetic field in the ejecta as compared with the energy density of

relativistic electrons we. Thus, significant IC γ-ray fluxes could be expected

for a magnetic field in the ejecta evolving with power-law index m = 1 and

B0 = 0.05 G (when the cloud expands to a size R0 ' 1015 cm). Formally, a

lower magnetic field would result in higher fluxes. However, since already

for B0 ≤ 0.03 G the required electron injection power, Le ≥ 1040 erg/s, is

close to the bulk kinetic power of the jet of GRS 1915+105 (Gliozzi et al.,

1999), we should not expect γ-ray fluxes significantly exceeding the ones

shown in Fig. 7.6.

On the other hand, for a magnetic field close to the equipartition level,

B0 ' 0.2 G, the IC fluxes are reduced to the level which can only marginally

be detected by current instruments. For the given radio intensity at GHz

frequencies, the flux of synchrotron X-rays decreases as well. But since the

X-rays are produced almost in the saturation (synchrotron-loss dominated)

regime, the impact of the magnetic field on the flux of synchrotron X-

rays is less dramatic than for IC γ-rays. Comparison of the synchrotron

X- and IC γ-ray fluxes at different stages of evolution of the flare should

allow decoupling of the magnetic field and the energy content in relativistic

electrons, and thus would result in robust estimates of the magnitudes and

evolution of these important parameters during expansion of the ejecta.

Observations of the synchrotron flares from microquasars in the IR re-

gion imply acceleration of electrons at least up to several tens of GeV. Thus

we should expect production of at least high energy γ-rays Eγ ≥ 100 MeV

in the jets. In this energy domain, during first few hours of a powerful out-

burst the fluxes of IC γ-rays may exceed the 10−6 ph/cm2s level. While such

fluxes could be revealed by the EGRET in the best case only marginally,

the future GLAST instrument, with a much larger detector area and better

angular resolution, should be able to detect GeV γ-ray flares at the flux

level 10−8 ph/cm2s, i.e. even 1 day after the onset of the flare (see Fig. 7.6).

For VHE γ-rays, the narrow field of view of IACTs and the limited

time available for observations (no more than several hours during moon-

less nights) require a rather thorough strategy for detection of flares with

maximum duration ≤ few days. In order to be considered as a reason-
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able target for the ongoing observations, a particular microquasar not only

should satisfy relevant zenith angle constraints, but should first of all be in

an active state which may typically last from several weeks up to several

months. In particular, for GRS 1915+105 the “active state” implies (see

e.g. Mirabel and Rodriguez, 1999):

(i) high and strongly variable X-ray fluxes, typically exceeding ≥ 0.5

‘Crab’, and corresponding to the high/soft state;

(ii) increase of the radio fluxes to the level of Sν ∼ 50−100 mJ, so called

plateau state, on top of which episodes of radio flares with durations from

several days to a few weeks are superimposed.

Formation of jets is still poorly understood and remains rather unpre-

dictable, therefore a straightforward strategy could consist of daily moni-

toring of the source during its active state; An alternative, time-consuming

approach could consist in observations of the source only after receiving

a relevant signal about the ejection of a powerful jet. Since γ-ray fluxes

are expected to be sufficiently high only during the first 1-3 days of the

jet evolution, a timely trigger from observations of the flare at wavelengths

sensitive to the early epochs of the jet evolution would be essential.

Because of the appreciable time (1-2 days in the case of powerful flares)

needed for an expanding cloud to become optically thin with respect to

synchrotron self absorption, the radio flares could appear too late to serve

as a useful trigger for Cherenkov telescopes. In this regard, detections of

powerful flares in the X-ray band may be very useful. However, not all of

the observed X-ray flares, which are dominated by thermal emission of the

accretion plasma, are accompanied by production of powerful non-thermal

jets. A much more appropriate trigger, which may be sufficiently fast for

early confirmation of a powerful non-thermal flare, can be provided by

monitoring an active microquasar in the IR band. At last, with the advent

of GLAST with its wide field of view detection ability, the most adequate

trigger for IACT observations could be given by this instrument.

Note that the main factor which defines and limits the ability of differ-

ent gamma-ray telescopes to detect the flares is connected with the γ-ray

photon statistics that could be collected during a short time of the flare

evolution. It is expected that the next generation of IACT arrays, with

detection areas as large as 105 m2 and energy thresholds as low as 50 GeV,

should be able to conduct an effective search for γ-ray flares at the level of

0.1 Crab in several hours observations, provided, of course, that the elec-

trons in the microquasars are accelerated beyond 1 TeV. In this context,

because the acceleration of electrons in microquasar jets to several tens of



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

Gamma Rays Expected from Microquasars 311

GeV is indicated by detections of synchrotron IR flares, detection of γ-ray

flares from microquasars can be guaranteed for ground-based detectors with

energy thresholds approaching 10 GeV. In this regard, the proposed 5@5

instrument (see Chapter 2) with its potential to detect a sub-10 GeV γ-ray

signal at the energy flux level of ≤ 10−11 erg/cm2s just for a few hour of

exposure time, can serve as an ideal tool to study the nonthermal processes

in microquasars.

7.6 The Case of Microblazars

A characteristic feature of the two superluminal microquasars, GRS

1915+105 and GRO J1655-40, from which both the approaching and the

receding jet components have been detected, is that the jets propagate at

a very large angle to the observer, θ ≥ 70◦ (Mirabel and Rodriguez, 1999).

As a result, given that the Lorentz factors Γj of both these components

should be approximately the same, Γa ∼ Γr, the relativistic Doppler fac-

tors δr,a = [Γj(1 ± βj cos θ)]−1 of the counter jets in those sources are not

very much different, δa/δr < 2. The brightness of the receding jet compo-

nent is then still sufficient for detection.

At the same time, for both GRS 1915+105 and GRO J1655-40, with

Γj ∼ 2.5 or perhaps even larger (Mirabel and Rodriguez, 1999), the

large θ results in the Doppler factors δj < 1 even for the approaching

jets. Now, taking into account that the observed energy flux of the jet

Fobs ∝ Lintδ
4
j /d

2, where Lint is the intrinsic luminosity of the source, it is

clear that at all wavelengths the energy fluxes of these objects are Doppler-

suppressed by more than one order of magnitude. This is just the opposite

case to blazars – AGN with jets directed to us typically with δj ≥ 10, which,

despite their large distances d ≥ 100 Mpc (and therefore much smaller “Ed-

dington flux” LEdd/d
2 than for microquasars), are prominent high energy

γ-ray sources both at GeV and TeV energies. We see γ-rays from these ob-

jects essentially because of the Doppler boosting of nonthermal radiation

produced in relativistic jets.

By analogy with AGN we may expect a sub-population of microquasars

characterised by jets directed to us (or more specifically, with δa > 1) - the

microblazars. Although, there could be little doubt in existence of microb-

lazars in principle, the probability of finding of a microblazar is propor-

tional to sin θ, and therefore quite limited (Mirabel and Rodriguez, 1999).

A characteristic feature of such objects should be a profound one-sidedness
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of radio jets if these jets would have relativistic speeds β ≥ 0.9 typical for

other galactic BH-candidate microquasars. In this regard, the recent report

(Mioduszewski et al., 2001) of a one-sided highly relativistic jet from Cyg

X-3 is of great interest. The ratio of the flux density in the approaching

jet to that in the (undetected) receding jet exceeds 300. If this asymmetry

is due to the Doppler boosting, then the implied jet speed is ≥ 0.8c. The

precessing jet model, together with the assumption of an intrinsically sym-

metric jet, constrains the jet inclination to the line of sight to ≤ 14◦ and

the cone opening angle to ≤ 12◦ (Mioduszewski et al., 2001). The rapid

and extreme radio variability, as well as the fact that Cyg X-3 is the most

luminous X-ray binary at radio wavelengths, provide additional (indirect)

support for the hypothesis of the microblazar origin of this source. If the

electrons in this object are accelerated to very high energies, then the syn-

chrotron radiation of this source could extend to X-rays or even γ-rays. In

particular, in case of the electron acceleration at the maximum (theoreti-

cally possible) rate, the synchrotron peak is expected at hνc ' 150δj MeV

(see Chapter 3), i.e. it appears in the γ-ray domain. In addition, we may

Fig. 7.7 The synchrotron (thin curves), and IC (heavy curves) energy fluxes expected
from a hypothetical microblazar at the distance d = 10 kpc, with the jet position angle
θ = 30◦, speed v0 = 0.9c and electron injection rate L0 = 1038 erg/s. The fluxes are
shown at different times after the ejection: t = 20 min (solid), 0.1 day (dashed), 1 day
(dot-dashed), and 3 days (three dot-dashed). The cross corresponds to the flux Sν = 1 Jy
at ν = 8.5GHz, and the heavy solid line indicates the level of VHE γ-ray flux detected
from the Crab Nebula.
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expect IC γ-rays with a spectrum extending well beyond GeV energies.

Interestingly, high energy, γ-rays have been indeed detected from the di-

rection of Cyg X-3 by EGRET (Mori et al., 1997; Lamb and Macomb,

1997), although the association of these energetic photons with Cyg X-3

remains questionable.

While the detection of the receding jets of microblazars in radio ob-

servations is very difficult, the Doppler boosting of the approaching jets

with δa > 1 would make their detection in γ-rays possible even for ob-

jects with total nonthermal power much less than that of the strong flares

of GRS 1915+105. Another important consequence of the jets in microb-

lazars would be a significantly shorter timescale for the flare evolution, as

well as a shift (by a factor δa) of the intrinsic energy spectrum of the jet

towards higher energies.

Fig.7.7 shows the synchrotron and IC fluxes of a hypothetical microblazar

at a distance d = 10 kpc with the jet position angle θ = 30◦ and propaga-

tion speed βj = 0.9 c (i.e. for a relatively modest Doppler factor δj ' 2).

Calculations are done for the model parameters similar to the ones used for

March 1994 flare of GRS 1915+105, except for the electron injection power

which is taken to be a factor of 40 smaller, L0 = 1038 erg/s, and assuming

for the magnetic field B = 0.05 G at the second day after the outburst.

The fluxes are shown for 4 different stages (20 min, 0.1 day, 1 day, and 3

days) of evolution of the approaching cloud, which expands with a speed

0.15c. It is seen that during the first day the cloud becomes optically thin

at 10 GHz, with the fluxes reaching the 10 Jy level, i.e. an order of mag-

nitude larger than the maximum flux level observed from GRS 1915+105,

but in agreement with the radio fluxes observed during the strong flares of

Cyg X-3. Meanwhile, the fluxes of VHE γ-rays drop quickly, from 1 Crab

to ≤ 0.1 Crab, during the first day of the flare.

7.7 Ultraluminous Sources as Microblazars?

X-ray studies based on the archival data obtained by the Einstein, ROSAT

and ASCA satellites, as well as recent Chandra observations have revealed

a new class of variable, and therefore compact, X-ray sources in nearby

galaxies with luminosities in the range of 1039 − 1040 erg/s (e.g. Colbert

and Mushotzky, 1999; Makishima et al., 2000) called ultraluminous X-

ray (ULX) sources. Some of these objects show variability and spectral

transitions which support the idea that they are powered by accretion.



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

314 Very High Energy Cosmic Gamma Radiation

However, given the range of observed luminosities, which is intermediate

between the classical X-ray binaries (1035 − 1048 erg/s) and AGN (1042 −
1046 erg/s), this implies super-Eddington X-ray sources for conventional

stellar-mass black holes with M ∼ 10 M�, or intermediate-mass black holes

with M ∼ 102 − 104M� (Colbert and Mushotzky, 1999). While the first

option requires quite an unusual mode of accretion (e.g. Begelman, 2002),

the second alternative simply postulates the existence of black holes in an

unusual mass range. While both the stellar-mass and super-massive black

holes have natural explanations (collapse of massive stars and primordial

clouds, respectively), presently there is no viable idea for a process/scenario

which could be responsible for the formation of intermediate mass black

holes. This has led King et al. (2001) to the conclusion that the emission

may, in fact, be beamed. If so, because the possibility of the detection of

jets directed to the observer is quite small (∝ sin θ), this should be a rather

rare class of objects in the near Universe. Roberts and Warwick (2000)

have catalogued 28 sources with Lx ≥ 1039 erg/s in a sample of 83 galaxies,

indicating that indeed only one in five of galaxies surveyed hosts one or more

ULX. This view is supported also by the X-ray population synthesis study

by Körding et al. (2002) who showed that the distributions of detected ULX

are consistent with black-hole masses M ≤ 10 M� and bulk Lorentz factors

for jets Γ ∼ 5. And finally, the idea that ULXs are related to X-ray binaries

is supported by optical observations suggesting that the ultraluminuous X-

ray source NGC 502 X-1 has an O star companion (Roberts et al., 2001),

and by a possible X-ray periodicity observed in an ULX in the spiral galaxy

IC 342 (Sugiho et al., 2001).

A natural interpretation of the X-ray beaming seems to be production

of X-rays in the jet. The Synchrotron-self-Compton (SSC) model of a mi-

croblazar which assumes acceleration of electrons to TeV energies in a jet

oriented at a small angle to the observer (see Chapter 10), may readily

provide the observed apparent X-ray luminosities of ULX. If the jet param-

eters do not deviate much from the ones used in Fig. 7.7, but assuming

a larger Doppler factor, δjet ≥ 5, one can achieve the 1039 − 1040 erg/s

apparent luminosity of a typical ULX. Remarkably, within this model one

should also expect high energy γ-rays from ULX, typically at the level of

apparent luminosities Lγ ∼ (0.01−0.1)Lx ∼ 1037−1039 erg/s. This implies

γ-ray fluxes between 10−13 to 10−12 erg/cm2s for a source at a distance of

1 Mpc. Thus, ULX sources located in galaxies within 1 Mpc, may present

potentially interesting targets for observations with GLAST and the new

generation of ground-based γ-ray instruments. The failure to detect such
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energetic γ-rays would imply either high magnetic fields in the jets which

would suppress the Compton channel of radiation, or inability of the jets to

accelerate electrons to TeV energies. While the flat X-ray spectra of ULX

sources in low/hard state are consistent with the extension of electron ac-

celeration to TeV energies, the steep spectra in high/soft state with photon

index ≥ 2.5 favour an “early cutoff” in the electron spectrum below 100

GeV. This would cause the VHE γ-rays to vanish, although GeV γ-rays

could be still present in the IC spectrum (see Fig. 7.5a).

Fig. 7.8 X-ray spectra of a jet in a system similar to Cyg X-1. The IC emission due
to the star (1) and the accretion disk (2) seed photons is plotted for an observing angle

θ = 45◦ and Lj = 0.05LEd (solid lines). The IC contribution due to the companion star
is also plotted for θ = 45◦ and Lj = 0.5LEd (dotted line), and θ = 5◦ and Lj = 0.05LEd

(dot-dashed line). The Lorentz factor of the flow is Γ = 3. The shaded area corresponds
to observations (McConnel et al., 2000, Di Salvo et al., 2001). The short and long
dashed lines represent the black body radiation components with characteristics similar
to the companion star and accretion disk, respectively (From Georganopoulos, Aharonian
and Kirk, 2002).

X-rays of ULXs can be produced also by low energy Ee ∼ 100 MeV

electrons through the inverse Compton channel (Georganopoulos et al.,
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2002). Such electrons are present in (quasi) persistent radio jets of X-

ray binaries. If the acceleration of electrons in the jet takes place within

the binary system (i.e. at distances l ≤ Rs, where Rs is the separation

between the companion star and the black hole), and especially close to the

accretion disk, the photons from the companion star and/or the accretion

disk upscattered by Ee ∼ 100 MeV electrons, would be Compton boosted

to hard X-rays.

The prototype of this class could be Cyg X-1, but with a jet directed to

the observer. Cyg X-1 has a super-giant companion star with luminosity

' 1039 erg/s and mean photon energy ∼ 3 eV. The X-ray spectrum of this

source in the low/hard state has a photon index ' 1.8 and peak luminosity

at 100 keV, Lx ' 1.5 × 1037 erg/s. The power spectrum of Cyg X-1 peaks

at f ∼ 0.1 s−1 (Sunyaev and Revnivtsev, 2000). Therefore the source

size should not exceed R ∼ c/f ∼ 3 × 1011 cm. In Fig. 7.8 the X-ray

fluxes of IC radiation of the jet in Cyg X-1 are plotted, calculated under

different assumptions concerning the jet power in the form of electrons (and

positrons). The bulk Lorenz factor of the jet is set to Γj = 3 and viewing

angle θ = 45◦, in agreement with observations (Stirling et al., 2001). This

corresponds to the jet Doppler factor δj = 1. The solid curves are calculated

for the electron acceleration power Le = 0.05LEd. The power-law index of

accelerated electrons is assumed to be 1.6, and the maximum energy at

80 MeV. It is seen that the model X-ray flux is an order of magnitude

lower than the observed flux (curve 1). Thus, if we want to attribute

the observed X-ray luminosity solely to the IC component of radiation of

the jet, then we should require 10 times higher jet power (dotted curve

in Fig. 7.8). However, the strong reflection features in the low/hard state

spectrum of Cyg X-1 suggest that the X-rays should be dominated by the

disk component. This constraints the electron luminosity, Lj ≤ 0.5LEd. At

the same time, for a plausible value Lj ≤ 0.05LEd, the MeV “excess” can be

naturally explained by IC scattering of the accretion disk photons (curve 2

in Fig. 7.8).

Now assuming that a Cyg X-1 like source has a jet directed toward us,

the luminosity of the IC radiation would be amplified due to the Doppler

boosting by a factor of δ5j for a continuous jet. Thus, for the relativistic jet

parameters similar to Cyg X-1 (Γj = 3, δmax ' 5.8), the flux amplification

factor could be as large as 7 × 103, thus such a source could reach an

apparent X-ray luminosity ∼ 2 × 1040 erg/s. This is illustrated in Fig. 7.8

for the jet with θ = 5◦ and Lj = 0.05LEd.

If ULXs are microquasars similar to Cyg X-1, both their soft and hard
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states cannot be dominated by thermal (accretion plasma) component,

since the accretion cannot produce, even at Eddington luminosity, more

than 1039 erg/s for a ∼ 10M� black hole. This is in agreement with

the proposed picture for the beamed hard state, where the thermal emis-

sion, including the reflection features are swamped by the jet component

of emission. Importantly, the lack of observed reflection features in ULXs

is confirmed not only for hard but also for the soft state (Makishima et

al., 2000). This is an important fact, because the “microblazar” model for

ULX sources requires existence of a relativistic jets both in high and low

states of ULX sources. The jet parameters in these states should be differ-

ent, reflecting the different state of the central engine producing the jet. In

particular soft/hard spectra in high/low states can be interpreted in terms

of the maximum energy of electrons. For typical energies of seed photons

(∼ 1 − 3 eV) provided by the companion star, the spectrum of resulting

X-rays is very flat if Emax ≥ 50 MeV. For the soft spectra in the high

state, with photon indices 2.5-3, the maximum energy of electrons should

not exceed Emax ∼ 10 MeV. This implies that, if in the low/hard state we

may hope, at least in principle, to see also high energy γ-rays (provided

that Emax ≥ 100 GeV), then in the high/soft state such a possibility is

excluded.

7.8 Persistent Gamma Ray Emission from Extended Lobes

Besides the γ-rays produced in small-scale (sub-parsec) jets of microquasars

within the synchrotron-self-Compton (SSC) scenario, one may expect high

energy radiation from the extended synchrotron lobes produced by the rel-

ativistic electrons accelerated at the interface between the relativistic jets

and the interstellar medium, similar to the scenario suggested for the extra-

galactic FRII radio sources. This could be the case for SS 433, a prominent

galactic jet source associated with the supernova remnant W50. The large-

scale jet of SS 433, which travels at a speed 0.26c, extends to ≥ 50 pc, and

terminates at ' 1◦ from the central object.

Assuming that the relativistic jet termination shock accelerates elec-

trons to extremely high energies, we may expect extended emission of syn-

chrotron X-rays and IC γ-rays caused by VHE electrons interacting with the

ambient interstellar magnetic field and with the 2.7 K CMBR, respectively.

The possible synchrotron origin of the extended X-ray source coincident

with the eastern radio “ear” ∼ 1◦ from SS 433 (Safi-Harb and Ogelman,
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1997), implies the existence of relativistic electrons of TeV energies in the

regions associated with the terminal shock of the eastern jet. The X-ray

emission of the inner parts of the jets of SS 433 seems to be of nonthermal

(synchrotron or inverse Compton origin) as well (Band and Grindlay, 1986;

Yamauchi et al., 1994). However, while the inner X-ray lobes represent

emission originating in the jet, the outer eastern X-ray lobe is attributed to

the shocked interstellar medium (Safi-Harb and Ogelman, 1997). The very

steep X-ray spectrum also indicates the synchrotron origin of this radiation.

Fig. 7.9 Energy fluxes of the synchrotron and IC radiation expected from the eastern
radio “ear” of W50/SS 433 for 3 different ambient magnetic fields: 5 µG (dashed), 10 µG
(solid), 20 µG (dot-dashed). The full dot indicates the 10 Jy radio flux measured at
ν = 1.7GHz, and the heavy line indicates the level of the observed X-ray fluxes. (From
Aharonian and Atoyan, 1998b).

Fig. 7.9 shows the model synchrotron and IC fluxes assuming that the

electrons, accelerated in the hot spot at the end of the jet, give rise, during

their propagation in the interstellar medium, to an extended synchrotron

and IC nebulae. The radio spectral index of ≈ 0.5, as observed from the

eastern “ear” (Dowens et al., 1986), requires an electron acceleration spec-

trum ∝ E−2. Also, since the very steep spectrum of X-rays from approx-

imately the same region, with photon index 3.7+2.3
−0.7 (Safi-Harb and Ogel-

man, 1997) cannot be explained by energy losses of electrons (at least in the

framework of continuous electron acceleration), the nonthermal interpreta-

tion of this radiation implies that the synchrotron X-rays are produced by

electrons from the “exponential tail” of the spectrum. On the other hand,
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since for any reasonable ambient interstellar magnetic field (B ≤ 20µG)

the X-rays can be produced by electrons with energy exceeding several tens

of TeV, we should assume a sharp, e.g. exponential cutoff, in the electron

spectrum at energies below 10 TeV. Indeed, it is seen from Fig. 7.9 that

the acceleration spectrum E−2 exp(−E/7 TeV) of electrons continuously

injected into the surrounding medium during the age of the source, about

T = 104 yr, fits reasonably both the radio and X-ray fluxes, the assumed

magnetic field being between 5µG and 20µG. Since the calculated spec-

tra are normalised to the radio flux emitted by the low energy electrons

for which the energy losses are negligible, the acceleration rate strongly

depends on the assumed magnetic field: Le = 2.8 × 1038, 9.9 × 1037, and

3.5 × 1037 erg/s for B = 5, 10, and 20µG, respectively. Note that even for

the lowest possible magnetic field, the required Le does not exceed 10% of

the minimum kinetic power of the jet (e.g. Mirabel and Rodriguez, 1999).

Fig. 7.10 The integral fluxes of γ-rays expected from the direction of the eastern radio
“ear” of W50/SS 433 within different opening angles: 0.1◦ (dot-dashed), 0.25◦ (solid;
the size of the “ear”), 0.5◦ (dashed), and 2◦ (dots). The upper limit on the TeV flux set
by the HEGRA IACT system is also shown. (From Aharonian and Atoyan, 1998b).

The angular distribution of radiation depends on the combination of
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the age of the source t0 and the propagation speed (or the diffusion coeffi-

cient Ddiff , if the electron propagation proceeds in the diffusion regime) of

electrons. Interestingly, for T = 104 yr, the angular radius of the eastern

”ear” ' 0.25◦ (Safi-Harb and Ogelman, 1997) requires Ddiff ∼ 1028 cm2/s,

a rather typical value for propagation of cosmic rays in the galactic disk.

In Fig. 7.10 the integral fluxes of IC γ-rays are shown, calculated for

B = 10µG within different angles from the center of the eastern “ear”.

Note that while the predicted very hard flux of γ-rays above 100 MeV

can be detected only by GLAST, the sensitivities of the current ground-

based γ-ray instruments are already sufficient for searches for a IC γ-ray

nebula surrounding the eastern “ear”. Motivated by this prediction, the

HEGRA collaboration used their system of Cherenkov telescopes to observe

the SS 433/W50 system at very high energies. The analysis of various

extended sources of location guided by the ROSAT X-ray images revealed

no evidence for TeV emission above 1 TeV. The HEGRA flux upper limit

(Rowell, 2002) is consistent with the flux predictions shown in In Fig. 7.10

. This implies a lower limit on the magnetic field within the region of the

eastern “ear” of B ≥ 10 µG. Note that a larger magnetic field by a factor of

two would reduce the γ-ray fluxes by a factor of four. With their predicted

sensitivities between 100 GeV and 10 TeV, the next generation of ground

based detectors should provide a deeper probe of the magnetic field and

the energy budget of TeV electrons in the jet termination region. Finally,

other microquasars with extended lobes, like the two persistent sources of

relativistic outflow, 1E 1740.7-2942 and GRS 1758-58, and perhaps also

GRS 1915+105, could be promising targets for observations with current

and planned ground-based and satellite-borne γ-ray detectors.
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Chapter 8

Large Scale Jets of Radio Galaxies

and Quasars

In this and the following Chapters we discuss properties of high energy non-

thermal radiation observed or expected from the largest structures in the

Universe - the so-called large-scale AGN jets and clusters of galaxies. There

is an apparent link between these two source populations. The clusters of

galaxies contain many AGN with powerful jets which energise the intra-

cluster medium through the termination shocks accompanied by particle

acceleration and magnetic field amplification. Particle acceleration takes

place also inside the jets. The most energetic particles eventually escape

the jets, and make a non-negligible contribution, among other important

channels like the SN explosions, galactic winds, accretion discs, etc., to the

energy budget of the host galaxy cluster. Large scale AGN jets and clus-

ters of galaxies are believed to be potential sites of cosmic ray acceleration

up to energies ∼ 1020 eV, therefore both source populations are of special

interest for the cosmic ray community (see Fig. 1.6).

While the acceleration of the highest energy cosmic rays in AGN jets

and clusters of galaxies is still a theoretical conviction, the presence of

nonthermal particles of lower energies in these objects is an established

fact. Moreover, it is likely that the formation and radiation of large-scale

extragalactic jets is a phenomenon strongly dominated by nonthermal pro-

cesses. Relativistic electrons with Lorentz factors γe ∼ 103 − 105 in these

objects are “seen” through their synchrotron radio emission. The possible

synchrotron origin of nonthermal X-rays observed from both source popu-

lations would imply that the energy spectra of electrons extend well beyond

1 TeV. It is difficult to imagine a scenario when the acceleration of elec-

trons is not accompanied by acceleration of protons and nuclei. Note that

the proton-to-electron ratio in galactic cosmic rays is close to 100. For

typical conditions characterising the energy losses and propagation of cos-

321
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mic rays in the interstellar medium, the large observed p/e ratio reflects

the acceleration rates of relatively low energy (less than 1 TeV) protons

and electrons in our Galaxy. Obviously this ratio cannot be mechanically

applied to AGN jets and clusters of galaxies where the sources and accel-

eration mechanisms could be quite different. On the other hand, the p/e

ratio in these objects is expected to be very large even for similar proton

and electron acceleration rates. Indeed, the ratio of the current densities of

protons and electrons is related to the ratio of corresponding acceleration

rates as wp/we = (ẇp · t(p)
cool)/(ẇe · t(e)cool), where t

(p)
cool and t

(e)
cool are the char-

acteristic energy loss-times of protons and electrons. In clusters of galaxies

both the inelastic interaction time and the escape time of protons exceed,

at least at energies E ≤ 103 TeV, the cluster age, the latter being compa-

rable with the the Hubble time 1/H0 ' 1.5 × 1010 yr. Therefore, clusters

of galaxies serve as unique “cosmological stockpiles” of hadronic cosmic

rays. On the other hand, because of inevitable interactions with the 2.7 K

CMBR, the lifetime of radio electrons with Lorentz factors ≥ 104 does not

exceed 2× 108 yr. Thus, assuming that particle acceleration has started at

the early stages of cluster formation, and continues until now with a more

or less constant and similar rates for electrons and protons, ẇp/ẇe ∼ 1,

the p/e ratio would be larger than tH/t
(e)
cool ∼ 100 around several GeV, and

increases linearly at higher energies. If the nonthermal activity at the first

stages of cluster formation was higher, we may expect even larger proton-

to-electron ratio. While protons from these remote epochs survive without

significant losses, we can see radio electrons produced only during the last

108 yr. A similar conclusion is true also for the kpc-scale structures in

AGN jets. While the characteristic lifetime of electrons responsible for the

optical and X-ray synchrotron emission cannot significantly exceed 100 yr,

the minimum proton escape time from these structures (assuming that the

protons propagate rectilinearly) exceeds several thousand years. Thus, the

search for signatures of the hadronic component in the observed nonther-

mal radiation, and the estimates of the accumulated total proton energy

is of great interest, and not only for studies of specific particle accelera-

tion mechanisms. The detection and identification of nonthermal radiation

associated with the hadronic component of cosmic rays has more general

implications concerning the role of cosmic rays in the energy and pressure

balance in these powerful objects.
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8.1 Synchrotron and IC Models of Large Scale AGN Jets

Chandra observations have revealed various bright X-ray features like knots

and hot spots in large-scale extragalactic jets (for a review see e.g. Harris,

2001). The undisputed synchrotron origin of the radio and optical radiation

of the resolved jet structures in several powerful AGN and radiogalaxies

implies the presence of relativistic electrons with a typical Lorentz factor

γe ' 103 B
−1/2
mG ν

1/2
GHz, where BmG = B/10−3 G is the magnetic field in

units of milli-Gauss and νGHz = ν/1 GHz is the frequency of synchrotron

radiation in units of GHz. The inverse Compton scattering of the same

electrons leads to the second component of nonthermal radiation. The

2.7 K CMBR provides a universal photon target field for inverse Compton

emission. The electrons boost the energy of the seed photons to E ' 4kTγ2
e ;

this gives a simple relation between the energies of inverse Compton and

synchrotron photons produced by the same electron: E ' 1 νGHzB
−1
mG keV.

Thus, for the characteristic magnetic field, which in the knots and hot

spots is believed to be between 0.1 mG and 1 mG, the inverse Compton

radiation of radioelectrons appears in the Chandra energy domain. Yet, the

energy density of 2.7 K CMBR is too low to provide significant X-radiation.

Indeed, the inverse Compton luminosity constitutes only a small part of

the emission of radioelectrons, LX ≈ 10−5B−2
mGLR, unless we assume that

the radio emitting regions are relativistically moving condensations with a

Lorentz factor of bulk motion Γ ≥ 10, thus the energy density of 2.7 K

CMBR “seen” by electrons in the jet’s frame is enhanced by a factor of Γ2

(Tavecchio et al., 2000; Celotti et al., 2001). This hypothesis automatically

implies that the jet features are moving towards the observer, otherwise we

would face unacceptably large requirements for the energy budget of the

central source.

The emissivity of inverse Compton radiation could be significantly

enhanced also due to additional target photon populations, in par-

ticular due to the jet’s own synchrotron radiation. The density of

this radiation in a knot at a distance d from the observer is esti-

mated as wr = (d/R)2c−1fR−O ' 0.9 f−12θ
−2 eV/cm3, where f−12 =

fR−O/10−12 erg/cm2s is the observed radio-to-optical flux normalised to

10−12 erg/cm2s, R is the source radius and θ = R/d is the source an-

gular size in arc-seconds. For example, the fluxes of 1 to 1000 GHz

radio synchrotron emission of two distinct hot spots (“A” and “D”) of

the radiogalaxy Cygnus A, both of ∼ 0.′′5 angular size, are very high,

f ∼ 10−11 erg/cm2s (Wilson et al., 2000), thus the density of synchrotron
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radiation exceeds the density of 2.7 K CMBR by two orders of magnitude.

Therefore, the X-ray emission of these hot spots can be readily explained

by the synchrotron-self-Compton (SSC) model, assuming B ∼ 0.2 mG, and

taking into account that the energy flux at radio frequencies exceeds the

X-ray flux by 1.5 orders of magnitude. This is not the case, however, for

the majority of jet features resolved by Chandra for which we observe, in

fact, just the opposite picture. The X-ray fluxes, for example, from the

jets in Pictor A (Wilson et al., 2001), 3C 120 (Harris et al., 1999), 3C

273 (Röser et al., 2000; Sambruna et al., 2001; Marshall et al., 2001), and

PKS 0637-752 (Schwartz et al., 2000; Chartas et al., 2000) are at least a

factor of 10 larger than the radio and optical fluxes.

For X-ray emission of many resolved extragalactic knots and hot spots

the electron synchrotron radiation is considered ‘the process of choice’ (Har-

ris, 2001). Synchrotron radiation is indeed an extremely effective mech-

anism converting the kinetic energy of relativistic electrons into X-rays

with an almost 100 per cent efficiency, provided, of course, that the elec-

trons are accelerated to multi-TeV energies. The single power-law spectrum

smoothly connecting the radio, optical and X-ray fluxes with spectral index

α ' 0.76 ± 0.02 observed from the knot A1 in the jet of 3C 273 (Röser et

al., 2000; Marshall et al., 2001) formally could be used as an additional

argument for the synchrotron origin of X-rays. However, this often used

argument for a single power-law distribution of electrons is a quite naive

simplification. Detailed calculations show (see e.g. Brunetti 2002a) that the

electron spectra established in jets have quite complex forms, and only in

narrow energy intervals they can be approximated by power-law functions.

Also, the observed spectral steepening (or cutoff) at optical frequencies

(but with yet hard X-ray spectra) in the so-called “problem sources” (Har-

ris, 2001) like the knot D/H3 in the same source, 3C 273 (Röser et al.,

2000, Marshall et al., 2001), as well as the knots in 3C 120 (Harris et al.,

1999), PKS 0637-752 (Schwartz et al., 2000) and in the hot spot of Pictor

A (Wilson et al., 2000), tell us that we deal with a rather complex pic-

ture with multiple electron populations or a single source population with

a complex spectrum. An interesting feature in the electron spectrum may

appear due to the Klein-Nishina effect. Indeed, if the energy of acceler-

ated electrons extends to ≥ 100 TeV, and the energy losses of electrons are

strongly dominated by IC scattering , the Klein-Nishina effect would result

in spectral hardening of the electron spectrum at highest energies. Conse-

quently, this would lead to the hardening of the spectrum of synchrotron

X-rays (Dermer and Atoyan 2002). The effect becomes significant when
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Γjet � 10(B/30 µG)(1 + z)−2. Therefore, a bulk motion Lorentz factor of

Γjet ≥ 10 is required to provide an adequate energy density of 2.7 K CMBR

in the frame of the jet (∝ Γ2
jet) and/or significantly lower magnetic fields

compared to the typical values assumed in standard models, especially for

sources with z � 1. The injection of extremely high energy electrons with

E ≥ 100 TeV is another key assumption of this model.

Generally, the high radiation efficiency is treated as a crucial compo-

nent of any successful model/mechanism of luminous nonthermal sources.

However, for the large-scale extragalactic jets this highly desired feature

ironically leads to certain difficulties for the synchrotron X-ray emission of

electrons. The process, in fact, seems to be “over-efficient”. This, at first

glance paradoxical, statement has a simple explanation. The cooling time

of electrons responsible for the radiation of an X-ray photon of energy E,

tsynch ' 1.5 B
−3/2
mG (E/1 keV)−1/2 yr is small (for any reasonable magnetic

field B ≥ 0.01 mG), even compared with the minimum available time – the

light travel time across the source, R/c ∼ 3× 103 yr. This simple estimate

has the following interesting implications.

(i) The acceleration of electrons should take place throughout entire

volume of the hot spot, otherwise the short propagation lengths of electrons

would not allow formation of diffuse X-ray emitting regions on kpc scales as

it is observed by Chandra. However, operation of huge quasi homogeneous

3-dimensional accelerators of electrons with linear size of 1 kpc or so, seems

to be a serious theoretical challenge. Possible alternatives could be (1)

the superposition of many compact accelerators within the observed knots,

or (2) a scenario in which the cloud of TeV electrons, accelerated in a

relatively compact region, expand at a speed of light, for example in the

form of a (quasi) symmetric relativistic “hot” wind (i.e. a relativistically

expanding cloud in the frame of which the electrons have a broad relativistic

momentum distribution enabling their synchrotron radiation).

(ii) The electron-synchrotron model of X-ray jet structures implies prompt

formation of the spectrum of (radiatively) cooled electrons with power-

law index Γe = Γ0 + 1. It is important to remember that this relation is

valid only for the acceleration spectra with Γ0 ≥ 1. Otherwise Γe = 2,

independent of Γ0. As long as the synchrotron energy losses (dEe/dt ∝
E2

e ) play a dominant role in formation of the electron spectrum, the latter

cannot be harder, independent of the initial (acceleration) spectrum Q(Ee),

than N(Ee) ∝ E−2
e . Indeed, since the cooled steady-state spectrum of

electrons is determined by Eq.(3.5), even in the extreme case of an abrupt
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low-energy cutoff in the injection spectrum (i.e. Q(Ee) = Q0E
−Γ0
e at Ee ≥

E∗, and Q(Ee) = 0 at Ee ≤ E∗), the spectrum of cooled electrons has a

broken power-law shape with N(Ee) ∝ E
−(Γ0+1)
e at Ee ≥ E∗, and N(Ee) ∝

E−2
e at Ee ≤ E∗. Correspondingly, the spectral index of the synchrotron

radiation (Sν ∝ ν−α) is α = Γ0/2 for Γ0 ≥ 1, and α = 0.5 for any electron

acceleration spectrum flatter than E−1. Thus, the spectrum of synchrotron

emission of radiatively cooled electrons cannot be harder than Sν ∝ ν−0.5.

Typically, the spectra of the knots of extragalactic jets are very hard

with α ≤ 1. In particular, the power-law index of X-radiation of the knot

A1 of 3C 273 was reported to be close to αx ≈ 0.6 (Marshall et al., 2001).

This requires an electron acceleration spectrum with Γ0 = 1.2 which would

challenge any (in particular, shock) acceleration scenario. Moreover, it is

difficult to reconcile the reported optical-to-X-ray spectral index α ≤ 0.35

of the so-called 25′′ knot of 3C 120 (Harris et al., 1999). Actually, spec-

tral indices α ≤ 0.5 could be typical for the optical-to-X-ray spectra of jet

structures of some other AGN as well, for which a systematic spatial dis-

placement between the radio, optical and X-ray regions have been reported.

It is possible to have very hard optical-to-synchrotron X-ray spectra

assuming that the energy losses of electrons are dominated by relativistic

expansion or by Compton losses in the Klein-Nishina regime. The first

process keeps the original (acceleration) spectrum of electrons unchanged

because the adiabatic cooling time does not depend on energy. The sec-

ond process makes it even harder compared to the acceleration spectrum

because in the Klein-Nishina regime the energy loss rate has a very weak

(logarithmic) dependence on energy (see Chapter 3). Since the magnetic

field in the jet structures could hardly be less than 10µG, the Comp-

ton losses in the Klein-Nishina regime can dominate over the synchrotron

losses if the energy density of background radiation significantly exceeds

B2/8π ' 2.5 eV/cm3. The energy density of the 2.7 K CMBR is smaller

by a factor of 10. Moreover, the energy of the 2.7 K CMBR photons is

not high enough for the Compton scattering of electrons to proceed in the

deep Klein-Nishina regime. In order to get the required density and photon

energy (in the jet frame), one may invoke relativistic bulk motion of the jet

with Lorentz factor Γjet � 10. Alternatively, an additional source of target

photons at the near infrared or higher frequencies would be required. In

this regard, the non-linear SSC scenario seems an interesting possibility,

and deserves future theoretical investigation.

In conclusion, the synchrotron, inverse Compton and Synchrotron-self-
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Compton models of nonthermal X-ray emission in the context of directly

accelerated/reaccelerated electrons are generally considered by the “AGN

community” as standard models capable of describing the main features of

nonthermal emission reported from large scale AGN jets. Even so, many

observed morphological and spectral features of jet structures cannot be

easily accommodated by these models, at least in their simplified (homo-

geneous, one-zone) versions. Future studies will show whether it will be

possible to escape these difficulties by assuming more sophisticated models.

At the same time, it is important to explore other, non-conventional sce-

narios concerning the origin of electrons, as well as to study other radiation

mechanisms related to the hadronic component of accelerated particles.

8.2 Ultra High Energy Protons in Jets

The jets of powerful radiogalaxies and AGN are one of a few potential

sites in the Universe where protons can be accelerated to the highest ob-

served energies of about 1020 eV (see e.g. Hillas, 1984; Cesarsky, 1992;

Rachen and Biermann, 1993; Ostrowski, 1998; Henri et al., 1999, Aharo-

nian et al., 2002). Dissipation of bulk kinetic energy and/or the Poynting

flux of jets results in, most likely through strong terminal shocks, genera-

tion/amplification of magnetic fields, heating of the ambient plasma, and

acceleration of particles in the knots and hot spots.

8.2.1 Secondary electrons

The undisputed synchrotron origin of the nonthermal radio radiation of

many knots and hot spots extending to (at least) optical wavelengths is

clear evidence for acceleration of electrons to TeV energies. Besides, rela-

tivistic electrons are produced also in interactions of high energy protons

with ambient gas and photon fields. Biermann and Strittmatter (1987)

have proposed that the secondary component of electrons produced by ex-

tremely high energy protons interacting with local photon fields may play

an important role in formation of the nonthermal radiation of radio jets.

