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ABSTRACT
Some clusters of galaxies, in addition to thermal bremsstrahlung (TB), emit detectable di†use radiation

from the intracluster medium (ICM) at radio, EUV, and hard X-ray (HXR) ranges. The radio radiation
must be due to synchrotron by relativistic electrons, and the inverse Compton scattering by the cosmic
microwave background radiation of the same electrons is the most natural source for the HXR and
perhaps the EUV emissions. However, simple estimates give a weaker magnetic Ðeld than that suggested
by Faraday rotation measurements. Consequently, nonthermal bremsstrahlung (NTB) and TB have also
been suggested as sources of these emissions. We show that NTB cannot be the source of the HXRs
(except for a short period) and that the difficulty with the low magnetic Ðeld in the IC model is alleviat-
ed if the e†ects of observational selection bias, nonisotropic pitch angle distribution, and spectral breaks
in the energy distribution of the relativistic electrons are taken into account. From these considerations
and the strength of the EUV emission, we derive a spectrum for the radiating electrons and discuss pos-
sible acceleration scenarios for its production. We show that continuous and in situ acceleration in the
ICM of the background thermal electrons is difficult and requires unreasonably high energy input. Simi-
larly, acceleration of injected relativistic electrons, say, by galaxies, seems unreasonable because it will
give rise to a much Ñatter spectrum of electrons than required, unless a large fraction of energy input is
carried away by electrons escaping the ICM, in which case one obtains EUV and HXR emissions
extending well beyond the boundaries of the di†use radio source. A continuous emission by a cooling
spectrum resulting from interaction with ICM of electrons accelerated elsewhere also su†ers from similar
shortcomings. The most likely scenario appears to be an episodic injection acceleration model, whereby
one obtains a time-dependent spectrum that for certain phases of its evolution satisÐes all the require-
ments.
Subject headings : acceleration of particles È galaxies : clusters : general È

galaxies : clusters : individual (Coma) È magnetic Ðelds È X-rays : galaxies : clusters

1. INTRODUCTION

The most prominent radiation from the intracluster
medium (ICM) of clusters of galaxies is the thermal brems-
strahlung (TB) or free-free emission in the soft X-ray (SXR;
2È10 keV) region, which can reach a luminosity L SXR D 1045
ergs s~1 and implies gas temperatures of T D 108 K and
emission measures of EMD 1068 cm~3 (density n D 10~3
cm~3, radius RD 1 Mpc). For the Coma Cluster L SXR ^ 5
] 1044 and kT \ 8.2 keV. There is, however, growing evi-
dence for signiÐcant nonthermal activity in some clusters.
The Ðrst of these to be discovered in just a few clusters,
notably in the Coma Cluster (for the most recent obser-
vations see Giovannini & Feretti 2000), was the di†used (so-
called halo) radio emission of luminosity ergsL

R
D 1041

s~1 in the frequency range 30 MHz\ l \ 4 GHz, whose
source must be synchrotron radiation by relativistic elec-
trons. The range and distributions of the Lorentz factor c of
these electrons and their total energy depend on the
strength, geometry, and distribution of the magnetic Ðeld B.
The Ðeld is measured by Faraday rotation to be a few kG in
some clusters that would require electrons with c[ 103.
The exact source of these electrons is still a matter of con-
siderable debate. For a review see Eilek (1999), Giovannini
et al. (1993), Kim et al. (1990), and references therein to
earlier works. More recently, radiation (most likely non-
thermal in origin) has been discovered in the form of excess
Ñux at low and high ends of the thermal radiation in several
clusters. The Extreme Ultraviolet Explorer (EUV E), with

the passband of 69È245 eV, has detected excess radiation
from Coma (Lieu et al. 1996b). The luminosity of this soft
excess radiation in the 0.07È0.4 keV range is L EUVD 2
] 1043 ergs s~1 (Lieu et al. 1999). Similarly, BeppoSAX
and Rossi X-Ray T iming Explorer (RXT E) have detected
excess hard X-ray (HXR) radiation in the 20È80 keV range
from Coma (Fusco-Femiano et al. 1999 ; Rephaeli, Gruber,
& Blanco 1999), A2256 (Fusco-Femiano et al. 2000), and
possibly A2199 (Kaastra et al. 1999). The luminosity of
Coma in this range is ergs s~1. TheL HXRD 4 ] 1043
EGRET instrument on board the Compton Gamma-Ray
Observatory (CGRO) sets an upper limit of L cvray[ 1043
ergs s~1 above 100 MeV (Sreekumar et al. 1996). These
observations are summarized in Table 1 and assume a
Hubble constant of 60 km s~1 Mpc~1.