This idea has been further developed within the so-called PIC (Proton In-

duced Cascade) model by Mannheim et al. (1991) for interpretation of

radiation of some prominent radio jets’ features like the west hot spot in

Pictor A and the knot A1 in 3C 273. The intrinsic feature of this model

is that it produces a distinct maximum in the spectral energy distribution
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(SED) νSν at MeV energies, and a standard hard X-ray spectrum with a

spectral index αx ∼ 0.5 at keV energies. The recent Chandra observations

of Pictor A (Wilson et al., 2001) give a flux which at 1 keV appears almost

3 orders of magnitude below the PIC-model predictions. The predictions of

this model for the knot A1 of 3C 273 also fall well below the reported Chan-

dra flux at 1 keV. Although it is formally possible to increase the X-ray

fluxes, assuming significantly larger power in accelerated protons or spec-

ulating with denser target photon fields, this raises serious problems with

the required nonthermal energy budget. Moreover, the flat X-ray spectrum

of the hot spot of Pictor A, with a spectral index α = 1.07± 0.11 excludes

the PIC model which predicts a much harder X-ray spectrum. The X-ray

spectral index of the knot A1 in 3C 273, αx = 0.60 ± 0.05, is closer to the

PIC model predictions, but in this source the efficiency of the process is

too low to explain the detected X-ray flux.

For a broad spectrum of target photons, the photo-meson cooling time

of protons can be estimated as tpγ = (c < σf > n(ε∗)ε∗)−1, where <

σf >' 10−28 cm2 is the photo-meson production cross-section weighted by

inelasticity at the photon energy ∼ 300 MeV in the proton rest frame and

ε∗ = 0.03E−1
19 eV, E19 = Ep/1019 eV is the energy of the proton in units

of 1019 eV (see e.g. Mücke et al., 1999). The fluxes of jet features most

relevant for photo-meson production, in the frequency band 1012-1014 Hz,

typically are poorly known. Therefore it is convenient to present the low-

frequency photon flux density in the form Sν = S0ν
−α
GHz, where S0 is the

flux density at 1 GHz in units of Jy. This gives

tpγ ' 109cαS
−1
0 E−α

19 θ
2 yr, (8.1)

where cα ≈ 0.42; 3.9 and 36 for α = 0.5, 0.75 and 1.0, respectively;

θ = R/d is the angular radius of the source in arcseconds. For example,

in the A1 knot of 3C 273 with θ ∼ 0.5 − 1 arcsecond, S0 ' 0.05Jy and

α ' 0.75, the characteristic photo-meson production time appears more

than 2 × 109 yr even for 1020 eV protons. This is too large compared with

the escape time of highest energy protons from the X-ray production region.

Indeed, the particle escape cannot be longer than the time determined by

diffusion in the Bohm limit, tesc ≈ R2/2D with the diffusion coefficient

D(E) = ηrgc/3, where rg = Ep/eB is the gyroradius, and η ≥ 1 is the

so-called gyro-factor (in the Bohm limit η = 1). Thus

tesc ' 4.2 × 105η−1BmGR
2
kpcE

−1
19 yr. (8.2)
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and, representing the source radius as R = θ · d ' 4.8θ(d/1 Gpc) kpc, for

3C 273 with redshift z = 0.158 one finds (assuming for the Hubble constant

H0 = 60 km/s Mpc):

tesc/tpγ ' 8 × 10−5ηBmGE
−0.25
19 . (8.3)

This ratio implies a very limited efficiency for transformation of the pro-

ton kinetic energy to nonthermal radiation. Note that both characteristic

times, tesc and tpγ are proportional to R2, consequently the ratio tesc/tpγ
does not depend on θ, and thus we cannot increase the photo-meson pro-

duction efficiency by assuming that the acceleration and radiation take

place in smaller (but numerous) regions inside the knot. The ratio also

depends slightly on the energy of protons. Although the photo-meson pro-

duction time decreases with energy, the escape time decreases even faster,

thus the efficiency of the process (tesc/tpγ) becomes, in fact, less at higher

energies. The direct (Bethe-Heitler) production of (e+, e−) pairs cannot

significantly enhance the efficiency of pγ interactions either. Although this

process requires lower energy protons, which are confined more effectively,

for a broad-band target radiation this process is typically slower than the

photo-meson production.

The fluxes of mm radiation in some hot spots, e.g. in the radiogalaxies

Pictor A and Cygnus A are 2 or 3 orders of magnitude higher than in the

knot A1 of 3C 273, therefore the efficiency of pγ interactions in these objects

could approach a few per cent, provided that particle escape takes place in

the Bohm regime. Even so, the PIC remains a rather ineffective scenario

for the production of X-rays, because it allows less than 1 per cent of the

overall luminosity of nonthermal radiation to be released at keV energies.

Secondary electrons can also be produced also at interactions of rela-

tivistic protons with the ambient gas. The characteristic cooling time of

this process is given by Eq.(3.13). Because the X-ray synchrotron radiation

in the jet could be produced by ≤ 10 TeV electrons, the pp interactions

require relatively low energy protons, Ep ≤ 100 TeV, the escape time of

which may exceed the jet age. On the other hand the pp cooling time of

protons is quite large, therefore this attractive mechanism, which produces

relativistic electrons throughout the entire jet structure, may have an im-

pact on the overall nonthermal radiation only when the ambient gas density

in the knots and hot spots exceeds 0.1− 1 cm−3, or the jet is moving rela-

tivistically towards the observer with Doppler factor � 1. This possibility

for 3C 273 in discussed in Sec. 8.2.4.
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The low-frequency radiation converts, through photon-photon interac-

tions, a fraction of high energy γ-rays, before they escape from the knots,

into (e+, e−) pairs. Thus, these interactions could, in principle, initiate elec-

tromagnetic cascades in the jet. For a power-law spectrum of low-frequency

radiation with the normalisation defined above, the optical depth charac-

terising the efficiency of the cascade development at γ-ray energy E is

estimated as

τγγ ≈ ταS0θ
−2Rkpc(E/1 TeV)α , (8.4)

with τα ' 4 × 10−3; 1.8 × 10−4 and 8.2 × 10−6 for α =0.5, 0.75 and 1.0,

respectively. For example, in the knot A of 3C 273 with θ ∼ 0.5 arcsec,

α ' 0.75 and S0 ' 0.05 Jy, the optical depth exceeds 1 only at E ≥
1018 eV. Thus, the cascade in this specific knot could be initiated only in

the presence of very high energy γ-rays. At the same time, absorption of

γ-rays propagating along the jets of tens or even hundreds of kpc could

be quite significant, albeit the mean density of photons in the overall jet

is noticeably less than in the knots. Moreover, if the γ-ray energy exceeds

1015 eV, the γγ pair production in such large scale jets becomes inevitable

due to interactions with photons of the 2.7 K CMBR. This would lead to

the generation of electron-positron pairs over the length of the jet through

effective development of electromagnetic cascades initiated by ultra-high

energy γ-rays injected in the jet from the central object. We discuss this

interesting effect in Sec. 8.3.

8.2.2 Synchrotron radiation of protons

In this section we discuss a new mechanism for production of X-ray emis-

sion in large scale jets. Namely, we assume that X-ray emission of jets has

a synchrotron origin but is produced by protons (Aharonian, 2002b). At

first glance this mechanism seems to be quite inefficient for the production

of X-rays. However, adopting magnetic fields in jet structures somewhat

larger than the field assumed in the standard electron synchrotron or IC

models, and speculating that protons are accelerated in the jet structures

to energies Ep ∼ 1018 eV or more, it is possible to construct a model which

allows effective cooling of protons via synchrotron radiation on very “com-

fortable” timescales, namely on timescales comparable with the (diffusive)

escape time of protons and/or the age of the jet. This provides effective

propagation of protons over the entire jet structures on kpc scales, and

thus can naturally explain the diffuse character of X-ray emission, as well
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as the broad range of spectral indices for X-ray emission observed from

different objects. Yet, as long as the proton synchrotron cooling time, the

particle escape time and the age of the jet are of the same order of magni-

tude, the proton synchrotron model offers a quite high (from 10 to almost

100 per cent) efficiency for transformation of the kinetic energy of protons

to hard X-rays. This makes the proton synchrotron radiation an attractive

and viable mechanism for interpretation of nonthermal X-ray emission from

large-scale extragalactic jets.

During the jet lifetime most of the energetic particles escape the knots.

In particular, in the Bohm regime, when the particles tend to drift away

most slowly (η = 1), the break in the initial proton spectrum takes place at

Ep ' 4.2×1017BmGR
2
kpc(∆t/107 yr)−1 eV. Since the observations limit the

size of a typical knot or a hot spot to R ≤ few kpc, the only possibility to

move the break point to higher energies is the increase of the magnetic field,

B ≥ 1 mG. However, at such large magnetic fields the proton synchrotron

radiation becomes an additional, or even more important limiting factor

with a characteristic cooling time

tsynhc ' 1.4 × 107B−2
mGE

−1
19 yr , (8.5)

Remarkably, the radiation of the highest energy protons is released in the

X-ray domain:

hνm = 0.29hνc ' 2.5 × 102BmGE
2
19 keV. (8.6)

Correspondingly, the characteristic time of radiation of a proton-

synchrotron photon of energy E is

t(E) ' 2.2 × 108B
−3/2
mG (E/1 keV)−1/2 yr . (8.7)

Taking into account that 1 keV photons are produced by protons with

energy E19 ' 0.063 B
−1/2
mG , the radiation time of synchrotron X-ray pho-

tons becomes less than the time of particle escape in the Bohm regime if

B3
mGR

2
kpc ≥ 30. For a typical size of jet knots of about 1 kpc, this would

require B ≥ 3 × 10−3 G and correspondingly the total energy contained in

the magnetic field WB = B2R3/6 ≥ 4 × 1058 erg. Interestingly, in such an

extreme regime, when almost the whole kinetic energy of accelerated pro-

tons is released in synchrotron X-rays for a typical time of about ≤ 4× 107

yr, the luminosity of synchrotron radiation at 1 keV is expected to be at the

level LX ' 3 × 1043κ erg/s, assuming equipartition between the magnetic

field and accelerated protons, Wp = WB. The parameter κ is the kinetic
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energy in protons (responsible for synchrotron X-rays, i.e. Ep ≥ 1017 eV)

as a fraction of the total energy. For an E−2
p type proton spectrum ex-

tending beyond 1018 eV, κ ∼ 0.1. Note that in the regime dominated by

proton synchrotron losses, the total luminosity of the proton-synchrotron

radiation does not depend on the magnetic field, and is determined simply

by the acceleration power of highest energy protons.

Below we present detailed numerical calculations for several prominent

extragalactic jet features. We assume that during the lifetime of the jet

∆t, protons are injected into a homogeneous and spherically symmetric re-

gion, with acceleration spectrum Qp(Ep) = Q0E
−Γp
p exp (−Ep/E0) and at a

(quasi) continuous constant rate Lp =
∫

Qp(Ep)EpdEp. The kinetic equa-

tion for the energy distributions of relativistic particles which takes into

account the radiative and escape losses, and the time-dependent solutions

to this equation, are described in Appendix B. In this study the interac-

tions of protons with the magnetic field (synchrotron radiation), photon

fields (photo-meson- and Bethe-Heitler pair production) and the ambient

gas (pp → π → e+e−γ), as well as the synchrotron radiation and inverse

Compton scattering of secondary electrons are included in calculations. The

fast synchrotron cooling of secondary electrons in relatively strong irregular

magnetic fields allow us to ignore the cascade processes (initiated by γ-γ

interactions) without a significant impact on the accuracy of calculations.

8.2.3 Pictor A, PKS 0637-752, and 3C 120

The luminosities of proton-synchrotron radiation calculated for 3 prominent

jet features – the western hot spot in Pictor A, the radio knot at 25′′ distance

from the nucleus of the Seyfert galaxy 3C 120, and the bright X-ray region

in the inner western jet of PKS 0637-752 (at ∼ 8′′ from the core) - are

shown in Fig. 8.1. The shape of the resulting proton spectrum primarily

depends on the index of acceleration spectrum Γ0, the magnetic field B and

the size R. The total power in the accelerated protons Lp determines the

absolute X-ray flux.

Pictor A. The western X-ray hot spot 4′.2 from the nucleus of this nearby

(z = 0.035) powerful radiogalaxy coincides with the radio jet and has a

lateral extent of ∼ 2 kpc (Wilson et al., 2001). The spectacular Chandra

image of the jet and hot spot of Pictor A in X-rays is shown in Fig. 8.2.

The X-ray emission from the hot spot is well described by a flat power-law

spectrum with a photon index of α + 1 = 2.07 ± 0.11. This implies that



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

Large Scale Jets of Radio Galaxies and Quasars 333

within the proton-synchrotron model the spectral index of radiating pro-

tons should be close to 3. Thus, for the shock acceleration spectrum with

canonical power-law index Γ0 ∼ 2 we must allow an increase of the spectral

slope by 1. Such a steepening can be naturally provided by intense syn-

chrotron cooling and/or by fast energy-dependent escape of protons from

the source with τesc(E) ∝ 1/E. In the synchrotron-loss dominated regime

the corresponding break in the proton-synchrotron spectrum (the point

where Sν ∝ ν−0.5 is changed to ∝ ν−1) takes place at

(hν)b ' 5 B−3
mG∆t−2

8 keV , (8.8)

where ∆t8 = ∆t/108 yr is the duration of the particle acceleration in units

of 108 yr. For a typical lifetime of the jet (the period of activity of the

central engine) ∆t ≤ 108 yr, the flat (νSν = const) spectrum of the hot

spot above 1 keV would require magnetic field larger than 1 mG. In the

regime dominated by particle escape, the break in the spectrum depends on

the propagation character of protons. In particular in the regime of Bohm

Fig. 8.1 Proton synchrotron luminosities of jets in Pictor A (western radio hot spot),
3C 120 (25′′ radio knot), and PKS 0637-752 (the outer jet component). The optical and
X-ray data are from Wilson et al. (2001) for Pictor A; Harris et al. (1999) for 3C 120;
Schwartz et al. (2000) for PKS 0637-752. The model parameters are described in the
text. (From Aharonian, 2002b).
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diffusion the break in the proton-synchrotron spectrum appears at

(hν)b ' 0.004 B3
mG∆t−2

8 R4
kpcη

−2 keV . (8.9)

Note that the characteristic times of synchrotron cooling and the parti-

cle escape in the Bohm regime have the same ∝ 1/E dependence, therefore

the dominance of synchrotron losses does not depend on the specific energy

interval, and is determined by the following simple condition:

B3
mBR

2
kpcη

−1 ≥ 30 . (8.10)

In Fig. 8.1 we show two “proton-synchrotron” fits to the spectrum of the

hot spot of Pictor A calculated (a) for a regime dominated by synchrotron

losses with two key model parameters B =3 mG and R = 2 kpc (curve

1), and (b) for a regime dominated by particle escape with B = 1 mG

and R = 1 kpc (curve 2). In both cases the following additional model

parameters were assumed: gyro-factor η = 1 (Bohm diffusion); power-law

index Γ0 = 2 and maximum energy of accelerated protons E0 = 1020 eV.

And finally, to match the absolute X-ray fluxes we assume that the proton

acceleration takes place in a (quasi) continuous regime during last ∆t =

108 yrs with rates Lp = 4.5 × 1043 and 1.35 × 1045erg/s for the cases (a)

and (b), respectively.

Although both spectra satisfactorily fit the reported X-ray data above

0.5 keV, case (a) is more attractive on energetic grounds – it requires ∼ 30

times less power in accelerated protons. Note that in the regime dominated

Fig. 8.2 The Chandra X-ray image of Pictor. The perfectly rectilinear jet emanates
from the radiogalaxy and extends over 100 kpc towards the bright hot spot at a projected
distance of 250 kpc. (From Wilson et al., 2001).
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by synchrotron losses, the efficiency of X-ray production is close to 100

per cent, the luminosity being almost independent of the magnetic field,

Lx−γ ∼ Lp. In the particle-escape dominated regime, Lx−γ ∝ B2.

The spectra of relativistic protons trapped in the hot spot, Wp(Ep) =

E2
pN(Ep), are shown in Fig. 8.3. Like Fig. 8.1, the curves 1 and 2 correspond

to cases (a) and (b), respectively. The spectra are similar with an original

(acceleration) shape ∝ E−2
p below the break energy at which the escape

and synchrotron cooling times exceed the age of the source, and ∝ E−3
p

at higher energies. At the same time, while in case (a) the total energy in

protons is rather modest, W
(tot)
p =

∫

W (Ep)dEp ' 1.1 × 1059 erg, in case

(b) it is significantly higher, W
(tot)
p ' 2.9 × 1060 erg. Thus, while in case

(a) the conditions are close to the equipartition between the protons and

magnetic filed (wp ' 1.3 × 10−7 erg/cm3, wB ' 3.6 × 10−7 erg/cm3s), in

case (b) the pressure of protons exceeds the B-field pressure by 3 orders of

magnitude.

Fig. 8.3 Total energy of relativistic protons confined in X-ray emitting regions of radio
jets: the western hot spot in Pictor A (curves 1 and 2), 25′′ knot of 3C 120 (curves 3
and 4), and the outer jet component in PKS 0637-752 (curves 5 and 6) .

Finally we note that the proton synchrotron radiation cannot be respon-

sible for the observed radio and optical fluxes. The two optical/UV points

(triangles) in Fig. 8.1 confirm the break in the spectrum at ν ∼ 1014 Hz.

Both the slope of the spectrum connecting the radio and optical fluxes,

as well as the spectral break above 1014 Hz can be naturally explained by
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synchrotron radiation of electrons. We note, however, that this radiation

component is produced, most probably, in region(s) separated from the

X-ray production region, both in space and time.

The calculations presented in Fig. 8.1 include interactions of protons

with 2.7 K CMBR. The synchrotron radiation of the secondary electrons

peaks at GeV energies, with luminosities at 1 keV of about 3.5×1036 erg/s

for case (a) and by a factor of 20 larger for case (b) (not seen in Fig. 8.1).

In the hot spot of Pictor A, the interactions of protons with the local

(synchrotron) radiation at ν ∼ 0.1 − 100 GHz are more (by two orders of

magnitude) frequent, especially if we assume a small, sub-kpc size of the

hot spot. Even so, this process is not sufficiently effective to reproduce the

observed X-ray fluxes. Moreover, the synchrotron radiation of secondary

(from pγ interactions) electrons at 1 keV has, independent of the proton

spectrum, a standard spectrum with spectral index ' 0.5, i.e. significantly

harder than the spectrum detected by Chandra.

3C 120. The X-radiation from a radio knot at a distance of 25′′ from

the nucleus of the Seyfert galaxy 3C 120 found in the ROSAT HRI data

(Harris et al., 1999) deserves special interest. The flux predicted by the

SSC models appears several orders of magnitude below the observed X-ray

flux. The two-component synchrotron model which postulates two different

populations of relativistic electrons responsible for the radio-to-optical and

X-ray emissions, at first glance seems a natural interpretation. However,

the reported flux limit at optical frequencies (Harris et al., 1999) chal-

lenges this model as well. Indeed, the upper limit at ν = 6.8 × 1014 Hz

(Sν ≤ 0.18µJy) combined with the X-ray flux at 2 keV (0.018µJy) (see

Fig. 8.1) requires an unusually hard spectrum between the optical and X-

ray band, Sν ∝ ν−α with α ≤ 0.35. This implies that the spectrum of

radiating electrons should be flatter than N(Ee) ∝ E−1.7
e . Although such a

spectrum deviates from predictions of the canonical shock acceleration the-

ory, formally we cannot exclude other, more effective particle acceleration

scenarios. However, as discussed above, as long as the synchrotron energy

losses (dEe/dt ∝ E2
e ) play a dominant role in formation of the electron

spectrum, the latter cannot be harder, independent of the initial (acceler-

ation) spectrum Q(Ee), than N(Ee) ∝ E−2
e . The acceleration spectrum

Q(Ee) can be sustained unchanged, assuming fast, at the speed of light,

escape or adiabatic losses of electrons. However, even with such a dramatic

assumption, the electron escape time, tesc = R/c ' 3 × 103Rkpc yr, in

the knot with a radius 2-3 kpc appears longer than the typical lifetime of
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electrons responsible for synchrotron radiation of optical and X-ray pho-

tons, tsynch ' 1.5B
−3/2
mG (E/1 keV)−1/2 yr, unless the magnetic field is less

than ∼ 10−5 G. Alternatively, we should assume that the X-ray flux is a

result of contributions from short-lived (transient) compact regions where

the energy-independent escape losses could dominate over the synchrotron

losses.

We do not face such a problem with the synchrotron radiation of pro-

tons. For a reasonable set of model parameters, the proton escape could

dominate over the synchrotron cooling, but yet the luminosity of the proton-

synchrotron radiation could be maintained at a rather high level. Obviously,

quite similar to the electron synchrotron model, the comparison of the X-

ray and optical fluxes tells us that the spectrum of the radiating protons

should be harder than E−1.7. This implies that for even hardest possible

acceleration spectra, ∝ E−1.5 (Malkov, 1999), the escape of particles should

be essentially energy-independent (tesc ∝ E−β with β ≤ 0.2). In Fig. 8.1 we

show a possible version of the proton-synchrotron radiation calculated for

the following model parameters: the magnetic field B = 1.5 mG, radius of

the X-ray production region R = 3 kpc, acceleration spectrum of protons

with Γ0 = 1.7 and E0 = 1020 eV, energy-independent escape of protons

with tesc = 5× 105 yr. For the diffusive propagation of particles, the latter

corresponds to the diffusion coefficient which at proton energies ≥ 1017 eV

(responsible for production of 0.1-10 keV synchrotron photons) is much

larger than the Bohm diffusion coefficient. This provides the dominant es-

cape loss, and thus does not allow deformation of the primary (acceleration)

spectrum of protons up to the highest energies (see curve 3 in Fig. 8.3) .

Then, the efficiency of the proton-synchrotron radiation, which is charac-

terised by the ratio of the escape time to the synchrotron cooling time, at 1

keV is about ≈ 0.4 per cent. The efficiency is much higher (close to 100 per

cent) for 100 MeV photons (see curve 3 in Fig. 8.1) produced by the high-

est energy (∼ 1020 eV) protons. The corresponding flux of 100 MeV γ-rays

Jγ ∼ 5 × 10−8 ph/cm2s is sufficiently large to be detected by GLAST.

To reproduce the observed X-ray flux at 1 keV we must assume a rather

high injection rate of accelerated protons during 108 yr operation of the

jet, Lp = 1.65× 1045 erg/s. Note, however, that ≥ 1018 eV protons do not

contribute, for the given magnetic field of about 1.5 mG, to the production

of ≤ 1 keV photons. Therefore we may somewhat (by a factor of 4) soften

this requirement by reducing the high energy cut-off in the proton spec-

trum down to E0 = 1018 eV. Further significant reduction of the required

acceleration power could be achieved assuming more effective particle con-
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finement. In Fig. 8.1 we show the luminosity of the proton-synchrotron

radiation (curve 4) calculated for tesc = 5 × 107 yr and E0 = 5 × 1018 eV,

but keeping all other model parameters unchanged. In spite of the increase

of the escape time by two orders of magnitude, which becomes comparable

with the age of the source ∆t = 108 yr, the synchrotron cooling remains a

slower process, compared with the particle escape, until Ep = 1.2×1018 eV.

Therefore the break in the synchrotron spectrum occurs only at ∼ 5 keV.

At the same time, the required proton acceleration power becomes rather

modest; now only Lp ' 1.0 × 1043 erg/s is needed to explain the observed

X-ray flux.

PKS 0637-752. This quasar at a redshift z = 0.651 has the largest and

most powerful X-ray jet detected so far (Chartas et al., 2000, Schwartz

et al., 2000). The X-ray luminosity of the ≥ 100 kpc jet of about LX ∼
4 × 1044 erg/s is contributed mostly by bright condensations between 7′′.5

and 10′′. This region contains three 3 knots resolved in radio and optical

wavelengths. The enhanced X-ray emission is associated, most probably,

with these knots, although its profile does not exactly repeat the radio and

optical profiles of the jet. Therefore the combined flux of these three knots,

Sν = 0.57 µJy at an effective frequency 4.3 × 1014 Hz (Schwartz et al.,

2000), should be considered as an upper limit for the optical flux from the

X-ray emitting regions.

Because the individual X-ray knots are not clearly resolved, here we con-

sider a simplified picture, namely treating the overall emission from the X-

ray enhanced region as radiation from a single source. The X-ray luminosity

based on the measured flux density at 1 keV, 5.9×10−14 erg/cm2s keV and

spectral index α = 0.85 (Schwartz et al., 2000) is shown, together with

the model calculations, in Fig.8.1. Curve 5 is obtained for the following

parameters: B = 1.5 mG, Γ0 = 1.75, E0 = 1020 eV, R = 5 kpc. Also it

was assumed that particles propagate in a “relaxed” Bohm diffusion regime

with gyro-factor η = 10. Under these conditions the escape losses dominate

over the synchrotron losses, and become important above 1017 eV. This re-

sults in the steepening of the proton spectrum, from the initial E−1.75
p to

E−2.75
p . The latter continues up to the exponential cutoff in the acceler-

ation spectrum at E0 = 1020 eV (curve 5 in Fig.8.3). The corresponding

proton-synchrotron spectrum nicely fits the observed X-ray spectrum and,

at the same time, agrees with the optical flux reported from that part of the

jet. Note, however, that the optical flux shown in Fig.8.3 perhaps should be

considered as an upper limit. Correspondingly, if the intrinsic optical flux
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of the X-ray emitting region is significantly less than this upper limit, we

must assume a flatter proton acceleration spectrum. It should be noticed

also that the extrapolation of the proton synchrotron spectrum down to

radio wavelengths appears significantly below the reported radio fluxes at

4.8 GHz and 8.6 GHz (Chartas et al., 2000), which most probably are due

to the synchrotron radiation of directly accelerated electrons.

For the chosen set of model parameters, the absolute X-ray flux re-

quires a huge acceleration power Lp = 3×1046 erg/s, which however agrees

with the estimates of the jet power (in the form of kinetic energy of par-

ticles and of Poynting flux) which in most luminous extragalactic objects

could be as large as 1047 − 1048 erg/s (see e.g. Sikora, 2001, Ghisellini and

Celotti, 2001). We may nevertheless reduce the energy requirements assum-

ing somewhat different model parameters which would minimise the escape

losses. An example of the X-ray luminosity calculated for a favourable

set of model parameters is presented by curve 6 in Fig.8.1. In particular,

compared with curve 5 the magnetic field is increased to 3 mG, the size

is reduced to 3 kpc, and it is assumed that the particle diffusion proceeds

in the Bohm regime (η = 1). This implies that B3
mBR

2
kpcη

−1 ≈ 250, i.e.

the proton losses are strongly dominated by synchrotron cooling. In order

to reduce the required proton acceleration power by another factor of ∼ 3,

an “early” exponential cutoff in the acceleration spectrum is assumed at

E0 = 2 × 1018 eV. The resulting proton spectrum shown in Fig.8.3 (curve

6) could be treated as an optimum spectrum designed to maximise the pro-

duction of X-ray at 1 keV, as is seen in Fig.8.1. The required proton power

now is 10 times less than in the previous case, Lp = 2.9 × 1045 erg/s. Fur-

ther significant reduction of Lp is almost impossible given the fact that the

X-ray luminosity in the interval 0.2-10 keV already is huge, Lx ' 5 × 1044

erg/s, unless we assume that the jet is moving with a bulk Lorentz factor

Γj � 1 towards the observer.

8.2.4 The case of 3C 273

3C 273 is the brightest quasar on the sky with broad band distribution

of the central source extending from radio to high energy γ-rays (see e.g.

Courvoisier 1998) and with a nonthermal large scale jet extending over ≈ 80

kpc. The highly variable emission of the central source and the extension

of the spectrum to ≥ 1 GeV γ-rays (see Fig.2.3) implies that this radiation

is beamed, and most likely originates in a sub-pc relativistic jet (otherwise

severe absorption of the γ-rays by X-rays would be inevitable, see Lichti et
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al., 1995). The relatively small distance to the source (z = 0.158) allows

the detection of γ-rays up to energies of about 100 GeV without significant

intergalactic absorption. Thus 3C 273 may serve as an ideal laboratory to

study the link between multi-kpc and sub-pc jets of powerful radiogalaxies

and quasars.

The Chandra image of the radio jet of 3C 273 is shown in Fig.8.4.

Approximately 40% of the total X-ray luminosity of the jet is contributed

by the brightest knot, called A1 (Marshall et al., 2001). This knot is unique

also in the sense that its radio, optical and X-ray fluxes are consistent with

a single power-law spectrum (Röser et al., 2000, Marshall et al., 2001).

The spectral energy distribution (SED) of knot A1 is shown in Fig.8.5.

The observed fluxes at radio (MERLIN array), optical (HST), and X-ray

(Chandra) bands are from Marshall et al. (2001). The overall slope, with

spectral index αr−x ' 0.75, agrees well with the local slope at optical

wavelengths, and matches the X-ray flux at 1 keV, although the local slope

at X-rays is slightly different, αx = 0.60 ± 0.05 (Marshall et al., 2001).

Fig. 8.4 The Chandra X-ray image of 3C 273 (from Marshall et al., 2001). The spec-
tacular jet that emanates from the quasar and extends over 80 kpc, contains several
bright condensations. The brightest of them is the so-called knot A1.

The similar polarisation properties observed at radio and optical fre-

quencies, as well as the power-law behaviour of the spectrum imply that

a single electron population can be responsible for radiation between these

two bands. Formally, the X-rays also can be attributed to the same elec-
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tron population (e.g. Röser et al., 2000). However, as discussed above, the

power-law extrapolation of the hard synchrotron spectrum to X-ray ener-

gies is quite problematic given the severe energy losses of electrons at high

energies. The recent report of the detection of an excess of near-ultraviolet

emission from this region also suggests that we are dealing with a two-

component origin of the overall nonthermal emission of the jet (Jester et

al., 2002). Also, because of severe synchrotron losses, the X-ray emitting

electrons could not propagate far from their birthplace/accelerator, thus we

should expect a point-source type morphology rather than diffuse emission.

Below two alternative possibilities are discussed, both connected with the

accelerated protons by direct synchrotron radiation or through synchrotron

radiation of secondary electrons. For a knot size of about 1 kpc and for an

ambient magnetic field B ≥ 1 mG, the synchrotron-cooling and the escape

times of protons are comparable with the age of the jet. Thus, with certain

assumptions about the acceleration spectrum and the propagation of pro-

tons, we can satisfactorily fit the fluxes as well as to explain the kpc size of

the observed diffuse nonthermal emission.

Fig. 8.5 The spectral energy distribution of knot A1 in 3C 273. The radio, optical and
X-ray fluxes are from Marshall et al. (2001). The solid, dashed and dot-dashed curves
correspond to 3 different sets of model parameters discussed in the text. The heavy,

standard and thin lines represent the fluxes of (1) synchrotron radiation of protons, (2)
synchrotron radiation of secondary electrons produced in pγ and pp interactions, and (3)
π0-decay γ-rays produced at pp interactions, respectively.
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Proton synchrotron radiation. In Fig.8.5 three spectra of proton-

synchrotron radiation modelled for knot A1 are shown. For all 3 curves

it is assumed that continuous injection of relativistic protons proceeds at a

constant rate over the last 3×107 yr. The solid curve is calculated for B = 5

mG and R = 1 kpc, and assuming that the protons propagate in the Bohm

diffusion regime with η = 1 (model I). This implies that synchrotron losses

dominate over the particle escape, but yet, for the assumed source age and

the magnetic field, the synchrotron losses become important only for the

protons responsible for the X-ray flux above 1 keV (Ep ≥ 3 × 1017 eV).

Since the escape losses are also small and do not change the acceleration

spectrum of protons, in order to explain the entire range of nonthermal

emission from radio to X-rays with spectral index αr−x ' 0.7, we must as-

sume a steep proton acceleration spectrum with Γ0 = 2αr−x +1 = 2.4. The

solid curve in Fig.8.5 corresponds to such a power-law index of accelerated

protons. The disadvantage of this fit is that it requires an uncomfortably

large acceleration rate Lp = 1.2 × 1047 erg/s, with the total energy of

protons deposited in the knot during 3 × 107 yrs, W
(tot)
p ' 1062 erg (see

Fig.8.6).

Consequently, the energy density of cosmic rays appears 3 orders of

magnitude larger than the energy density of the B-field. Note, however,

that this huge total energy is contributed by low energy protons which,

from the point of view of production of radiation above ≥ 1 GHz, are

in fact “vain” particles. Therefore assuming a low-energy cutoff in the

acceleration spectrum, e.g. at 1013 eV, we can significantly reduce the

energy requirements. Another, perhaps a more natural way to avoid the

low-energy protons can be achieved assuming a hard acceleration spectrum

coupled with an energy-dependent escape of particles. The dot-dashed

curve in Fig.8.6 corresponds to the case of the canonical shock acceleration

spectrum with Γ0 = 2, and the escape time taken in the form tesc(E) =

1.4 × 107(E/1014 eV)−1/2 yr (model II). The resulting proton spectrum

inside the knot in the most relevant energy region above 1013 eV becomes

steeper, E−2.5. The assumed large magnetic field B = 10 mG, as well as

the upper energy cutoff at E = 1018 eV in the acceleration spectrum, allow

an additional reduction of the acceleration power to 1.05× 1046 erg/s. The

corresponding energy of protons confined in the knot now is 4.9× 1060 erg.

The spectrum of proton synchrotron radiation calculated for this set of

parameters is shown in Fig. 8.5 by the dot-dashed curve.

Further significant reduction of the required energy budget is still pos-
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sible, provided that the proton-synchrotron radiation is responsible only

for the X-ray emission, with the radio and optical fluxes being related to

other emission components, e.g. to the synchrotron radiation of electrons.

The dashed curve in Fig.8.5 corresponds to such a scenario (model III). It

is obtained assuming B = 3 mG, R = 2 kpc, E0 = 1018 eV, Γ0 = 2. For

these parameters the proton acceleration power is reduced to the level of

Lp = 1045 erg/s.

Synchrotron radiation of secondary electrons. In Fig.8.5 are shown

the spectra of secondary electrons produced at interactions of protons with

the ambient plasma and radiation fields. The corresponding synchrotron

radiation of these electrons is shown in Fig.8.5. The energy density of

mm and sub-mm radiation, which is the most relevant band of electromag-

netic radiation for interactions of highest energy protons, is estimated from

Fig.8.5, wr = νSν(d/R)2/c ≈ 10−13 erg/cm3, almost an order magnitude

less than the energy density of the 2.7 K CMBR at the epoch z = 0.158.

The interactions of protons with the 2.7 K CMBR do not contribute

significantly to the production of electrons with energy less than 100 TeV,

i.e. to the production of electrons responsible for the synchrotron radia-

tion at radio to X-ray energies. The first generation electrons appear with

Fig. 8.6 Total energy of relativistic protons trapped in the knot A1 of the quasar 3C 273.
The heavy solid, dashed, and dot-dashed curves correspond to 3 different combinations
of the model parameters as in Fig.8.5. The fluxes of secondary pγ and pp electrons
multiplied by 1010 are also shown (thin lines).
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energies exceeding Ee ≥ 1015eV. On the other hand, the large magnetic

field and small γ-γ optical depth prevent effective electromagnetic cascade

development, which would allow production of lower energy electrons. As a

result, the only signature of pγ interactions seen Fig.8.5 is the flattening of

the spectrum of the electron synchrotron radiation at MeV/GeV energies,

caused by electrons produced through the Bethe-Heitler pair production.

For a relatively high gas density in the knot, the interactions of ac-

celerated protons with the thermal plasma contribute more effectively,

through decays of π± mesons, in the production of relativistic electrons

and positrons. Because of the poorly known gas density in the jets, the cal-

culations of secondary “pp” electrons contain large uncertainties. On the

other hand, important information about the gas density could be provided

by synchrotron radiation of these electrons; the latter obviously should not

exceed the observed fluxes at radio, optical and X-ray bands. For the knots

in 3C 273, the most informative upper limits are contained in the very

low radio fluxes at GHz frequencies. The curves in Fig.8.5 correspond to

the gas density n = 10−5 cm−3 for the model I, and 10−3 cm−3 for the

models II and III. It is seen that for the steep acceleration spectrum of

protons, ∝ E−2.4, the radio data only marginally agree with the calculated

synchrotron radio flux by secondary electrons (solid line in Fig.8.5), and

therefore n ≤ 10−5 cm−3. Such a strong constraint is a result of a very

large amount of low energy, ≤ 10 GeV, protons (solid curve in Fig.8.6)

- the parents of the secondary electrons producing the synchrotron radio

emission. Since the gas density in knots is likely to be significantly larger,

this constraint could be considered as an independent argument against the

steep proton acceleration spectrum assumed in the model I.

The models II and III with flat E−2 type acceleration spectrum of

protons allow much higher gas densities in the knot, namely, 10−3, and

10−2 cm−3, respectively. Because these numbers are quite close to the

densities expected in the environments of large scale extragalactic jets, it

seems an attractive idea of referring a fraction of, or even the entire, syn-

chrotron spectrum of the knot to the synchrotron radiation of secondary

“pp” electrons.

The fluxes of synchrotron radiation of secondary “pp” electrons calcu-

lated in the continuous injection regime over the last 107 yr are shown in

Fig.8.7 for two combinations of model parameters: (a) R = 1 kpc, B = 0.1

mG, η = 1; and (b) R = 0.25 kpc, B = 0.03 mG, η = 10. In both cases the

same “power-law with exponential cutoff” acceleration spectrum for pro-

tons is assumed with Γ0 = 1.5 and E0 = 1018 eV. These parameters imply
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essentially different escape times of protons with corresponding breaks at

Eb ' 3.5×1016 eV and 6.5×1013 eV for the cases (a) and (b), respectively.

The resulting breaks in the synchrotron spectra of secondary electrons ap-

pear at 1 MeV and 1 eV, respectively. It is seen that case (a) explains

the observed nonthermal spectrum from radio to X-rays quite well, while

case (b) can explain only the radio and optical fluxes. Note that for cho-

sen parameters the highest energy protons quickly escape the knot. This

effect, combined with the low magnetic field, results in a dramatic drop of

emissivity of the proton synchrotron radiation.

The synchrotron radiation by secondary “pp” electrons in radiogalaxies

and AGN is not a new idea. The basic problem of this hypothesis - the

deficit of an adequate target material - was clearly recognised in the early

1960s (see e.g. Burbidge et al., 1963). The above calculations face the same

problem. In order to match the absolute fluxes of the observed nonthermal

radiation from knot A1, we must assume a very large product of the gas

density and the proton injection power, nLp = 8.5× 1046 erg/s cm3. Thus

Fig. 8.7 Broad-band ninthermal emission of the knot A1 of 3C 273 produced directly
by accelerated protons via the synchrotron radiation (dashed lines) and through the
pp → π0 → γ channel (dotted lines), as well as by secondary electrons through the syn-
chrotron (solid lines) and inverse Compton (dot-dashed lines) radiation. The heavy lines
correspond to the case of slow escape (model I) and thin lines correspond to fast escape
(model II). The model parameters are discussed in the text. The synchrotron radiation
of protons for model II is too weak and is beyond the figure frames. The contributions
of π0-decay γ-rays for the models I and II are almost identical, and therefore cannot be
distinguished. (From Aharonian, 2002b).
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for any reasonable acceleration rate of protons Lp ≤ 1047 erg/s, the plasma

density in the knot should be close to 1 cm−3. Such high densities are

not supported, however, by depolarisation studies of the radio emission. In

principle, this problem could be essentially softened if the knot is moving

towards the observer with a relativistic Doppler factor � 1.

Obviously, the hypothesis of relativistic beaming has a universally “pos-

itive” effect for all radiation models. In particular it helps to reduce sig-

nificantly the energy requirements for both the proton synchrotron and

the secondary-electrons synchrotron models discussed above. Indeed, if

the jet maintains the relativistic speed up to kpc scales, for a Doppler

factor of about δj ∼ 5, these requirements become so relaxed that we

can successfully explain the entire radiation of the knot A1 by proton

synchrotron radiation alone. At the same time, the relativistic beaming

makes the interpretation of the nonthermal emission of the knot by sec-

ondary “pp” electrons an attractive alternative with a quite reasonable

product of the gas density, the jet lifetime , and the proton acceleration

rate (n/0.1 cm−3) (∆T/107 yr) (Lp/1045 erg/s) ∼ 1.

Gamma-ray emissivity of the knots. 3C 273 is a powerful γ-ray emitter

with a peak in the spectral energy distribution at 1-10 MeV at the level of '
4×10−10 erg/cm2s; the energy flux at 1 GeV is about ' 2×10−11 erg/cm2s.

These fluxes exceed by several orders of magnitudes the flux of the proton

synchrotron radiation (see Fig.8.5). Below we briefly discuss two other

potential mechanisms for γ-radiation related to interactions of relativistic

protons.

Besides the cooling through synchrotron radiation, the secondary elec-

trons release their energy also through inverse Compton radiation which

may extend to very high energies. However, for the parameters favourable

for the proton synchrotron radiation, in particular for the magnetic field

B ≥ 1 mG, the contribution of the IC component is negligible, and there-

fore it does not appear in Fig.8.5. For a smaller magnetic field, B ≤ 0.1

mG, the IC fluxes are higher (Fig.8.7), but still well below the sensitivity

of γ-ray detectors. This is also true for “direct” π0-decay γ-rays produced

in pp interactions. The fluxes of this component are shown in Fig.8.5 and

Fig.8.7. Note that the sharp drops of γ-ray fluxes above 100 GeV are caused

by intergalactic photon-photon absorption. In calculations presented in

Figs. 8.7 and 8.7, we adopted one of the recent models of the diffuse extra-

galactic background of Primack et al. (2001) which satisfactorily describes

the observational data at near infrared and optical wavelengths - the most
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important band from the point of view of intergalactic absorption of γ-rays

above 100 GeV (see Chapter 10)..

Although the flux of π0-decay γ-rays is proportional to the ambient

gas density n and the total amount of accumulated relativistic protons,

Wp ' ∆tLp, it cannot be arbitrarily increased assuming larger values for

the product n∆tLp. The π0-decay γ-rays are tightly coupled with the syn-

chrotron radiation of secondary (π±-decay) electrons. Therefore the fluxes

of π0-decay γ-rays are (unavoidably) limited by the energy fluxes of syn-

chrotron radiation of secondary electrons at low frequencies. In particular,

since both GeV γ-rays and GHz radio photons are initiated by the same

(10 to 100 GeV) primary protons, the flux of γ-rays around 1 GeV cannot

exceed 10−15 erg/cm2s, as is clearly seen in Fig.8.5 and Fig.8.7. Obvi-

ously this upper limit is insensitive to the relativistic beaming effects. This

excludes any chance to explain the observed high energy γ-radiation from

3C 273 by pp interactions in the the large-scale jet. The observed MeV/GeV

γ-radiation originates, most probably, in the inner jet.

8.3 Large Scale Jets Powered by Gamma Rays

In this section we discuss an interesting scenario when relativistic electrons

are introduced throughout the length of the jet through the development

of electromagnetic cascades in the 2.7 K CMBR and (perhaps) other local

photon fields, initiated by extremely high energy γ-rays injected into the

jet from the central object (Neronov et al., 2002). This scenario provides

a natural and economic way to power the jets up to distances of 100 kpc

and beyond.

The mean free path of γ-rays in the field of 2.7 K CMBR at z � 1

has a minimum Λγ ≈ 8 kpc at Eγ ' 1015 eV. At both lower and higher

energies Λγ increases – sharply (exponentially) at Eγ � 1015 eV, and slowly

(almost linearly with energy) at Eγ � 1015 eV, Λγ ≈ 14.6 Eγ,16T
−2
2.7 [1 +

0.7 ln (Eγ,16T2.7)]
−1 kpc, due to the decrease of the cross-section with the

parameter EγkT � m2
ec

4. Hereafter, Eγ,16 = Eγ/1016 eV, T2.7 = T/2.7 K.

Thus, a γ-ray beam with a broad spectrum extending to 1018 eV can supply

the jet with “desirable” VHE electrons along the jet, and thus power the

jet up to distances ∼ 100 kpc or even more. At cosmological epochs with

z ≥ 1, the mean free path is reduced by a factor of (1 + z)2.

Below we assume that VHE photons are injected into a cylindrical jet.

Interacting with the 2.7 K CMBR as well as with the low-frequency radia-
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tion of the jet itself, these γ-rays initiate electromagnetic cascade supported

by γ−γ pair-production and inverse Compton scattering. The synchrotron

radiation causes degradation of energy of the electrons, and thus reduces

the efficiency of the cascade development.

High resolution radio observations show that the magnetic field in large

scale jets may be dominated by a regular component parallel to the jet axis,

although there could be anomalous regions near the knots with oblique

field components. Here we adopt a simplified picture assuming that the

field consists of two - random and regular (aligned with the jet axis) -

components, B0 and Br, respectively. Generally, if the first generation

electrons appear at small angles to the regular magnetic field (i.e. the γ-

ray beam from the central engine is directed along the jet), they will spiral

with a small pitch angle θ in the magnetic field B0 and at the same time

get gradually deflected by the random magnetic field Br. As long as the

deflection of electrons does not exceed a few degrees, the synchrotron losses

of electrons are dominated by the random magnetic field. At larger angles

the synchrotron radiation in the regular field becomes more important.

Moreover, for θ ≥ 30◦ the latter also dominates over Compton losses. At the

same time, because of the Klein-Nishina effect, the electrons of extremely

high energies, E ≥ 1017 eV are basically cooled through the synchrotron

radiation, even when they move at small pitch angles.

If the deflection of electrons in the jet is described as diffusion in

pitch angle, the diffusion length Λdiff can be estimated as Λdiff ≈
5 (Br/0.1µG)−2(Ee/100TeV)2l−1

pc (θ0/3
◦)−2 kpc, where lpc is the correla-

tion length of the random B-field in parsecs and θ0 is the initial open-

ing angle of the primary photon beam. When electrons cool down

to ∼ 100 TeV, their propagation length is determined by Compton

losses, Λe = 0.3(T2.7)
−4(Ee/100TeV)−1 kpc. On the other hand, when

Λdiff becomes comparable to Λe, the trajectories of the cascade elec-

trons are effectively randomised by the irregular B-field at energies be-

low Ecrit = 40(Br/0.1µG)2/3l
1/3
pc T

−4/3
2.7 (θ0/3

◦)2/3TeV. These electrons are

cooled through synchrotron and Compton losses, and form a bright “shell”

around the “main stream” of the cascade.

Because the spectra of Chandra jets extend beyond 1 keV, for a rea-

sonable value of Ecrit ∼ 100 TeV, which should be treated as a free

parameter, the regular B-field must exceed 10 µG. One needs a suffi-

ciently strong magnetic field in order to explain the X-ray data. The

random field cannot play this role because it would destroy the cascade

from the very beginning. On the other hand, effective cascade devel-
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opment in many cases is desirable in order to have a more or less ho-

mogeneous distribution of electrons, both in density and energy spec-

trum, throughout the jet. Assuming that the maximum energy of syn-

chrotron radiation from the jet lies in the X-ray energy domain, we find

the following relation between the random and regular magnetic fields:

(Br/0.1µG)2(B0/10µG)3/2lpc ≈ 7T4
2.7(θ0/3

o)−2 (hνmax/ 1keV)3/2. An ex-

ample of evolution of photon and electron spectra in the “main stream”

and in the “shell” are shown in Fig.8.8.
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Fig. 8.8 Evolution of energy spectra of γ-rays (upper panel) and electrons (lower panel)
in the “main stream” (right) and in the “shell” (left) of the jet. Upper panel (right):
thin line – initial photons (at the base of the jet), dashed lines – after 50 kpc, thick lines
– 500 kpc. Upper panel (left): the synchrotron/IC spectra of the “shell” (dashed line –
after 106 yr, thick solid line – after 108 yr). For comparison the Chandra points of the
knot A of the quasar 3C 273 are also shown, assuming 1 kpc for the knot size. The 2.7 K
CMBR flux is shown by the thin solid line. Lower panel: evolution of electron spectra
in the “main stream” and in the “shell”. (From Neronov et al., 2002).
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Generally, in most parts of the jet, the internal radiation fields are

negligible compared to the external 2.7 K CMBR background. However,

in the knots and hot spots the density of internal (synchrotron) radiation

can be comparable or even exceed the density of the 2.7 K CMBR. This

is the case, for example, in knot A1 of 3C 273. Therefore, interactions of

the highest energy γ-rays with the radio synchrotron radiation may well

dominate, at least in the bright knots. Besides, the random B-field in

the knots can be stronger than in the rest of the jet, which would result

in an increase of the energy Ecrit at which the electron trajectories are

randomised. To demonstrate this effect, in Fig.8.9 the evolution of the

electron production rate in the knot A1 is shown. For comparison, the

detected profile of X-rays is also shown. In order to avoid large energy

release at small distances, a very hard, E−1.5 type, γ-ray spectrum with

exponential cutoff at 1019 eV is assumed.

It is seen that in the initial part of the jet, where synchrotron back-

ground is quite low, the injection rate of photo-produced electrons into the

shell is small. But in knot A1 the rate increases rapidly. An observer who

detects the jet from the side and does not see the “main stream” of the cas-

1

2

3

10 12 14 16 18 20

L
u

m
in

o
s
it
y
 [

x
 1

0
4

2
 e

rg
 s

-1
 k

p
c

-1
]

Angle from Core [arcsec]

3C 273

A1

B1

Fig. 8.9 Evolution of the jet’s luminosity. The thin solid line represents X-ray data
for 3C 273, the dashed line is intensity profile of the synchrotron background used in
numerical calculation. The thick solid line is the injection rate of electrons with energy
E ≤ Ecrit = 1014 eV from the “main stream” of the electromagnetic cascade, i.e. the
rate of “visible” electrons from the “shell”. For the primary spectrum of γ-rays we
assumed E−1.5 with an exponential cut off at 1019 eV. The luminosity of the primary
photon beam is 1044 erg/s. (From Neronov et al., 2002).
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cade, may conclude that electrons are effectively accelerated in the knot.

Thus, this model can give a reasonable explanation of the often observed ef-

fect of disappearance of the jet and its appearance again at larger distances

in the form of knots and hot spots. Such a picture is clearly seen in the one

sided jet of the radiogalaxy Pictor A (see Fig.8.2). The perfectly rectilinear

jet stemming from the central sources disappears approximately half way

to the hot spot located at a projected distanced of 250 kpc. Within this

model the luminosity of the main body of the jet is explained by the inter-

action of 1015 − 1017 eV γ-rays with the 2.7 K CMBR, with the follow-up

cascading and synchrotron radiation of electrons deflected from the “main

stream” by the random magnetic field. Beyond 100 kpc the “fuel” in the

form of 1015 − 1017 eV γ-rays is significantly reduced, but the photons of

higher energy survive and continue to interact with the 2.7 K CMBR up to

distances of about 1 Mpc. But since the secondary electrons have very large

energies, they cannot be effectively deflected by the random magnetic field

component, which in addition at such large distances could be significantly

reduced. Therefore this part of the jet remains invisible for us. This smooth

picture is dramatically changed when the ≥ 1017 eV γ-rays meet the hot

spot. Due to the large density of low-frequency synchrotron radiation, these

γ-rays are completely absorbed in the hot spot. The secondary electron-

positron pairs immediately cool down in the strong magnetic field of the

hot spot of about 10−4 G. The resulting synchrotron radiation continues

up to 1015 eV, but if the jet’s aspect angle is large, this radiation cannot

be observed because the highest energy electrons do not change their direc-

tion until they are cooled down to energies ≤ 100 TeV. The quasi-isotropic

(observable) synchrotron radiation of these electrons appears at X-ray and

optical frequencies.

The formation of knots in the suggested model is a nonlinear process.

The increase of synchrotron luminosity at some point of the jet would

lead to an increase of the rate of ejection of electrons from the “main

stream”. This, in turn leads to a further increase of synchrotron luminos-

ity and the formation of bright knots. The energy losses of shell electrons

are dominated by the regular magnetic field which establish a standard

dne/dEe ∝ E−2
e type spectrum of electrons. Correspondingly, the spec-

trum of synchrotron radiation has the form νFν ∝ ν0.5 with a maximum

at hνmax = 1.6(B0/10µG)(Ecrit/100TeV)2 keV. Note, however, that al-

though the radio luminosity of the jet is directly related to the injection

rate of electrons in the “shell”, and therefore to the VHE γ-ray luminosity

of the central source, it depends on some other factors as well, like the time
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of “operation” of the central source, the strength of the magnetic field in

the jet, particle escape, etc. Also, the effect of energy-dependent diffusion

makes the radio spectrum somewhat steeper. While the X-ray data tell us

about the VHE γ-ray luminosity of the central source at the present epoch,

the radio data rather reflect the history of its evolution.

One of the key questions to be addressed in this model is whether pho-

tons with energies larger than 1016 eV can be effectively produced and freely

escape the dense photon environments in AGN. The central engines of AGN

are believed to be powerful particle accelerators up to 1020 eV (see e.g.

Kafatos et al., 1981). The accelerated protons can produce VHE γ-rays

interacting with the ambient photon fields (supplied, for example by the

accretion disk around the massive black hole) through the photo-meson

process. Since we need a beamed γ-radiation emitted at a small angle to

the MHD jet, the protons should cross the photon field almost rectilinearly.

Therefore, the condition of a high proton-to-gamma conversion efficiency

in the production region of a linear size R implies τpγ = σpγR nph ≥ 1.

On the other hand, the produced γ-rays can effectively escape the pro-

duction region if τγγ = σγγR nph < 1. Thus, the production region is

transparent only for those γ-rays for which σγγ < σpγ . This is possible
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and neutrinos (dotted lines) after they escape the region of proton accelerator close to
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for very energetic γ-rays in a “hot” ambient photon gas. As an example,

Fig.8.10 shows the spectra of protons and γ-rays emerging from a source

filled with thermal radiation with T = 104 K which serves as a target

for protons within a narrow energy interval between ∼ 1018 and 1019 eV.

The photon-photon pair-production cross-section is characterised by the

product of energies of interacting photons, EkT/m2
ec

4 ∼ 103(E/100TeV).

When this parameter exceed 106 (at E ≥ 1017 eV), the pair-production

cross-section is suppressed by several orders of magnitude (see Chapter 3),

and becomes less than the (almost energy-independent) photo-meson pro-

duction cross-section, σpγ ' 10−28 cm2. Thus, the E ≥ 1017 eV γ-rays

are not only effectively produced at photo-meson interactions, but also are

able to escape the source without catastrophic losses. The numerical cal-

culations shown in Fig.8.10 demonstrate this possibility. A broader, e.g.

power-law type, proton spectrum would result in effective production of

less energetic, E ≤ 1016eV, γ-rays as well. However, due to the increase of

the photon-photon pair production cross-section, only a small fraction of

these photons can escape the source.

The cascade can develop effectively in the jet if the strength of the

random B-field does not exceed 1 µG, otherwise, the synchrotron radiation

of electrons would dominate over the inverse Compton losses. On the other

hand this component of the field should not be significantly below 1 µG

in order to force the electrons to escape the “main stream” (otherwise the

synchrotron radiation cannot be observed). At very large distances from

the central source, the ambient (random) magnetic field can be reduced to a

very low level, B ∼ 10−9 eV or less, therefore the cascade continues almost

rectilinearly until the 10-100 TeV γ-rays start to interact effectively with

the diffuse infrared background photons. These interactions would result

in the formation of giant electron-positron Pair Halos with specific angular

and energy distributions (see Chapter 11). If the AGN is located inside

a rich cluster of galaxies, where the magnetic field could be as large as

1 µG, then the photo-produced electrons in the intracluster medium would

result in nonthermal synchrotron radiation at EUV and X-ray bands (see

Chapter 9). And finally, if the central source is a blazar, i.e. the jet is

pointed to the observer, we may expect beamed γ-ray emission with the

characteristic E−1.5 type spectrum extending to 100 TeV. However, due to

significant intergalactic absorption, the γ-rays will arrive with significantly

distorted spectra. A possible implication of this mechanism for TeV blazars

is discussed in Chapter 10.
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8.4 Concluding Remarks

Although there is no alternative to the nonthernal origin of radiation of

large scale AGN jet, it remains a theoretical challenge to explain the va-

riety of morphological and spectroscopic peculiarities observed from these

objects. The recent exciting discoveries by Chandra have added much to

our knowledge of structures of these fascinating components of powerful

radiogalaxies and quasars. Nevertheless they have not solved the old prob-

lems, and, in fact, have brought new puzzles.

The standard models that relate the nonthermal X-ray emission of dis-

tinct jet features to the synchrotron or inverse Compton radiation of directly

accelerated electrons, are not free of problems. The inverse Compton or

synchrotron-self-Compton models typically fail on energetic grounds, un-

less one assumes that the X-ray emitting regions are jet structures moving

relativistically towards the observer. This interesting approach can be ap-

plicable for the jets in some objects, but needs further study based on larger

source statistics. In any case, it seems unlikely that this mechanism can be

applied to all Chandra jets.

While the limited efficiency of the inverse Compton models originates

from the lack of sufficiently dense photon target fields, the electron-

synchrotron model has just the opposite problem. It is “over-efficient”

in the sense that the TeV electrons due to severe radiative losses have

very short propagation lengths, and thus can hardly form diffuse X-ray

structures on kpc scales. A possible solution could be that the electron

acceleration takes place throughout entire volume of a knot or a hot spot.

The operation of huge, kpc size accelerators in the jets seems, however, a

non-trivial theoretical challenge.

The secondary origin of TeV electrons, produced more or less homoge-

neously in the knots by relativistic protons interacting with the ambient

gas, is an interesting possibility. But this hypothesis requires an unaccept-

ably large density of the ambient thermal plasma and very high proton

acceleration rate, unless we assume that the X-ray emitting regions are

relativistically moving jet structures with Doppler factor δj � 1.

Alternatively, the secondary electrons can be produced in photo-meson

interactions of protons with ambient photon fields. This process requires

acceleration of protons to 1020 eV, and therefore makes the idea rather

attractive in the context of the origin and sources of the highest energy

particles observed in cosmic rays. However, this mechanism does not appear

sufficiently effective to achieve the observed X-ray luminosities, as well as
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to match the spectra of most of the Chandra jets.

The proton-synchrotron radiation mechanism is a more effective channel

for X-ray production associated with the hadronic component of acceler-

ated particles. For a certain combination of parameters characterising the

acceleration, propagation and radiation of very high energy protons, this

model can provide effective cooling of protons via synchrotron radiation on

quite comfortable timescales of about 107 − 108 yr. This allows effective

propagation of protons in the jet over kpc scales, and thus production of ex-

tended X-ray structures. Yet, the model allows high radiation efficiencies,

and demands quite reasonable proton acceleration rates. Although these

rates are comparable with the electron acceleration rates required in the

electron-synchrotron models, the proton-synchrotron model implies much

higher energy densities in the form of nonthermal particles and magnetic

fields. For relativistic jets aligned with the line of sight the energy require-

ments can be reduced by two or three orders of magnitude. The success

of the proton-synchrotron model largely relies on 3 principal assumptions:

(i) acceleration of protons to energies at least Ep = 1018 eV; (ii) a strong

ambient magnetic field, B ≥ 1 mG; (iii) slow propagation of protons in

the knots in the regime close to the Bohm diffusion with η ≤ 10. A fail-

ure of any of these conditions would shift the characteristic energy range

of synchrotron radiation towards lower frequencies, and, more importantly,

would reduce dramatically the radiation efficiency to an unacceptably low

level. And vice versa, any observational evidence in favour of the proton-

synchrotron origin of the large-scale structures of the Chandra jets would

imply a large magnetic field and acceleration of protons to extremely high

energies.

Finally, an attractive alternative to all above models is the scenario

when the jet is powered by external γ-rays through their interactions with

the 2.7 K CMBR, and subsequent development of electromagnetic cascades

penetrating through the regular and random fields in the the jet. Generally,

nonthermal phenomena are associated with acceleration of relativistic par-

ticles. In this model, we have exactly the opposite picture when the external

γ-radiation serves as “primary substance” for production of ultrarelativistic

electrons. Consequently, there is no need for particle acceleration immedi-

ately in the jet. At the same time, this unconventional hypothesis contains

certain components of standard scenarios. Indeed, because of its prime

motivation to explain X-rays by the electron synchrotron radiation, this

model can be considered as a “leptonic” model. On the other hand, this

scenario is related to “hadronic” models, because the “primary” γ-rays of
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energy 1015 − 1019 eV can be produced only in hadronic interactions, most

likely in the vicinity of massive black hole. The latter provides a direct

link between the large scale jet and the central engine. The beam of ultra

high energy γ-rays can be considered as an alternative to the Poynting flux

assumed in the standard AGN models for extraction of energy from the

rotating black holes. While the transformation of the Poynting flux to the

kinetic energy of the outflow, and eventually (through termination shocks)

to relativistic particles, remains an unsolved problem, the transformation

of γ-rays to relativistic electrons can be realised effectively through the well

known mechanism of γ-γ pair production.

Like many other nonthermal phenomena, the γ-rays from large-scale

jets may provide straightforward answers to many questions concerning the

origin and nature of particles responsible for the observed X-ray emission

of the Chandra jets. Unfortunately, the energy fluxes of X-rays in these

structures are quite small, below 10−12 erg/cm2, therefore detection of the

accompanying γ-radiation is not a simple task. For production of X-rays

the inverse Compton models require only low energy electrons. Therefore,

generally the γ-ray production is not an important issue in these models.

The model of synchrotron X-radiation by multi-TeV electrons automat-

ically implies high energy γ-ray production due to the inverse Compton

scattering on the 2.7 K CMBR. The magnetic field in these models signifi-

cantly exceeds 1 µG, therefore the energy flux of γ-rays cannot exceed the

flux of synchrotron X-rays. Because of the enhanced target photon den-

sity, the γ/X flux ratio could be significantly larger in the jets with large

bulk motion Lorentz factors. For some combinations of model parameters,

the inverse Compton losses can dominate over the synchrotron losses of

electrons not only in the Thompson, but also in the Klein-Nishina regime.

This would lead to the hardening of the synchrotron spectrum at X-rays,

and production of IC γ-ray fluxes which could be marginally detected by

GLAST and arrays of atmospheric Cherenkov telescopes. Since this model

is proposed for interpretation of X-ray data from the Chandra jets, it auto-

matically implies small viewing angles of jets, otherwise the Doppler factor

would be unacceptably small.

Within the framework of the model of jets powered by very high energy

γ-rays, we may expect larger γ fluxes from the Chandra jets directed close

to the line of sight. Indeed, although in this model comparable fractions

of the energy of primary γ-rays are transformed to the cascade γ-rays and

synchrotron X-rays, the beamed γ-ray fluxes would be significantly larger

compared to the synchrotron radiation of isotropised electrons. Remark-
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ably, while for the jets with large viewing angles the synchrotron X-ray

fluxes are not changed, the γ-ray fluxes would be dramatically reduced.

Finally, γ-rays are predicted by the proton-synchrotron model as a con-

tinuation of the proton synchrotron X-radiation to higher energies. The

energy ranges and fluxes of γ-rays are determined by the strength of the

magnetic field, the maximum energy of accelerated protons, and the level

of turbulence in the plasma providing slow particle diffusion and escape.

The fluxes of γ-rays can reach marginally detectable levels if the magnetic

field is sufficient to provide the dominance of synchrotron losses over the

particle escape. But in any case the γ-ray spectrum cannot exceed 1 GeV.

At the same time, if a significant fraction of the nonthermal energy released

in knots and hotspots eventually escapes the jet in the form of relativistic

protons, one may expect interesting γ-ray phenomena in the cluster envi-

ronments harbouring the runway protons. The relevant observable effects

are discussed in the next chapter.
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Chapter 9

Nonthermal Phenomena in Clusters

of Galaxies

9.1 Nonthermal Particles and Magnetic Fields

Galaxy clusters, the largest gravitationally bound structures in the Uni-

verse, contain hundreds and thousands of member galaxies enveloped by

massive diffuse hot gas with a temperature close to 108 K. These are huge

reservoirs of thermal energy with X-ray luminosities of optically thin plasma

ranging between 1043 and 1045 erg/s. Our information about the energy

content in other forms – in the magnetic field and relativistic particles – is

less certain. The recent Faraday Rotation Measure (RM) of a large sam-

ple of low-redshifted (z ≤ 0.1) galaxy clusters, in combination with X-ray

bremsstrahlung data, revealed unexpectedly strong magnetic fields with an

average value in the inner 0.5 Mpc spheres of about 5 µG (Clarke et al.,

2001). The corresponding total magnetic energy EB = B2R3/6 ' 1061

erg is by two orders of magnitude less than the total thermal energy in the

same cluster volume, Eth ' 1063n−3T8 erg, where n−3 = ne/10−3cm−3 and

T8 = T/108K are the number density and temperature of the intracluster

medium (ICM). In the densest known ICM environments within 150 kpc of

rich cluster cores (also known as “cooling flow” regions) the magnetic fields

could be as strong as 40 µG (Kronberg et al., 2001).

The RM probes claiming large intracluster magnetic fields (ICMFs) have

been intensively debated over the last several years, in particular in the con-

text of the origin of nonthermal extreme-ultraviolet (EUV) and hard X-ray

(HXR) “excess” emission claimed to detected from some galaxy clusters

(Lieu et al., 1996; Bowyer et al., 1996; Boweyer and Berghöfer, 1998;

Fusco-Femiano et al., 1999, Bonamente et al., 2001, Rephaeli and Gru-

ber 2002, etc.). Magnetic fields larger than 1 µG would imply relatively

small energy content in the form of relativistic electrons responsible for the

359
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synchrotron radio emission observed from the so-called radio halos. These

diffuse structures that permeate the cluster centers with Mpc sizes, are

characterised by a steep radio spectrum and low surface brightness with

luminosities typically between 1040 − 1042 erg/s. The total energy in ra-

dio electrons is estimated as We ' LRtsynch, where the characteristic time

of synchrotron emission depends on the frequency and the magnetic field,

tsynch ' 7.3×108(ν/1 GHz)−1/2(B/1 µG)−3/2yr. For example, in a cluster

with LR ' 1041 erg/s, the total energy of radio electrons We ' 1057 erg.

Although this is 4 orders of magnitude less than the magnetic energy, it

does not yet imply strong departure from the equipartition condition. The

deficit can be readily compensated by the hadronic component of cosmic

rays. If the ratio of the proton and electron acceleration rates in galaxy

clusters is close to that observed in the galactic disk (assuming, for ex-

ample, that in both cases shock acceleration is responsible for production

of cosmic rays), i.e. approximately 100:1, the proton-to-electron flux ratio

at the present epoch in the ICM could be as large as 104, given the fact

that during the source age, t ∼ tH ' 1.5 × 1010 yr, the protons are accu-

mulated without significant collisional or escape losses, while the lifetime

of radio electrons suffering synchrotron and Compton losses is limited to

107 − 108 yr.

The energy content in relativistic electrons could be much higher if one

interpretes the EUV and HXR “excess” emission observed from galaxy clus-

ters as inverse Compton scattering of electrons on the 2.7 K CMBR. For

example, in the Coma cluster the total energy of electrons needed to ex-

plain the EUV “excess” should exceed 1061 erg. The IC interpretation of

the EUV and HXR “excess” emission puts a robust upper limit on ICMF

at the level of 0.1− 0.2 µG, i.e. an order of magnitude lower than inferred

from RM probes. If so, the corresponding magnetic energy cannot signifi-

cantly exceed 1059 ergs. This implies a significant deviation from equiparti-

tion, even without including in the balance the pressure contributed by the

hadronic component of cosmic rays. Thus, the question of the nature of the

EUV/HXR “excess” cannot be reduced to the problem of identification of

radiation mechanism(s). It has more fundamental implications concerning

the origin of intracluster magnetic fields, the balance between the thermal

and nonthermal pressures in the ICM, the structure and strength of in-

tracluster shocks, etc. If the ICMF does indeed exceed several µG, the

thermonuclear energy of stellar sources would be not sufficient to maintain

it on ∼ 1 Mpc scales. Then, gravity seems to remain the only option for the

primary source of intracluster fields (Clarke et al., 2002), with the powerful
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AGN/accretion disks as the most likely candidates to inject the magnetic

field into the ICM (Kronberg et al., 2001). The fact that individual galaxies

could inject up to 1061 erg of magnetic energy into the IGM was realized by

G. Burbidge as early as the mid 50s. Moreover, soon it became clear that

gravitation was the only viable source of this energy (Hoyle et al., 1964).

Large-scale jets of radiogalaxies can deposit huge amounts of thermal and

nonthermal energy through shock-heating and particle acceleration in the

ICM (Inoue and Sasaki 2001). For ICMFs of ∼ 0.1 µG, other sources, for

example supersonic galactic winds (e.g. Völk and Atoyan 2000), can also

play non-negligible role in generation of intracluster magnetic fields.

The discrepancy between the estimates of the magnetic field derived

from Faraday rotation measures and required by the inverse Compton

model of EUV and X-radiation could be to some extent tolerated by more

sophisticated IC models and by a thorough treatment of observational se-

lection effects. Apparently, independent channels of information about the

ICMF are needed to resolve this important question. Such key information

can be provided by IC γ-rays produced in the ICM.

The interest in γ-rays from clusters of galaxies is not limited to inverse

Compton models and related topics. An equally important objective is

connected with “hadronic” γ-rays expected from interactions of cosmic ray

protons and nuclei with the ambient gas and the 2.7 K CMBR. There is

little doubt that the relativistic electrons seen through their synchrotron

emission should be accompanied by protons. As noted above, since protons

do not suffer significant collisional or escape losses, the proton-to-electron

ratio could be as large as 104, i.e. much larger than in our Galaxy. Actually,

such a large energy component in relativistic protons in the ICM is highly

desirable. Indeed, if the ICMF exceeds a few µG, as follows from RM

probes, one perhaps should postulate an adequate energy density in cosmic

ray protons, wCR ∼ 1 eV/cm3, in order to avoid uncomfortable departure

from equipartition (see e.g. Brecher and Burbidge, 1972). This implies that

the total energy of protons trapped in the ICM can be as large as 1062 erg.

Assuming that this energy is accumulated during the age of the cluster, one

finds the required average rate of proton acceleration and their injection

into the ICM, Lp = WpH0 ' 2 × 1044 erg/s. This is a rather modest rate

that can be readily provided in different particle acceleration scenarios.

Moreover, as discussed in Chapter 8, the jets of individual powerful AGN

and radiogalaxies can accelerate and inject relativistic protons into the ICM

at a rate an order of magnitude higher. If such objects appear in a cluster

more frequently than once per 107 yr (the typical lifetime of a strong AGN),
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the total energy in relativistic protons in the cluster could approach 1063

erg – significantly larger than the magnetic energy, but still comparable

with the thermal energy of a standard galaxy cluster. The above estimate

is valid if both the energy loss and particle confinement times exceed the

source age. This is indeed the case for galaxy clusters.

The characteristic cooling time of relativistic protons due to inelastic nu-

clear interactions with the ambient gas is given by Eq. (3.13). The average

number density of the intracluster gas in the inner (≤ Mpc) parts of rich

clusters, like Coma or Perseus, is estimated between 10−4 to 10−3cm−3,

thus the cooling time of protons in ICM significantly exceeds the source

age (≈ Hubble time). On the other hand, the strong magnetic fields in

these clusters provide effective confinement of protons up to 1015 eV or

even higher energies (see below) during the source age. This allows us to

estimate the efficiency of γ-ray production in the ICM,

κ =
Lγ

Ẇp

=
1

3
(tpp/tH)−1 ' 0.03 H60 n−3. (9.1)

(the factor 1/3 takes into account that the energy lost by protons per in-

teraction is equally distributed between π0, π+ and π− mesons). Corre-

spondingly, the integrated γ-ray energy flux from a cluster at a distance

d100 = d/100 Mpc is expected to be at the level

fγ =
Lγ

4πd2
≈ 2.6 × 10−11 n−3Ẇ45H60d

−2
100 erg/cm2s , (9.2)

where Ẇ45 = Ẇp/1045 erg/s is the injection rate of protons in the ICM.

An important consequence for the effective particle confinement in ICM is

that the spectrum of protons accumulated over the Hubble time does not

deviate from the acceleration spectrum. Therefore, the π0-decay spectrum

of secondary γ-rays simply repeats the proton acceleration spectrum. For

a “standard” E−2 type particle acceleration spectrum, we should expect

similar energy fluxes of γ-rays released per energy decade, i.e. by a factor

of log(Ecut/mpc
2) ≥ 5 less than the total flux given by Eq.(9.2), assuming

that the acceleration extends to Ep ≥ 100 TeV. Thus, for an average (over

the Hubble time) injection rate of ∼ 1045 erg/s of protons into the ICM with

density ∼ 10−3 cm−3, the γ-ray flux per decade could be as large as several

times 10−12d−2
100 erg/cm2s. Such fluxes can be best detected at the GeV and

TeV energy bands from clusters located between 100 and ' 300 Mpc. For

clusters beyond 300 Mpc, the absolute γ-ray fluxes become less that the

detection threshold by modern γ-ray instruments. On the other hand, the
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detection of π0-decay γ-rays from nearby clusters is hard because of the

large angular extent ' 0.5d−1
100 degree of γ-ray emission. This concerns,

however, gamma-rays produced in the central ≤ 1 Mpc region of the ICM.

It is equally interesting to search for hadronic γ-rays from the so-called

“cooling flow” regions within 150 kpc of cluster cores. These regions are not

only dense, n ≥ 10−2 cm−3, but also are characterised by very large mag-

netic fields, B ≥ 40µG (Kronberg et al., 2001). The first factor increases

the γ-ray production rate, while the strong magnetic field allows effective

confinement of protons, albeit with a smaller linear size of the region. These

two factors together provide good conditions for copious γ-ray production.

On the other hand, the angular extensions of these regions remain quite

small even for nearby clusters. This increases dramatically the chances for

the detection of high energy γ-rays from the cores of nearby clusters. The

core of the Virgo cluster at a distance of about 15 Mpc with the famous

radiogalaxy M87 at its center is a perfect candidate for such studies.

Because of limited flux sensitivities, the detection of γ-rays would be

very difficult at other, in particular at MeV, energies - both from the core

and from the region ≤ 1 Mpc. At the same time, one may expect significant

synchrotron fluxes from the secondary π±-decay electrons and positrons

(e.g. Blasi and Colafrancesco 1999). Since during the Hubble time these

electrons are effectively cooled down to ≤ 1 GeV, the synchrotron radio

fluxes of clusters of galaxies allow independent constraints on the total

energy budget of hadronic cosmic rays.

The spectra of cosmic rays accelerated in individual galaxies, e.g. in

AGN jets or by large-scale intracluster shocks, can extend to 1018 eV and

beyond. At these energies the interactions of protons with the 2.7 K CMBR

become more important than with the intracluster gas. The cooling time

of ≥ 1018 eV protons caused by Bethe-Heitler pair-production is compa-

rable with the source age. Moreover, at highest energies approaching to

1020 eV, the protons start to interact with the 2.7 K CMBR through photo-

meson processes on timescales ≤ 108 yr, thus the energy of these protons

is effectively released in the form of electromagnetic radiation, albeit the

increasingly large non-radiative losses caused by the particle escape. The

interference of these processes results in formation of several nonthermal

radiation components with quite complicated spatial and spectral distribu-

tions which carry important information about the highest energy particles,

as well as about the intracluster and intergalactic magnetic fields on scales

from several 100 kpc to ≥ 10 Mpc.
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9.2 Inverse Compton and Bremsstrahlung Models

9.2.1 Inverse Compton models

High energy γ-ray production in the ICM through ultrarelativistic electrons

upscattering the 2.7 K CMBR is a very effective radiation channel. At

GeV and higher energies the Compton cooling of electrons dominates over

other radiative and non-radiative energy losses, thus this process proceeds

with almost 100 per cent efficiency. This can be seen in Fig. 9.1 where

the characteristic energy loss timescales of electrons in a “typical” galaxy

cluster are shown. Above 1 GeV, the IC cooling time becomes less than

both the age of the source (supposed to be close to the Hubble time) and

the diffusive escape time of electrons from the cluster. Thus, even for a

strong ICMF of about 3µG, half of the electron energy is released through

the IC channel, the other half being radiated away through synchrotron

radiation.

The currently most popular interpretation of EUV and hard X-rays

by IC scattering on the 2.7 K CMBR requires relativistic electrons with

Lorentz factors between 102 to 104. For an ICMF of 0.1 − 1 µG, this

energy interval partly overlaps with the lower edge of energy of electrons

responsible for radio emission observed at frequencies between 10 MHz and

1.4 GHz. This allows us to compare the expected synchrotron and IC fluxes

of these electrons with the observed nonthermal emission at radio and X-

ray bands, and thus derive a model-independent estimate of the ICMF. For

example, the radio and X-ray fluxes observed from the Coma cluster, frad '
10−14 and fX ' 10−11 erg/cm2s, give B '

√

8πw2.7K(frad/fX) ' 0.1 µG.

Detailed numerical calculations within the one-zone (single-electron

population) model performed for the Coma cluster by Atoyan and Völk

(2000) are shown in Fig. 9.2. It is assumed that the electrons are continu-

ously injected into the ICM during the last 3× 109 years. The calculations

are done for a fixed value of the magnetic field of B = 0.12 µG and for elec-

tron injection spectra with 3 different power-low indices - αe = 2.2, 2.3, 2.6

and an exponential cutoff at E0 ' 1 TeV. The total energy in electrons is

defined from the condition required to match the radio flux: We = 6.3×1061

ergs and 1.8 × 1062 ergs for αe = 2.3 and 2.6, respectively.

For explanation of the radio fluxes up to ∼ 1 GHz the power-law elec-

tron spectrum should continue to 100 GeV, but not much beyond. The

steepening (or cutoff) of the synchrotron spectrum above 1 GHz seen in

Fig. 9.2 requires a cutoff in the electron spectrum below 1 TeV. While the
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cutoff energy in the electron spectrum does not have an impact on the

IC spectrum at EUV and X-ray energies (the highest energy point at 80

keV requires electrons with energy ≤ 10 GeV), its location is crucial for

IC γ-ray fluxes above 1 GeV. In particular, the upper limit on the cut-

off in the electron spectrum at 1 TeV implies that the γ-ray flux above

∼ 4kT (E0/mec
2)2 ' 5 GeV is suppressed. This is seen in Fig. 9.3 where

the IC fluxes are calculated for two different combinations of magnetic field

and the power-law index of the electron injection spectrum (Atoyan and

Völk, 2000). Although both combinations match the EUV and X-ray fluxes

well, they predict essentially different γ-ray fluxes. In the same figure the

contributions from the electron bremsstrahlung calculated for the average

intracluster gas density n = 10−3 cm−3 are also shown. Note that the

Fig. 9.1 The electron energy loss timescales in a typical galaxy cluster calculated for
an ICM with magnetic field 1µG and a plasma average number density n = 10−3 cm−3

(from Petrosian 2001). The interaction times are shown by solid and dashed curves. The
dotted curves represent the electron crossing time Tcross ∼ R/(cβ) across a region of size
R ∼ 1Mpc, the scattering time τscat ∼ λscat/(cβ) for a constant scattering mean free
path λscat, and the energy-independent escape time Tesc ∼ T 2

cross/τscat .
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energy of bremsstrahlung photons is comparable to the energy of parent

electrons (Eγ ∼ 1/2Ee), therefore the energy region of electrons responsi-

ble for the EUV and X-ray fluxes perfectly overlaps with the electrons that

produce bremsstrahlung MeV and GeV γ-rays. Therefore the predictions

of bremsstrahlung fluxes at γ-ray energies based on the EUV and X-ray

data are quite robust, the only free parameter being the number density

of the intracluster gas. The results presented in Fig. 9.3 show that the

bremsstrahlung γ-rays should be detected by GLAST for any reasonable

density of the intracluster gas exceeding n ≥ 10−4 cm−3. Thus, GLAST

should be able to provide a crucial test for the hypothesis of IC origin of

the EUV and X-ray “excess” emission from rich galaxy clusters. And vice

versa, any detection of ≥ 100 MeV γ-rays by GLAST from the Coma clus-

ter at the flux level ' 10−12 erg/cm2 would prove the nonthermal origin of

the “excess” EUV emission.

Fig. 9.2 Synchrotron and IC fluxes from the Coma cluster, assuming that the relativistic
electrons are continuously injected into ICM over the last 3 × 109 yr (from Atoyan and
Völk, 2000). Calculations are performed for 3 different power-law indices of the injection
spectrum: αinj = 2.2 (dot-dashed curves), αinj = 2.3 (solid), and αinj = 2.6 (dashed).
For all three cases an exponential cutoff is assumed at E = 1 TeV. The assumed
intracluster magnetic field is B = 0.12 µG. The absolute injection rates of electrons
are determined from the normalisation to the observed radio flux at 400 MHz. The
compilation of radio data is from Deiss et al. (1997). The hatched regions in the EUV
and X-ray domains are the fluxes reported by Lieu et al. (1999) and Fusco-Femiano et

al. (1999).
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As discussed above, the radio emission from the central parts of clusters

sets an upper limit on the expected flux of high energy IC γ-ray above a

few GeV. At larger scales, significantly exceeding 1 Mpc, where the mag-

netic field could be below 0.1 µG, the γ-ray luminosity is no longer limited

by radio observations. Therefore IC γ-ray fluxes from extended regions of

galaxy clusters becomes an interesting issue linked to fundamental ques-

tions regarding the formation of large scale cosmological structures and

gravitational shocks in clusters and superclusters. In structure formation

models, the ICM is heated by shocks produced when the baryonic gas falls

into the gravitational potential wells of hierarchically merging dark mat-

ter. Some workers (e.g. Loeb and Waxman 2000, Miniati, 2003) have

recently argued that the same shocks can accelerate electrons up to TeV

energies and that the IC radiation of these electrons, upscattering photons

of the 2.7 K CMBR, can be best observed at γ-ray energies from regions

beyond 3 Mpc, where the accretion shocks occur (see, however, Gabici

and Blasi, 2003a). The superposition of contributions of individual galaxy

clusters may constitute a major fraction of the diffuse extragalactic γ-ray

background (Loeb and Waxman 2000; see however Miniati, 2002; Gabici

and Blasi, 2003b). The most attractive candidates to be detected seem to

Fig. 9.3 Bremsstrahlung and IC radiation fluxes calculated for the injection of electrons
with αinj = 2.3 over the last ∆tinj = 3Gyr assuming B = 0.1 µG (solid curves), and
αinj = 2.6, ∆tinj = 1Gyr assuming B = 0.15 µG (dashed curves). A mean gas density of
ngas = 10−3 cm−3 in the ICM is assumed. The flux upper limit of EGRET (Sreekumar
et al., 1996), as well as the flux sensitivity of GLAST are also shown. (From Atoyan
and Völk, 2000).
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be nearby rich galaxy clusters like the Coma cluster. Given the large an-

gular size of the γ-ray production region, the minimum detectable flux by

GLAST and by Cherenkov telescopes exceeds 10−11 erg/cm2s. This implies

that the γ-ray luminosity, and therefore the acceleration rate of electrons

by accretion shocks in these extended structures can be probed on levels

down to 1043 erg/s. The quantitative estimates of the maximum energy of

accelerated electrons, Emax ' 20(kT/1 keV)1/2(B/0.1µG ) TeV (Loeb and

Waxman 2000), as well as more detailed calculations of accretion shocks

(Miniati, 2003) show that this radiation cannot extend beyond 1 TeV.

From the discussion of the previous section it follows that there is no

room to accommodate strong (≥ 1 µG) intracluster magnetic fields in mod-

els interpreting the hard X-ray “excess” as emission by IC scattering of

moderately energetic (GeV) electrons on the 2.7 K CMBR. Although, this

discrepancy could be somewhat reduced within more sophisticated IC mod-

els and by adequate treatment of observational selection effects (Petrosian,

2001; Rephaeli and Gruber, 2002), it is important to explore alternative

approaches and mechanisms for explanation of the EUV/HXR excess. For-

tunately, there are not many options in this regard assuming that the ther-

mal origin of the X-ray “excess” can be firmly excluded. These are X-ray

production mechanisms associated with either subrelativistic (keV) or ul-

trarelativistic (TeV) electrons.