Initially the excess EUV radiation was explained in terms
of one or more cooler thermal components (Lieu et al.
1996a, 1996b ; Mittaz, Lieu, & Lockman 1998), but soon
after, a nonthermal process, namely, the inverse Compton
(IC) scattering by the cosmic microwave background
(CMB) radiation of electrons with energies about 10 times
smaller than those responsible for the radio emission, was
proposed as the source of the EUV radiation by many
authors (Hwang 1997 ; & Biermann 1998 ; Bowyer &En�lin

1998 ; Lieu et al. 1999). The initial interpretationBergho� fer
of the HXR excess was also based on the IC model (Fusco-
Femiano et al. 1999 ; Sarazin & Lieu 1998). This seems to be
a natural explanation since electrons with energies very
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TABLE 1

SUMMARY OF OBSERVATIONS

Radiation Radio EUV SXR HXR

Range . . . . . . . . . . . . . . . . . . . . . . . . . 0.03È4a 0.07È0.4b 2È10b 20È80b
Spectrum . . . . . . . . . . . . . . . . . . . . . Broken power law Uncertain Exponential Power law
Index (or temperature) . . . . . . D1 and D2, exponential tail D3/2, kT D 2b kT \ 8.5~0.5`0.6,b,c kT \ 7.51^ 0.18b,d 0.7È6,c 2.35^0.45d
Luminosity (ergs s~1) . . . . . . . 1041 2 ] 1043 5 ] 1044 4 ] 1043
Mechanism . . . . . . . . . . . . . . . . . . . Synchrotron IC (TB) TB IC (NTB)

a In GHz.
b In keV.
c Fusco-Femiano et al. 1999.
d Rephaeli et al. 1999.

similar to those producing the synchrotron emission are
required. In fact, long before these discoveries, strong upper
limits on the nonthermal X-ray emission were set based on
the IC model and the radio observations (Schlickeiser,
Sievers, & Thiemann 1987).

There is, however, a major difficulty with both of these
interpretations (Bowyer & 1998 ; Fusco-FemianoBergho� fer
et al. 1999 ; Rephaeli et al. 1999). This is due to the simple
fact that the ratio of the IC to synchrotron luminosities is
equal to the ratio of the CMB to magnetic Ðeld energy
densities, which for K is 15/(B/kG)2. The observedTCMB\ 3
ratio of HXR to radio luminosities of about 4 ] 102 implies
a Ðeld strength B\ 0.2 kG, which is much smaller than B
values of several kG deduced from Faraday rotation (Eilek
1999) and equipartition of magnetic and relativistic particle
energies. Comparison of the EUV and radio Ñuxes can also
set a limit on the magnetic Ðeld, but here the limit is some-
what higher kG; Hwang 1997 ; & Biermann(B[ 1 En�lin
1998) and less reliable because it is sensitive to the uncertain
extrapolation of the electron spectrum over a decade
(Bowyer & 1998 ; Atoyan & Volk 2000). BecauseBergho� fer
of this discrepancy, several workers have proposed non-
thermal bremsstrahlung (NTB) as the source of the
observed HXRs Lieu, & Biermann 1999 ; Sarazin &(En�lin,
Kempner 2000 ; Blasi 2000). However, this explanation also
su†ers from a major Ñaw because it requires a large input of
energy in the ICM whose consequences have not been
detected. This Ñaw is based on the simple fact that brems-
strahlung is an inefficient mechanism.

In the next section we describe some details of the charac-
teristics of the ICM plasma and the constraints they put on
the models. We discuss in ° 3 the emission process and in ° 4
the related aspect of the particle acceleration. A brief
summary is presented in ° 5.