9.2.2 Nonrelativistic bremsstrahlung

Motivated by the discrepancy between magnetic field estimates derived

from RM observations and those required for the IC model of X-rays, the

nonthermal bremsstrahlung (NTB) of subrelativistic electrons has been sug-

gested as a possible radiation mechanism (Enßlin et al., 1999, Sarazin and

Kepner 2000, Blasi 2000). However, this explanation suffers a major flaw

because it requires an unacceptably large energy input (Petrosian 2001). As

discussed in Chapter 3, in the nonrelativistic regime NTB is quite an ineffi-

cient radiation mechanism and can hardly be applied to objects/phenomena

in which the radiation luminosity constitutes an appreciable fraction of the

maximum available power, determined by Wtotal/tdyn, where Wtotal is the

total energy budget and tdyn is the characteristic dynamical time - typ-

ically ≤ 1064 erg and ∼ 1010 yr in the case of galaxy clusters. At first

glance the characteristic time of NTB at subrelativistic energies is com-

parable to the Compton cooling time of GeV electrons producing X-rays
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in the same energy interval. However, there is an obstacle to this model

caused by a dissipative process acting in parallel - Coulomb interactions

which proceed at a much higher rate. The yield of the nonrelativistic NTB

is a well-defined quantity independent the details of model parameters.

Namely, only a fraction ≤ 10−5 of the kinetic energy of electrons is radi-

ated via bremsstrahlung, while the rest goes to the Coulomb heating of

the gas (see Fig. 9.1). Given the luminosity of nonthermal X-rays from

Coma, ∼ 1043 erg/s, this model seems to be in trouble. One may argue

that the injection of nonrelativistic electrons into ICM is associated with a

relatively recent event which occurred t ≤ tCoul(≤ 100 keV) ' 106 yr ago

(see Fig. 9.1), so that the time was too short for heating of the ICM. Even

so, it is not easy to explain the injection of suprathermal electrons with

total energy of LXtNTB ' 1061 erg over just the last 106 yrs.

Nevertheless, one cannot firmly exclude nonrelativistic bremsstrahlung

as a source of the hard X-ray “excess” emission. The above conclusion

about very low radiative efficiency is true if the energy of suprathermal

electrons is well above the temperature of ambient plasma. This is not

the case of clusters of galaxies. The energy in suprathermal electrons for

production of hard X-rays is less than 100 keV, i.e. not far from the average

energy of thermal particles with temperatures of about 10 keV. This reduces

the Coulomb interaction rate, and correspondingly increases the efficiency

of bremsstrahlung. Thus, even slight deviations of electron distribution

from the Maxwellian tail would result in a “quasi-thermal” bremsstrahlung

excess. Recently, Liang et al., (2002) have discussed the formation of such a

tail of quasi-thermal particles due to in situ acceleration of particles through

turbulence. If this model is correct, the energy output in quasi-thermal

electrons needed to explain the hard X-ray “excess” from Coma, could be

pushed down to a quite reasonable level of the order of 1045 erg/s (Liang

et al., 2002). Note, however, that the “excess” EUV radiation cannot be

explained, by definition, by any modification of the bremsstrahlung model

of suprathermal particles.

9.3 Synchrotron X- and γ-rays of “Photonic” Origin?

Synchrotron radiation of multi-TeV electrons is a prolific X-ray production

mechanism. It works perfectly in various astrophysical environments, from

pulsar-driven nebulae and shell-type supernova remnants to small (sub-pc)

and large (multi-kpc) jets of AGN. Therefore, it is natural to invoke this
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mechanism also for interpretation of the reported nonthermal EUV and

X-ray “excess” emission of galaxy clusters, especially because of above dis-

cussed difficulties associated with the IC and NTB models. At first glance

this seems to be a reasonable assumption, given that the characteristic

time of X-ray production, tsy ≈ 5× 104(Ex/1 keV)−1/2(B/1 µG)−3/2 yr, is

shorter than any radiative or non-radiative timescale characterising energy

losses of electrons in these objects. On the other hand, application of this

radiation mechanism to galaxy clusters in a standard manner encounters

several problems . The energy of electrons needed to produce a synchrotron

photon of energy E, is Ee ' 250(Ex/1 keV)1/2(B/1 µG)−1/2 TeV. Thus,

in order to explain the reported nonthermal X-ray spectrum of the Coma

cluster extending to 80 keV, one must require extremely large values of the

maximum acceleration energy, Emax ∼ 103 TeV. Although very high energy

electrons can be effectively accelerated by strong accretion or merger shocks

(Miniati 2003), even for the most favourable conditions the maximum elec-

tron energy does not reach 103 TeV; for any reasonable shock-acceleration

rate, the lifetime of electrons is too short to boost them to such high en-

ergies. Also, the short lifetime does not allow electrons to propagate away

from the acceleration sites by more than 1 kpc. Thus, the diffuse charac-

ter of the observed UV and hard X-rays cannot be explained, unless we

assume continuous (in space and time) acceleration of electrons through-

out the cluster. Finally, since the intracluster shock acceleration generally

implies production of shocks starting at the very beginning of cluster forma-

tion, the electrons will be cooled down to 100 MeV (this energy corresponds

to the intersection point of the curves relevant to the Hubble time and the

radiative cooling times shown in Fig. 9.1). Consequently, we cannot avoid

overproduction of radio emission, given the fact that the energy flux of radio

emission, for example from the Coma cluster, is three orders of magnitude

below the EUV and hard X-ray fluxes.

To overcome the first and second difficulties, we should assume in situ

particle acceleration with a rate significantly higher than the standard diffu-

sive shock acceleration can provide. In order to suppress the radio emission,

one must assume a low-energy cutoff in the electron injection spectrum E∗.

However, this assumption does not help much, because the synchrotron and

IC losses result in formation of a standard E−2 type differential spectrum

down to E � E∗. Thus, even for the cutoff energy E∗ as large as 10 TeV,

we can avoid the overproduction of radio emission only by assuming that

the electron injection was a relatively recent (≤ 107 yr) event.

It is clear that these are not “innocent” assumptions. They can hardly



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

Nonthermal Phenomena in Clusters of Galaxies 371

be accommodated in the current models, therefore any attempt to explain

the EUV and X-ray “excess” emission by electron synchrotron radiation

requires a non-standard approach to the problem.

These problems can be loosened to a large extent, if we assume that the

ultrarelativistic electrons have a secondary origin, namely being products

of interactions of hadronic cosmic rays with the ambient matter or photon

fields. Protons do not suffer severe radiative losses, therefore the spec-

tra of these particles, accelerated by large-scale shocks or injected into the

ICM by individual radiogalaxies, can be extended to 1017 eV, or perhaps

even higher energies. Both the attractive features and the shortcomings of

hadronic models are discussed in the next section. Here we discuss a quite

unusual, but perhaps more effective scenario, assuming that the secondary

electrons have “photonic” origin (Timokhin et al., 2003). This, at first

glance “exotic” hypothesis, can nevertheless be realized, if the individual

member-galaxies produce and inject into the ICM γ-rays with spectra ex-

tending to 100 TeV and beyond. It is somewhat similar to the scenario

discussed in Sec.8.3 in the context of possible energisation of large-scale

AGN jets by very high energy γ-rays. Production of such energetic photons

is not a trivial processes, and requires a specific combination of very spe-

cial conditions. At the same time, we know that the γ-ray spectra of TeV

blazars do extend to energies of 20 TeV (see Chapter 2). Although detection

of higher energy photons from these objects is prevented by intergalactic

photon-photon absorption, the γ-ray spectra corrected for intergalactic ab-

sorption, e.g. from Mkn 501, do not show any tendency for a cutoff up to

20 TeV. In addition, γ-rays of higher energies can be produced in other

scenarios that might take place in the central engines and large-scale jets

of AGN, as discussed in Sec.8.3. Another (possible) channel for produc-

tion of multi-TeV γ-rays could be synchrotron radiation of extremely high

energy, E ≥ 1020 eV, electrons and positrons associated with the decay-

products of hypothetical super-heavy particles from the Dark Matter halos

that provide the major contribution to the gravitational potential of galaxy

clusters. Below we will not discuss the origin of the very high energy γ-rays

– parents of electrons and positrons in ICM – but simply hypothesise their

existence . These γ-rays can be only formally called primary, because they

themselves are products of other processes. Actually, these are interme-

diate particles through which the primary energy released in the cores of

AGN, at interactions of highest energy protons with 2.7 K CMBR (within

a galaxy cluster), or at decays of heavy Dark Matter particles, can be effec-

tively converted to ultrarelativistic electrons everywhere in the ICM, and
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eventually be radiated away in the form of EUV and X-rays.

The energy of the secondary, pair-produced electrons, and therefore the

typical energy of their synchrotron radiation strongly (∝ E2) depends on

the high energy end of the spectrum of primary gamma-radiation. Be-

low we discuss 2 different cases when spectra of primary γ-rays extend to

(i) relatively modest energies of about 1015 eV or less, and (ii) to ultra-

high energies exceeding 1016 eV. Although in both cases the proposed

mechanism works with almost 100 per cent efficiency transforming the

energy of primary γ-rays to synchrotron radiation of pair-produced elec-

trons, the resulting synchrotron radiation appears in essentially different

energy bands. We assume that a source or an ensemble of sources in the

central part of the cluster radiate γ-rays with a constant rate and with

an energy spectrum given by a “power-law with quasi-exponential cutoff”:

Ṅγ(E) ∝ E−Γ exp[−(E/E0)
−β ]. In calculations the flux of the diffuse ex-

tragalactic background close to the model 1 in Fig. 10.1 (Chapter 10) is

assumed. Then distributions of electrons and positrons (injection spectra)

produced by γ-rays from the central source(s) are calculated in each point

of the cluster. The time-dependent spectra of pair-produced electrons are

obtained taking into account their synchrotron and IC energy losses. Fi-

nally, the spectra of synchrotron and IC radiation of these electrons are

calculated. It is assumed that the secondary, pair-produced electrons are

immediately isotropized. The propagation effects of these electrons are ig-

nored, i.e it is assumed that the electrons “die”, due to severe synchrotron

losses, not far from their birthplace. For any reasonable intracluster mag-

netic fields this is a quite acceptable approximation. The propagation effect

may become important for low-energy electrons responsible for radio emis-

sion. Within the assumed model we do not attempt to explain the radio

emission, but rather assume that radio emission is due to relatively low en-

ergy electrons associated with nonthermal phenomena, that took place long

time ago (Enßlin and Sunyaev, 2002). At the same time, radio emission

produced by the cooled low energy (MeV/GeV) electrons should not exceed

the observed fluxes. This is an important condition which sets robust upper

limit on the active time of operation of γ-ray sources and on their energy

spectra.

In Figs. 9.4 and 9.5 the synchrotron and IC spectra of pair produced

electrons in the Coma cluster are shown, calculated for two values of the

average field: (a) B = 6 µG and (b) B = 0.3 µG. For both cases the

following parameters of the initial γ-ray spectrum are assumed: Γ = 2, β =

1/2, E0 = 700 TeV. It is assumed that injection of γ-rays with a quasi-
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constant rate into ICM have been started 107 yr ago. The fluxes shown are

corrected for the intergalactic absorption due to interactions with the diffuse

extragalactic background, assuming that the source is located at a distance

of 100 Mpc. These figures demonstrate that, for the chosen combination

of parameters, it is possible to explain the EUV and X-ray radiation of

Coma by synchrotron radiation of electrons of “photonic” origin. VHE

γ-ray luminosities 2 × 1045 and 3 × 1046 erg/s are requited to support the

reported EUV and X-ray fluxes for the cases (a) and (b), respectively. Note

that assuming a low energy cutoff in the γ-ray spectra below 100 TeV one

may significantly reduce these energy requirements. From the point of view

of energy requirements, the preference obviously should be given to the case

of strong magnetic field, which also better agrees with the estimates derived

from RM probes.

Actually, the case of low magnetic field, which predicts energy flux of

inverse Compton TeV γ-rays on the level of ∼ 2×10−10 erg/cm2s, seems to

be excluded by TeV observation. Such a flux hardly could be missed from

the long-term observations of Coma by the HEGRA system of Cherenkov

telescopes, even taking into account the extended character of this emission.

The case of strong magnetic field predicts significantly reduced secondary

γ-ray flux, which however remains sufficiently high to be probed by the

next generation of Cherenkov telescope arrays.

Gamma-rays with energy above 100 TeV interact mainly with 2.7 K

CMBR photons. The interactions with the diffuse FIR background radi-

ation dominate at lower energies (see Fig. 1.4). Because at E ≤ 100 TeV

the mean free path of γ-rays for any FIR background model significantly

exceeds 1 Mpc, the main contribution to the electrons produced within the

central ≤ 1 Mpc regions of galaxy clusters comes from γ-rays with energy

more than 100 TeV. Therefore, the results only slightly depend on the FIR

background model.

The spectrum of electrons produced when γ-rays with a power-law

distribution interact with a target photon field with a narrow distribu-

tion is described by Eq. (3.27). Starting from the minimum energy at

E∗ = m2
ec

4/4hν = m2
ec

4/12kT ' 65 TeV, the electron spectrum sharply

rises to Em ' 2.4E∗ ' 150 TeV, and then at Ee � Em decreases as

E
−(Γ+1)
e lnE (Γ is the photon index of injected γ-rays and hν is the mean

energy of target photons). The radiative cooling of electrons due to syn-

chrotron and IC losses quickly leads to the formation of steady state spectra.

Below E∗ it has a standard E−2 type form, and correspondingly the syn-

chrotron radiation has photon index 1.5. This spectrum continues down to
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the break point determined from the condition trad = t0, where t0 is the age

of the source. Although in this energy region the general spectral shape of

the radiation is almost independent of the strength of magnetic field, the

position of the break does depend on the magnetic field. For a source of age

107 yr and ICMF of 6µG , the break in the spectrum appears at frequencies

around 30 GHz. For a lower field, B = 3 µG the break point is shifted to a

frequency an order of magnitude higher. At energies above Em the cooled

electron spectrum depends strongly on the magnetic field. For B = 6 µG,

the energy losses are dominated by synchrotron radiation, therefore the

cooled electron spectrum is approximately proportional to E−4 (omitting

the logarithmic term). The corresponding synchrotron radiation in this in-

terval has a spectrum with photon index 2.5. The transition from the ν0.5

dependence to ν−0.5 dependence in the νFν (≡ E2f(E)) presentation is

clearly seen in Fig. 9.4.

Fig. 9.4 Spectral Energy Distribution of synchrotron and IC radiation components of
secondary electrons and positrons that are produced in the Coma cluster at interactions
of “primary” γ-rays with the 2.7 K and diffuse extragalactic background photons (from
Timokhin et al., 2003). It is assumed that “primary” γ-rays with high energy spectral
cutoff at 700 TeV have been injected into ICM over the last 107 years with a rate
2 × 1045 erg/s. . The average magnetic field in the cluster up to 1 Mpc from the center
is assumed to be 6µG . The radio, EUV and X -ray data are taken from Deiss et al.

(1997), Lieu et al. (1999), and Fusco-Femiano et al. (1999), respectively.
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For a magnetic field of 0.3µG the energy losses are strongly (by a fac-

tor of 100) dominated by IC losses on the 2.7 K CMBR. The synchrotron

spectrum at low frequencies above the breaking point behaves in a similar

manner to the previous case, νFν ∝ ν0.5 (see Fig. 9.5). The differences in

the spectra of synchrotron radiation for low and high ICMFs become sig-

nificant at highest, EUV and X-ray, frequencies. This is explained by the

fact that in the case of a low magnetic field the energy losses of electrons

responsible for the EUV and X-rays are dominated by the Compton scatter-

ing which proceeds in the Klein-Nishina regime. This makes the electrons

spectrum harder compared to the injection spectrum.

Because of the large uncertainties, the current EUV and X-ray data do

not give preference to synchrotron models with small or large intracluster

fields. Hopefully, future detailed spectrometric and morphological studies

in the broad energy interval from 0.1 keV to 100 keV will be able to provide

observational tests between the large and small ICMF. The spatial distri-

bution of synchrotron X-rays in the framework of this model depends on

the energy distribution of γ-rays, radial distribution of the magnetic field,

as well as on the spatial distribution of “primary” γ-ray sources.

In Fig. 9.6 the surface brightness distribution of synchrotron radiation

Fig. 9.5 The same as in Fig. 9.4, except for the strength of the intracluster magnetic
field, B = 0.3µG , and the γ-ray injection rate 3 × 1046 erg/s.
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is shown in different energy bands, assuming that the source(s) of primary

γ-rays are concentrated in the central part of the cluster. The profiles are

calculated for the same parameters as in Fig. 9.4. It is seen that with

decrease of photon energy, the brightness distribution becomes broader.

This reflects the reduction of the free path of γ-rays with energy. In this

calculations we assume the average intracluster magnetic field of 6 µG. In

reality, the intracluster magnetic field should, of course, decrease at larger

distances from the center. This should lead to sharper profiles, especially

at high energies. On the other hand, if sources of primary γ-rays are more

or less homogeneously distributed in the cluster, we should expect quite

flat brightness distributions at all photon energies.

The energy of a γ-ray photon interacting with background radiation

fields is shared between the secondary electron and positron. However, the

major fraction of the energy of the γ-ray photon is transfered to one of

the electrons. Therefore the maximum of the synchrotron radiation of sec-

ondary electrons is expected at energy hν ∼ 10(B/1 µG)(Eγ/1015 eV)2 keV.

Thus, if the spectrum of γ-rays extends beyond 1017 eV, the maximum of

synchrotron radiation will be shifted to the γ-ray domain. Therefore, the

spectrum of synchrotron radiation dramatically depends on the position of

Fig. 9.6 Surface brightness distribution of the synchrotron radiation from Coma cluster
in 3 spectral bands: 0.064 - 0.240 keV (EUV), 2 - 10 keV (soft X-rays) and 25 - 80 keV
(hard X-rays), calculated for γ-rays produced in the central source (from Timokhin et

al., 2003).



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

Nonthermal Phenomena in Clusters of Galaxies 377

the cutoff energy E0 in the primary γ-ray spectrum. This effect is demon-

strated in Fig. 9.7 assuming that primary γ-rays have differential energy

distribution dN/dE ∝ exp(−E/E0) with (1) E0 = 1016 eV, (2) 1018 eV

Fig. 9.7 Non-thermal luminosities (left panel) and fluxes (right panel) from a spherically
symmetric galaxy cluster of radius 1.5 Mpc, assuming that γ-rays have been injected into
ICM by a central source during the last 107 years. The spectra of the primary γ-ray
source are shown by thick dashed lines. Dotted lines show the spectra of the primary γ-
rays after propagating of 1.5 Mpc. The luminosity of the primary VHE source is assumed
to be 1044 erg/sec, and the magnetic field B = 1 µG. The luminosities of three different
zones of the cluster are shown with thin solid lines: 1: R = 0−1 kpc, 2: R = 10−40 kpc,
and 3: R = 0.44− 1.5 Mpc. The overall luminosity of the cluster is shown by thick solid
line. Expected energy fluxes of non-thermal radiation are calculated for a cluster at a
distance of 100 Mpc, after correction for the intergalactic absorption.
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and (3) 1019 eV. Note that these type γ-ray spectra can be formed by

ultrahigh energy cosmic ray protons interacting with narrow-band radiation

field. In this case E0 is an order of magnitude less than the energy cutoff

in the parent proton spectrum. On the other hand, the low energy part

of the γ-ray spectrum (dN/dE = const) does not depend on the proton

spectrum, but simply is result of the threshold of photomeson interactions.

In Figs. 9.7(a) are shown the luminosities of synchrotron radiation of

secondary electrons. The spectra of primary γ-rays emitted by the central

source, as well as the spectra of primary γ-rays after propagating of 1.5 Mpc

(at the edge of the cluster), are also shown, by thick dashed and dotted lines,

respectively. The area between the dashed and dotted curves indicates the

amount of energy absorbed and then re-radiated in the cluster volume. It

is seen that while in the case (1) the radiation of the secondary electrons

peaks at MeV energies, in the case (2) and (3) the luminosity is dominated

by GeV and TeV γ-rays, respectively. However, the very high energy γ-

rays above 1 TeV suffer significant intergalactic absorption if sources are

located beyond 100 Mpc. To demonstrate this effect, in Figs. 9.7b we show

the expected γ-ray fluxes after correction for the intergalactic absorption,

assuming that the source is located at a distance of 100 Mpc. For the

assumed total luminosity in primary γ-rays of 1044 erg/s and distance to the

source of 100 Mpc, the resulting GeV and TeV γ-ray fluxes can be probed

with GLAST and forthcoming arrays of atmospheric Cherenkov telescopes.

At the same time, because of limited sensitivity of γ-ray instruments in

the MeV energy band, detection of the secondary synchrotron radiation

initiated by 1016 eV primary γ-rays would be very difficult, unless the

power of primary γ-rays significantly exceeds 1045 erg/s.

9.4 Nonthermal Radiation Components Associated with

Very High and Extremely High Energy Protons

Beyond 100 Mpc, the Universe is opaque for extremely high energy (EHE)

cosmic rays with energy E ≥ 1020 eV (see e.g. Berezinsky and Grigoreva,

1988; Aharonian and Cronin, 1994). Fortunately, observations of the elec-

tromagnetic radiation associated with these particles can compensate, at

least partly, for this limitation, allowing an extension of the (indirect) study

of EHE cosmic rays to cosmological scales.

The spatial and spectral characteristics of nonthermal emission initiated

by interactions of protons with the 2.7 K CMBR and the ambient gas,

depend on both the spectrum of the particles injected into the intracluster
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medium and the properties of the local environment. Below we discuss two

different cases, assuming that (1) the source of EHE protons is surrounded

by a rich galaxy cluster with B-field exceeding 1 µG, and (2) the EHE

source is located in a low magnetic field environment.

9.4.1 High energy radiation from cores of clusters

One of the interesting implications of large intracluster magnetic fields is the

relatively slow diffusion of cosmic rays in the ICM, allowing their effective

confinement and accumulation in galaxy clusters over Hubble timescales

t ∼ 1/H0 ∼ 1010 yr. The energy-dependent diffusion coefficient, together

with the initial spectrum of particles injected into the ICM, determine the

spectrum and the total energy content of protons in galaxy clusaters.

Fig. 9.8 shows two examples of contemporary proton spectra obtained

within the “leaky-box” type approximation of particle propagation (Aha-

ronian, 2002b) for the following model parameters:

(a) continuous injection of relativistic protons with a constant rate Lp =

1045 erg/s during ∆t = 1010 yr; source spectrum of protons with power-

law index Γp = 2 and exponential cutoff at E0 = 1020 eV; intracluster

magnetic field B = 3 µG and gas density n = 10−3 cm−3 within the central

R = 0.5 Mpc region; escape time of protons from the high magnetic field

region τesc = 5 × 107E
−1/2
19 yr;

(b) Lp = 3×1046 erg/s; ∆t = 108 yr; Γp = 1.5, E0 = 1020 eV, R = 0.5 Mpc,

B = 5 µG, n = 10−3 cm−3, τesc = 2.0 × 107E
−1/3
19 yr.

For the assumed magnetic field, B, and the cluster radius, R, the chosen

escape times correspond to diffusion coefficients given in the power-law form

D(E) = D0E
β
19 with D0 and β compatible with the range of model param-

eters based on theoretical and phenomenological studies (see e.g. Völk et

al., 1996, Berezinsky et al., 1997, Blasi and Colafrancesco, 1999). For the

given diffusion coefficients, particle escape becomes an important factor in

the formation of proton spectra above E∗ ∝ (R2/D0 ∆t)1/β ∼ 3× 1014 eV

and 1017 eV, for the cases (a) and (b), respectively. As a result, respectively

E−2.5
p and E−1.83

p type proton spectra are formed above these energies, be-

fore approaching the intrinsic (acceleration) cutoff at E ∼ 1020 eV.

Cases (a) and (b) correspond to two essentially different scenarios. Case

(a) could be treated as a quasi-continuous injection of protons into the

cluster during its age of about 1010 yr. In this case not only AGN jets, but
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also other sources of particle acceleration, e.g. large-scale (multi-hundred

kpc) shock structures (Miniati et al., 2001) can contribute to the high

energy proton production. The case (b) corresponds to the scenario in

which the proton production is contributed by a single powerful AGN (see

e.g. Enßlin et al., 1997) over its lifetime of about 108 yr. Since the escape

time of protons with energy E ≥ 1018 eV is less than 108 yr, the amount

of highest energy protons confined in the cluster is effectively determined

by recent accelerator(s) operating over the last 107 − 108 years. Also, the

assumed weak energy dependence of the escape time ∝ E−1/3 and the very

hard proton spectrum ∝ E−1.5, with the injection rate Lp = 3×1046 erg/s,

Fig. 9.8 The total energy content of protons and secondary electrons (multiplied by 106)
inside a galaxy cluster (from Aharonian, 2002b). Calculations correspond to scenarios
(a) and (b) (see the text for the assumed model parameters).
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provide a much higher content of ≥ 1018 eV protons confined in the cluster

for case (b) compared with case (a) (see Fig. 9.8). The assumed proton

acceleration rate is large, but still acceptable. For example, the total kinetic

energy of electron-proton jets in powerful radio sources can significantly

exceed 1047 erg/s (Ghisellini and Celotti, 2001), provided that the kinetic

energy power at the core is conserved along the jet up to ≥ 100 kpc scales

(Celotti and Fabian, 1993). The numerical calculations show that, for the

given duration and rate of proton injection, the total energy content of

protons accumulated in the cluster is Wp = 1.4×1062 erg and 2.1×1061 erg

for cases (a) and (b), respectively.

Fig. 9.8 shows the spectra of secondary electrons produced at interac-

tions of relativistic protons with the intracluster gas for n = 10−3 cm−3,

and with the 2.7 K CMBR. These spectra consist of three components:

(i) electrons from pp interactions, (ii) electrons from pγ interactions due

to Bethe-Heitler pair production and (iii) electrons from photo-meson pro-

cesses. Due to radiative cooling, which in the case of electrons strongly

dominates over escape losses at all energies, the first population electrons

have a power-law spectrum ∝ E
−(Γp+1)
e , while the spectra of the second and

third electron populations are almost independent of the spectrum of pri-

mary protons, namely both cooled electron populations have standard E−2

type spectra with high-energy cutoffs at energies ∼ 1015 eV and ∼ 1019 eV,

respectively. While in case (a) the second and third (pγ) electron compo-

nents are strongly suppressed (Fig. 9.8a), in case (b) the features of all

three components are clearly seen in Fig. 9.8b.

Although the energy content in secondary electrons is very small com-

pared with the total energy budget, approximately half of the nonthermal

energy of the cluster is eventually radiated away through the secondary

electrons. Unlike primary (directly accelerated) electrons, which because

of short lifetimes are concentrated in the proximity of their accelerators, the

secondary electrons are homogeneously distributed over the entire cluster,

and therefore their radiation has an extended (diffuse) character.

The nonthermal electromagnetic radiation initiated by interactions of

high energy protons consist of five components – (1) synchrotron (marked

as e-synch) and (2) inverse Compton (IC) photons emitted by secondary

electrons, (3) synchrotron radiation of protons (p-synch), and π0-decay γ-

rays from (4) proton-proton (pp) and (5) proton-photon (pγ) interactions.

The production rates of these radiation components are shown in Figs. 9.9a

and 9.9b. It is seen that the spectral energy distributions of radiation

characterising the (a) and (b) scenarios are essentially different.
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In case (a) the nonthermal radiation is mainly contributed to, directly

or via secondary electrons, by pp interactions. Since the pp interaction

timescales in galaxy clusters with n ≤ 10−3 cm−3 exceed the source ages

of about 1010 yr, the absolute fluxes of radiation are proportional to the

product nLp∆t. For the assumed index of accelerated protons, Γ0 = 2,

approximately the same fraction of the proton kinetic energy is released

in π0-decay γ-rays and π±-decay electrons and positrons. On the other

hand, the assumed magnetic field, B = 3 µG, implies an energy density

close to the density of the 2.7 K CMBR, therefore equal fractions of the

electron energy are released through the synchrotron and inverse Comp-

ton channels. This results in the flat overall spectral energy distribution

(SED) over a very broad frequency range from radio to multi-TeV γ-rays

Fig. 9.9 Broad-band luminosities of nonthermal radiation initiated by protons in a
galaxy cluster (from Aharonian, 2002b). The calculations correspond to two different
scenarios of proton injection into the cluster (see the text for details).
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(Fig. 9.9a). The energy domain below 1 keV is due to synchrotron radiation

of electrons, while the interval between X-rays and low energy (≤ 100 MeV)

γ-rays is contributed by inverse Compton mechanism. At higher energies

the radiation is dominated by π0-decay γ-rays produced at pp interactions.

The local maximum at 1019 − 1020 eV in Fig. 9.9a, due to decays of π0-

photomesons, is relatively weak because of effective escape of protons from

the cluster (see Fig. 9.8a)

For harder spectra of accelerated protons, e.g. with power-law index

Γp = 1.5, the SED is strongly dominated by synchrotron radiation of

secondary pγ electrons with two prominent peaks at MeV and TeV en-

ergies (see Fig. 9.9b) corresponding to the radiation by electrons from

Bethe-Heitler pair production and photo-meson production processes, re-

Fig. 9.10 Broad-band SED of nonthermal radiation of clusters corresponding to lumi-
nosities shown in Fig. 9.9a and Fig. 9.9b, and assuming that the source is located at
d = 175 Mpc (a) and 790 Mpc (b), respectively (see the text for details and the model
parameters used).
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spectively. Note that the synchrotron radiation by primary (directly ac-

celerated) electrons has an unavoidable, self-regulated cutoff below ∼ 150

MeV, being defined by the balance between the synchrotron loss rate and

the maximum-possible acceleration rate (see Chapter 3). Obviously in the

case of synchrotron radiation of secondary electrons, there is no intrinsic

limit on γ-ray energy. While at optical and radio frequencies the energy flux

decreases as νSν ∝ ν0.5, at extremely high energies, E ∼ 1019 − 1020 eV,

the prominent “pγ” peak dominates over the entire SED (Fig. 9.9b). How-

ever, this peak, as a part of the whole region of γ-rays above 10 TeV is

not visible for the observer. Because of interactions with the diffuse ex-

tragalactic background radiation, these energetic γ-rays disappear during

their passage from the source to the observer.

9.4.1.1 Detectability of gamma rays

In Fig. 9.10 we show the expected fluxes of radiation assuming that the

sources with luminosities presented in Figs. 9.9a,b are located at a small

distance (like Pictor A), 175 Mpc, and at a large distance (like 3C 273),

790 Mpc. These are two specific examples chosen to have a feeling for the

detectability of radiation at different wavelengths. For the given source lu-

minosities, the fluxes of high energy γ-rays are determined not only by the

distance to the source (Fγ ∝ 1/d2), but also by the intergalactic photon-

photon absorption. Note that the mean free path of γ-rays above 100 TeV

is less than 1 Mpc, so strictly speaking we should include in calculations the

radiation of next generation electrons produced inside the cluster. However,

since the γ-ray luminosities sharply drop above 100 TeV (see Fig. 9.10), we

can ignore these (3rd generation) photons without a significant impact on

the accuracy of the calculations. Such an approximation, however, could

be inappropriate for γ-rays with energy ≥ 1019 eV. The mean free paths

of these γ-rays, interacting with the 2.7 K CMBR and extragalactic ra-

dio background photons, contain large uncertainties because of the lack

of reliable information about the radio background at MHz frequencies

(Berezinsky, 1970, Aharonian et al., 1992, Protheroe and Biermann, 1996,

Coppi and Aharonian, 1997). Nevertheless it is likely that the extragalac-

tic photon fields cannot prevent the ≥ 1019 eV γ-rays from travelling freely

over distances more than 1 Mpc. Actually the interaction of the highest

energy γ-rays with the cluster’s own synchrotron radio emission could be

a more important process. It is easy to show that the 1019 eV γ-rays can

escape the central ∼ 1 Mpc region of the cluster if the radio luminosity at
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frequencies ∼ 10 MHz does not exceed 1042 erg/s. For comparison, the 10

MHz radio luminosity of the Coma cluster is about 1040 erg/s, but in most

powerful clusters it could be significantly higher. For example, the power-

law extrapolation (with spectral index 1.6) of the recently reported radio

flux from the giant halo in Abell 2163 (z = 0.203) at 20 cm Sν ' 0.15 Jy,

to lower frequencies (Feretti et al., 2001) gives for the luminosity of the

cluster ' 5× 1042 erg/s at 10 MHz. This implies that the ≥ 1019 eV γ-rays

are absorbed inside this cluster, and thus we must deal with the scenario

discussed in Sec.9.3. In other words, we have to include in the overall SED

the synchrotron radiation of the secondary electrons. This would simply

result in the linear increase (by a factor of two) of the flux of ≥ 1 TeV γ-

rays (typical energy of synchrotron photons produced by 1019 eV electrons

in the magnetic field B ≥ 1µG) shown in Fig. 9.10b.

A quite different spectrum of γ-rays is expected from the “echo” of

the original ≥ 1019 eV γ-rays if the free path of extremely high energy

photons exceeds 1 Mpc. In this case the photon-photon interactions take

place predominantly outside the cluster where the intergalactic magnetic

field, BIG, is significantly smaller (most probably, BIG ≤ 10−8 G). Then

we should expect an extended synchrotron emission from the pair-produced

(and radiatively cooled) electrons with a hard differential spectrum ∝ E−1.5

up to the maximum energy in the SED at

Emax ∼ 5(BIG/10−9 G) (Ee/1019 eV)2 GeV . (9.3)

The γ-ray spectrum beyond Emax depends on the shape of the proton spec-

trum in the region of the cutoff E0, but in any case it is smoother (a basic

feature of synchrotron radiation) than the proton spectrum in the corre-

sponding region above E0. The energy flux of radiation which peaks at

Emax can be easily estimated from Fig. 9.9b, assuming that almost the

entire 1044 erg/s luminosity in the primary E ∼ 1019 − 1020 eV γ-rays

is re-radiated outside the cluster in the form of secondary synchrotron

photons. Namely, we should expect an energy flux at the level Fγ ∼
10−12(d/1 Gpc)−2 erg/cm2s contributed mainly by the region around Emax.

It is interesting to note that although the secondary synchrotron radiation

is produced outside the cluster, the angular distribution of this radiation

seen by the observer would essentially coincide with the size of the cluster.

Indeed, the ratio of the gyroradius to the mean synchrotron interaction path

of electrons, which is estimated as rg/λsynch ' 30 E2
19(BIG/10−9 G), im-

plies that the photo-produced electrons of energy Ee ∼ 1019 eV will radiate
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synchrotron photons before they would significantly change their direction

in the magnetic field ≥ 10−9 G, i.e. the synchrotron γ-rays produced out-

side the cluster will follow the direction of their “grandparents” – π0-decay

γ-rays produced inside the cluster. Below Emax the angular distribution of

γ-rays could be quite different. In this energy region γ-rays produced by

cooled electrons with steady state distribution ∝ E−2
e , have a hard power-

law differential spectrum ∝ E−1.5. For BIG ∼ 10−9 G, the trajectories of

E ≤ 1018 eV electrons will be curved significantly before they radiate syn-

chrotron γ-rays. Therefore, the size of the low energy γ-rays, E ≤ 100 MeV,

produced by these electrons, is determined by the mean free path of pri-

mary ∼ 1019 eV γ-rays in the intergalactic photon field, and thus would

exceed the angular size of the cluster. Detection of such radiation, e.g. by

GLAST, would not only confirm the presence of the highest energy pro-

tons in the clusters of galaxies, but also could provide unique information

about the intergalactic magnetic fields and the diffuse extragalactic radio

background.

9.4.1.2 Detectability of X-rays

The “hadronic” nonthermal radiation luminosities shown in Fig. 9.10 de-

pend on several model parameters like the magnetic field and the gas den-

sity of ICM, the total amount of protons confined in the cluster, etc. The

spectral shape of radiation strongly depends on the spectrum of injected

protons, as well as on the diffusion coefficient. However, since both the

assumed ambient gas density and the proton injection rates are close to the

maximum allowed numbers, the luminosities shown in Fig. 9.10 could hardly

be dramatically increased. If so, the nonthermal X-ray fluxes of “hadronic”

origin could be marginally detected only from relatively nearby clusters like

Virgo, Coma, Perseus, the cluster surrounding Cygnus A, etc. The case of

the Coma cluster is of a special interest because of the hard, most probably

nonthermal, X-radiation recently reported from this source. As discussed

in Sec.9.2.1, the most natural interpretation of this radiation by the in-

verse Compton scattering of radio electrons requires an intracluster field

of ∼ 0.1µG, noticeably smaller than the estimate of several µG deduced

from Faraday rotation measurements. The synchrotron origin of EUV and

hard X-rays from Coma seems a more attractive radiation mechanism, but

in its conventional version, assuming that the electrons are directly accel-

erated in the ICM or are injected into the ICM by individual galaxies, this

model cannot explain how these electrons could be accelerated to ≥ 100
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TeV energies, and how they could produce diffuse X-radiation throughout

the cluster, given their very short path-lengths compared to the cluster

dimensions. Therefore it is worth exploring other models that assume a

secondary origin of the multi-TeV electrons producing synchrotron X-rays.

As discussed in Sec.9.3, an interesting possibility is that these electrons are

produced by very high energy γ-rays interacting with the 2.7 K CMBR.

An alternative channel of production of secondary electrons in ICM

could be, as discussed above, interactions of accelerated protons with the

ambient gas or photon fields. In case (a), production of secondary elec-

trons is dominated by interactions of protons with ambient gas. As shown

in Fig. 9.9a, this model predicts an almost constant SED over a very large

energy band from radio to TeV γ-rays, although it is contributed by three

different radiation mechanisms – by synchrotron (at radio and optical wave-

lengths), IC (X and low-energy γ-rays) components radiated by secondary

electrons, and by π0-decay γ-rays. This model predicts a radio luminos-

ity of ∼ 1042 erg/s which is higher by two orders of magnitude than the

luminosity observed from Coma. Because of the large assumed magnetic

field, B = 3µG, we face the same problem which arises in the standard

inverse Compton models. This imposes an upper limit on the X-ray lumi-

nosity, LX ≤ 1040 erg/s. However, this should not be treated as a robust

constraint. In the “hadronic” models this limit can be easily removed by

assuming a harder (than E−2) power-law proton spectrum, and/or a low-

energy spectral cutoff. But, of course, this would automatically also sup-

press the inverse Compton component of radiation produced by low energy

secondary electrons. In contrast to the standard inverse Compton models,

in the “hadronic” model we have an additional important channel for the

production of X-rays - synchrotron radiation of multi-TeV secondary elec-

trons. These electrons are produced more effectively at interactions of the

accelerated protons with the 2.7 K CMBR than with the gas (see Fig. 9.9b).

In the “hadronic” model the synchrotron X-ray luminosity depends

slightly on the strength of the magnetic field, thus in order to compen-

sate for this deficit, we have to increase the proton injection rate by the

same factor, i.e. up to > 1047 erg/s. This uncomfortably high, at least

for an object like Coma, acceleration power makes problematic, although

it cannot completely exclude, the “hadronic” origin of X-rays. Decisive

tests could be provided by new spectroscopic measurements (the hadronic

model unambiguously predicts a hard X-ray spectrum with photon index

of ∼ 1.5 up to 1 MeV). Also, the model predicts large γ-ray fluxes both at

MeV/GeV and TeV energies. These components have, however, different
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origins. The radiation up to 10 GeV is produced by “Bethe-Heitler” elec-

trons, while the TeV γ-rays are due to the electrons from π± decays. While

the TeV luminosity would be suppressed if the exponential cutoff in the

proton spectrum occurs below 1020 eV, without any impact on the X-ray

flux, the MeV/GeV γ-rays are tightly connected with X-rays. This implies

that we should expect similar fluxes in ≤ 100 keV X-rays and ≥ 100 MeV

γ-rays, i.e. if the “hadronic” origin of X-rays is correct, then γ-rays above

100 MeV from Coma should show up at the level of ∼ 10−11 erg/cm2s.

Finally we note that the detection of “hadronic” X-rays from extended

regions of clusters of galaxies is a rather hard task, even for instruments

like Chandra and XMM-Newton, especially because of the presence of high

local X-ray components like the thermal X-ray emission of the hot intra-

cluster gas, nonthermal X-rays due to inverse Compton radiation of directly

accelerated electrons, etc. Regardless of the details, the associated spectral

band of ≥ 100 MeV γ-rays seems a more promising window to explore the

“hadronic” processes with GLAST and, perhaps also with forthcoming 100

GeV threshold IACT telescope arrays.

9.4.2 Nonthermal radiation beyond the cluster cores

In regions of the intergalactic medium where the magnetic field is signifi-

cantly lower than in the cores of rich clusters, the characteristics of nonther-

mal radiation are essentially different from the radiation features described

in the previous section. The weak magnetic fields in such regions make the

particle propagation faster, and prevent the dramatic synchrotron cooling

of the highest energy (first generation) electrons. This allows an effective

development of relativistic electron-photon cascades triggered by interac-

tions of protons with the 2.7 K CMBR. The first stage of the cascade

initiated by secondary electrons and γ-rays interacting with the same 2.7 K

CMBR leads to formation of a standard γ-ray spectrum which can be ap-

proximated as dNγ/dE ∝ E−1.5 at E ≤ 10 TeV, and dNγ/dE ∝ E−1.75 at

E > 10 TeV with a sharp cutoff at E ∼ 100 TeV. After the fast develop-

ment in 2.7 K CMBR, the cascade enters the second (slower) stage. At this

stage E ≤ 100 TeV γ-rays produce e± pairs on the IR/O diffuse background

radiation, while the Compton scattering of electrons is still dominated by

2.7 K CMBR photons. The second-stage cascade, which actually consists

of 2 or 3 interactions, shifts the spectrum to lower (TeV and sub-TeV) en-

ergies, and broadens the angular distribution of emission arising from the

deflections of E < 100 TeV electrons in the ambient chaotic magnetic field.
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Unfortunately, the intergalactic magnetic fields and their fluctuations on

very large (� 1 Mpc) scales remain almost completely unknown, which

does not allow us to reach definite conclusions concerning the expected

characteristics of the radiation. Nevertheless, depending on the strength of

intergalactic magnetic field, one of the following γ-ray emission components

can be predicted.

9.4.2.1 Weak magnetic field

For a very weak intergalactic field, B ≤ 10−15 G, the cascade radiation

arrives, because of the almost rectilinear propagation of primary protons

and secondary pairs, from a direction centred on the source. Although

quite speculative, such a large-scale intergalactic magnetic field cannot a

priori be ruled out, in particular if an essential fraction of the Universe

consists of huge, 100 Mpc scale voids (Einasto, 2001). In this case we may

expect a point-like source of radiation, although the γ-rays are produced

at distances ≥ 10 Mpc from the source. Indeed, for the given energy of a

detected γ-ray photon ETeV = E/1 TeV, the emission angle is determined

by the direction of electrons participating in the last interaction, namely

by the deflection in the magnetic field of the parent electron of energy

Ee = (E/4kT )1/2mec
2 ' 17E

1/2
TeV TeV. The mean attenuation path of

these electrons in the 2.7 K CMBR is about Λe ' 0.02E
−1/2
TeV Mpc, while

the gyroradius is rg ' 20 E
1/2
TeV(BIG/10−15 G)−1 Mpc. Correspondingly,

the emission angle θ(ε) ∼ Λe/rg ∼ 10−3E−1
TeV (BIG/10−15 G). Thus, for

an intergalactic magnetic field of about 10−15 G, the cascade radiation at

E ≥ 100 GeV would be concentrated within an angle of 1◦. Since for sources

at distances between 100 Mpc and 1000 Mpc, we expect a hard cascade

spectrum with a cutoff between 100 GeV and 1 TeV, approximately half of

the energy of ≥ 1020 eV protons (completely lost in interactions with the

2.7 K CMBR over distances ≤ 100 Mpc) would be released in this energy

interval, and give a flux

Fγ ∼ 5 × 10−12

(

Lp(≥ 1020 eV)

1045 erg/s

)(

d

1 Gpc

)−2

erg/cm2s (9.4)

At lower energies, the energy flux decreases (∝ E1/2), and the angular

size of emission increases (∝ E). Therefore searches for such emission from

the directions of nonthermal extragalactic sources, in particular from AGN

with powerful X-ray jets, can be done most effectively by 100 GeV threshold

IACT arrays.
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9.4.2.2 Intermediate magnetic field

If BIG ≥ 10−12 G, the cascade electrons are promptly isotropised. This

leads to the formation of giant pair halos surrounding strong extragalactic

TeV sources (see Chapter 11). The angular size of the extended γ-ray source

depends on the photon energy. For a detected photon of energy ETeV, it

is mainly determined by the mean free path of previous generation γ-rays

of energy E′ ' 2Ee ' 34E
1/2
TeV TeV. The free path of E′ ∼ 10 − 15 TeV

photons, which are responsible for the detected (last generation) 100 GeV

cascade γ-rays, presently is poorly known, but, probably, does not exceed

50 Mpc. Thus the typical size of a 100 GeV halo radiation surrounding

the EHE source at a distance 1 Gpc would be ≤ 3◦. The detection of

pair halos presents a difficult experimental task, compared, in particular,

with the detection of rectilinear cascade radiation discussed above. At the

same time, the EHE sources can be revealed through their halo radiation

independent of the orientation of AGN jets. It should be noticed in this

regard that only in the case of an isotropically emitting source will the

halo be centred on the source. If the relativistic outflow injecting EHE

protons is directed away from the observer, the center of the halo would be

displaced by an angle comparable to the typical angular size of the halo.

The radiation characteristics of halos initiated by EHE protons primarily

depend on the level of the diffuse extragalactic background, first of all at

mid- and far- infrared wavelengths, but not on the intergalactic magnetic

field, provided that the latter does not exceed 10−9 G. This question is

discussed in Chapter 11.

9.4.2.3 Strong magnetic field

When considering electromagnetic cascades initiated by EHE protons in

the intergalactic medium with magnetic field BIG ≥ 10−9 G, we must dis-

tinguish between two populations of secondary electrons. The electrons

originating from the Bethe-Heitler pair production process are produced

with typical energies (me/mp)Ep ∼ 1015 − 1016 eV. For magnetic field

≤ 10−7 G, they cool mainly through inverse Compton scattering, and thus

produce faint (e+, e−) halos in the fashion discussed above. Meanwhile, the

electrons originating from the photo-meson production process, directly, via

π+-decays, or through interactions of π0-decay γ-rays with the extragalactic

diffuse radio background, have much higher energies, ∼ 1/10Ep ≥ 1019 eV,

taking into account that only ≥ 1020 eV protons interact effectively with

the 2.7 K CMBR. Because of the Klein-Nishina effect, the energy losses
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of these electrons are dominated by synchrotron radiation, as long as the

ambient magnetic field exceeds ∼ 10−9 G. This prevents cascade develop-

ment, but instead provides another effective channel for production of high

energy γ-rays. Almost the whole energy of ≥ 1020 eV protons is released,

through the synchrotron radiation of secondary electrons, into the γ-rays

with characteristic energy εmax ∼ 50(B/10−8 G)(E0/1020 eV)2 GeV. Be-

cause the gyroradius of 1020 eV protons in the magnetic field BIG ≥ 10−9 G

is comparable or less than their mean pγ interaction path Λp ∼ 100 Mpc,

we should expect a diffuse radiation component emitted by huge inter-

galactic regions. This diminishes the chances for detection of this radiation

component, especially from relatively nearby (d � 1 Gpc) objects. The

situation is quite different for cosmologically distant objects. Because at

distant cosmological epochs the 2.7 K CMBR was denser, nph ∝ (1 + z)3,

and hotter, Tr ∝ 1 + z, the mean free path of protons Λp has a strong

z-dependence. At energies Ep ≤ 3 × 1020 eV it can be approximated as

Λp ' 5.2(1+z)3 exp[3 × 1020 eV/(1+z)E] Mpc (Berezinsky and Grigoreva,

1988). For example, in the environments of quasars 3C 273 (z = 0.158)

and PKS 0637-752 (z = 0.651), the mean free paths of 1020 eV protons are

44.6 Mpc and 7.1 Mpc, respectively. This implies that, if the X-ray emis-

sion from large scale jets of these powerful quasars has indeed a proton-

synchrotron origin, we may expect an accompanying GeV γ-radiation com-

ponent initiated by the highest energy escaping protons outside the jets,

but still within ∼ 3◦ centred on 3C 273, and within 10 arcminutes centred

on PKS 0637-752.

In summary, the powerful AGN jets, as well as the large-scale structures

in galaxy clusters are potential sites of acceleration of protons and nuclei

to energies ≥ 1019 eV. These particles interacting with the 2.7 K CMBR

photons at the highest energies, and with the ambient gas at lower energies,

initiate non-negligible nonthermal radiation components. The spatial and

spectral distributions of these emission components extending from radio-

wavelengths to high-energy γ-rays, contain unique information about both

the highest energy protons and magnetic fields in the extended intergalactic

environments. The γ-ray observations by GLAST and by the low-threshold

IACT arrays may provide very sensitive probes of nonthermal phenomena

in the cores and outskirts of galaxy clusters.
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Chapter 10

TeV Blazars and Cosmic Background

Radiation

Since the discovery of TeV γ-rays from Mkn 421 in 1992, many papers have

been published with an unusual combination of two keywords - Blazars and

Cosmic-Infrared-Background (CIB) radiation. The link between these two

topics is not (initially) obvious. Indeed, while blazars constitute a sub-class

of AGN dominated by highly variable (several hours or less) components of

broadband (from radio to gamma-rays) non-thermal emission produced in

relativistic jets, the CIB is a part of the overall diffuse extragalactic back-

ground radiation (DEBRA) dominated by thermal emission components

produced by stars and dust, and accumulated over the entire history of the

Universe. The scientific objectives of these studies are also different. While

blazars may serve as ideal laboratories for the study of MHD structures

and particle acceleration processes in relativistic jets, the CIB carries cru-

cial cosmological information about the formation epochs and history of

the evolution of galaxies.

Thus one may say that these two topics are relevant to quite independent

areas of modern astrophysics and cosmology. Yet, the current studies of the

CIB and blazars, more specifically the sub-population of blazars emitting

TeV gamma-rays (TeV blazars), are tightly coupled through the intergalac-

tic absorption of TeV radiation by CIB photons. Therefore, in this Chapter

these two topics are discussed jointly, although with more emphasis on the

questions related to the high energy processes in the small-scale jets of

blazars. In the next Chapter we will return to the discussion of CIB re-

lated topics, but this time in the context of cosmological implications of

very high energy γ-rays from distant extragalactic objects.

The astrophysical/cosmological importance of absorption was recog-

nised in the 1960s (Nikishov, 1962; Gould and Schrèder, 1966; Jelley, 1966),

but it became a really hot topic three decades later, after the detection of

393
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TeV signals from several representatives of a specific class of active galaxies

called BL Lac objects.

10.1 Cosmic Infrared Background Radiation

The CIB basically consists of two emission components produced by stars

and partly absorbed/re-emitted by dust during the entire history of evolu-

tion of galaxies. Consequently, two distinct bumps in the spectral energy

distribution (SED) of red-shifted radiation at near infrared (NIR) λ ∼ 1-2

µm and far infrared (FIR) λ ∼ 100-200 µm wavelengths, and a mid in-

frared (MIR) “valley” between these bumps are expected. Because of the

heavy contamination caused by foregrounds of different origin, predomi-

nantly by the zodiacal (interplanetary dust) light, measurements of the

CIB contain large uncertainties. Moreover, these results only conditionally

can be treated as direct measurements, because their interpretation primar-

ily depends on the modelling and removal of these foregrounds. Therefore,

observations of the CIB generally allow derivation of the flux upper limits

rather than detection of positive residual signals. In Fig. 10.1 we show

the CIB fluxes based on the latest reports, and refer the reader to the re-

view article by Hauser and Dwek (2001) for a comprehensive coverage of

the subject concerning both the techniques of direct measurements and the

interpretation of available observations.

Presently, the most reliable results are obtained from the COBE obser-

vations at NIR and FIR bands where the contribution of the zodiacal light

becomes comparable with the CIB flux. The reported fluxes at 140 and

240 µm derived by three independent groups (Hauser et al., 1998, Schlegel

et al., 1998, Lagache et al., 1999), and perhaps also at 100 µm (Lagache

et al., 1999; Finkbeiner et al., 2000) are in a reasonable agreement with

each other, but somewhat higher than the theoretical predictions. If the

relation of these fluxes to the true extragalactic background is correct, this

would imply that most of the star formation in the early Universe occurred

in highly obscured, dusty environments.

Detections of the CIB are reported also in the NIR - at 2.2 µm and 3.5

µm wavelengths (Dwek and Arendt, 1998; Gorjian et al., 2000; Wright,

2001). These fluxes together with the upper limit at 1.25 µm (Wright,

2001) and the fluxes of optical light derived from the HST data below

0.8 µm (Bernstein et al., 2002; see, however, Mattila, 2003), agree with the

recent theoretical calculations by Primack et al., (2001). An independent
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analysis of the COBE data by Cambresy et al., (2001), as well as the results

of the Japanese IRTS satellite (Matsumoto, 2000) are in agreement with

the fluxes at 2.2 µm and 3.5 µm reported by Wright (2001), but at shorter

wavelengths the claimed fluxes are noticeably higher compared to other

measurements (see Fig. 10.1).

The “best guess” estimate of the SED at optical/NIR wavelengths of

about 20-50 nW/m2sr is comparable with the FIR flux of about 40-50

nW/m2sr (Madau and Pozzetti, 2000). This indicates that an essential

part of the energy radiated by stars is absorbed and re-emitted by cold

dust. Our current knowledge of MIR, which carries information about the

warm dust component, is quite limited. The only flux estimates in this

band derived from ISOCAM source counts at 6 and 15 µm (Franceschini et

al., 2001) should be taken as lower limits.

Fig. 10.1 Measured and modelled SEDs of the Cosmic Background Radiation. The
reported fluxes at 140 and 240 µm (stars) are from Hauser et al. (1998), at 100 µm
(filled triangle) from Lagache et al., et al. (1999), and at 60 and 100 µm (open circles)
from Finkbeiner et al. (2000). The point at 15 µm (open square) is derived from
ISOCAM source counts (Franceschini et al., 2001). The reported fluxes at NIR and
optical wavelengths are shown by filled squares (Wright, 2001), open circles (Matsumoto,
2000), open diamonds (Cambresy et al., 2001), and filled circles (Bernstein et al., 2002).
The open triangles from Pozzetti et al. (1998) correspond to lower limits. While the
reference CIB models 2 and 3 should be considered as lower and upper limits, curve 1
may be treated as a representative of the “model of choice”.
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These data stimulated a renewed interest in theoretical studies of the

CIB based on different phenomenological (backward, forward, cosmic chem-

ical evolution, semi-analytical, etc.) approaches. In spite of certain achieve-

ments, the ability of current models to reproduce the CIB measurements

should not be, however, overstated, especially because these models contain

a number of adjustable parameters and in fact are “primarily designed for

that purpose” (Hauser and Dwek, 2001).

In Fig. 10.1 three reference CIB models are shown. We provisionally

assign them as “nominal” (1), “low” (2), and “extreme” (3) descriptions of

the CIB. Curve 2 corresponds to the so-called “LCDM-Salpeter” model of

Primack et al. (1999), but assuming a two times larger contribution of the

dust component. Similar NIR spectra with a flux of about 10 nW/m2sr at

1 µm have been assumed (Franceschini et al., 2001). Curve 1 is close to the

prediction by Primack et al. (2001) based on the so-called “Kennicut” stel-

lar initial mass function (IMF). And finally, curve 3 is “designed” to match

the extreme fluxes reported both at near and far infrared wavelengths.

Fig. 10.2 Mean free-path of VHE γ-rays in the intergalactic medium calculated for the
three CIB models presented in Fig. 10.1. (From Aharonian, 2001b).
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10.2 Intergalactic Absorption of Gamma Rays

To calculate the mean free path of γ-rays, Λ(E), in the intergalactic medium

one must convolve the CIB photon number distribution, n(ε), with the

pair production cross-section. Because of the narrowness of the latter (see

Fig. 3.4), for broad-band photon spectra over half the interactions of a γ-ray

photon of energy E occur with a quite narrow interval of target photons,

∆λ ∼ (1 ± 1/2)λ∗, centered on λ∗ ≈ 1.5(E/1 TeV) µm. This gives a

convenient approximation for the optical depth τ(E) = d/Λ(E) for γ-rays

emitted by a source at a distance d:

τ(E) ' 1

(

uCIB(λ∗)

10 nW/m2sr

)(

E

1 TeV

)

( z

0.1

)

H−1
60 , (10.1)

where uCIB = νI(ν) = ε2n(ε) is the SED of the CIB, and z is the source

redshift. No deviation of the observed γ-ray spectrum from the intrinsic

(source) spectrum, e.g. by a factor of ≤ 2, would imply τ(E) ≤ ln 2, and

consequently provide an upper limit on the CIB flux at λ∗(E). For exam-

ple, this condition for 1 TeV γ-rays from Mkn 421 or Mkn 501 (z ' 0.03)

gives uCIB ≤ 20 nW/m2sr around 1-2 µm. This estimate is quite close to

the recent NIR measurements, therefore we may conclude that already at

1 TeV we should expect absorption features in the spectra of γ-rays from

Mkn 421 and Mkn 501. This is demonstrated in Fig. 10.2 where we present

accurate numerical calculations of the mean free path of γ-rays for the three

CIB reference models shown in Fig. 10.1. The horizontal lines indicate the

distances to the reported TeV blazars (see below), as well as to 2 nearby

prominent extragalactic objects – the radiogalaxy M 87 and the ultralu-

minous starburst galaxy Arp 220. The mean free paths calculated for the

“low” CIB model (curve 2 in Fig. 10.2), should be treated as an upper limit

for the mean free path. This implies that we cannot ignore the intergalac-

tic absorption of TeV γ-rays from sources located beyond 100 Mpc. On

the other hand, this gives a unique chance to extract information about

the CIB by detecting absorption features in TeV spectra of extragalactic

objects.

Often such a possibility is reduced to a proposal to search for sharp cut-

offs in the energy spectra of extragalactic TeV sources (e.g. Stecker et al.,

1992). However, in many cases this could be a misleading recommendation.

In fact, a cutoff in a γ-ray spectrum is not yet evidence for the intergalactic

absorption and, vice versa, the lack of a cutoff cannot be interpreted as

absence of intergalactic absorption. It is interesting to note that all CIB
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models with a conventional spectral shape between 1 and 10 µm predict an

almost constant (energy-independent) mean free path of γ-rays, and cor-

respondingly insignificant spectral deformation at energies between 1 and

several TeV. The explanation of this effect is straightforward. If the spec-

trum of background photons in a certain energy interval has a power-law

dependence, n(ε) ∝ ε−β, the mean free path in the corresponding γ-ray en-

ergy interval Λ(E) ∝ E1−β . Within 1µm < λ < 10µ the CIB spectrum can

be approximately described by a power-law, uCIB ∝ λ−1 (see Fig. 10.1), or

n(ε) ∝ ε−1, therefore in the interval between 1 and several TeV the γ-ray

mean free path only slightly depends on energy (Fig. 10.2).

Fig. 10.3 The absorption-corrected SED of Mkn 501 reconstructed for the analytical
presentation of the measured spectral points given by equation (a) and assuming the
three different CIB models shown in Fig. 10.1. The experimental points and two different
analytical fits correspond to the 1997 time-averaged spectrum of Mkn 501 detected by
HEGRA (see Chapter 2). The experimental points are derived using a conservative
technique for energy reconstruction with ≈ 20 per cent resolution, except for the lowest
flux point at 21 TeV (”star”), which has been derived using a new method of energy
determination of γ-rays with resolution of about 12 per cent. The spectrum (a) with a
super-exponential cutoff better fits this point. The vertical line at 17 TeV indicates the
edge of the spectrum measured with high statistical significance.
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10.3 TeV Blazars

Blazars are AGN dominated by a highly variable component of non-thermal

radiation produced in relativistic jets close to the line of sight (see e.g.

Begelman et al., 1984, Urry and Padovani, 1995). The dramatically en-

hanced fluxes of the Doppler-boosted radiation, resulting from the fortu-

itous orientation of the jets towards the observer, make these objects ideal

laboratories for studying the underlying physics of AGN jets through multi-

wavelength studies of the temporal and spectral characteristics of radiation

from radio to very high energy γ-rays. This first of all concerns the BL

Lac objects, a sub-population of blazars of which 6 nearby representatives

– Mkn 421 (z = 0.031), Mkn 501 (z = 0.034), 1ES 2344+514 (z = 0.044),

1ES 1959+650 (z = 0.048), PKS 2155-304 (z = 0.116), and 1ES 1426+428

(z = 0.129) – are established as TeV γ-ray emitters (see Chapter 2).

BL Lac objects are galaxies with extremely bright active cores domi-

nating the radiation from the rest of the galaxy. The name of this source

population originates from a specific galaxy called BL Lacertae, which

on photographs looks like a star. The rapid variability of these objects

in brightness and in polarization is explained by relativistic synchrotron

jets. The TeV radiation of BL Lacs provides an independent, and perhaps

the strongest, evidence in favour of this commonly accepted paradigm of

blazars. Indeed, the enormous apparent VHE γ-ray luminosity of TeV

blazars, reaching Lapp = 4πd2fγ ∼ 1045 erg/s during the strongest flares

of Mkn 421 and Mkn 501 can be reduced to more reasonable (from any

point of view) level assuming that the radiation is produced in a sources

moving with large Doppler factor, Lint ≈ δ−4
j Lapp. This assumption also

allows a larger (more comfortable) size of the emitter based on the observed

variability timescales, R ≤ c ∆tvarδj. Actually, the same applies to other

components of nonthermal variable radiation as well. The uniqueness of γ-

rays comes from their “fragility” due to interactions with ambient photon

fields, and the assumption about the relativistic bulk motion appears to be

unavoidable in order to overcome the problem of catastrophic internal γ-γ

absorption. Indeed, assuming that the γ-radiation is emitted isotropically

in the frame of a relativistically moving source, the optical depth at the

observed γ-ray energy is estimated as

τγγ '
frd

2σTδ
−6
j

8m2
ec

3∆t
' 1.35f−11∆t

−1
h δ−6

10 (z/0.1)−2H−2
60 ETeV (10.2)

Here δ10 = δj/10, ∆th = ∆t/1 hour, ETeV = E/1 TeV, d = cz/H0 =
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500(z/0.1)H−1
60 Mpc is the distance to the source with redshift z � 1,

and f−11 = fr/10−11 erg/cm2s is the observed energy flux at hν '
100δ210E

−1
TeV eV which for an order of magnitude estimate is assumed to

be constant at the observed (“blueshifted”) optical to UV wavelengths that

predominantly contribute to TeV γ-ray absorption. In particular, obser-

vations of multi-TeV γ-rays from Mkn 501, the spectrum of which in the

high state extends to ∼ 20 TeV, provide a very robust constraint on the

jet’s Doppler factor. Assuming that the observed optical/UV flux of this

source in a high state, f−11 ' 5 (e.g. Pian et al., 1998), is produced

in the jet, the catastrophic absorption of 20 TeV γ-rays can be avoided

(τγγ ≤ 1) only when δj ≥ 10. Finally, one may interpret the 1997 high state

time-averaged differential spectrum of Mkn 501, E−1.92 exp (−E/6.2 TeV)

(see Chapter 2), as a E−1.92 pure power-law production spectrum modi-

fied by the internal γ-γ absorption with optical depth τ = ETeV/6.2. This

would give an accurate determination of the jet’s Doppler factor, taking

into account the very weak dependence of δj on all relevant parameters,

δj = 9.8 f
1/6
−11∆t

−1/6
h H

−1/3
60 . Clearly, since there could be a number of other

reasons for the steepening of the TeV spectrum, this estimate should be

considered as a lower limit on δj.

As discussed in Chapter 2, the flux variability on different time-scales

(and, plausibly, of different origin) is a remarkable feature of the TeV ra-

diation from BL Lac objects. For Mkn 501 and Mkn 421, it ranges from

the spectacular sub-hour flares to the extraordinary long (several months)

high-activity states observed in 1997 and 2001, respectively. After the dis-

covery of TeV γ-rays, Mkn 421 and Mkn 501 and some other BL Lac objects

have been subject of intensive studies through multiwavelength campaigns.

These observations revealed that the TeV flares correlate with X-rays on

time-scales of hours or less. This is often interpreted as a strong argument

in favour of the synchrotron-Compton jet emission models in which the

same population of ultra-relativistic electrons is responsible for production

of both X-rays and TeV γ-rays via synchrotron radiation and inverse Comp-

ton scattering, respectively. However, the very fact of correlation between

X-ray and TeV γ-ray fluxes does not yet rule out other possibilities, includ-

ing the so-called hadronic models which assume that the observed γ-ray

emission is initiated by accelerated protons interacting with the ambient

gas, low-frequency radiation, and magnetic fields.

Our poor current knowledge about the distortion to the initial γ-ray

spectra caused by internal and intergalactic absorptions makes the iden-
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tification of radiation processes extremely difficult. As long as the CIB

remains highly uncertain at all relevant frequency bands, we cannot rely

on the information contained in the observed γ-ray spectra. On the other

hand, the spectral variability of TeV emission as well as the correlations of

absolute TeV fluxes with other energy bands do not depend on the inter-

galactic absorption. Therefore, only detailed studies of spectral evolution

of TeV γ-rays and their correlations with X-rays from several X-ray se-

lected BL Lac objects in different states of activity, and located at different

distances within 1 Gpc, will allow us to follow and resolve simultaneously

the fluctuations predicted by different models on timescales close to the

shortest ones likely in these objects.

The sensitivities of imaging atmospheric Cherenkov telescopes are nicely

suited to search for short signals from TeV blazars. In particular, the

HEGRA, CAT and VERITAS IACTs were able to follow TeV flares of

Mkn 501, Mkn 521 and 1ES 1959+650 at the flux level of ≈ 10−11 erg/cm2s

on timescales less than several hours, and thus were well-matched to the

sensitivity and spectral coverage of X-ray detectors on RXTE and Bep-

poSAX for multiwavelength monitoring of flux variations. The sensitivity

and energy coverage will be significantly improved once new and larger

arrays like CANGAROO, H.E.S.S., MAGIC and VERITAS come online.

The best results so far in this regard became available recently, after

the well coordinated multiwavelength observations of Mkn 421 in 2001.

On several occasions, truly simultaneous observations by RXTE and TeV

instruments with durations up to 6 hours per night were carried out. A

nice example of such coverage, the 2001 March 19 flare detected by RXTE

and VERITAS is shown in Fig. 2.17. This event demonstrates an impressive

TeV/keV correlation. For unambiguous identification and deep understand-

ing of acceleration and radiation mechanisms in the jets, the correlations of

absolute γ-ray and X-ray fluxes are very important, but not yet sufficient.

The key information seem to be contained in spectral variability in both en-

ergy bands on timescales comparable to the characteristic dynamical times

of about 1 h or less. The strongest flares of Mkn 421 in 2001 provide us

with such unique information. In particular, the spectral analysis of the

21/22 and 22/23 March 2001 flares detected by the HEGRA collaboration

demonstrate a clear correlation of the hardness ratio with the absolute TeV

flux as is shown in Fig.2.18.
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10.4 Leptonic Models of TeV Blazars

The experimental studies of the spectral evolution of TeV γ-rays and their

correlations with X-rays on sub-hour timescales not only imply a new stan-

dard in γ-ray astronomy, but also indicate that the quality of the TeV data

is approaching the level which would allow us to follow and resolve simul-

taneously the predicted fluctuations in the putative synchrotron and IC

emission components on timescales close to the shortest ones likely in these

objects. This may have two important consequences (Coppi and Aharonian,

1999a):

• Matching the observed X-ray/TeV light curves (as opposed to simply

fitting snapshot spectra obtained many hours and days apart) should pro-

vide a very stringent test of the so-called synchrotron-self Compton (SSC)

model since we have two detailed handles on the single electron distribution

responsible for both emission components. This test can rule out alterna-

tive hadronic models which are less attractive but still viable options for

explanation of TeV emission.

• If the SSC model works, it will be possible to fix the key model parame-

ters and calculate the blazar’s intrinsic spectrum, comparing the observed

variations of absolute fluxes and spectral shapes with the predictions of

self-consistent, time-dependent numerical codes. This is a crucial point

because with an estimate of the intrinsic TeV spectrum, then, and only

then, it would be possible to estimate the intergalactic absorption effect by

comparing the intrinsic and observed spectra, and thus to get information

about the CIB.

The leptonic (or electronic) models of TeV blazars assume that both

the X-ray and TeV emission components originate in relativistic jets due

to synchrotron and IC radiation of the same population of directly accel-

erated electrons. The electronic models have two attractive features, First,

the required TeV electrons in the jet can be readily explained through the

(relatively) well understood shock acceleration mechanism. Secondly, both

the synchrotron and inverse Compton radiation channels operate with very

high efficiency. Indeed, for any reasonable set of model parameters, the

characteristic cooling time of high energy electrons responsible for TeV γ-

rays and synchrotron X-rays is comparable with typical dynamical times of

these objects, of orderR/c ≤ several hours. The IC cooling time of electrons

tIC ∝ E−1
e , and Compton scattering boosts the ambient photon energy pro-

portionally to E2
e , so the characteristic time of γ-ray emission decreases

with energy as ∝ E
−1/2
γ . This predicts different variability timescales
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for GeV and TeV γ-rays. The relatively low energy electrons responsible

for GeV radiation (as well as for synchrotron optical/UV photons) cannot

promptly respond to changes of physical conditions in the source.

The electronic models are able to give a reasonable phenomenological

description (Ghisellini et al., 1998) of the observationally established se-

quence (Fossati et al., 1998) in accordance of which less powerful objects

have both synchrotron and IC peaks at a similar level of luminosity, and are

located at higher (X-ray and TeV) energies. Meanwhile, in more powerful

blazars the IC emission strongly dominates the emission, and both peaks

are shifted towards lower (IR/optical and GeV) frequencies. Within the

electronic models, this trend is clearly seen in Fig. 10.4, and can be ex-

plained by the energy cutoff in the electron spectrum that is determined by

the balance between the energy loss rate and acceleration rate. In particu-

lar, assuming that the acceleration rates in different blazars are similar (for

example, because of comparable strengths of relativistic shock waves), the

high density of radiation fields in powerful blazars results in “early” energy

cutoffs in the electron spectra compared to the less powerful objects. Con-

sequently the synchrotron and IC peaks in powerful blazars will be shifted

Fig. 10.4 The average SEDs of the “all blazars” sample combined according to radio
luminosity, and irrespective of their original classification. The dashed curves are analytic
representations obtained assuming that (1) the ratio of the synchrotron and IC peak
frequencies is constant and (2) the amplitude of inverse Compton peak is proportional
to the radio luminosity (from Fossati et al., 1998).
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towards lower energies.

BL Lac objects are relatively modest blazars without noticeable signs

of broad emission lines and without thermal emission of the accretion disk

(the so-called “blue bump”). In contrast, these are features commonly seen

in powerful blazars. Therefore it is believed that in these objects, more

specifically in the so-called High frequency Peak BL Lacs (HBL, as intro-

duced by Padovani and Giommi, 1995), the synchrotron photons constitute

the main target for the Compton scattering of electrons. If true, this would

allow us to treat the radiation processes in these objects within the self-

consistent SSC model. In its simplified one-zone, homogeneous version,

this model assumes a spherical emission region filled with an isotropic elec-

tron population and a random magnetic field, moving towards the observer

relativistically with constant Doppler factor δj. This model requires a min-

imum number of parameters, and provides conclusive predictions about the

broad-band spectral and temporal characteristics.

10.4.1 Constraints on the SSC parameter space

Presently a general view dominates in the “blazar community” that the

one-zone SSC model not only explains the X-ray/TeV correlations, but

also gives satisfactory fits to the observed X-ray and TeV spectra of Mkn

421 and Mkn 501 . An example of the good spectral fits for the 1997 April

flares of Mkn 501, obtained for fixed model parameters characterising the

jet, and changing only the energy distribution of electrons, is shown in

Fig. 10.5 (Tavecchio et al., al. 2001).

It should be noted, however, that the γ-ray spectra shown are not

corrected for the intergalactic absorption. As is seen in Fig. 10.3, this effect

results in significant modification of the original γ-ray spectrum even for

the “low” CIB model. It is clear that this effect cannot be neglected. At

the same time, because of existing large uncertainties in the CIB flux, the

effect of intergalactic absorption should be included in the modelling of the

SEDs of TeV blazars as a free parameter.

The analysis of the spectral shape and variability of the synchrotron

and IC components of non-thermal radiation of TeV blazars within the

framework of a single-zone SSC model allows meaningful constraints on

the parameter-space of the X-ray and γ-ray production region (Tavecchio

et al., 1998, Bednarek and Protheroe, 1999, Guy et al., 2000). The key

observables used in the derivation of the constraints on the jet parameters

are the positions and amplitudes of the synchrotron and IC peaks, as well
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the CIB flux. Tavecchio et al. (1998) developed a convenient analytical

approach, assuming that the electron spectrum is a broken power-law like

the one described in the caption of Fig. 10.5. Later, Guy et al., (2000)

incorporated the effect of intergalactic γ-ray absorption into this approach,

and showed that this correction leads to a more consistent picture.

The homogeneous SSC model describes the emission of electrons in a

single ‘blob’ with three basic model parameters: the radiusR, magnetic field

B, and Doppler factor of the bulk motion δj. Important information about

the ratio R/δj is contained in the observed source variability time-scale,

tvar. Thus, the constraints in the parameter-space for the given maximum

Fig. 10.5 Interpretation of the quasi-simultaneous X-ray (BeppoSAX) and TeV (CAT)
observation of 1997 April 7 and 16 flares of Mkn 501 within the one-zone homogeneous
SSC model (Tavecchio et al., 2001). It is assumed that the size R = 1.9 × 1015 cm, the
Doppler factor δj = 10 and the magnetic field B = 0.32 G of the ‘blob’ are unchanged.
The spectral change of X-rays and γ-rays is attributed to the change in the energy
distribution of electrons which is assumed to be a power-law with a low energy break γb

and exponential cutoff at γmax: N(γ) = K0 γ−n1 (1+γ/γb)(n1−n2) exp−(γ/γmax) with
n1 = 1.5, n2 = 3. It is assumed that the IC peak is formed in the Klein-Nishina regime
and is mainly determined by the value of γb. For the flare of April 16 γb = 7 × 105,
while for the less intense April 7 flare γb = 1.1 × 105, The amplitude of the electron
distribution K0 is assumed the same, thus the change of the overall luminosity both
in X-ray and γ-rays is also determined merely by the change of γb. The intergalactic
absorption of γ-rays is assumed to be negligible.
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size, Rmax = tvarcδj, can be expressed in terms of two parameters on the

(logB, log δj) plane.

A distinct feature of the SSC model is the characteristic SED of radi-

ation with two (synchrotron and Compton) bumps which, in the case of

HBLs appear in the X-ray and the TeV γ-ray domains. The observations

of X-rays require a population of relativistic electrons with a power-law

spectrum broken at energy γb. The specific values of the indices are deter-

mined by the spectral shape of the synchrotron radiation below and above

the synchrotron peak.

In the quiescent state, the synchrotron radiation of Mkn 501 is char-

acterised by a synchrotron peak below 1 keV. During the April 16, 1997

flare the X-ray spectrum was exceptionally hard with a photon index of less

than 2 at least up to 100 keV, indicating a dramatic shift of the synchrotron

peak by at least two orders of magnitude (Pian et al., 1998). Due to the

lack of statistics, both the synchrotron peak position and the synchrotron

luminosity during the April 16 flare are not well defined.

The synchrotron spectrum of Mkn 501 in the high state can represented

in the form of broken power-law with spectral indices α1 = 0.5 and α2 =

1 below and above the energy νb = 5.2 ± 0.3 × 1018 Hz (see Fig. 10.6).

Additionally, a high energy cutoff at 300 keV is assumed, which could

naturally be attributed to the cutoff in the electron acceleration spectrum.

The index α2 and the position of the cutoff are rather qualitative, but

fortunately the final conclusions do not depend strongly on their exact

values. The apparent synchrotron luminosity is then νsL(νs) = 2.5± 0.1×
1045 erg/s.

Generally, the SSC models predict a pronounced “Compton peak” in

the SED of TeV blazars. However, as seen in Fig. 10.1, the observed γ-ray

spectrum of Mkn 501 does not show any noticeable maximum. Remarkably,

the γ-ray spectrum becomes closer to the theoretical predictions after being

corrected for the intergalactic absorption. In particular, for the “low” CIB

model in Fig. 10.1 with a scaling factor of 2.5, a clear “Compton peak” in

the γ-ray spectrum appears around 2 TeV, with spectral indices ∼ 0.5 and

∼ 1.5 below and above the peak. Note that this is a feature predicted by the

one-zone SSC model for the IC radiation, provided that the synchrotron X-

radiation is described by a broken power-law with spectral indices α1 = 0.5

and α2 = 1 (Tavecchio et al., 1998, Krawczynski et al., 2000).

Three independent constraints in the (logB, log δj) parameter plane are

possible based on (i) the position of the synchrotron and Compton peak

frequencies (area A), (ii) the synchrotron and Compton peak luminosities
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(area B), and (iii) the equilibrium between the radiative cooling and escape

of electrons (area C).

The first condition leads to the following relation between B and δj

(A) B δ−1
10 ≈ 1.5

νs,19
ν2
IC,26

(10.3)

where the magnetic field B is in Gauss, δ10 = δj/10, νs,19 = νs/1019 Hz,

and νIC,26 = νIC/1026 Hz.

The IC peak is very sensitive to the CIB absorption, and can be shifted

by a factor of 3 (up to 10) towards higher frequencies for the absorption-

corrected spectrum (Guy et al., 2000). Correspondingly, ignorance of the

intergalactic γ-ray absorption would significantly overestimate the B/δj
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Fig. 10.6 The Spectral energy distribution of the April 16, 1997 flare of Mkn 501 ob-
tained quasi-simultaneously in X-rays and TeV γ-rays by BeppoSAX and CAT (filled
squares). The HEGRA ‘time-averaged’ spectrum obtained during the entire 1997 out-
burst of Mkn 501 and normalised to the flux around 1 TeV measured during the April
16 flare by CAT, is also shown (open squares). The filled dots correspond to the CIB
absorption-corrected fluxes computed for the LCDM model of Primack et al. (1999),
but rescaled (increased) by a factor of SF = 2.5. The 3 σ error boxes corresponding to
the broken power-law model, are also shown (from Guy et al., 2000).
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ratio. This is seen from comparison of the regions (A) in the the left and

right panels of Fig. 10.7.

The comparison of the observed luminosities in the synchrotron and

the IC peaks gives the second relation between the magnetic field and the

Doppler factor:

(B) Bδ2.510 ≥ 0.5 (νs,19 νIC,26)
−1/4 (νsL(νs))45

(νICL(νIC))
1/2
45

t−1
var,h , (10.4)

where (νsL(νs))45 and (νICL(νIC))45 are the synchrotron and IC peak ap-

parent luminosities in unites of 1045 erg s−1, and tvar,h = tvar/1 h is the

source variability time-scale. Here tvar,h=10 is assumed.

The region (B) shown in Fig. 10.7 is based on Eq.(10.4) with an allowed

range of 3 σ uncertainties in the positions and apparent luminosities of the

synchrotron and Compton peaks as described above. Note that ignorance

of the CIB absorption of γ-rays would lead to the conclusion that the

radiative cooling of electrons in the jet is well dominated by synchrotron

losses. However, after correction for the intergalactic absorption, the IC

luminosity in fact could be as high as (or even exceed) the synchrotron

luminosity (see Fig. 10.6), implying that Compton scattering would become

an equally important cooling channel.
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Fig. 10.7 Parameter-space for the April 16, 1997 flare of Mkn 501 (with tvar=10h)
without (left panel) and with (right panel) correction for intergalactic γ-ray absorption
(from Guy et al., 2000). The areas (A), (B), (C) and (D) are defined by Eqs. (10.3)-
(10.7).

A relation between B and δj arises if one assumes that the break in

the electron spectrum at γb is determined from the equilibrium between
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cooling and escape from the source (obviously, there could be other reasons

for the break in the electron spectrum, e.g. connected with the character of

the acceleration mechanism). This model assumption leads to the following

constraints in the Compton-cooling dominated regime:

(C1) Bδ910 ≥ 37.(νsL(νs)45)
2 t−2

var,h β
−2
escν

−1
IC,26 (10.5)

and in the synchrotron-cooling dominated regime:

(C2) B ≥ 0.18 β1/2
esc (tvar,h νIC,26)

−1/2 (10.6)

Here βesc is the electron escape velocity in units of the speed of light,

i.e. a parameter describing the energy-independent escape time as tesc =

βescR/c. In Fig. 10.7 this rather uncertain parameter is allowed to vary

from 1/3 to 1.

To avoid strong absorption of TeV photons inside the ‘blob’ due to pair-

production of γ-rays interacting with optical photons, a minimum value for

δ can be computed; it is used to check the validity of the area defined by

the intersection of the (A), (B) and (C) regions. For the Compton peak

luminosity, we obtain

(D) δ > 6.6

(

L(νs)26
tvar,h

√
νIC,26νs,19

)0.2

(10.7)

Fig. 10.7 shows that the inclusion of intergalactic absorption in the

treatment results in more consistent relations between the different model

parameters. In particular it moves region (A) into regions (B) and (C), and

thus overcomes the incompatibility of different constraints on the principal

model parameters. After correction for intergalactic absorption, all three

regions (A), (B), and (C) in the (log B,log δ) intersect around the point

B ' 0.05 G, and Doppler factor δ ' 15. This simple example shows that

the intergalactic absorption of γ-rays should be taken into account in any

realistic attempt to constrain self-consistently the parameter-space in future

studies based on detailed modelling of temporal and spectral characteristics

of TeV blazars.

10.4.2 Time-dependent SSC treatment

The results presented in Fig. 10.7 give important information about the

range of principal parameters that can qualitatively describe the TeV ob-

servations of HBLs within the one-zone SSC model. However, this simplified

and approximate procedure cannot supersede detailed numerical modelling
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of nonthermal processes in the jets. To test the SSC scenario for TeV

blazars, a thorough theoretical treatment is needed even for the simplified

one-zone version of the model. This concerns the time-dependent approach

of the evolution of electron distributions as well as accurate calculations of

the inverse Compton effect in the Klein-Nishina regime for both radiative

losses of electrons and formation of γ-ray spectra. The key feature of this

regime is that the Compton scattering transfers the energy of electron to the

photon. This changes, for example, the mapping between the synchrotron

and γ-ray emission components. Therefore in HBLs, the peaks of the syn-

chrotron and Compton emission components generally are not produced by

electrons of the same energy. Also, the Compton γ-ray flux at the highest

energies tends to track the X-ray synchrotron flux only linearly, but not

quadratically as expected in the Thomson regime. In some cases the Comp-

ton losses can strongly dominate over the synchrotron losses, and at the

same time to proceed in the Klein-Nishina regime. In such conditions, we

should expect very unusual combinations of X-ray and γ-ray spectra. This

could be the case of 1ES 1426+428 (see below). Then approximations such

as introductions a “Klein-Nishina cutoff” for the Compton cross-section,

or using a continuous energy-loss approximation for solving of the electron

energy distributions are quite dangerous and can easily lead to large errors

in the spectra predicted for the peaks and tails of the Compton and syn-

chrotron components (e.g., Coppi and Blandford 1990; Coppi, 1992; Coppi

and Aharonian, 1999).