2. GENERAL DESCRIPTION OF THE PROBLEM

In order to illustrate the difficulties faced in the above
models, in Figure 1 we show the energy loss timescales,

as a function of particle kinetic energy forqloss\ [E/E0 loss,all the relevant processes in this problem. Here and in what
follows, unless explicitly expressed, all energies and loss
rates will be in units of rest mass energy of electron som

e
c2,

the Lorentz factor is c\ E] 1 \ (1[ b2)~1@2. We use the
following expressions for the loss rates :

[E0 IC\ 32n
9

r02 cb2c2uph

\ 2.04] 10~20b2c2
ATCMB

3 K
B4

s~1 , (1)

[E0 synch\ 4
9

r02 cb2c2B2

\ 1.32] 10~21b2c2
A B
kG
B2

s~1 , (2)

[E0 Coul\
4nr02 cn ln "

b

\ 1.20] 10~15
An/10~3 cm~3

b
B

s~1 , (3)

[E0 brem\ 16
3
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\ 9.29] 10~20
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B
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FIG. 1.ÈEnergy loss timescales vs. energy for the four relevant inter-
actions of electrons for typical ICM conditions. The three solid lines, from
top to bottom, are for the combined synchrotron and IC, the three radi-
ative processes, and all losses, respectively. The dotted lines show the
average crossing time across a region of size RD 1 Mpc, theTcross DR/(cb)
scattering time for a constant scattering mean free pathqscat D jscat/(cb)

and the escape time Note that all loss times arejscat, Tesc D T cross2 /qscat.shorter than the Hubble time (thick solid line, for Hubble constant of 100
km s~1 Mpc~1) and much longer than the electron crossing time except at
low (E\ 200 keV) and very high (E[ 200 GeV) energies.
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where a is the Ðne-structure constant and is the softuphphoton energy density. The IC losses are evaluated
assuming the CMB with a temperature of 3 K as the source
of the soft photons. The synchrotron losses are evaluated
for an isotropic pitch angle distribution, and the Coulomb
logarithm ln " is set to 40, a representative value for the
ICM conditions. For the Coulomb and bremsstrahlung
losses we assume the presence of 10% (by number) of fully
ionized helium. The bremsstrahlung rate also depends on
the complicated function s(E), which is equal to 1 in the
nonrelativistic limit and equals at extreme34[ ln (2E) [ 13]relativistic energies. (For E? a~1 the slow varying term in
the square brackets tends to the constant value of about 5.)
The bremsstrahlung rate used in Figure 1 is calculated from
the more exact expression given by the formula 4BN of
Koch & Motz (1959).

Several immediate conclusions can be drawn from Figure
1. The lifetimes of electrons with energies in the range 200
keV¹ E¹ 200 GeV are longer than the free crossing time
of the electrons across the cluster (or the ““ mean free paths,ÏÏ

Gpc, are much larger than the size RD 1jloss\ cbqloss [ 1
Mpc of the cluster). Therefore, these electrons, if
unhindered, e.g., by chaotic magnetic Ðelds or other scat-
tering agents, will escape the cluster before losing most of
their energy, and while in the cluster they will radiate what
is commonly referred to as a thin target spectrum. The
escaping electrons will radiate most of their energy outside
the cluster, presumably by IC scattering of the CMB
photons. This will disagree with the observations and will
require a higher rate of energy input than for electrons
outside the above energy range that lose all their energy
before escape and develop a so-called cooling spectrum,
giving rise to a thick target photon spectrum. Therefore, if
all electrons were to lose all their energy in the cluster, they
must be trapped efficiently so that they traverse a gigapar-
sec in the ICM. This can come about by a thousand
reversals of the magnetic Ðeld lines or a million random
scatterings of the electrons. Hence, we require the presence of
scattering agents (e.g., plasma turbulence) with a scattering
mean free path pc, or a chaotic Ðeld structure with ajscatD 1
scale B/*B between 1 kpc and 1 pc. In such a case, the
electrons with energies away from the peak energy of theE

ptotal loss time curve at about 100 MeV di†use through only
a distance of beforejeff D (jloss jscat)1@2> R
they lose most of their energy. This means that for produc-
tion of a smooth di†use radiation throughout the cluster
we need in situ acceleration of the electrons throughout the
ICM and cannot rely on injection of accelerated electrons
into the ICM from a single source or sources separated by a
distance This last condition is required for electrons?jeff.with 200 GeV\ E\ 200 keV even in the absence of scat-
tering agents. (Berezinky, Blasi, & Ptuskin [1997] address
the issue of the conÐnement of the nonthermal particles
using the scattering mean free path given by Schlickeiser et
al. [1987]. However, their discussion is applicable only to
protons and other ions because they ignore radiative and
other losses. As evident from Figure 1 this cannot be the
case for electrons.) We will return to these requirements in
° 4 dealing with the acceleration process.