The second important requirement of SSC models (in fact, of any blazar

model) is that they should treat self-consistently the time evolution of the

electron population ensuring that the assumed electron energy spectrum

is physically achievable from an initial acceleration spectrum, in contrast

to (quite popular) parametric SSC fits which simply postulate the prompt

electron spectra. The radiation of TeV blazars is extremely variable, and

time-averaging obviously would discard significant information, thus mak-

ing the interpretation of results rather ambiguous.

The potential of the time-resolved analysis to break model degeneracies

has been demonstrated by Krawczynski et al. (2002) applying the time

dependent SSC code of Coppi (1992) to the coordinated X-ray and γ-ray

observations of Mkn 501 during the April-May outburst in 1997. It was

assumed that freshly accelerated “external” electrons are injected into the

emission generation region with a time-variable rate parameterised as func-

tion of the electron Lorentz factor γ, spectral index of particle acceleration

s, amplitude Q0(t), minimum Lorentz factor γmin, and high energy cut-off
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γmax(t) as follows:

Qe(γ, t) = Q0(t) γ
−s exp [−γ/γmax(t)] Θ(γ − γmin) (10.8)

with Θ(x) = 0 for x < 0 and Θ(x) = 1 for x ≥ 0. The canonical value of

s = 2 expected for diffusive particle acceleration at strong shocks has been

assumed.
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Fig. 10.8 Fit of a SSC model with two-emission components: (1) a quasi-stationary
X-ray component, and (2) a time variable X-ray/TeV γ-ray component, assuming that
flares are caused by the time-variable injection power of electrons, Q0(t). The panels,
show from top to bottom: (i) the time-history of the injection power, (ii) the 10 keV
X-ray energy flux (10−12 erg cm−2 s−1), (iii) the X-ray 3-25 keV photon index, (iv)

the 2 TeV energy flux (10−12 erg cm−2 s−1), and (v) the 1-5 TeV photon index. The
gamma-ray fluxes are from CAT (squares), HEGRA (solid points), and Whipple (open
circles). The vertical dashed lines show the days with detailed spectroscopic observations
by BeppoSAX (April 7, 11, and 16). The assumed model parameters are:s δj = 45, R =
4.5 × 1013 cm, B = 1.1 G, tesc = 104(R/c), γmin = 105, γmax = 1.4 × 107. (From
Krawczynski et al., 2002)
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It is important to note that the low-energy cutoff in the spectrum of

accelerated electrons γmin is a critical model parameter. If the radiative

cooling time of electrons with Lorentz factor γmin is shorter than all the

other characteristic timescales in the system, the main break of the elec-

tron spectrum occurs at γmin. Thus, at high enough values (∼ 105), γmin

determines the energies at which the synchrotron and IC SEDs peak. Re-

markably, all SSC fits require very large values for the low-energy cutoff (or

break), γmin ≥ 103. The origin (theoretical ground) of γmin remains unclear

in contrast to the high energy cutoff γmax which naturally arises from the
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Fig. 10.9 For the model of Fig. 10.8, the upper panel shows the electron energy spec-
tra (E3 dN/dE, energy E in the jet frame) responsible for the observations of April
7 (solid line), April 11 (dashed line) and April 16 (dotted line) flares of Mkn 501 in
1997. The lower three panels compare the observed (points) with the modelled (solid
line) SEDs. For illustrative purposes the dashed line shows the TeV gamma-ray energy
spectra modified by extragalactic absorption. (From Krawczynski et al., 2002).
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balance between the electron acceleration and radiative cooling rates.

Seven free parameters of the model were assumed in the fitting proce-

dure: the radius of the emission volume R, the jet Doppler factor δj, the

mean magnetic field B, the escape time of relativistic electrons from the

emission region tesc, the electron acceleration rate Q0, and the minimum

and maximum Lorentz factors of accelerated particles γmin and γmax. The

attempt was to fit the April and May flares of Mkn 501, including the RXTE

10 keV fluxes and 3-25 keV photon indices and the 2 TeV fluxes derived

from CAT, HEGRA, and Whipple measurements. Given a hypothesis of

what causes the flaring activity (a variable Q0(t), γmax(t), and/or δj(t)),

the fitting procedure consists of two steps:

(1) For a set of the postulated time-independent parameters (R, δ̄j, B,

γmin, tesc) the simplest possible time-dependent functions Q0(t) and γmax(t)

which fit the X-ray flux amplitudes, are determined. These functions Q0(ti),

γmax(ti) are derived iteratively by starting with a first guess, running the

SSC model, and adjusting the relevant values until the X-ray fluxes are

satisfactorily described.

(2) The time-independent parameters (R, δ̄j, B, δj, tesc) are varied to obtain

the best fit to the observed X-ray photon indices and TeV gamma-ray flux

amplitudes. Due to the large experimental uncertainties, fitting the TeV

photon indices is not assigned a high priority. At the same time for 3

selected datasets (April 7, 11, and 16) for which relatively good spectral γ-

ray measurements were available, the modelled photon indices were checked

with the results from TeV observations.

The results of this study lead to quite interesting conclusions.

(i) One-component SSC models cannot fully describe the data. While, by

construction, the models succeed in accounting for the temporal evolution

of the X-ray fluxes they do not adequately explain the range of observed

X-ray spectral indices, the broadband 0.1 keV-200 keV energy spectra, and

the variation of TeV gamma-ray fluxes. Note, that this conclusion cannot

be generalised, because it is applicable to the models in which only the rate

of accelerated particles or only the maximum Lorentz factor of accelerated

particles is assumed to be changed.

(ii) It is possible to get very good fits to the data, if one assumes that

the X-rays originate from a superposition of a soft quasi-steady compo-

nent and a hard rapidly variable component. Namely, postulating a quasi-

steady X-ray component with a photon index of 2.2 and a 10 keV amplitude
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νFν = 10−10 erg/cm2s, the model assuming only a time dependent rate of

accelerated particles Q0(t), can satisfactorily explain the absolute X- and

γ-ray flux variations, as well as the spectral evolution of X-rays, for the fol-

lowing set of time-independent parameters: γmin = 105, γmax = 1.7 × 107,

B = 1.1 G, R = 4.5 × 1013 cm, tesc = 104(R/c). This is demonstrated

in Fig. 10.8. The above parameters are not quite similar to the “typical”

parameters derived from the parametric SSC studies applied to the snap-

shot data (see Fig. 10.5). In particular, the required magnetic field is larger

and the size is smaller than those assumed in the parametric SSC models.

The results applied to the X-ray observations of April 7, 11, and 16 flares

for which a nice spectral coverage was provided by BeppoSAX, give quite

good agreement, achieved essentially assuming a very high value for the

low-energy cutoff in the electron acceleration spectrum, γmin = 105. The

results are presented in Fig. 10.9 where the modelled and observed TeV

energy spectra are also shown. For all three days the time averaged 1997

HEGRA TeV gamma-ray energy spectrum normalised at 2 TeV to the mean

flux (measured with all operational TeV telescopes) is used. The results

shown in Fig. 10.8 and 10.9 generally prove that the time-dependent SSC

model is indeed a powerful tool for further studies of applying electronic

models to the flares of TeV blazars.

For illustrative purposes the dashed lines in Fig. 10.9 show the predicted

TeV Gamma-ray energy spectra modified by extragalactic absorption, com-

puted for the CIB model “LCDM, Salpeter Stellar Initial Mass Function”

of Primack et al. (2001). The agreement of the predicted spectra with the

data apparently is not very impressive. This may be interpreted as a result

of a combination of different factors, in particular due to the simplifications

in the proposed one-zone model, the lack of exactly simultaneous X-ray and

TeV observations, uncertainties in the CIB fluxes, etc. More sophisticated

modelling and better, simultaneously obtained spectrometric X-ray and

TeV data are needed for further development of the theory. For example,

we cannot ignore the fact that for CIB models predicting high NIR fluxes

(as large as 20 nW/M2s) the intrinsic γ-ray spectra of TeV blazars appear

extremely hard. In particular, this is the case of Mkn 501 as it is shown in

Fig. 10.3. Such spectra cannot be easily explained by the standard one-zone

SSC model without invoking extreme jet parameters like Doppler factors

δj ∼ 50, and very small magnetic fields B ≤ 0.1 G, which significantly re-

duce the radiation efficiency. The situation is even more difficult for Mkn

421, the X-ray synchrotron cutoff of which never extends beyond 20 keV,

and especially for the blazar 1ES 1426+428.
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10.4.3 The case of 1ES 1426+428

Because of the relatively large redshift (z = 0.129), the TeV gamma ra-

diation from the extreme BL Lac object 1ES 1426+428 (Costamante et

al., 2001) suffers severe intergalactic absorption. Therefore the discov-

ery of TeV γ-rays from this source (see Chapter 2) arrived as a pleasant

surprise. The deformation of the primary γ-ray spectrum due to the inter-

galactic absorption is characterised by the factor exp (−τ), where τ(E) is

the energy-dependent optical depth for a γ-ray photon of energy E emitted

by a source at a distance d. The spectral deformation factors calculated

for 3 essentially different CIB models show that above 300 GeV the inter-

galactic absorption leads to a strong steepening of the spectrum of γ-rays

from 1ES 1426+428, but starting from 1 TeV to several TeV the spectrum

is deformed only slightly, although the suppression of the absolute flux may

be as large as a factor of 100 (see Fig. 10.10). Therefore the initial (source)

spectrum of γ-rays, i.e. the γ-ray spectrum after correction for the inter-

galactic absorption, J0(E) = Jobs(E) exp [τ(E)], is expected to be quite

different from the observed spectrum Jobs(E).

An important implication of this approach of reconstruction of the

source spectrum of 1ES 1426+428 is that the latter obtains a reasonable

shape only for a rather limited class of models of CIB. Namely, any signif-

icant deviation of these models from the CIB model-1 shown in Fig. 10.1,

especially at wavelengths between 1 and 10 µm, results in an unusually

steep upturn in the reconstructed γ-ray spectrum. This is demonstrated in

Fig.2.21 (Chapter 2). To some extent here we face a problem similar to the

problem of possible existence of a pile-up in the source spectrum of Mkn 501

(see Fig. 10.3). Note that the sharp positive slopes of the γ-ray spectra

(E2dN/dE ∝ E3) in Figs. 2.21b and 2.21c cannot be easily explained by

conventional models invoking either a leptonic or a hadronic origin of γ-ray

emission of BL Lac objects.

In principle, in the case of γ-ray production from monoenergetic pro-

tons interacting with ambient plasma (see Sec. 10.5.1), a E2dN/dE ∝ E2

type spectrum could be produced. However, the steeper (∝ E3) rise of

the reconstructed γ-ray spectrum unambiguously excludes this possibility.

A sharper pile-up could be expected by speculating that the radiation is

the result of bulk motion Comptonization of ambient low-energy thermal

photons by a cold conical wind with bulk Lorentz factor exceeding 107 (see

Sec. 10.6).

In any case, it is likely that we should be prepared for unusual conclu-
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sions concerning the acceleration and radiation processes in the small scale

AGN jets. Note that even a “decent” power-law intrinsic TeV spectrum of

1ES 1426+428 (E2dN/dE ∝ E0.5), obtained for a model-1 type spectrum

of CIB (see Fig. 2.21a), does not yet guarantee an easy explanation of the

broad-band spectral energy distribution of this source. Independent of the

details, it may require a significant revision of the current conceptual view

according to which the synchrotron (X-ray) peak in the SED dominates

over the inverse Compton (TeV) peak. Indeed, although the detected TeV

flux is only few times 10−12 erg/cm2s, after correction for the intergalactic

absorption it exceeds 10−10 erg/cm2s, i.e. it becomes at least an order of

magnitude larger than the X-ray energy flux (Costamante et al., 2003).

Thus, the TeV luminosity significantly exceeds the X-ray luminosity, and

it is clear that this should have an impact on the TeV-blazar models. For

the inverse Compton models, this would imply that the radiative cooling

of electrons proceeds in the regime dominated by Compton losses, like in

Fig. 10.10 Impact of the intergalactic absorption on the TeV spectra of Mkn 501 (dashed
curves) and 1ES 1426+428 (solid curves). The curves marked as “1”, “2”, and “3”
correspond to the absorption factors exp (−τ) calculated for CIB models 1,2, and 3
shown in Fig. 10.1.
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the GeV blazars (or “red blazars”), but with the main energy release in the

TeV domain, like in Mkn 421 and Mkn 501 (“blue blazars”).

It should be noted that the two bumps in the spectral energy distribu-

tions of TeV blazars are always called “synchrotron” and “inverse Comp-

ton” peaks which tacitly implies that the leptonic origin of the TeV radia-

tion is accepted as an undisputed fact, and all possible difficulties with the

interpretation of data within this concept can be blamed on the imperfect-

ness of the existing models. This currently popular view dominates over

the so-called hadronic models. However, the TeV observations of blazars, in

particular 1ES 1426+428, indicate that it is quite important to develop, par-

allel with improvement of leptonic models, alternative scenarios, attribut-

ing, for example, the TeV emission to the synchrotron radiation of protons,

and the X-ray emission to the synchrotron radiation of primary (directly

accelerated) or secondary (pair-produced) electrons (see Sec. 10.5.3.3).

10.5 Hadronic Models

Presently, the leptonic models, independent of the specific assumptions

concerning the acceleration and radiation scenarios, represent the preferred

concept for TeV blazars. Two important intrinsic features characterise

these models: (i) electrons can be readily accelerated to TeV energies, e.g.

through the shock acceleration mechanism, and (ii) they can radiate X-

rays and TeV γ-rays with very high efficiency via synchrotron and inverse

Compton channels.

The so-called hadronic models are generally lacking in these virtues. Al-

though the associated acceleration of protons is expected with at least the

same efficiency as that of the electrons (for most acceleration mechanisms),

the hadronic models require proton acceleration to energies up to 1020 eV,

otherwise they cannot offer efficient γ-ray production mechanisms in the

jets. These models assume that the observed γ-ray emission is initiated

by accelerated protons interacting with ambient mater (the so-called mass-

loaded hadronic models; see e.g. Pohl and Schlickeiser, 2000), photon fields

(photo-pion hadronic models; see e.g. Mannheim, 1993; 1996), magnetic

fields (“pure” proton synchrotron model; Aharonian, 2000) or both mag-

netic and photon fields (Mücke and Protheroe, 2001; Mücke et al., 2003).
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10.5.1 Mass-loaded hadronic jet models

While the synchrotron and photo-pion hadronic jet models require accel-

eration of protons to extremely high energies, the mass-loaded hadronic

models need protons of relatively modest energies. Yet, because of the low

density of the thermal electron-proton plasma in the jet, the efficiency of

this mechanism appears to be too low to explain the observed time variabil-

ity and the high fluxes of the observed gamma-radiation (Aharonian et al.,

1999c). Formally, the variability can be explained by invoking adiabatic

losses caused by relativistic expansion of the emitting ‘blob’. However, this

assumption would imply, in fact, very inefficient γ-ray production with

an intrinsic luminosity L
(int)
γ ' Ẇp(tad/tpp), where Ẇp is the proton ac-

celeration rate, tad ≥ R/c ∼ ∆tvarδj is the adiabatic cooling time, and

tpp ' 5 × 1015(n/1 cm−3)−1s denotes the characteristic emission timescale

for the production of π0-decay γ-rays. Given that the proton acceler-

ation rate cannot exceed the total power of the central engine, roughly

the Eddington luminosity LEdd = 1.3 × 1045(M/107M�) erg/s, and that

L
(int)
γ ' 4πd2fγδ

−4
j , where d is the luminosity distance, and fγ is the de-

tected γ-ray flux, one obtains

n ≥ 4 × 107 f−10 ∆t−1
3h δ−5

10 M
−1
7 (d/1 Gpc)2 cm−3 , (10.9)

where the following normalisations are used: f−10 = fγ/10−10 erg/cm2s,

δ10 = δj/10, M7 = M/107M�, and ∆t3h = ∆t/3 h is the radiation variabil-

ity in the observer’s frame in units of 3 hours - the characteristic time-scale

observed from TeV blazars. For example, for Mkn 501 (d ' 170 Mpc) in a

high state with parameters f−10 ≥ 1, ∆t3h ∼ 1, and δ10 ∼ 1, the baryonic

density of plasma in the jet should exceed 106 cm−3. This makes the rela-

tivistically moving ‘blob’ very heavy (M ' 2.5×1029 g) and the correspond-

ing kinetic energy uncomfortably large, exceeding Ekin = Mc2(Γj − 1) ≥
2 × 1051 erg.

Strictly speaking, this argument holds only against the mass-loaded

hadronic models based on the assumption that γ-rays are produced in-

side small scale jets. However it does not exclude the ‘pp’ hadronic models

in general. For example, an external scenario like the “relativistic jet meets

target” (Morrison et al., 1984), i.e. assuming that γ-rays are produced in

nearby dense gas clouds that (randomly) move across the jet (e.g. Dar and

Laor 1997), remains an attractive possibility for the ‘pp’ hadronic models.
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10.5.2 Photo-pion and synchrotron losses of protons

The models involving interactions of protons with radiation and magnetic

fields require proton acceleration to extreme energies exceeding 1019 eV.

This implies that the acceleration should proceed at the maximum (theo-

retically possible) rates. On the other hand, the necessary (for any TeV

blazar model) condition of high efficiency of radiative cooling requires ex-

treme parameters characterising the sub-parsec jets and their environments.

But this should not prevent us from exploring hadronic models as a viable

alternative to the leptonic models.

The efficiency of any γ-ray production mechanism is characterised by

the ratio of the radiative cooling time to the typical dynamical time-scale

of the source corresponding to the minimum variability of radiation in the

jet’s frame

t∗ = ∆tvar δj ' 105 ∆t3hδ10 s . (10.10)

Proton-synchrotron radiation becomes an effective mechanism of γ-

radiation with characteristic cooling time ≤ 105 s, only for protons with

E ≥ 1019 eV in a strong magnetic field close to 100 G (see Eq.3.29). In this

regime, the synchrotron losses may well dominate over non-radiative losses

caused by adiabatic expansion or the escape of particles from the source.

It is interesting to compare the proton-synchrotron cooling time tsy with

the photo-pion cooling time, tpγ . The energy flux of low-frequency radiation

that originates in the jet can be presented in the following form

νSν = 10−12 gfir (hν/0.01 eV)−s+1 erg/cm2s (10.11)

where gfir is a scaling factor indicating the level of the FIR flux at hν =

0.01 eV (λ ∼ 100µm) in units of 10−12 erg/cm2s. The flux normalisation

at FIR wavelengths, which play a major role in proton-photon interactions

in the jet, makes the results of calculations quite insensitive to the choice

of the spectral index s. Generally, for BL Lac objects, in particular for

Mkn 421 and Mkn 501, gfir ≤ 1.

For a source with the co-moving frame luminosity L′(ν′)ν, an observer

at a distance d = cz/H0 would detect a flux (Lind & Blandford 1985)

Sν = δ3j L
′(ν/δj)/4πd

2 The energy losses of protons in a low-frequency pho-

ton field with a broad power-law spectrum are dominated by photo-meson

processes. For broad and flat spectra of target photons the cooling time of

protons is estimated as tpγ(E) ' (c < σpγf > n(ν∗)hν∗)−1, thus for the



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

420 Very High Energy Cosmic Gamma Radiation

flux given by Eq. (10.11) with s=0.5,

tpγ ' 4.5 × 107 ∆t23h δ
5.5
10 (z/0.03)−2 g−1

FIR E−0.5
19 s , (10.12)

where < σpγf >' 10−28 cm2 is the photo-pion production cross section

weighted by the inelasticity at a photon energy ∼ 300 MeV in the proton

rest frame, and hν∗ ' 0.03E−1
19 eV. For both Mkn 501 and Mkn 421 the

photo-pion cooling time cannot be less than 107 s, unless we assume a very

high ambient photon density. Formally this could be possible, for example,

adopting a smaller blob size than follows from the observed flux variability

∆t3h ∼ 1, and/or assuming a small Doppler factor of the jet, δj � 10.

However, the photon density in the source cannot be arbitrarily increased,

otherwise it would result in a catastrophic absorption of TeV radiation

inside the source.

In the field of ambient photons with a differential power-law spectrum

n(ν) ∝ ν−(s+1), the optical depth for photon-photon absorption is equal

to τγγ(ε) = A(s)(σT/2) hν0n(hν0)R, where hν0 = 4(mec
2)2/ε, and A(s) =

7/12 · 4s+1(s + 1)−5/3/(s + 2) (Svensson, 1987). For the spectral index

s = 0.5,

τγγ ' 0.4 ∆t−1
3h δ−5

10 gfir (z/0.03)2 (ε/1 TeV)1/2 . (10.13)

The optical depth τγγ increases with energy increases ∝ ε1/2, therefore at

1 TeV it should not exceed 1, otherwise the absorption of ≥ 10 TeV γ-rays

would become unacceptably large. For example, for Mkn 501, assuming

that the low-frequency radiation in the blob is described by Eq. (10.11)

with s = 0.5 and adopting a rather relaxed estimate for gfir ∼ 0.3 (e.g.

Pian et al., 1998), the condition τγγ(1 TeV) ≤ 1 results in a robust lower

limit on the blob’s Doppler factor δj ≥ 7.

From Eqs.(10.12) and (10.13) we obtain a simple relation between the

photo-pion cooling time of protons, tpγ , and the optical depth τ1TeV:

tpγ ' 1.8 × 107 ∆t3h δ
1/2
10 τ−1

1TeV
E

−1/2
19 s . (10.14)

For a steeper spectrum of low-frequency radiation, e.g. a power-law with

s = 1, and for the same normalisation to τ1TeV, the photo-pion cooling time

is shorter:

tpγ ' 106 ∆t3h τ
−1
1TeV

E−1
19 s . (10.15)

Even so, tpγ remains significantly larger than t∗ given by Eq.(10.10), espe-

cially if we take into account that for s = 1 the optical depth depends more
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strongly on energy, τγγ ∝ ε.

The source transparency condition for multi-TeV γ-rays implies that

in TeV blazars the photo-pion processes proceed on significantly larger

time-scales compared with t∗ and tsy (see Fig. 10.11). In particular,

for the power-law spectrum of low-frequency radiation with s = 0.5

we have tpγ/t
∗ ' 1.7 × 102 δ−0.5

10 τ−1
1TeV

E−0.5
19 and tpγ/tsy ' 4 ×

102∆t3h δ
0.5
10 B−2

100 τ
−1
1TeV

E0.5
19 E.

Thus, for any reasonable assumption concerning the geometry of γ-ray

production region, as well as the spectral shape of low-frequency radiation

in the blob, the detection of TeV γ-rays from any blazar would imply a

low efficiency of the photo-pion processes in the jet, unless the energy of

protons does not significantly exceed 1019 eV. In compact γ-ray produc-

tion region(s) of the jet with a typical size R ≤ 3× 1015∆t3hδ10 cm, proton

acceleration to such high energies is possible only in the presence of a mag-

netic field B � 10 G. In such conditions, however, synchrotron radiation

becomes a more effective channel for radiative cooling of protons. In prin-

ciple, the difficulty with synchrotron losses could be overcome by adopting

Fig. 10.11 The characteristic acceleration and energy loss (synchrotron, photo-meson
and adiabatic) time-scales of protons in the blob. At each curve the scaling factors (the
products of relevant physical parameters) are shown.
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a weak (B ≤ 1 G) magnetic field in the blob, but assuming that the EHE

protons are accelerated outside of the blob, e.g. near the central compact

object, and then transported along with the jet. However, this assumption

does not solve the second problem connected with the low efficiency of the

photo-pion processes in the jet imposed by the transparency condition for

TeV γ-rays.

A regrettable consequence of this conclusion is the suppressed TeV neu-

trino flux. This however concerns only the objects seen in TeV γ-rays. The

pair cascades initiated by secondary electrons and γ-rays from pγ interac-

tions may still remain a viable possibility for other AGN, in particular for

the powerful GeV blazars detected by EGRET, where the radiation den-

sity is much higher than in the BL Lac objects, and, more importantly, the

photo-pion cooling time of EHE protons is not constrained by the severe

TeV γ-ray transparency condition.

10.5.3 Proton synchrotron models

The inner parts of AGN jets with magnetic fields at the level of B ∼
10 − 100 G are one of a few possible sites in the Universe for the produc-

tion of cosmic rays to the highest observed energies of about 1020 eV (see

Fig. 1.6), provided that the particle acceleration in the compact regions of

inner jets proceeds at the rate ηrg/c with η ∼ 1, and that synchrotron or

curvature radiation losses dominate over other radiative and non-radiative

losses. If such an arrangement of favourable conditions indeed takes place

in blazars, it seems quite natural to invoke the synchrotron radiation of pro-

tons for explanation of TeV radiation from blazars. Indeed, as discussed

in Sec. 3.3.2, if protons are accelerated in the regime dominated by syn-

chrotron losses, the spectral shape of the Doppler boosted γ-radiation in the

observer’s frame is determined essentially by the self-regulated synchrotron

cutoff at E0 ' 3η−1δ10 TeV. Thus, if the proton acceleration takes place

at the highest possible rate (η ∼ 1), for typical Doppler factors δj ≥ 10,

the proton synchrotron radiation would extend well into the TeV domain.

Remarkably, this process allowing very hard intrinsic γ-ray spectra, gives a

reasonable explanation for the stable spectral shape of TeV emission as ob-

served during the strong flares of Mkn 501 in 1997, and predicts significant

spectral steepening in low states.
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10.5.3.1 Fitting the TeV spectrum of Mkn 501

Fig. 10.12 demonstrates the ability of the proton synchrotron model to ex-

plain the spectra of TeV radiation of Mkn 501 both in high and low states.

For the high state, the model spectrum is normalised, after correction for

the intergalactic absorption (assuming CIB model no.2 in Fig. 10.1), to the

measured flux at 1 TeV. This determines, for a given magnetic field, the

required total energy in accelerated protons. For a proton energy distribu-

tion described by a “power-law with exponential cutoff” with αp = 2, the

Fig. 10.12 The proton-synchrotron radiation of Mkn 501 in a high and low states.
The dashed and solid curves correspond to the spectra of γ-radiation before and after
corrections for intergalactic extinction, respectively. The time-averaged HEGRA data in
the high state are the same as in Fig.10.3. The broad-band γ-ray data in the low state are
obtained by the Whipple (open triangle) and EGRET (filled triangles) groups during the
multiwavelength campaign in March 1996 (Kataoka et al. 1999). An “archival” upper
limit on the 100 MeV flux based on the long-term observations of the source during the
phase I period of EGRET is also shown (star). The high state of the source is fitted
by αp = 2 and E0 = 1.3TeV. The low state of the source is fitted by αp = 2 and
E0 = 0.02 TeV (from Aharonian, 2000).
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spectrum of Mkn 501 in a high state is surprisingly well fitted assuming

E0 = 1.3 TeV. If γ-rays are produced in the synchrotron-loss-dominated

regime, from Eq. (3.35) we can easily estimate the ratio ρ = δ10/η which is

the most relevant parameter for determination of the position of the self-

regulated synchrotron cutoff in a relativistically moving source – ρ = 0.43.

Because the Doppler factor in Mkn 501 is believed to be close to 10, the con-

clusion could be drawn that during the entire 1997 outburst the acceleration

of particles in Mkn 501 took place in the regime quite close of maximum

acceleration rate (η ∼ 2). If so, this explains in a rather natural way the

essentially time-independent shape of the TeV spectrum observed during

the strong flares in 1997. Comparing the minimum (energy-independent)

escape time of particles tesc ∼ R/c ' 3.3×104 R15ξ s, with the synchrotron

cooling time of the protons responsible for the production of γ-rays in the

cutoff region, tsy ' 2.4 × 104(B/100G)−3/2η1/2 s, the following condition

for formation of the self-regulated synchrotron cutoff should be satisfied

B ≥ 80 R
−2/3
15 η1/3 G . (10.16)

If the particle acceleration takes place in the regime dominated by syn-

chrotron losses, we may expect spectral variability caused by changes in

the parameter ρ, i.e. due to variability of the acceleration rate and/or of

the Doppler factor of the jet. Even a slight drop in the acceleration rate

should lead to dramatic spectral changes of γ-rays. This effect can ex-

plain the detection by EGRET of a very flat spectrum at energies from

50 MeV to 5 GeV during the period of a low state of the source in March

1996. A rather surprising aspect of this report is that the energy flux of γ-

rays at several GeV was significantly larger than the X-ray and TeV fluxes

measured approximately at the same time by the ASCA and Whipple in-

struments (Kataoka et al., 1999). In the framework of this model, the

EGRET and Whipple fluxes could be explained with parameters αp = 2

and E0 = 0.02 TeV (see Fig. 10.12), or, if the proton acceleration takes

place in the regime dominated by synchrotron losses, ρ ' 0.007. This would

imply a dramatic reduction of the acceleration efficiency (η ' 140δ10), pro-

vided that the jet’s Doppler factor remains more or less constant. Note

that this interpretation adopts a very small ρ parameter, but tacitly as-

sumes that the proton acceleration takes place in the synchrotron-loss-

dominated regime. Another, perhaps more realistic, scenario would be the

source transition from the synchrotron-loss-dominated regime to the parti-

cle escape-loss-dominated regime, for example, due to a possible reduction

of the magnetic field caused by the expansion of the blob.
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The signature of the low state is a shift of the position of the spectral

peak down to ≤ 100 GeV, with a hard GeV γ-ray spectrum, and very

steep spectrum at TeV energies. While the hard GeV spectrum is indeed

observed, the small TeV photon statistics do not provide adequate infor-

mation about the spectrum at TeV energies. The γ-ray spectrum formed

in the escape-loss-dominated regime depends on parameters characterising

the production region, in particular the source size and the magnetic field.

Therefore, at this stage of evolution, the source should show significant

spectral variations at TeV energies, although in the GeV domain the flux

variability should not necessarily be accompanied by spectral changes.

10.5.3.2 X-rays from secondary electrons

Within the proton synchrotron model, we may expect also synchrotron radi-

ation produced by directly accelerated electrons - the counterparts of EHE

protons. If the particle acceleration takes place in the synchrotron-loss-

dominated regime, the self-regulated synchrotron cutoff of this component

depends only on the parameter ρ = δ10/η, namely E0 ' 1.6ρGeV, thus it

correlates with the position of the cutoff in the proton synchrotron spectrum

at E0 ' 3ρTeV. The ratio of the energy fluxes of these two components is

determined simply by the ratio of non-thermal energy channelled into the

accelerated protons and electrons, Ẇp/Ẇe. In a magnetic field of about 100

G, the cooling time of electrons is shorter, almost at all relativistic ener-

gies, than the typical dynamical (e.g. light-crossing) times. This results in

a well-established steady-state spectrum of electrons dN/dE± ∝ E
−(α0+1)
± ,

provided that the power-law index of acceleration spectrum α0 ≥ 1. Conse-

quently, a power law synchrotron spectrum with a photon index (α0 +2)/2

would be formed. In particular, for α0 = 2, we should expect a flat syn-

chrotron SED (νSν = const) from optical/UV wavelengths to MeV/GeV

γ-rays. The broad-band spectra of both Mkn 421 and Mkn 501 do not agree

with such a pure power-law behaviour; in fact, the SED of both objects show

pronounced synchrotron X-ray peaks. Therefore this (theoretically possi-

ble) population of directly accelerated electrons - counterparts of the EHE

protons - cannot be responsible for the bulk of X-ray emission.

The X-ray emission could instead be due to electrons, produced in a

different way, and/or in other region(s) of the jet. The X-ray light curves

of some HBLs show so-called “soft” and “hard” lags (e.g. Takahashi et

al., 1999). A possible interpretation of this effect in terms of compet-

ing acceleration, radiative cooling, and escape timescales of synchrotron-
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emitting electrons (Takahashi et al. 1996; Kirk et al. 1998), requires that

all these timescales are comparable with the light crossing time, t = R/c ∼
104−105 s. The cooling time of electrons responsible for a synchrotron pho-

tons of energy Ex is t
(e)
sy ' 1.5× 103(B/1G)−3/2 (Ex/1 keV)1/2 s. Therefore

in the X-ray production region the magnetic field cannot, independent of

specific model assumptions, significantly exceed 0.1 G. Thus, the hypothesis

of a proton-synchrotron origin of TeV radiation implies that the produc-

tion regions of TeV γ-rays (B ∼ 100 G) and synchrotron X-rays (B ∼ 0.1 G)

should be essentially different.

In the proton-synchrotron model of TeV radiation from BL Lac objects,

two more components of X-radiation are expected. Indeed, in a field of

about 100 G the accelerated protons of energy E ∼ 1015 eV themselves

produce synchrotron X-rays. However, the contribution of this component

to the observed X-ray flux is negligible. A much more prolific channel

for X-ray production connected (indirectly) with the EHE protons, can be

provided by electrons of non-acceleration origin, namely by secondary elec-

trons produced at interactions of the primary TeV γ-rays with the ambient

low-frequency radiation.

The appearance of secondary electrons in the jet results in production

of a hard synchrotron X-ray component. It is clear that for an optical

depth of τγγ ∼ 1 the luminosity of this component would be comparable

to to the luminosity of their “grandparents” - TeV γ-rays. The photo-

produced electrons have a rather specific spectral shape, significantly dif-

ferent from that of directly accelerated particles. For example, the spec-

trum of electrons produced at interactions of high energy γ-rays with a

photon index Γ and field photons with a narrow (e.g. Planckian) spectral

distribution with a characteristic energy hν, has the following character-

istic form: starting from the minimum (allowed by kinematics) energy at

E∗ = m2
ec

4/4hν, the electron spectrum sharply rises reaching the maximum

at Em ' 2.4E∗ ' 0.15(hν/1 eV)−1 TeV, and then at E � Em it decreases

as q± ∝ E
−(Γ+1)
± lnE± (see Eq.(3.27) in Chapter 3).

The intense synchrotron losses quickly establish a steady-state broken

power-law electron spectrum ∝ E−2
± below Em, and ∝ E

−(Γ+2)
± (if we ignore

the weak logarithmic term) above Em. Correspondingly, the synchrotron

spectrum of the secondary pair-produced electrons is characterised by a

smooth transition, from νSν ∝ E0.5
x to νSν ∝ E

−(Γ−1)/2
x , with a break

point at Ex,b ∼ 100(B/100G)(hν/1 eV)−2 keV.

Below we discuss the possibility of explaining both the X-ray and TeV γ-

ray fluxes from 1ES 1426+428 within the ‘pure’ proton-synchrotron model.
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10.5.3.3 Broad band SED of 1ES 1426+428

within the proton-synchrotron model

As discussed in Sec. 10.4.3, the detection of TeV γ-rays from 1ES 1426+428

may challenge the standard leptonic models of TeV blazars. The apparent

luminosity of γ-rays after correction for the intergalactic absorption ap-

pears at least an order of magnitude larger than the synchrotron luminos-

ity. Within the one-zone SSC model, this would imply a very low magnetic

field, a very high density of relativistic electrons, and a correspondingly

very strong (orders of magnitude) deviation from the equipartition con-

dition. The external Compton models and the models of electromagnetic

cascade in radiation-dominated environments allow more flexibility in mod-

elling the unusual SED of this source.

Alternatively, the hard intrinsic TeV γ-ray spectrum of 1ES 1426+428

and high Lγ/LX ratio (≥ 10) can be explained by the proton-synchrotron

model, assuming that a small, approximately 1/10 fraction of the proton-

synchrotron radiation suffers internal absorption. If so, the hard X-ray

emission could be attributed to the synchrotron radiation of the secondary

pair-produced electrons as discussed in the previous section. The detailed

numerical calculations shown in Fig. 10.13 prove that indeed a simple

proton-synchrotron model can reproduce the broad-band spectral energy

distribution of 1ES 1426+428 quite well.

The calculations have been performed within the “leaky-box” approx-

imation, assuming that all primaries (protons) and secondaries (electrons,

photons) – are homogeneously distributed in the source, and that the prob-

ability of particles escaping the confinement region does not depend on

their spatial coordinates. The escape time from a source with a char-

acteristic size R is defined for all particles in the terms of free escape,

tf = R/c ' 3.3 × 104R15 s. In addition, some calculations were performed

for the the regime of Bohm diffusion of charged particles with character-

istic time tB ' 1.5 × 105B100R
2
15/E19 s. Note that these timescales are

comparable with the synchrotron cooling time of primary (accelerated) ex-

tremely high energy protons, t
(p)
sy ' 4.5 × 104B−2

100E
−1
19 s. At the same

time, the synchrotron cooling time of electrons is much shorter than any of

these timescales, t
(e)
sy ' 0.04B100E

−1
12 s (B100 = B/100G, E19 = E/1019 eV

and E12 = E/1012 eV). Thus, during the characteristic cooling time of

1019 − 1020 eV protons, the secondary electrons do not leave the source

until they have cooled to MeV energies.

As long as the synchrotron cooling and escape times remain compa-
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rable, they play equally important roles in the formation of the proton

spectra. For simplicity, it is assumed that both the magnetic field and the

radius of the source do not change during the source evolution. Also, it

is assumed that the protons are injected continuously into the blob with a

rate Q̇p(E, t) = F (t)E
−αp
p exp (−Ep/E0), i.e. it is assumed that the spec-

tral shape of the injected protons, including the high energy cutoff E0,

does not change with time, while the absolute rate can be a function of

time. The maximum acceleration energy E0 is defined from the balance

between the proton synchrotron cooling time and the minimum accelera-

tion time rg/c, provided that the proton gyroradius does not exceed the

source linear size. These are two extreme conditions, which cannot, most

likely, be accommodated by the diffusive shock acceleration theory, even

in its relativistic version. But this is the price we must pay if we want to

invoke proton synchrotron radiation to explain the TeV γ-rays emission.

This model unavoidably requires the maximum possible acceleration rates

allowed by classical electrodynamics (Aharonian et al., 2002b).

Simplifications like the time-independent magnetic field and blob size

would not always be the case, especially for the highly variable nonthermal

phenomena related to X- and γ-radiation of the inner blazar jets. Neverthe-

less, they help to understand the general features of the model, in particu-

lar its ability to explain the observed time-averaged SED of 1ES 1426+428.

Because of the lack of simultaneous X/TeV observations, as well as of any

relevant information about the time variability of this source in X-ray and

TeV γ-rays on short timescales, the construction of a more sophisticated

model at this stage seems to be redundant. At the same time, it should

be emphasized that the calculations do not postulate a snapshot spectra of

protons, but rather treat the time evolution of the energy distribution of

protons in the source adequately.

In Figs. 10.13 the spectra of 1ES 1426+428, performed for a certain

combination of model parameters, are shown. Because presently only the

time-averaged X-ray and TeV data of this source are available, the data are

compared with the theoretical spectra calculated for the stage exceeding

the characteristic energy loss and dynamical times of the system, thus these

calculations can be interpreted as steady-state spectra. More specifically,

the spectra are calculated at the stage 106 s after the continuous (in time

and space) injection of protons into the γ-ray emission region starts.

The spectrum shown in Fig. 10.13 corresponds to a relatively compact

blob of radius R = 3 × 1015 cm with magnetic field, B = 100 G, and

Doppler factor δj = 20, and particle escape in the Bohm diffusion regime.
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It is also assumed that the synchrotron TeV γ-rays are partly absorbed

inside the source interacting with optical and EUV narrow-band emission

components around 1 eV and 100 eV. In order to match the X-ray spectrum

and absolute intensity, the optical depths were varied. For the fixed density

n0 and energy ε0 of target photons, the optical depth is function of the

energy and coordinates of production of the γ-ray photon. Therefore it is

convenient to express the optical depth in terms of its value τ∗ at the energy

at which the cross-section approaches its maximum (E∗ = 4m2
ec

4/ε0 '
1(ε0/1 eV)−1 TeV) and for the γ-ray photons produced at the center of

the source, τ∗ = n0σγγ(E
∗)R. A good fit to both the X-ray and γ-ray

spectra is achieved assuming τ∗ ' 1. Since the optical depth decreases at

energies both below and above E∗, the internal γ-ray absorption in these

two lines leads to quite an interesting deformation of the primary spectrum

(Fig. 10.13) with maximum effects at energies around 100 GeV and 10 TeV

(in the observer’s frame). Further deformation of γ-ray spectrum takes

place in the intergalactic medium. The calculations presented in Fig. 10.13

are performed for intergalactic absorption adopting the “nominal” (no. 1)

CIB model shown in Fig. 10.1.

Obviously, the assumption of internal γ-ray absorption in two

monochromatic optical/UV lines is a simplification. The calculations show

that some other (more sophisticated) external photon fields can also repro-

duce the observed γ-ray spectra. On the other hand, the adoption of these

two lines could be not far from the reality. Their energies in the host galaxy

frame (obviously they cannot be linked to the jet) are at ε/Γj, i.e. ≈ 0.05 eV

and ≈ 5 eV, and thus they can be contributed by the so-called dust torus

and broad-line regions (see e.g. Celotti et al., 1998), albeit we do not have

a clear evidence of the existence of such regions in 1ES 1426+428.

It is seen from Fig. 10.13 that the model spectra generally describe the

X-ray and TeV γ-ray fluxes quite satisfactorily, although the calculated

fluxes slightly exceed the reported upper limits at 100 MeV and 0.2 TeV,

as well as pass below the detected fluxes above several TeV. Given (i) the

large statistical and systematic errors, (ii) the uncertainties caused by the

intergalactic absorption, and (iii) the fact that the reported γ-ray fluxes

are derived from observations over time periods significantly exceeding the

suspected variability timescales, we perhaps should not overemphasise the

significance of perfect spectral fits. Otherwise, a better fit can be obtained

by adjusting some of the model parameters. For example, a better agree-

ment with the flux upper limits at low energies can be achieved assuming

a flatter acceleration spectrum for protons or a faster escape of low energy
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particles.

The injection power of protons, Ẇp =
∫

EQ̇p(E)dE, is defined from the

requirement of explaining the intrinsic γ-ray luminosity of the source, Lγ ≈
4πd2fγδ

−4
j ≈ 5× 1042(δj/10)−4 erg/s. Since in the presence of strong mag-

netic field the synchrotron radiation of γ-rays proceeds with high efficiency,

a rather modest injection rate of protons of about Ẇp ≈ 1.2 × 1042 erg/s

is sufficient. This is higher only by a factor of 4 than the intrinsic γ-ray

luminosity (for the assumed Doppler factor δj = 20). Correspondingly,
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Fig. 10.13 Spectral Energy Distribution of 1ES 1426+428 calculated within the “pure”
Proton Synchrotron model. While γ-rays originate from the synchrotron radiation of
directly accelerated protons, X-rays are due to synchrotron radiation of secondary elec-
trons. Photo-pion interactions of protons and inverse Compton scattering of electrons
play a negligible role in the formation of electromagnetic radiation. The following model
parameters are assumed: B = 100 G, αp = 2, R = 3 × 1015 cm, δj = 20. The escape of
charged particles proceeds in the Bohm diffusion regime. The dashed curve corresponds
to the production spectrum of proton-synchrotron radiation, the dashed-dotted curve
is the γ-ray spectrum after the internal absorption, and the solid curve represents the
spectrum of γ-rays as seen by the observer, i.e. after the internal and intergalactic ab-
sorption. For parameters relevant to the internal and intergalactic absorption of γ-rays
see the text. The measured time-averaged X-ray and TeV γ-ray fluxes are also shown.
X-ray data are from Costamante et al., al. (2001), the TeV data are from the Whipple
(Petry et al., 2002; filled points), HEGRA (Aharonian et al., 2002a; open circles), and
the CAT(Djanati-Atai et al., 2002; diamonds) collaborations. The EGRET flux upper
limit at 108 eV is also shown.
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the steady-state energy density of protons is quite low, at the level of

wp ≈ 2 erg/cm3. On the other hand, the density of magnetic energy is

more than two orders of magnitude larger, wB = B2/8π ≈ 400 erg/cm3.

The huge total magnetic field of the blob, R3B2/6 ≈ 5 × 1049 erg for-

mally would be sufficient to support observable TeV γ-ray fluxes for a long

period. Namely, speculating that in such magnetized condensations an ef-

fective acceleration mechanism effectively transfers the magnetic energy to

ultrarelativistic protons, a single blob ejected from the central source to-

wards the observer could provide TeV γ-ray fluxes at the level shown in

Fig. 10.13 during a time period exceeding 1 month.

The significant departure from the equipartition condition, when the

magnetic pressure exceeds by two orders of magnitude the pressure due to

the accelerated protons, seems to be a problem, in particular from the point

of view of the stability of such a system. A more comfortable condition

closer to the equipartition could be arranged assuming a smaller magnetic

field. The model calculations show that with a 10 G field it is still possible

to explain the X-ray and γ-ray data, although at the expense of a signifi-

cant reduction of the radiation efficiency, and a significant increase in the

injection power of protons to Ẇp ≈ 1.7 × 1044 erg/s. The energy density

accumulated at the stage 106 s in protons above 1018 eV is approximately

100 erg/cm3, and in fact could be an order magnitude larger if the energy

spectrum of protons continues to low energies. In this case, the energy den-

sity in protons exceeds, by more than two orders of magnitude, the energy

density in the magnetic field. Therefore we may conclude that assuming

an intermediate magnetic field between 10 and 100 G, we can explain the

broad-band spectral features of 1ES 1426+428, and, at the same time, keep

equipartition between the magnetic field and the relativistic protons. Note

that within the proton synchrotron model the reduction of the magnetic

field should be compensated by an adequate increase of the effective size

of the particle accelerator in order to allow protons to be accelerated to

highest energies. Important information about the blob size and the inter-

nal magnetic field, could be provided by future observations. In particular,

detections of TeV flares from 1ES 1426+428 on timescales less than several

hours would exclude small magnetic fields, B ≤ 30 G and/or large blob

sizes, R ≥ 1016 cm.

The described scenario couples X-rays to TeV γ-rays through syn-

chrotron radiation of secondary electrons, therefore we must expect very

tight X-ray/TeV correlations. The secondary electrons are promptly cooled

in the strong magnetic field, so we may assume that the X-rays will arrive
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almost simultaneously together with the bulk of the TeV γ-rays. Never-

theless, more complicated correlations cannot be excluded, especially if the

magnetic field drops significantly at the outskirts of the blob, so an essen-

tial part of the secondary electrons are produced and cooled in a low-field

environment. This unfortunately makes the predictions about the X/TeV

correlations less robust.

10.6 “IR background TeV Gamma Ray Crisis”?

From the previous sections we may argue that the basic temporal and spec-

tral characteristics of TeV blazars can be described, at least qualitatively,

by the the current leptonic and hadronic models. At the same time all

these models have difficulty explaining the increase or even pile-up that

may appear at the end of the “reconstructed” spectrum of Mkn 501, if the

reported FIR fluxes correctly describe the level of the CIB at far infrared

wavelengths (see Fig. 10.1). Recently, motivated by such a non-standard

spectral shape, several extreme hypotheses have been proposed to overcome

the “IR background - TeV gamma-ray crisis” (see Chapter 11). In partic-

ular, Harwit et al. (1999) suggested the interesting idea that the HEGRA

highest energy events are due to Bose-Einstein condensations interacting

with the atmosphere. However, subsequently the HEGRA collaboration

has demonstrated (Aharonian et al., 2000c) that the detected shower char-

acteristics are in fact in good agreement with the predictions for the events

initiated by ordinary γ-rays. Another, even more dramatic hypothesis – vi-

olation of the Lorentz invariance – has been proposed to solve this problem

(e.g. Kifune, 1999; Stecker and Glashow, 2001).

Below we discuss another non-standard, although, in our view, less dra-

matic hypothesis that can naturally accommodate pile-ups in the spectra

of TeV blazars. The idea is based on a “non-acceleration” scenario for

the production of γ-rays, assuming that the most energetic part of γ-ray

spectrum of Mkn 501 above several TeV is due to bulk motion Comptoniza-

tion of ambient low-frequency photons by a cold ultrarelativistic conical

wind (Aharonian et al., 2002).

Actually, relativistically moving plasma outflows in the forms of jets or

winds are common for many astrophysical phenomena on both galactic or

extragalactic scales. Independent of the origin of these relativistic outflows,

the jet seem to be the only successful approach for understanding the com-

plex features of nonthermal radiation of Blazars, Microquasars and GRBs.
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The Lorentz factor of such outflows could be extremely large. In particu-

lar, in the Crab Nebula the Lorentz-factor of the unshocked pulsar wind is

estimated to be between 106 and 107 (Rees and Gun, 1974). Meszaros and

Rees (1997) argued that in the context of cosmological GRBs the magnet-

ically dominated jet-like outflows from stellar mass black holes may attain

extreme Lorentz factors exceeding 106. Lorentz factors of jets in the stan-

dard inverse Compton models of γ-ray blazars are rather modest, Γ ∼ 10.

However, there is no apparent theoretical or observation argument against

bulk motion with a much larger Lorentz-factor (see, e.g., the discussion by

Celotti et al., 1998). Because of existence of dense photons fields in the

Fig. 10.14 Inverse Compton spectrum of a cold unshocked ultrarelativistic jet with a
Lorentz factor of bulk motion Γ = 3.33× 107. The radiation component associated with
Comptonization of ambient optical photons is shown by dashed curve I. The dashed curve
II is the residual of the total TeV source emission (after subtraction of the unshocked
wind component I), and could be attributed either to the Comptonization of the bulk
motion on ambient FIR photons or to the radiation of ‘blobs’ in shocked jet. The heavy
solid line represents the superposition of these two components. Fits to the observed
flux of Mkn 501 are shown by thin solid lines. Curve 1 corresponds to the fit given
by equation (b) in Fig. 10.3, and curve 2 – to the steepest possible spectrum above 17
TeV based on the most recent reanalysis of Mkn 501 HEGRA data (see Chapter 2).
The intrinsic (absorption-corrected) spectra of Mkn 501, corresponding to the fits to the
observed points “1” and “2”, are shown by dotted lines “1′” and “2′”, respectively (from
Aharonian, Timokhin, Plyasheshnikov, 2001).
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Fig. 10.15 Sketch of the two-stage γ-ray production scenario in a TeV blazar. At the
first stage, the highest energy γ-rays above 10 TeV with a sharp spectral form (“pile-
up”) are produced due to Comptonization of the ambient optical photons by the cold
ultrarelativistic jet with bulk motion Lorentz factor Γ ∼ 107 − 108. Low energy γ-rays,
Eγ ≤ 10 TeV, can be also produced due to Comptonization of ambient FIR photons with
a broad spectral distribution. At the second stage, relatively low energy (Eγ ≤ 10 TeV)
γ-rays are produced in the shocked jets (“blobs”) moving with Lorentz factor of about
Γ ∼ 10 in accordance with the standard SSC model.

inner sub-parsec region of sources like Mkn 421 and Mkn 501, the Comp-

ton optical depth τC could be as large as 1. Obviously, for our model the

most favourable value for τC lies between 0.1 (in order to avoid huge energy

requirements for the outflow) and 1 (in order to avoid Compton drag). In

particular, we have to assume that in the proximity of the black hole the

outflow should be Poynting flux dominated, and that only at large distances

from the central object, where the photon density is significantly reduced,

the major part of the electromagnetic energy is transferred to the kinetic

energy of bulk motion.

Due to the extremely large Lorentz factors, exceeding 107, Compton

scattering on the ambient NIR/optical photons with energy more than 1

eV proceeds in deep Klein-Nishina regime; therefore the γ-radiation should

have a very narrow distribution with energy E ≈ Ee = mec
2Γ. Meanwhile,

the IC scattering on ambient far IR photons surrounding the central source,

still takes place in the Thomson regime , and thus results in a smooth broad-

band spectrum.

Fig. 10.14 demonstrates that the overall absorption-corrected (for the

CIB at FIR close to the extreme CIB model no.3 in Fig. 10.1). The spec-

trum of Mkn 501 can be satisfactorily explained in the terms of inverse

Compton emission of the cold jet with a bulk Lorentz factor Γ = 3.33×107,

assuming an ambient radiation field with a narrow (Planckian) type radi-

ation with temperature kT = 2 eV (dashed curve I). The dashed curve II,

which formally is the residual from the subtraction of the unshocked wind

component radiation from the intrinsic (reconstructed) TeV emission (solid
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heavy line), can be attributed to the bulk-motion Comptonization on am-

bient far IR photons produced e.g. by cold clouds surrounding the source.

Alternatively, the “residual component” (curve II) can be referred to the

SSC (or any other) radiation component of blobs in shocked jet. This

two-stage (pre-shock plus post shock) scenario of formation of TeV γ-ray

emission is schematically illustrated in Fig. 10.15.

The possibility of disentangling the multi-TeV emission with a charac-

teristic sharp pile-up at the very end of the spectrum, Eγ ' mec
2Γ, from

the sub-10 TeV emission associated with the shocked structures (e.g. blobs)

in the jet, not only solves the possible “IR background – TeV gamma-ray

crisis” but also allows a more relaxed parameter space for the interpreta-

tion of X-rays and the remaining “low” energy (≤ 10 TeV) γ-rays within

the conventional SSC scenario. Consequently, this offers more options for

interpretation of X-ray/gamma-ray correlations. If the overall TeV radia-

tion of Mkn 501 indeed consists of two, unshocked and shocked, jet emission

components, we may expect essentially different time behaviours of these

components. In particular, the “unshocked jet” (≥ 10 TeV) component

should arrive earlier than the SSC components consisting of synchrotron

X- and sub-10 TeV IC γ-rays. Therefore, an important test of the sug-

gested two stage scenario of the TeV radiation of jets would be the search

for correlations (or lack of such correlations) of ≥ 10 TeV radiation with

both the low energy (e.g. 1-3 TeV) γ-rays and synchrotron X-rays. The low

statistics of (heavily absorbed) γ-rays above 10 TeV makes the search for

such correlations rather difficult, and requires ground-based instruments

with huge, � 0.1 km2 detection areas in this energy domain. The new

generation IACT arrays should be able to perform such correlation studies.
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Chapter 11

High Energy Gamma Rays

Carriers of Unique

Cosmological Information

Extension of the γ-ray spectra of extragalactic sources to energies beyond

10 GeV opens a new exciting research area of gamma-ray astronomy – ob-

servational gamma-ray cosmology. The promise here is linked to the energy-

dependent interactions of high energy γ-rays with the diffuse extragalactic

background radiation (DEBRA), from UV to far infrared wavelengths, as

well as to the effects caused by propagation of secondary (pair-produced)

electrons in the intergalactic magnetic fields (IGMF). The absorption fea-

tures in the spectra of primary (direct) γ-radiation, as well as the temporal

and angular distributions of the secondary (cascade) γ-rays arriving from

the directions of distant extragalactic objects with accurately measured

redshifts, contain unique cosmological information about DEBRA and the

IGMF.

11.1 Probing DEBRA Through γ-Ray Absorption Features

An observer looking within a narrow cone centered on a source at a dis-

tance d = cZ/H0 will see an absorbed spectrum J(E) = J0(E) exp [−τ(E)],

where J0(E) is the initial (source) γ-ray spectrum, and τ(E) is the opti-

cal depth characterising γ-γ pair production in the isotropically distributed

extragalactic radiation fields. As discussed in Sec.10.2, because of the nar-

rowness of the pair-production cross-section, for a broad-band background

spectrum without very sharp features, over half the interactions of a γ-

ray photon of energy E is contributed by a narrow interval of target pho-

tons. This allows a convenient approximation for the optical depth given

by Eq.(10.1).

Usually, the proposals of studying DEBRA via gamma-ray astronomical

means are formulated as an approach based on the search for cutoffs in the

437
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γ-ray spectra at energy E determined from the condition τ(E) = 1 (e.g.

Stecker et al., 1992). However, this is not always the case. Any realistic

model of the Cosmic Infrared Background (CIB), with two bumps at NIR

and FIR wavelengths, predicts a quite specific energy dependence for the

intergalactic optical depth (see Fig. 10.2). Correspondingly, while at ener-

gies above 100 GeV and above 10 TeV we should expect significant spectral

steepening (provided that the γ-ray source is located at a sufficiently large

distance), at energies between 1 and 10 TeV the absorption does not nec-

essarily imply strong modification of the primary spectrum. The reason

of this effect is explained by the specific shape of the CIB spectrum uCIB

which in the region between near and mid infrared wavelengths behaves ap-

proximately as ∝ λ−1. The impact of this interesting effect can be seen in

Fig. 10.3, where the SED of Mkn 501 is shown together with the absorption-

corrected spectra reconstructed for 3 CIB models from Fig. 10.1. While at

≤ 3 TeV and ≥ 10 TeV the γ-ray spectrum is significantly modified, at

intermediate energies the spectral change is less pronounced in spite of the

strong suppression of the absolute flux.

On the other hand, the intergalactic modulation of primary γ-ray

spectra at low energies (below several TeV) strongly depends on the flux

and spectral shape of the CIB at wavelengths shorter than ∼ 2µm. As is

seen in Fig. 10.10, the steepening of γ-ray spectra at low energies is accom-

panied by a tendency of flattening (“recovery” of the primary spectrum) at

energies above 1-2 TeV. This effect is especially strong in the case of dis-

tant sources with z ≥ 0.1 for which the optical depth becomes large even

at energies ∼ 100 GeV. In Sec.10.4.3 we argued that this effect is already

seen in the spectrum of 1ES 1426+428 located at z = 0.129. If true, this

would imply that we are quite close to probing CIB at wavelengths from

λ ∼ 0.3 to 10 µm. However, this optimistic view does not yet guarantee

fast and easy success. This can be accomplished only in the case of proper

spectrometric measurements from several sources located at different dis-

tances between approximately 100 and 1000 Mpc, combined with an ade-

quate understanding of the intrinsic γ-ray spectra. Fortunately, the current

list of TeV blazars includes 6 objects – Mkn 421, Mkn 501, 1ES 2344+514,

1ES 1959+650, PKS 2155-304, 1ES 1426+428 – with redshifts ranging from

0.03 to 0.13, and thus nicely covering the required distance interval. The

reported TeV fluxes from these blazars are significantly above the sensitiv-

ities of forthcoming 100 GeV energy threshold IACT arrays. This should

allow not only high quality measurements of average γ-ray spectra in the en-

ergy interval between 100 GeV and 10 TeV, but, more importantly, detailed
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study of correlations with other non-thermal radiation components at lower

frequency (radio, mm, optical X-ray and MeV/GeV) bands. This gives a

certain optimism that eventually gamma-ray astronomers will be able to

identify confidently the principal radiation mechanisms, to fix/constrain

the relevant model parameter space, and reconstruct robustly the intrinsic

γ-ray spectra based on multiwavelength studies of the spectral and tem-

poral characteristics of blazars obtained on shortest possible (sub-hour)

timescales. Then, it will be possible to estimate the effect of intergalactic

absorption, and thus to infer information about the diffuse background at

near and mid-infrared wavelengths.

At this stage of blazar/CIB studies, we face an ambiguity in interpreting

the observations concerning both the intrinsic γ-ray spectra of TeV blazars

and the flux of CIB. The only definite conclusion that can be drawn from

Fig. 11.1 Cosmic background radiation: available data and the “best guess” model
spectra (from Aharonian et al., 2002a). The reported fluxes are shown with filled sym-
bols: Bernstein et al. (2002) – diamonds, Wright et al. (2001) – circles, Finkbeiner et

al. (2000) – squares, Hauser et al. (2001) – triangles. The low limits are shown by open
symbols: Pozzetti et al. (2001) – diamonds, Biviano et al. (2001) – triangle, Franceschini
et al. (2001) – circles, Hacking and Soifer (1999) – squares. Note that these fluxes are
basically the same as in Fig. 10.1, but some more “lower-limit” points are added in this
figure. The CIB models are shown by solid line – Model I, by dotted line – Model II, by
dashed line – Model III, by dot-dashed line – Model IV.
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available data, in particular from the best studied objects – Mkn 501 and

Mkn 421, is that we are most likely detecting significantly absorbed TeV

radiation from these objects. Remarkably, the absorption seems inevitable

not only at energies above 10 TeV, for which the optical depth could be

as large as 10, but also at sub-TeV energies (Coppi and Aharonian, 1999b;

Guy et al., 2000). Note, however, that the analysis of intergalactic absorp-

tion at sub-TeV and multi-TeV energies leads to two different conclusions.

The absorption-corrected γ-ray spectrum of Mkn 501 at low energies, based

on the CIB fluxes reported at 2.2 and 3.5 µm and on the current theoretical

predictions for NIR, has a reasonable shape that is in general agreement

with both the leptonic and hadronic models. On the other hand, the cor-

rections to the γ-ray spectrum at energies above 10 TeV based on the unex-

pectedly large CIB fluxes detected by COBE at 140 and 240 µm, result in

an “unreasonable” source spectrum which sharply curves up above 10 TeV.

Such a “non-standard” shape of the spectrum of intrinsic TeV radiation

has been interpreted as an indication of “IR background – TeV gamma-ray

crisis” (Protheroe and Meyer, 2000). Several dramatic assumptions, e.g.

violation of the Lorentz invariance, have been proposed to overcome this

“crisis”. In Sec.10.6 we discussed a less drastic interpretation of the unusual

intrinsic TeV spectrum, proposing that the pile-up in the source spectrum

of Mkn 501 is a result of bulk motion comptonization of ambient optical

radiation by a ultrarelativistic conical cold outflow (jet) with Lorentz factor

Γ0 ≥ 3 × 107

Two more proposals could be added to the list of “exotic” solutions:

(i) speculating that Mkn 501 is located at a distance � 100 Mpc, or (ii)

assuming that TeV γ-rays from Mkn 501 are not direct representatives of

primary radiation of the source, but are formed during the development of

high energy electron-photon cascades in the intergalactic medium. At first

glance, both ideas seem as relatively “neutral” proposals. But in fact they

do contain dramatic assumptions. While the first hypothesis implies non-

cosmological origin of the redshift of Mkn 501 (good news for the advocates

of a non-cosmological origin of AGN and quasars), the second hypothesis re-

quires an extremely weak intergalactic magnetic field at the level of 10−18 G

or less.

Although fascinating, the appeal for revision of essentials of modern

physics and astrophysics seems too premature. The nature of the FIR

isotropic emission detected by COBE is not yet firmly established, and it

is quite possible that the bulk of the reported flux, especially below 100

µm, is the result of a superposition of different local backgrounds. On the
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other hand, not only the flux at 60µm, but also the more reliable CIB fluxes

reported at at longer, λ ≥ 100µm, wavelengths are responsible (albeit in

a less distinct form) for the appearance of the pile-up, unless we assume a

very specific CIB spectrum in the MIR-to-FIR transition region. Therefore

it is important to explore the impact of the CIB spectrum between mid and

far infrared wavelengths on the deformation of the multi-TeV spectrum of

primary γ-rays due to the intergalactic absorption.

For that reason in Fig.11.1 we show several model spectra of the CIB.

Note that the spectral energy distribution (SED) of the CIB at optical/NIR

wavelengths is comparable with the overall FIR energy flux. This indicates

that an essential part of the energy radiated by stars is absorbed and re-

emitted by dust in the form of thermal sub-mm emission. Currently the

information at mid-infrared wavelengths is very limited. The only available

measurement at 6 and 15 µm (see Fig. 11.1) derived from ISOCAM source

counts (Franceschini et al., 2001) should be treated as lower limits. There-

fore the flux estimate at the level of ' 2 − 3nW/m2sr, as well as the lower

limits based on IRAS counts at 25-100 µm do not allow firm conclusions

about the depth of the MIR “valley”, which is dominated by radiation of

the warm dust component. Consequently, it does not provide sufficient in-

formation for definite predictions regarding the slope of the spectrum in

the most crucial (from the point of view of absorption of ≥ 10 TeV γ-rays)

MIR-to-FIR transition region.

As long as the available measurements of the CIB do not allow a quanti-

tative study of the effect of absorption of γ-rays in the intergalactic medium,

we can rely only on model predictions or on the “best guess” shape of the

CIB spectrum. In this regard we note that the reported FIR fluxes present

a common problem for all current CIB models. Therefore, if one assumes

that the reported FIR fluxes have a truly diffuse extragalactic origin, an

essential revision of the CIB models is needed in order to match the data.

In Fig. 11.1 several model spectra of the CIB are shown. Since we are

interested, first of all, in the cosmic background fluxes at MIR and FIR,

at shorter wavelengths we adopt a common approximation for all models

which matches the reported optical and NIR fluxes. At wavelengths shorter

than 10µm this approximation is quite close to model no.1 in Fig. 10.1.

The template of the CIB spectrum in the principal MIR-to-FIR transition

region, shown by dashed line (hereafter Model III) in Fig. 11.1, fits the

reported fluxes including, within 2σ uncertainty, the 60 µm point. This

idealised template has a rather flat shape in the MIR-to-FIR transition

region, νFν ∝ λs with s ≤ 1. This results in short mean free paths of γ-rays



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

442 Very High Energy Cosmic Gamma Radiation

above 10 TeV (≤ 50 Mpc) as can be seen in Fig. 11.2, and consequently in

a pile-up in the reconstructed γ-ray source spectrum (see Fig. 11.3) defined

as J0(E) = Jobs(E) exp [τ(E)].

If we assume that the reported FIR fluxes correctly describe the level of

the truly diffuse background radiation, only two ways are left for reduction

of the effect of attenuation of ≥ 10 TeV γ-rays: (i) an ad hoc assumption of

the CIB flux at wavelengths between 10 and 60 µm at the marginally ac-

ceptable (i.e. the ISOCAM low-limit) level, but with very rapid rise beyond

60 µm in order to match the reported fluxes at FIR, and (ii) adopting a

Hubble constant of H0 ' 100 km/s Mpc, i.e. assuming the smallest possible

distance to Mkn 501, d = cz/H0 = 102 Mpc (z = 0.034).

In Fig. 11.1 two other model spectra of the CIB are shown (solid line

– Model I, dotted line – Model II). These models fit the data at NIR and

FIR, but at the same time allow minimum intergalactic γ-ray absorption at

E ≥ 10 TeV, because both spectra are forced to be at the lowest possible

level in the MIR-to-FIR transition region set by the ISOCAM lower limit

at 15 µm. At wavelengths below 100 µm for both models the same spectral

Fig. 11.2 Mean free path of γ-rays calculated for 4 different models of the CIB spectrum
presented in Fig. 11.1. Solid line – Model I, dotted line – Model II, dashed line – Model
III, dot-dashed line – Model IV. The horizontal lines indicate the distances to Cen A,
M87, Arp 220, Mkn 501, and 3C 273 (H0 = 60 km/s Mpc).
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shape, described by a Planckian distribution, is assumed.

Model II marginally agrees with the 100 µm point but underestimates

the flux at 60 µm by a factor of 5 compared with the flux reported by

Finkbeiner et al. (2000). This model significantly suppresses the photon

density between 50 and 100 µm, and correspondingly allows larger mean free

paths for γ-rays with energies above several TeV (Fig. 11.2). Such a SED of

the CIB results in almostE−2 type “reconstructed” spectrum of γ-rays from

Mkn 501 at energies between approximately 2 and 20 TeV (Fig. 11.3). This

has a simple explanation. For a constant SED of the CIB (the flat part of

spectrum 2 in Fig. 11.1), the photon-photon pair-production optical depth

is proportional to E, with an absolute value for the distance to Mkn 501 of

170 Mpc, τ(E) ≈ 0.16(E/1 TeV). Therefore, in the absorption-corrected

spectrum of γ-rays the correction factor eτ compensates the exponential

term of the observed spectrum of Mkn 501 (see Fig. 10.3). For conventional

γ-ray production mechanisms, the E−2 type γ-ray source spectrum appears

more natural than the spectra containing “pile-up” type sharp features.

Therefore, Model II in Fig. 11.1 can be treated as the “favoured” one,

although its flat spectral shape in the MIR-to-FIR transition region with a

very fast increase after 60 µm does not agree with the current theoretical

and phenomenological predictions.

Actually, all current CIB models have a problem to accommodate the

reported flux at 60 µm. If this point, nevertheless, represents the level of

the true diffuse extragalactic flux, we must assume, in order to minimise

absorption effects, a spectrum close to Model I with a Wien type spectral

shape below 60 µm, which perhaps is the steepest possible (i.e. physically

justified) continuous spectrum. Even so, 60 µm photons themselves have

sufficient energy for effective interaction with ≥ 15 TeV γ-rays. We can

no longer suppress the severe γ-ray absorption at highest energies, and

therefore the appearance of a sharp pile-up in the absorption-corrected

spectrum above 10 TeV.

Finally, the CIB Model-IV (dot-dashed curve) shown in Fig. 11.1 as-

sumes a significantly higher (by a factor of 2.5) flux at 15 µm compared

to the reported ISOCAM lower limit, and passes through the low edges of

the error bars of reported points at 100 and 140 µm. Remarkably, such a

high MIR flux does not result in an unusual γ-ray source spectrum, but

predicts an almost single power-law spectrum up to 10 TeV with photon

index ≈ 1.5. Above 10 TeV we again observe a pile-up which however in

this case is less pronounced than for Models I and III.

A γ-ray photon with energy E propagating through an isotropic photon
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field can interact, via electron-positron pair production, with ambient pho-

tons of energy ε ≥ εth = (mec
2)2/E or wavelength λth = 4.8(Eγ/1TeV) µm.

The latter relation is represented in Fig. 11.4 (heavy solid line). The

cross-section of γγ interactions averaged over the directions of background

photons peaks at λmax ' λth/4. Therefore, even for a broad-band spec-

trum of background photons, a significant fraction of the optical depth τ

is contributed by a relatively narrow spectral band of the CIB centered on

λ ∼ 1(Eγ/1TeV) µm. In order to understand quantitatively the “γ-ray

energy-CIB photon wavelength” relation, it is convenient to introduce the

ratio κ(E, λ) = τ(E, λ)/τ0(E), where

τ(E, λ) =

∫ λth

λ

σγγ(Eγ , λ)nCBR(λ) dλ , (11.1)

Fig. 11.3 Spectral Energy Distributions of Mkn 501 corrected for the intergalactic ab-
sorption (from Aharonian et al., 2002a). The experimental points (filled circles) cor-
respond to the time-averaged spectrum of Mkn 501 measured by HEGRA during the
flare in 1997; the star corresponds to the flux in the highest energy bin around 21 TeV
obtained after reanalysis of the same data set, but with improved (∼ 10%) energy res-
olution (see Chapter 2). The heavy line corresponds to the fit given by equation (b) in
Fig. 10.3. The solid, dotted, dashed and dot-dashed lines represent the reconstructed
(absorption-corrected) spectra of γ-rays for the CIB Models I,II, III and IV from Fig.11.1,
respectively.
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and τ0 = τ(Eγ , λ = 0) is the optical depth integrated over the entire spectral

range of the CIB above the threshold λth.

In Fig. 11.4 the contour map of the function κ(E, λ) is shown for 3

different models of the CIB in the spectral range of γ-rays from 1 to 100

TeV, and for the CIB photons from 1 to 500 µm. For the given γ-ray

photon energy E0, the spectral region of the CIB responsible for a fraction

ξ of the total optical depth τ0 is [λξ, λth], where λξ and λth correspond to

the points where the horizontal line E = E0 intersects the corresponding

level curve, and the threshold line, respectively. In Fig. 11.4 four levels for

ξ = 10, 50, 90, and 99%, are shown. By definition, ξ = 0 corresponds to

the threshold boundary ETeV = 0.21λµm. It is seen, for example, that at

E0 = 20 TeV approximately 50 per cent of the total optical depth τ0 is

contributed by background photons with wavelengths longer than 50µm.

From Fig. 11.4 it follows that the study of the CIB at wavelengths

λ ≥ 50µm can be best done with very high energy γ-rays, E ≥ 20 TeV.

Unfortunately, even the relatively close Mkn 421 and Mkn 501 cannot pro-

vide an unambiguous information about this important wavelength band;

Fig. 11.4 The contour map of the function κ(λ, E). The solid, dotted and dashed lines
show the levels of κ(λ, E) for the CIB Models I, II, and III from Fig. 11.1, respectively.
The heavy solid line represents the threshold of γγ pair production.
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the information is essentially lost due to the heavy intergalactic absorp-

tion of these energetic γ-rays. This task is rather contingent on discovery

of nearby extragalactic multi-TeV γ-ray sources at distances � 100 Mpc,

dictated by the condition that the mean free path of γ-rays effectively inter-

acting with FIR should not significantly exceed the distance to the source,

i.e. the optical depth at the relevant γ-ray energy τ(E) ∼ 1. Despite the

lack of very close blazars, some other potential extragalactic γ-ray sources

like the nearby radiogalaxies Centaurus A and M 87, and perhaps also the

starburst galaxies Arp 220, M 82 and NGC 253 may (hopefully) provide

us with multi-TeV γ-rays for such important studies. The intergalactic

absorption factors for very high energy γ-rays from Mkn 501, M 87, and

Centaurus A are shown in Fig. 11.5. The curves calculated for 3 different

CIB models show that while Mkn 501 is best suited for the study of the

CIB at wavelengths shorter than 20µm, the two nearby radiogalaxies M 87

and Centaurus A can be very helpful providing us with ≥ 20 TeV γ-rays

for extraction of information about the CIB in the transition region from

MIR to FIR, between 10 and 100µm.

Fig. 11.5 Intergalactic absorption factor exp [−τ(E)] for γ-rays from Mkn 501, M 87,
and Centaurus A calculated for the three different CIB models from Fig. 10.1.
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11.2 The Effect of Cascading in the CIB

Generally, the propagation of high energy γ-rays through a low frequency

photon field cannot be reduced to the simple effect of γγ absorption. When

a γ-ray is absorbed its energy is not lost. The secondary electrons and

positrons create new γ-rays via inverse Compton scattering; the second

generation γ-rays produce new (e+, e−) pairs, thus an electromagnetic cas-

cade develops.

In the energy region E ≤ 100 TeV, the γ-rays and electrons interact

with photon fields of different origin. Although the energy density of the

2.7 CMBR greatly exceeds the density of other (“starlight” and “dust”)

components of CIB, because of the kinematic threshold of the reaction γγ →
e+e−, γ-rays with energy less than several hundred TeV interact mostly

with the infrared and optical background photons. The inverse Compton

scattering of electrons does not have kinematic threshold, therefore the

electrons interact mainly with the much denser CMBR photons.

If the cascade is initiated by primary photons with a hard (harder than

E−2) spectrum that extends to E ≥ 100 TeV, at lower energies the sec-

ondary γ-rays may well dominate over the primary γ-rays. However, be-

cause of deflections of secondary electrons in ambient intergalactic mag-

netic fields, only a small fraction of cascade γ-rays may reach the observer

synchronously with the low-energy primary photons. Depending on the

strength of the IGMF, quite different temporal and spatial (angular) char-

acteristics of the secondary γ-radiation are expected. For an IGMF exceed-

ing 10−11 G, the secondary electrons are promptly isotropized, resulting

in the formation of extended Pair Halos surrounding VHE sources. For a

much weaker IGMF, which formally cannot be excluded, instead of detec-

tion of these extended and persistent structures, one should expect cascade

radiation propagating close to the original direction of primary γ-rays. This

effect has been invoked to explain the extension of the γ-ray spectrum from

Mkn 501 beyond 10 TeV, in spite of the very large optical depth (Aharo-

nian et al., 2002a). The idea behind this proposal is quite transparent. The

highest energy primary γ-rays during their propagation through the inter-

galactic photon fields, initiate a cascade which at the absence of a strong

ambient magnetic field provides an effective transfer of energy towards the

observer or, in other words, “moves” the source closer to the observer.

In Fig. 11.6a the spectra of cascade γ-rays from Mkn 501are shown,

corresponding to three different CIB models presented in Fig. 11.1, and

calculated for a power-law spectrum of primary γ-rays with photon in-
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dex Γ = 1.9. Within the experimental uncertainties, the cascade γ-ray

spectrum corresponding to CIB Model II (light dotted line) agrees with

the HEGRA points, while the γ-ray spectra calculated for CIB Models I

and III (light solid and dashed curves, respectively) pass significantly be-

low the measured fluxes at E ≥ 10 TeV. However, at these energies the

γ-ray spectra are very steep, therefore we must to take into account the

limited instrumental energy resolution when comparing the theoretical pre-

dictions with the differential flux measurements. Namely, the experimental

fluxes should be compared with the predictions after convolving the theo-

retical γ-ray spectra with the energy resolution function. The correspond-

ing curves, assuming a Gaussian type instrumental energy spread function

G(E−E′) = exp(−(E−E′)2/2σ2)/(
√

2πσ) with constant σ = E/5 (i.e. 20

per cent energy resolution) are shown by the heavy solid (Model I), dotted

(Model II) and dashed (Model III) lines. It is seen that after this procedure

the γ-ray spectra that correspond to the CIB Models I and III satisfactorily

fit the observed γ-ray fluxes.

Fig. 11.6 Intergalactic cascade radiation spectra initiated by primary γ-rays from
Mkn 501 calculated for the Hubble constant H0 = 60 km/s/Mpc. The experimental
points are same as in Fig. 11.3. a (left panel): the solid, dotted, and dashed curves are
calculated for a photon index of primary γ-rays Γ = 1.9, and correspond to the CIB
Model I, Model II, and Model III, respectively. The light and heavy lines represent the
predicted cascade γ-ray fluxes before and after convolution with a Gaussian type energy
spread function with 20% energy resolution. b (right panel): the solid, dashed, dot-
dashed and dotted curves are the cascade γ-ray spectra calculated for the CIB Model
III, and correspond to the the photon indices of the primary γ-rays Γ=1.5, 1.8, 1.9 and
2, respectively. All curves are obtained after the convolution of the cascade γ-ray spectra
with the Gaussian type energy spread function with 20% energy resolution.
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At high energies, the spectrum of cascade photons weakly depends on

the photon index, Γ, and the maximum energy, Emax, of primary γ-rays,

provided that Γ ≤ 2 and Emax � 102 TeV. In Fig. 11.6b four cascade

γ-ray spectra calculated for Γ = 1.5, 1.8, 1.9, 2 and Emax = 103 TeV, are

presented. All curves are obtained for CIB model III. The photon indices of

primary γ-rays Γ = 1.8, 1.9, and 2 give quite similar cascade γ-ray spectra

throughout the entire energy interval from 1 TeV to 20 TeV. They become

distinguishable only at low energies, mainly because of contributions of

primary (un-absorbed) γ-rays which dominate below 1 TeV.

An important feature of the well-developed cascade radiation is its stan-

dard spectral shape which is determined by propagation effects but not

affected much by the details of the primary radiation from the source.

Therefore, within this hypothesis it is possible to explain the quite stable

spectral shape of Mkn 501 that was observed during the high state in 1997

despite the dramatic variation of the absolute flux on timescales less than

several hours (Aharonian et al., 1999a,c). On the other hand, the possible

spectral changes during the strong 1997 April flares reported by the CAT

collaboration (Djannati-atai et al., 1999), as well as the noticeable steep-

ening of the spectrum in a low state of Mkn 501 detected by the HEGRA

telescope system (Sambruna et al., 2000; Aharonian et al., 2001b), do not

contradict to this statement. These effects could be caused by variations

of the ratio of the “cascade” component to the overall (“un-absorbed” plus

“cascade”) flux of γ-rays due, for example, to reduction of the maximum

energy in the primary γ-ray spectrum at low or quiescent states.

The “intergalactic cascade” hypothesis requires extremely small inter-

galactic magnetic fields in the major fraction of the space between the

source and the observer in order to avoid the significant time delays. In-

deed, even a tiny intergalactic magnetic field of about 10−18 G leads to

delays in arrival of TeV γ-rays, compared to the associated low energy pho-

tons, by more than several days (Plaga, 1995; Kronberg, 2001). This would

obviously contradict the observed X-ray and TeV correlations, unless we as-

sume that B < 10−18 G. Although indeed very speculative, formally such

small fields cannot be excluded, especially if we take into account that the

typical scale of the so-called intergalactic voids, where the magnetic field

could be arbitrarily small, is estimated as ∼ 120(H0/100 km/s/Mpc)−1 Mpc

(Einasto, 2001), i.e. quite comparable to the distance to Mkn 501.

The search for delays of high energy γ-rays arriving from distant ex-

tragalactic objects offers an interesting method to probe the primordial

intergalactic magnetic fields down to 10−20 G. For practical realization of
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this interesting effect one must clearly distinguish the cascade time delays

caused by the IGMF from the intrinsic time structures of radiation from

compact variable sources. Moreover, due to the small but not negligible

(θ ∼ mec
2/E) emission angles of the secondary particles produced in the

γγ → e+e− and eγ → eγ′ reactions, we should expect a significant broad-

ening and time delays of the cascade radiation even in the absence of a

magnetic field, especially at low energies (Cheng and Cheng, 1996). The

uncontrollable opening angle of pair production unfortunately reduces the

applications of this interesting approach.

The “intergalactic cascade” hypothesis does not provide conclusive pre-

dictions for time correlations of TeV γ-rays with the nonthermal radiation

components emitted by the central source at other energy bands. At the

same time, this hypothesis allows robust predictions of the spectral char-

acteristics of γ-radiation at different depths of the cascade development.

In this regard, the inspection of this hypothesis based on the study and

comparison of spectral characteristics of TeV γ-rays detected from sources

at different redshifts is indeed worthwhile.

11.3 Pair Halos as Unique Cosmological Candles

Detection of “direct” intergalactic cascade radiation from distant extra-

galactic objects requires an extremely weak IGMF. Despite the recent

achievements in radio measurements of intracluster magnetic fields, our

knowledge of the IGMF on larger scales (i.e. beyond galaxy clusters) re-

mains very poor (Kronberg, 2001; Grasso and Rubinstein, 2001). The

method based on the microwave background anisotropy probes gives only

upper limits on the primordial homogeneous field, B ≤ 3.4× 10−9 G (Bar-

row et al., 1997). But apparently it does not exclude the existence of huge

“empty” regions – voids – with magnetic field as low as 10−18 G. If such

voids would appear, just by chance, in front of some VHE emitters, then

one should expect, as discussed above, “direct” cascade radiation towards

these extragalactic objects. However, if the IGMF within a ≥ 10 Mpc ra-

dius around a VHE γ-ray source is relatively large, B ≥ 10−11 G, the mean

free path of secondary TeV electrons exceeds the Larmor radius, and there-

fore the pair cascade would lead to production of an extended isotropic Pair

Halo (Aharonian et al., 1994b). Actually, the formation of Pair Halos is

unavoidable for all, even for highly beamed extragalactic γ-ray sources with

spectra extending beyond 10 GeV. But only relatively compact Pair Halos
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produced around (multi) TeV sources can be detected. The Pair Halos are

persistent structures with a monotonically increasing (with time) number

density of non-thermalized electrons and positrons. Nevertheless, because

the high energy γ-rays in Pair Halos are produced by TeV electrons the

lifetime of which against Compton losses does not exceed 106 yr, the de-

tectability of these structures requires γ-ray activity of the central (parent)

source that has not stopped earlier than 106 yr ago. Detection of a Pair

Halo at lower energies is very difficult, unless it is embedded in a strongly

magnetised environment, e.g. in a galaxy cluster. In this case the energy

of secondary electrons can be effectively released through synchrotron ra-

diation in X-rays and perhaps even in γ-rays at detectable flux levels (see

Chapter 9).