On the other hand, because the lifetimes at all energies
are much shorter than the age of the universe, then unless
the observed nonthermal radiations are short-lived tran-
sient phenomena, the acceleration of the nonthermal elec-
trons must be continuous over the lifetime of the clusters.

Finally, we note that for B\ 1 kG, the synchrotron
process has little inÑuence on the dynamics (acceleration
and cooling) of the nonthermal electrons. It acts only as the
radio emission process.

3. EMISSION PROCESSES

In this section we describe the difficulties faced in some of
the proposed radiation mechanisms and derive a spectrum
for the nonthermal electrons.

3.1. Nonthermal Bremsstrahlung Emission
et al. (1999) were the Ðrst to propose NTB emis-En�lin

sion as the source of the observed HXR Ñux from clusters,
whereby electrons of comparable or slightly larger energies
produce the 20È80 keV radiation. Sarazin & Kempner
(2000) evaluated bremsstrahlung spectra using various
accelerated electron spectra and detailed bremsstrahlung
cross sections. Blasi (2000) gives a combined description of
the stochastic acceleration and bremsstrahlung radiation.
However, all these works ignore the huge energy problem
associated with this model. As is evident from Figure 1, the
main difficulty of this model is the inefficiency of the brems-
strahlung process compared to the collisional losses for
E\ 1 GeV and relative to IC losses for E[ 10 MeV. In
particular, for the energy range of interest here (from 20 to
D1000 keV), the ratio of the bremsstrahlung to Coulomb
loss rates is less than 103. As shown by Petrosian (1973), the
yield of the bremsstrahlung photon is a well-deÐned quan-
tity independent of many unknowns of the models. For a
nonrelativistic electron of initial energy that loses all itsEinenergy (thick target case) this yield is Ybrem\

(this yield is larger by a(4/3n)(a/ ln ")Ein\ 7.7] 10~5Einfactor of 2 for electrons losing a small fraction of their
energy in the source region, the thin target case). For a
power-law distribution of electrons [N(E) P E~p, for E[

the above expression is modiÐed by a factor of orderEin],unity. The yield of electrons with energies between andEinwill depend on p. For p D 3.5 required by this model thisE
ffactor is 1.3 (see eq. [31] in Petrosian 1973, where

d ] 1 \ p). This expression is also valid for relativistic ener-
gies within a factor of the order of as indicated by theln Einslow decline of the curve in Figure 1 at high energies.qbremA yield of in the 20È80 keV rangeYbrem\ 3 ] 10~6
means that, independent of most details of the acceleration
or emission model, a large amount of energy (L in\

ergs s~1) is fed into the backgroundL HXR/YbremD 1049
plasma. If the ICM plasma were to cool only radiatively
(free-free emission), at the very slow rate of L ff\ 1.45
] 10~23 ergs s~1 (T /108 K)1@2(EM/1068 cm~3), then such
an input of energy would increase its temperature at the
rate of K s~1. As a result the ICMdT /dt \ L in/3Nk Z 10~7
temperature will exceed 108 K after a short time of 3 ] 107
yr and will exceed 1010 K in a Hubble time! This, of course,
is not acceptable because it will evaporate the ICM plasma
into the general intergalactic medium. Either only one part
in 104 or 105 of the observed HXR Ñux is due to the NTB
process or the NTB emission phase at the observed rate is a
short-lived phenomenon. Blasi (2000a) Ðnds that his accel-
eration model indeed requires a similar (though somewhat
smaller) rate of input of energy into the turbulence needed
for acceleration and that the duration of NTB emission
satisfying the observation is around several hundred million
years.
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The situation is very similar in what one may call the
inverse bremsstrahlung model, whereby accelerated protons
interacting with the background thermal electrons produce
the HXRs. In the rest frame of an accelerated proton of
energy the process is identical to that ofE

p
\ (m

p
/m

e
)E

e
,

bremsstrahlung by accelerated electrons of energy Thus,E
e
.