The formation and radiation of a Pair Halo is schematically demon-

strated in Fig. 1.9. These hypothetical large-scale structures surrounding

VHE sources can be revealed by their characteristic spectral and angular

distributions. These features can be understood qualitatively from first

principles. The energy Eγ and the arrival angle Θ of the detected photon

from a source at a distance d are determined, on average, by the energy

of the parent electron Ee ≈ (Eγ/4kT )1/2mec
2, and the distance l from the

central source where this electron is produced. Because the mean free path

of γ-rays, Λ, decreases with energy, the production site and the energy of the

“parent” electron are defined, on average, by the “last γ-CIB interaction”,

rather independent of the history of previous generations of electrons and γ-

rays. The energy of the leading electron varies between Ee ≈ (0.5−1) Eγ,0,

Therefore the energy Eγ and arrival angle Θ of a γ-ray photon seen by an

observer contain information about their “grandparents” - γ-rays of energy

Eγ,0 ∼ 25(Eγ/1 TeV)1/2 TeV, and of a mean free path Λ(Eγ,0) = d · Θ.

Estimated in this way mean free path Λ(Eγ,0), based on the measured an-

gular size Θ and the known distance to the source d = cz/H0, tells us about

the density of CIB around λ ∼ 1.2(Eγ,0/1 TeV) ' 30(Eγ/1 TeV)1/2 µm.

Let’s assume now, for an order-of-magnitude estimate, that the mean

free path of 25 TeV γ-rays is between 10-20 Mpc (see Fig.11.2). Then

the typical size of the halo in TeV γ-rays around a source at z ∼ 0.1 is

Θ ∼ Λ(Eγ,0)/d ∼ 1◦ to 2◦. It is not difficult to guess also the approximate

spectral shape of the radiation. It should have the characteristic spectral

features of pair-cascades – a very hard energy distribution at low energies

with photon index ≈ 1.5, and further gradual steepening to ≈ 2 in the

transition region that precedes the cutoff.

Note that only in the case of an isotropically emitting γ-ray source will
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Fig. 11.7 The expected halo radiation fluxes at energies above 100 GeV, 250 GeV, and
500 GeV as a function of the detector opening angle for various combinations of source
distance. The VHE luminosity of the central source above E � 10 TeV is normalised
by the distance to the source as L0 = 1046(d/1000 Mpc)2 erg/s. For the CIB a flat
(energy-independent) SED was assumed at two different levels: 4 nW/m2sr (low CIB)
and 40 nW/m2sr (high CIB).

the Pair Halo be centered on the source. If the primary γ-ray emission

is beamed, and directed away from us, the center of the halo is displaced

by an angle comparable to the typical angular size of the halo. However

the γ-ray radiation of the halo is emitted isotropically anyway, thus it can

be recognised by its distinct variations in intensity with the angular size.

These parameters depend weakly on details concerning the energy spectrum

and geometry of the primary source, but they depend crucially on the flux

of the background radiation, uCIB, at mid- and far- infrared wavelengths.

The discovery of Pair Halos would provide us with unique “cosmological

candles” to study of the time evolution of diffuse extragalactic background.
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The γ-radiation from halos provides two observables – the angular and spec-

tral distributions – and thus allows us to disentangle the two key variables –

the CIB flux uCIB and the distance to the source d – on a source-by-source

basis.

The “Pair Halo” approach is complementary, to a certain extent, to the

method based on the study of intergalactic absorption features as discussed

in Sec.11.1. But it relies less critically on model-assumptions, and offers

more interesting cosmological applications. On the other hand, the detec-

tion of Pair Halos is a more difficult task than the search for intergalactic

absorption features in the direct component of radiation. Moreover, given

the lack of information about source luminosities beyond 10 TeV, one can-

not formulate with certainty the necessary conditions that would make the

Pair Halos detectable. But in any case it is obvious that the limited sensitiv-

ities of both satellite-borne and ground-based γ-ray detectors for extended

structures require very powerful VHE emitters. In this regard we note that

the blazars, the representatives of the largest and brightest extragalactic γ-

ray source population, for this task may not be sufficiently luminous. They

are very bright because of the Doppler boosting (see Chapter 10), but, in

fact, the intrinsic γ-ray luminosity of even the brightest blazars seems to

be below 1046 erg/s.

The integral γ-ray fluxes above 100 GeV, 250 GeV and 500 GeV

from Pair Halos at three different distances, calculated for isotropic cen-

tral source γ-ray luminosities normalised to the source distance, L0 =

1046 (d/1000 Mpc)2 erg/s, are shown in Fig. 11.7. For the CIB, flat (energy-

independent) spectral energy distributions at 4 and 40 nW/m2sr flux lev-

els are assumed. These two values are lower and upper limits covering

the whole range of uncertainties in the most crucial mid and far-infrared

bands for formation of Pair Halos (see Fig. 11.1). The assumed the “VHE-

luminosity – distance” relation keeps the total, integrated over all angles,

halo flux at a constant level. It implies also that if there are objects of

intrinsic VHE luminosity as large as 1046 erg/cm2s, the preferred distance

range seems to be between several 100 Mpc to 1 Gpc in order to reduce

the emission angle, and, at the same time, to have a reasonably high flux.

Consequently, this compromise between the flux and the emission angle

determines the energy range where the most effective studies can be per-

formed. For probing the CIB at the present epoch, the energy interval

between 100 GeV and 1 TeV seems to be optimal. The cosmological evolu-

tion of CIB can be studied with Pair Halos at z ≥ 1, therefore the energy

threshold of γ-ray detectors should be reduced to 10 GeV.
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The γ-ray fluxes from Pair Halos shown in Fig. 11.7 can be (marginally)

detected by 100 GeV threshold IACT arrays. The VHE γ-ray intrinsic

luminosities assumed in these calculations are perhaps a bit optimistic, in

particular for blazars taking into account that the Doppler boosting factors

in these objects can be as large as 103. Nevertheless, there is a hope that

the H.E.S.S. type Cherenkov telescope arrays equipped with large FoV high

resolution cameras, should be able to provide the first sensitive searches for

Pair Halos. In this regard, the TeV blazars 1ES 1426+428 at z=0.129 and

PKS 2155-304 at z = 0.116, seem to be quite suitable objects to produce

detectable Pair Halos at the H.E.S.S. sensitivity level.

In Fig.11.8a the spectral energy distributions of γ-rays expected within

fixed intervals of angles centered on 1ES 1426+428 are shown. The angular

distributions of arriving γ-rays at fixed energies are shown in Fig.11.8b.

The calculations are performed (Eungwanichayapant, 2003) for the so-

called “ΛCDM Cosmology+Salpeter IMF” CIB model (Primack, 2001) as

shown in Fig. 11.9. The VHE emissivity of 1045 erg/s is assumed to be con-

tributed by monoenergeticE0 = 100 TeV γ-rays. The results of calculations

do not, however, depend significantly on E0, provided that E0 � 10 TeV.

Therefore the curves in Fig.11.8 are relevant to more realistic (broad-band)

primary VHE γ-ray spectra as well. Fig.11.8a shows that the angular dis-

tributions become narrower as the energy of arriving γ-rays increases. It

is seen also that the energy distributions of γ-rays within 0.1◦ to 0.3◦ and

0.3◦ to 1◦ intervals peak at 150-200 GeV, with an absolute flux around

0.5 eV/cm2s. These fluxes can be detectable by detectors like H.E.S.S. At

somewhat higher fluxes, an adequate mapping of the halo also should be

possible.

The visible parts of Pair Halos are determined by the density of the

infrared background within ∼ 100 Mpc of VHE sources. Therefore we can

probe directly the time evolution of the diffuse extragalactic background

by observing γ-rays from Pair Halos surrounding sources with different,

well established redshifts. The detection and identification of Pair Halos

from cosmologically distant objects beyond z = 1 is possible effectively at

energies below 30 GeV. It is important to note that whereas the spectral

cutoffs in the radiation observed from the direction of these distant objects

(both from the central source and from the surrounding halo) are caused by

diffuse UV photons, the angular size of the halo is determined by the den-

sity of infrared photons, typically of 1 to 10µm wavelengths, at the epoch

corresponding to the redshift of the central source z. This is a unique, un-

available by other astronomical means, cosmological channel of information
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Fig. 11.8 Energy and angular distributions of γ-rays from a Pair Halo formed around
a VHE source with redshift z = 0.13. The γ-ray luminosity of the source above 100
TeV is assumed to be 1045 erg/s. a) energy distributions within fixed angular bins (left
panel); b) angular distributions for fixed γ-ray energies (right panel).

about the time evolution of the CIB, and, ultimately, about the epochs of

galaxy formation and the character of their evolution. Such studies can be

effectively performed by future major space- and ground based instruments

like GLAST and 5@5.

Fig. 11.10 shows that more than 10 per cent of the primary VHE γ-

ray luminosity is recycled through the Pair Halo and thus transfered to

secondary γ-rays arriving within 1◦. Because the density of the CIB was

significantly higher at epochs z ≥ 1, the mean free path of γ-rays was corre-

spondingly shorter. For example, the mean free path of a photon of energy

1 TeV at z ≥ 4 does not exceed 10 Mpc (see Fig. 11.9). This implies that

at cosmologically distant epochs even γ-rays of modest energy, ∼ 1 TeV,

emitted by the central object, can result in the formation of relatively com-

pact Pair Halos. The chances of detection of such halos thus increases with

z, provided that the central source emits γ-rays with adequate power.

In the case of detection of several such objects, we will be able to probe

directly the cosmological evolution of the diffuse extragalactic background

radiation. Also, these measurements can provide an independent test of the

Hubble constant at large (and different !) redshifts. Finally, the intensities

of the primary (compact, and possibly variable) and the halo (extended

and steady) components of γ-ray emission from extragalactic sources tells
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Fig. 11.9 Spectral Energy Distributions of the CIB at different cosmological epochs
(from Primack, 2001) (left panel) and the corresponding mean free paths of γ-rays and
electrons in the intergalactic radiation fields corresponding to the propagation lengths
until the first interaction due to γ-γ pair-production and inverse Compton scattering,
respectively (right panel)

us about the instantaneous and time integrated VHE powers of the central

objects, and thus should allow us to estimate the total nonthermal en-

ergy released by individual extragalactic sources during their active phases.

Another unique feature of Pair Halos is that they can be indicators of vio-

lent nonthermal events in past. In this case the Pair Halos represent relic

structures around “retired monsters” which were very active in past, but

presently are barely visible or even dead. And finally, Pair Halos can appear

around powerful AGN with misaligned relativistic jets.

In Fig.11.11 we show the schematic images of Pair Halos around 3 differ-

ent types of central objects - an isotropic source, a blazar, and a misaligned

blazar. While in the case of an isotropic source of primary VHE γ-rays

we expect a spherically symmetric image of the Pair Halo, in the case of a

misaligned blazar with a double-jet structure we should expect two elon-

gated images shifted from the central source. In the case of a blazar we

again should see a symmetric image centered on the primary source. The

luminosity of the central isotropic object gives a good estimate for the VHE

power, and thus for such objects we may expect a quite bright halo emis-

sion. If the central source is a blazar, the high flux observed from the

jet with a large but unknown Doppler factor, could lead to a misleading

conclusion about the expected Pair Halo intensity. On the other hand, in
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Fig. 11.10 Energy distributions of γ-rays from Pair Halos formed around sources at
different z within 1◦ (left panel) and 0.1◦ (right panel). The calculations are performed
for the time evolution of the diffuse background radiation shown in Fig. 11.9 at different
cosmological epochs.

the case of a misaligned blazar, a pair of elongated halos can appear even

without noticeable fluxes from the central object.

The two basic conditions for formation of Pair Halos are (i) the extension

of the energy spectra of extragalactic γ-ray sources to TeV energies and (ii)

relatively high magnetic field (B ≥ 10−11 G) environments in the ∼ 10 Mpc

neighbourhoods of these objects. The powerful jets of radiogalaxies and

AGN seem to be the most promising candidates to create such large-scale

structures. The possible production of very high (multi-TeV) and extremely

high (PeV to EeV) energy γ-rays in both kpc and sub-pc AGN jets are

discussed in Chapters 8 and 10. Because for formation of detectable Pair

Halos we need γ-rays with energy well above 10 TeV (at least for a source

with z � 1), the hadronic models of γ-ray production better match this

requirement. Of particular interest is the scenario in which γ-rays are

produced close to the central engines of powerful AGN due to interaction of

protons, accelerated to extremely high energies, with ambient “hot” photon

gas with a temperature of more than 104 K. Remarkably, for a certain

combinations of model parameters not only can the photo-pion interactions

proceed with high efficiency, but also the secondary γ-rays with energy

exceeding 1015 eV can effectively escape from their production regions (see

Fig. 8.10). As discussed in Chapters 8 and 9, these energetic photons can

effectively power, through the synchrotron X-radiation of the secondary
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Fig. 11.11 Schematic images of Pair Halos around 3 different types of central objects -
an isotropic source, a blazar, and a misaligned blazar.

pair-produced electrons, large (up to several hundred kpc) scale jets of

AGN, as well as well as entire intracluster media. At the same time, lower

energy γ-rays, E ≤ 100 TeV, produced either at the base of the small-scale

jet or during the cascade development in the large-scale jet can serve as

ideal primary material for the creation of Pair Halos on ≥ 10 Mpc scales.

In the case of galaxy clusters, these γ-rays can be contributed by several

AGN, increasing the probability of a Pair Halo being detected.

Finally, as discussed in Chapter 9, if the energy spectrum of the central

source extends to 1018 eV or even more, and the central AGN is located in a

galaxy cluster with magnetic field as large as 0.1µG, we may expect bright

high energy synchrotron (MeV/GeV) γ-ray cores inside the Pair Halos.

The mean free path of these energetic γ-rays does not exceed 1 Mpc (see

Fig. 1.4), thus they are absorbed within the galaxy cluster. The energy

of secondary, pair-produced electrons is sufficient to produce synchrotron

photons with characteristic energies extending from 100 MeV to several

tens of GeV. Because the efficiency of conversion of the nonthermal power

of the central engine to ≥ 1016 eV γ-rays can be as high as 1 per cent,

and because the conversion of these EHE γ-rays to synchrotron photons
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in the intracluster medium proceeds with almost 100 per cent efficiency,

this scenario can provide detectable γ-ray fluxes in a broad energy range

depending on the high-energy cutoff in spectrum of primary γ-rays.

If the intracluster medium is powered by γ-rays from a single AGN with

a jet away from the observer, then the observer can see only low energy

γ-rays. Indeed, in order to see the synchrotron photons, the magnetic

field should be sufficiently large to curve the electrons from their original

direction which coincides with direction of parent γ-rays, and, therefore,

with direction of the jet. Formally, this implies the following condition

lsynch > RL, where lsynch = ctsynch ' 0.04B−2
µ E−1

17 kpc is the mean free

path of an electron of energy E17 = E/1017 eV due to synchrotron losses

in the field Bµ = B/1µG, and RL ' 0.1 E17B
−1
µ kpc is the Larmor radius.

This immediately leads to the the following upper limit on the energy of

the electron which can significantly change its direction before radiating a

significant part of the kinetic energy, E17 ≤ 0.6 B
−1/2
µ . For the given field

Bµ and electron energy E17, the characteristic energy of the synchrotron

photon is Eγ ' 0.5BµE
2
17 GeV. Formally, one may expect synchrotron

photons up to 1 TeV, if the spectrum of primary γ-rays extends beyond

1018 eV and the magnetic field exceeds 1 µG. However, given the above

limit on the electron energy, and assuming that the primary EHE γ-rays are

beamed away, the observer can see only relatively low energy synchrotron

radiation, ε ≤ 0.2 GeV, independent of the magnetic field and the maximum

energy of primary γ-rays. On the other hand, if the primary γ-rays are

injected by a blazar, the observer can see not only very high energy photons,

but also significantly enhanced radiation. Obviously, if the galaxy cluster

is powered by several AGN with randomly oriented jets, these effects will

be significantly smeared out.

Confirmation of such a scenario for the production of γ-rays in the intr-

acluster medium would make galaxy clusters promising targets for searches

of the accompanying γ-radiation of higher, multi-GeV to TeV energies from

Pair Halos that should be unavoidably produced around these clusters on

larger, 10 Mpc or more, scales by the relatively low energy, ≤ 100 TeV,

parts of primary γ-ray beams of AGN.
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11.4 Diffuse Extragalactic Background as Calorimetric

Measure of the VHE Emissivity of the Universe

The intergalactic absorption of γ-rays prevents us from directly seeing most

of the VHE emission in the Universe. Nevertheless, we can see lower energy

photons associated with the secondary radiation produced in the electro-

magnetic cascades initiated by the absorbed γ-rays. Irrespective of the

structure and strength of the IGMF, the ensemble of all VHE sources in

the Universe produces isotropic cascade γ-radiation. This gives us a very

effective cosmological tool to constrain or measure the VHE emissivity of

the Universe by analysing the diffuse cascade background produced by all

possible VHE phenomena that took place in the Universe over the Hub-

ble timescale (Coppi and Aharonian, 1997). This includes, first of all,

the ensemble of all (detected and potential) high energy γ-ray sources

– from pulsars and SNRs in ordinary galaxies to most powerful extra-

galactic objects like AGN jets and galaxy clusters. Such cascades can be

produced also by the highest energy cosmic rays triggered in interactions

with 2.7 K CMBR photons, i.e. by the same process that leads to the

so-called Greisen-Zatsepin-Kuzmin (GZK) cutoff (Greisen, 1966; Zatsepin

and Kuzmin, 1966). Independent of the origin of these energetic parti-

cles, accelerated in individual astronomical objects and/or being result of

more “exotic” cosmological scenarios like decaying GUT-scale particles or

topological defects, the outcome is almost the same. All these scenarios

produce a large γ-ray background (Aharonian et al., 1992; Protheroe and

Stanev, 1996; Coppi and Aharonian, 1997; Sigl et al., 1997; Berezinsky et

al., 1998). The flux of this radiation is rather insensitive to the spectrum

of the original VHE radiation. Moreover, at low energies, E ≤ 100 GeV,

where the study of the isotropic γ-ray background-radiation is available by

space-based instruments, the spectrum of the cascade radiation is weakly

sensitive to the details of the spectrum and flux of DEBRA. Thus, cascade

background radiation acts as a unique calorimeter, allowing us to measure

the VHE energy input into the Universe based on the total level of the

diffuse γ-ray background.

Indeed, using the spectral measurements of the extragalactic back-

ground radiation up to 100 GeV (see Fig. 1.3), we can estimate the max-

imum average VHE emissivity allowed in the Universe by equating the

cascade background energy flux accumulated over a cosmological distance

scale ( 1
4π Q̇e−md where d ∼ 1 Gpc) with the observed EGRET energy flux

above 100 MeV, Fγ ∼ 8 × 103 eV cm−2sr−1s−1. Such a simple analy-



March 12, 2004 14:52 WSPC/Book Trim Size for 9in x 6in Aharonian˙Feb2004

Appendix 461

sis gives Q̇max
em ≈ 5 × 10−23 eV cm−3s−1. Detailed numerical modelling

(Coppi and Aharonian, 1997), based on cascade calculations in the in-

tergalactic radiation and magnetic fields, assuming certain cosmological

evolution scenarios for both DEBRA and VHE source populations, gives

a somewhat stronger upper limit. In particular, for any reasonable DE-

BRA model and for a moderately evolving source population (between

(1+z)3 and 1+z)9/2) the parameter Q̇max
em appears in rather narrow limits,

Q̇max
em ' 3× 10−23 eV cm−3s−1. In a Hubble volume, VH ∼ 4π

3 (c/H0)
3, this

implies a maximum VHE source luminosity ∼ 3 × 1050erg s−1. Actually,

this is not a large number compared, for example, with the bolometric lu-

minosity of a single powerful quasar that could be as large as ∼ 1048erg s−1.

This limit is rather insensitive to details of the IR/O background and

applies to any cosmological population with significant VHE emission above

∼ 1 TeV, for example, to any galaxy or cluster population with strong

cosmic ray production at some stage in its history.

The majority of the identified EGRET sources are blazars, therefore

it is straightforward to relate the bulk of the extragalactic background to

this class of sources (Padovani et al., 1993). The present estimates of

contributions from unresolved (non-cascade) γ-ray blazars range from 25

per cent (Chiang and Mukherjee, 1998; Mücke and Pohl, 2000) to nearly

all (Stecker and Salamon, 1996). If so, the above VHE cascade limits

tighten and become even more interesting. In particular, depending on the

IGMF and details of blazar beaming, they could imply that typical blazar

AGN show an intrinsic spectral break (not due to DEBRA absorption) at

≥ 100 GeV – which would be an important constraint for blazar models.

Also, they should be sufficient to definitely rule out the whole variety of

currently popular non-acceleration (“top-down”) scenarios for the origin of

the highest energy cosmic rays.

At the same time, several AGN are already established as effective TeV

emitters, and there is no shortage of ideas for producing VHE emission

by other means (e.g., by decaying topological defects or annihilation of

non-baryonic dark matter). Any residual background surviving a fluctu-

ation/point source analysis could well be VHE cascade emission. Then,

detection of a cascade background would provide combined information on

the evolution of the underlying VHE source population. GLAST, with suf-

ficient sensitivity to the diffuse γ-ray background up to 300 GeV, could

set even tighter limits on VHE source populations, or hopefully, detect a

cascade background.
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Spherically symmetric diffusion from

a single source

In the standard diffusion approximation (i.e. neglecting convection)

the propagation of CRs is described by the familiar diffusion equation

(Ginzburg and Syrovatskii, 1964) which in the spherically symmetric case

reduces to the following form

∂f

∂t
=

D

R2

∂

∂R
R2 ∂f

∂R
+

∂

∂γ
(Pf) +Q (A.1)

Here f(R, t, γ), with γ = E/mec
2, is the energy distribution function of

particles at instant t and distance r from the source; P (γ) = −dγ/dt is the

continuous energy loss rate, and D denotes the energy-dependent diffusion

coefficient D(γ). It is assumed that D is independent of R , i.e. a homo-

geneous medium is supposed. For the δ-function-type initial distribution

of particles both in space and time, i.e. for the Green’s function with re-

spect to R and t, Eq.(A.1) has a simple analytical solution for an arbitrary

injection spectrum Q (Atoyan et al., 1995):

f(R, t, γ) =
Q(γt)P (γt)

π3/2 P (γ)R3
dif

exp(− R2

R2
dif

) . (A.2)

Here γt ≡ g−1(T − t), where g−1(T ) is the inverse function of g(γ), defined

as

T =

∫ γ?

γ

dγ1

P (γ1)
= g(γ) . (A.3)

The variable γt corresponds to the initial energy of particles which are

cooled to a given γ during the time t, and

rdif (γ, t) = 2
√

∆u (A.4)
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corresponds to the effective diffusion radius up to which the relativistic

particles with energy γ propagate during the time t after their injection from

the source. The function ∆u is determined from the following equation:

∆u(γ, γt) =

∫ γt

γ

D(x)dx

P (x)
(A.5)

Eq.(A.2) was obtained without any specification of the initial spectrum,

the energy losses P (γ) , or the diffusion coefficient D(γ). Since the function

f in Eq.(A.2) depends on R in a simple exponential form, this solution is

convenient for integration over spatially distributed sources, as well as over

a finite particle injection time. For example, in the case of continuous

injection of CRs from a stationary point source

f(r, γ) =
1

8π3/2 P (γ)

∫ ∞

γ

Q(x)

[∆u(γ, x)]3/2
exp

(

− r2

4 ∆u(γ, x)

)

dx . (A.6)

In the case of stationary sources distributed uniformly in space at distances

beyond some R0 from us, we can substitute Q(γ) → q(γ)d3r (q being

the specific injection rate per unit volume) and integrate over the region

R > R0, which results in

f(γ) =
1

P (γ)

∫ ∞

γ

q(x)

[

erfc(a0) +
2 a0√
π

e−a
2
0

]

dx , (A.7)

where erfc(z) = (2/
√
π)
∫∞

z exp(−x2) dx is the error-function, and a0 =

R0/2
√

∆u(γ, x). Notice that, since erfc (0) = 1, in the limiting case R0 → 0

this latter equation gives the familiar result for the distribution of particles

which are injected stationarily and uniformly into interstellar space, and

suffer continuous energy losses. In this case the dependence onD disappears

completely.
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Appendix B

Evolution of relativistic electrons

in an expanding magnetised medium

B.1 Kinetic equation

The formalism described below was developed by Atoyan and Aharonian

(1999) to study the time evolution of the energy distribution of relativis-

tic electrons in an expanding magnetised medium for an arbitrary time-

dependent injection rate, taking into account both adiabatic and radiative

energy losses, as well as losses caused by the energy- and time-dependent es-

cape of electrons. The results of this convenient analytical approach can be

applied to the study of the nonthermal radiation components of relativistic

jets in AGN and microquasars.

The kinetic equation describing the evolution of the energy distribution

function of relativistic electrons in a spatially homogeneous source N ≡
N(γ, t) is the well known partial differential equation (e.g. Ginzburg and

Sirovatskii, 1964):

∂N

∂t
=

∂

∂γ
(PN) − N

τ
+ Q . (B.1)

The Green’s function solution to this equation in the case of time-

independent energy losses and constant escape time τ(γ, t) = const was

found by Syrovatskii (1959). However, in an expanding magnetised cloud

under consideration we have to suppose that all parameters depend on

both energy γ and time t, i.e. Q ≡ Q(γ, t) is the injection spectrum,

τ ≡ τ(γ, t) is characteristic escape time of a particle from the source, and

P ≡ P (γ, t) = −(∂γ/∂t) is the energy loss rate.

Strictly speaking, Eq.(B.1) corresponds to a spatially homogeneous

source where the energy gain due to in-situ acceleration of particles is

absent. Actually, however, it may have wider applications. Indeed, in a
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general form the equation describing the evolution of the local energy dis-

tribution function f ≡ f(γ, r, t) of relativistic particles can be written (e.g.

Ginzburg and Syrovatskii, 1964) as:

∂f

∂t
= div(Drgradf)− div(urf) +

∂

∂γ
(Prf)− ∂

∂γ
(brf) +

∂2

∂γ2
(drf) , (B.2)

where all parameters depend also on the radius-vector r. The first two

terms on the right-hand side of this equation describe the diffusive and

convective propagation of particles, and the last two terms correspond to

the acceleration of the particles through the first and second order Fermi

mechanisms. If there are internal sources and sinks of particle injection

(such as production and annihilation), then terms similar to the last two

in Eq.(B.1) should be added as well.

Let us consider a source where the region of effective particle accelera-

tion can be separated from the main emission region. This is likely to be

the case of blobs in blazars and microquasars, where the probable site for

in-situ acceleration of electrons is a relatively thin region around either the

bow shock front formed ahead of the cloud, or possibly a jet termination

shock formed behind the cloud. Meanwhile the main part of the observed

flux should be produced in a much larger volume, V0, of the post-shock

region in the cloud, since the synchrotron cooling time of radio electrons is

orders of magnitude larger than the dynamical times of the source. Since

the acceleration efficiency (parameters br and dr) should drop significantly

outside the shock region, after integration of Eq.(B.2) over the volume V0

the last two terms can be neglected.

The integration of the left side of Eq.(B.2) results exactly in ∂N/∂t.

Integration of the two propagation terms in the right side of Eq.(B.2) gives

the net flux of particles, due to diffusion and convection, across the sur-

face of the emission region. Obviously, these terms are expressed as the

difference between the total numbers of particles injected into and escaping

from the volume V0 per unit time, so the last two terms of Eq.(B.1) are

found (internal sources and sinks, if present, are also implied). Finally,

integration of the energy loss term in Eq.(B.2) is reduced to the relevant

term of Eq.(B.1), where P corresponds to the mean energy loss rate per

particle of energy γ, i.e. P =
∫

Prfd3r/
∫

fd3r. The volume V0 of the cloud

implies the region filled with relativistic electrons and enhanced magnetic

field, where the bulk of the observed radiation is produced.

Thus, Eq.(B.1) is quite applicable to the study of sources with ongoing

in-situ acceleration, as long as the volume V0, where the bulk of nonthermal
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radiation is produced, is much larger than the volume ∆V of the region(s)

in the source responsible for the effective acceleration of the electrons. Note

that solutions for a large number of particular cases of the Fokker-Planck

partial differential equation (which includes the term ∝ d̄r for stochastic

acceleration), corresponding to different combinations of terms responsi-

ble for time-dependent adiabatic and synchrotron energy losses, stochastic

and regular acceleration, were obtained long ago and have been qualita-

tively discussed by Kardashev (1962), assuming energy-independent escape

of relativistic particles from the production region. However, in the jets

of microquasars, and perhaps also blazars, the energy-dependent escape of

electrons from the active zone may play an important role in spectral evo-

lution of the resulting synchrotron and inverse Compton emission. Another

important point is that the Fokker-Planck equation generally may contain

a singularity, so transition from the solutions of that equation (if known),

which are mostly expressed through special functions, to the case of d̄r → 0

may not always be straightforward (for a comprehensive discussion of the

problems related with singularities in the Fokker-Planck equation, as well as

general solutions for time-independent parameters see Park and Petrosian

(1995), and references therein). Meanwhile, substitution of the acceleration

terms by effective injection terms in the regions responsible for the bulk of

nonthermal radiation, allows us to disentangle the problems of acceleration

and emission of the electrons, and enables analytical solutions to the first

order equation Eq.(B.1) which are convenient both for further qualitative

analysis and numerical calculations.

B.2 Time-independent energy losses

Suppose first that the escape time is given as τ = τ(γ, t), but the energy

losses are time-independent, P = P (γ). The Green’s function solution

G(γ, t, t0) to Eq.(B.1) for an arbitrary injection spectrum N0(γ) of electrons

implies δ-functional injectionQ(γ, t) = N0(γ) δ(t−t0) at some instant t0. At

times t > t0 it actually corresponds to the solution for the homogeneous part

of Eq.(B.1), with initial condition G(γ, t0 + 0, t0) = N0(γ), while G(γ, t0 −
0, t0) = 0. Then for the function F = PG this equation is reduced to the

form

∂F

∂t
=
∂F

∂ζ
− F

τ1(ζ, t)
, (B.3)
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where instead of the energy γ, a new variable is introduced,

ζ = g(γ) ≡
∫ γ

γ∗

dγ1

P (γ1)
(B.4)

where γ∗ is some fixed energy. Formally, ζ has the meaning of the time

needed for a particle with energy γ to cool to energy γ∗ (so for convenience

one may suppose γ∗ = 1). The function τ1(ζ, t) = τ [ε(ζ), t], where ε is the

inverse function of g(γ) which expresses the energy through ζ, i.e. γ = ε(ζ).

The initial condition for F (ζ, t) reads

F (ζ, t0) = P [ε(ζ)]N0[ε(ζ)] ≡ U(ζ) . (B.5)

Transformation of Eq.(B.3) from variables (ζ, t) to (s = ζ+t, u = t) results

in a partial differential equation over only one variable for the function

F1(s, u) = F (ζ, t):

∂F1

∂u
= − F1

τ1(s− u, u)
, (B.6)

with the initial condition F1(s, u0) = U(s− u0) found from Eq.(B.5). Inte-

gration of Eq.(B.6) is straightforward:

F1(s, u) = U(s− u0) exp

[

−
∫ u

u0

du1

τ1(s− u1, u1)

]

. (B.7)

In order to return from variables (s, u) to (γ, t), it is useful to understand

the meaning of the function ε(s−x) which enters into Eq.(B.7) via Eq.(B.5)

for U and the escape function τ1 → τ . Since ε is the inverse function of g,

then for any z in the range of definition of this function, z = g[ε(z)]. Then,

taking into account that s = ζ + t and ζ = g(γ), for z = s− x one obtains

t − x = g[ε(s − x)] − g(γ). For the function g defined by Eq.(B.4), this

equation results in

t− x =

∫ Γx(γ,t)

γ

dγ1

P (γ1)
(B.8)

where Γx(γ, t) corresponds to ε(s− x) after its transformation to the vari-

ables (γ, t). Thus, for a particle with energy γ at an instant t, the function

ε(s − x) is the energy Γx ≡ Γx(γ, t) of that particle at time x, i.e. it

describes the trajectory of individual particles in energy space.

Expressing Eq.(B.7) in terms of the Green’s function G = F/P , the

solution to Eq.(B.1) for an arbitrary τ(γ, t), but with time-independent
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energy losses, is found:

G(γ, t, t0) =
P (Γt0)N0(Γt0)

P (γ)
exp

[

−
∫ t

t0

dx

τ(Γx, x)

]

. (B.9)

Note that this is not a standard Green’s function in the sense that the

injection spectrum was supposed as an arbitrary function of energy N0(γ),

and not necessarily a delta-function. Actually, it describes the evolution

of relativistic particles with a given distribution N0(γ) at t = t0. The

solution for an arbitrary continuous injection spectrum is readily found

after substitution N0(γ) → Q(γ, t0)dt0 into Eq.(B.9) and integration over

dt0:

N(γ, t) =
1

P (γ)

∫ t

−∞

P (Γt0)Q(Γt0 , t0) exp

[

−
∫ t

t0

dx

τ(Γx, x)

]

dt0 , (B.10)

with the function Γ defined via Eq.(B.8). In the particular case of time and

energy independent escape, τ(γ, t) = const, this solution coincides with the

one given in Syrovatskii (1959) in the form of double integral over t0 and

Γ, if Eq.(B.10) is integrated over energy with the use of general relations

∂Γx
∂t

= −∂Γx
∂x

= P (Γx) , (B.11)

which follow from Eq.(B.8).

Some specific cases of Eq.(B.10) are worth brief discussion. Let the

escape of particles be energy dependent but stationary, τ(γ, t) → τ(γ), and

consider first the evolution of N(γ, t) when energy losses are negligible, so

Γx ' γ for any t. Assuming for convenience that the form of injection

spectrum does not change in time, i.e. Q(γ, t) = Q0(γ)q(t) with q(t < 0) =

0 (i.e. injection starts at t=0), Eq.(B.10) is reduced to

N(γ, t) = Q0(γ)τ(γ)

∫ t/τ(γ)

0

q[t− τ(γ)z] e−z dz . (B.12)

For stationary injection q(t ≥ 0) = 1 the integral results in the simple

(1 − e−t/τ ), so N(γ, t) ' Q0(γ) t until t < τ(γ), and then the escape of

electrons modifies the particle distribution, compared with the injection

spectrum, as N(γ, t) ' Q0(γ) τ(γ). In the case of τ(γ) ∝ γ−∆ it results

in a power-law steepening of the injection spectrum by factor of ∆. This

is the well known result of the so-called leaky-box model in cosmic ray

theory. In the case of non-stationary injection, however, the modification

of Q(γ) is different. In particular, for an impulsive injection, q(t) = δ(t), it
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is reduced to a sharp cut-off of an exponential type above energies γt found

from τ(γt) ' t.

For a stationary injection of particles, Eq.(B.10) can be transformed to

the form

N(γ, t) =
1

P (γ)

∫ Γ0

γ

Q0(Γ) exp

[

−
∫ Γ

γ

dz

P (z)τ(z)

]

dΓ (B.13)

using Eq.(B.11). In the case of τ → ∞ (absence of escape) and large t, when

Γ0 ≡ Γ0(γ, t) → ∞, Eq.(B.13) comes to the familiar steady state solution

for distribution of particles in an infinite medium. If the synchrotron (or

IC) energy losses of electrons dominate, P = p2γ
2, then Γ0 = γ/(1− p2tγ).

In this case N(γ, t) ∼ tQ0(γ) until p2tγ ≤ 1, and then the radiative losses

result in a quick steepening of a stationary power-law injection spectrum by

a factor of 1. Meanwhile, in the case of impulsive injection the modification

of the initial spectrum of electrons is reduced to an exponential cut-off at

γ ≥ 1/p2t (see Kardashev, 1962).

B.3 Expanding cloud

Energy losses of relativistic electrons in an expanding medium become time-

dependent. The adiabatic energy loss rate is given as Pad = vγ/R, where

R is the characteristic radius of the source, and v is the speed of spherical

expansion. For electrons of higher energies, however, synchrotron losses

may dominate. For the magnetic field we suppose a power-law dependence,

B = B0(R0/R)−m, where B0 and R0 are the magnetic field and the radius

of the cloud at instant t0. Thus,

P =
γ

R

(

p1 + p2
γ

Rµ

)

, (B.14)

where µ = 2m− 1. For adiabatic losses, p1 = v, but the constants p1 and

p2 are kept in parametric form in order to enable other losses with similar

dependence on γ and R as well. Here we will suppose that the expansion

speed v = const, and consider evolution of the particles injected impulsively

at instant t0 with the spectrum G(γ, t0) = N0(γ), as previously.

Since the energy losses depend on time via the radius R(t) = R0 +v(t−
t0), it is convenient to pass from the variable t to R. Then, for the function
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Φ = γG(γ,R)/R, Eq.(B.1) reads:

R
∂Φ

∂R
= γ

∂

∂γ

[(

a1 + a2
γ

Rµ

)

Φ
]

−
(

1 +
γ

v τ

)

Φ , (B.15)

where a1 = p1/v, a2 = p2/v, and for τ now we imply the function

τ(γ,R). Transformation of this equation from variables (γ,R) to (ψ =

ln(γ/Rµ), ξ = lnR) results in the equation

∂Φ1

∂ξ
=

∂

∂ψ
[(µ+ a1 + a2e

ψ)Φ1] −
[

1 +
eξ

v τ1(ψ, ξ)

]

Φ1 , (B.16)

where Φ1 ≡ Φ1(ψ, ξ) and τ1(ψ, ξ) = τ(eψ+µξ, eξ). The initial condition

at ξ0 = lnR0 reads Φ(ψ, ξ0) = Rµ−1
0 eψN0(R

µ
0 e
ψ). Thus, we come to the

equation formally coinciding with the one considered above, with ‘time’

(ξ) independent ‘energy’ (ψ) losses P∗(ψ) = µ + a1 + a2e
ψ , and arbitrary

‘escape’ function τ∗(ψ, ξ) = (1 + eξ/v τ1)
−1. The solution to this equation

is analogous to Eq.(B.9) :

Φ1(ψ, ξ) = Rµ−1
0 eΨ0

1 + c∗e
Ψ0

1 + c∗eψ
N0(R

µ
0 e

Ψ0) exp

[

ξ0 − ξ −
∫ ξ

ξ0

ezdz

v τ1(Ψz, z)

]

,

(B.17)

where c∗ = a2/(µ+ a1), Ψ0 ≡ Ψξ0 , and Ψx ≡ Ψx(ψ, ξ) is the characteristic

trajectory of a particle in the ‘energy’ space ψ, which is readily calculated

from Eq.(B.8) for the given P∗:

Ψx(ψ, ξ) = − ln[(c∗ + e−ξ)e(µ+a1)(ξ−x) − c∗] (B.18)

Returning now to the variables γ and R, the evolution of particles can be

described by the function

G(γ,R,R0) =

(

R0

R

)a1 Γ2
R0

γ2
N0(ΓR0

) exp

[

−1

v

∫ R

R0

dr

τ(Γr , r)

]

· (B.19)

The energy Γr ≡ Γr(γ,R) corresponds to the trajectory of a particle with

given energy γ at r = R in the (Γ, r) plane, and can be represented as

Γr = γ Λ(γ,R, r), where

Λ(γ,R, r) =

(

R
r

)a1

1 + c∗ γ
Rµ

[

1 −
(

R
r

)µ+a1

] . (B.20)

In the formal case of µ + a1 → 0, when c∗ = a2/(µ+ a1) → ∞, Eq.(B.20)

tends to the limit Λ′ = (R/r)a1/[1 + a2γR
a1 ln(R/r)].
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In the general case of continuous injection of relativistic particles with

the rate Q(γ, t) → Q(γ,R), the evolution of their energy distribution dur-

ing expansion of the cloud between radii R0 and R ≥ R0 is found, using

Eq.(B.19):

N(γ,R) = G(γ,R,R0) + (B.21)

1

v

∫ R

R0

( r

R

)a1

Λ2(γ,R, r)Q(Γr, r) exp

[

−1

v

∫ R

r

dz

τ(Γz , z)

]

dr .

Here G(γ,R,R0) is given by Eq.(B.19). The substitution R = R0+v(t−t0)
results in an explicit expression for N(γ, t). If the source is expanding with

a constant velocity v starting from t = 0, such a substitution results in

formal changes R → t, R0 → t0, r → t′, and dr = vdt in Eq.(B.22). When

only the adiabatic losses are important, i.e a1 = 1 and a2 = 0, Eq.(B.20) is

reduced to a simple Λ = t/t0 , and

N(γ, t) =
t

t0
N0

(

t

t0
γ

)

exp

(

−
∫ t

t0

dx

τ(tγ/x, x)

)

+

∫ t

t0

t

z
Q

(

t

z
γ, z

)

exp

(

−
∫ t

z

dx

τ(tγ/x, x)

)

dz . (B.22)

For the energy-independent escape, τ(γ, t) = τ(t), a similar equation can be

obtained from the relevant Green’s function solution found by Kardashev

(1962) for the case of ”stochastic acceleration + adiabatic losses + leakage”,

if the acceleration parameter tends to zero.

It is seen from Eq.(B.22) that for a power-injection Q(γ) ∝ γ−αinj with

αinj > 1 the contribution of the first term quickly decreases, so at t � t0
only the contribution due to continuous injection is important. This term

is easily integrated assuming stationary injection and approximating τ =

τ0γ
−δ(t/t0)

s, with δ and s ≥ 0. In the case of s < 1, the energy distribution

of electrons at t� τ(γ, t) comes to N(γ, t) = Q(γ)× τ(γ, t), similar to the

case of a non-expanding source. If s ≥ 1, the condition t � τ(γ, t) can

be satisfied only for sufficiently large γ, so only at these energies can the

energy-dependent escape of particles from an expanding cloud result in a

steepening of N(γ, t).

Although Eq.(B.22) is derived under the assumption of a constant ex-

pansion speed v, it can be readily used in the numerical calculations for any

profile of v(t), by approximating the latter in the form of step functions with

different mean speeds v̄i in the succession of intervals (ti, ti+1).
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