HXRs of energy 20È200 keV can be produced by non-
thermal protons of energy 40È1000 GeV. However, here
again most of the proton energy will go into heating the
electrons by inelastic Coulomb or Rutherford scattering. In
addition, the higher energy nonthermal protons may lose
some of their energy to n0 production, which decay into
50È100 MeV gamma rays.

The presence of thermal SXR and nonthermal HXR (also
nonthermal synchrotron radio) emission in the clusters is
very similar to that observed in solar Ñares. Except in solar
(and most likely in other stellar) Ñares the SXR Ñux is
105È106 times larger than the HXR Ñux in agreement with
the above yields. In analogy to Ñares one may consider that
acceleration of electrons is taking place in high-density
magnetic loops associated with the disks or halos of, say, a
thousand galaxies, each receiving 1045 ergs s~1. The current
observations do not have the spatial resolution to dis-
tinguish the ICM emission from that of many galaxies.
Since the radiative equilibrium temperature T P

a lower temperature of about 109 K will[L in/(YbremEM)]2,
result for ergs s~1, density n D 0.1, and a regionL inD 1045
of size L D 30 kpc. [Actually, for this size scale conduction
losses K)3.5(L /30 kpc) become com-L cond D 2 ] 1045(T /108
parable and exceed the radiative losses for T º 108 K so
that the temperature never exceeds the latter value.] In any
case such hot galactic plasmas will evaporate into the ICM
and may be the source of the hot SXR-emitting gas. Only a
small fraction (less than 0.01%) of the energy can go into the
ICM plasma. Most of it must be dissipated in the galaxies.
It is not obvious how the e†ects of such an energy input,
which is much larger than that from stellar sources (stellar
winds, supernovae, and other explosions), can be hidden.

Therefore, we conclude that the main objection to the
NTB emission is very robust ; it is essentially determined by
the values of the Ðne-structure constant and the Coulomb
logarithm and very difficult to circumvent. This leads to the
conclusion that for all three clusters, Coma, A2256, and
A2199, the NT B emission from ICM as a source of the
observed HXRs is not tenable, unless it is a short-lived (less
than 108 yr) phenomenon.

A corollary of this is that one can put a strong constraint
on the spectrum and energy density of the nonthermal elec-
trons below the peak energy MeV where theE

p
D 100

elastic Coulomb collision losses are larger than the radi-
ative losses. As we will show below, the spectral distribution
of the electrons below this energy must be Ñatter than E~1@2
or there must exist a sharp cuto† below several MeV.

3.2. Inverse Compton Emission
As can be seen from Figure 1, for typical ICM conditions,

the IC emission exceeds bremsstrahlung for E[ 10 MeV.
However, as already pointed out by many of the authors
cited in ° 1, this model also su†ers from the inefficiency of
the IC radiation relative to the synchrotron radiation. The
relative Ñux of these two radiations depends on the CMB
photon density, which is known accurately, and on the
value of the magnetic Ðeld, which is not so well known.
From equations (1) and (2) the ratio of these Ñuxes can be

obtained to be roughly equal to

E0 IC
E0 synch

\ 19.8
A TCMB
2.8 K

B4AkG
B
B2

. (5)

The most reliable measures of ICM B Ðeld come from the
Faraday rotation of the background radio sources. In the
cores of several well-studied clusters, values of several kG
have been derived (Eilek 1999). Furthermore, the measured
values refer to the net line-of-sight component so that for a
chaotic Ðeld the actual value could be even larger. This is in
apparent contradiction with the value BD 0.2 kG one
deduces from the observed ratio of the HXR to radio Ñuxes,
which is about 500. Actually, the observed Faraday rotation
in the Coma Cluster gives a value of BD 0.3 kG for an
ordered magnetic Ðeld and a larger value of BD 2 kG if the
Ðeld is chaotic on the scale of several tens of kiloparsecs
(Kim et al. 1990 ; Ferretti et al. 1995). Estimates based on
the assumption of energy equipartition between nonthermal
electrons, protons, and magnetic Ðeld give BD 1 kG. The
radio properties are somewhat di†erent for A2256, but the
same kind of discrepancy seems to be present for this cluster
as well (Fusco-Femiano et al. 2000). However, there is no
Faraday rotation data for this cluster, so the argument
against the IC model is not as strong here. The detection of
HXR Ñux in A2199 is generally considered as marginal,
which combined with the absence of a detectable halo radio
source or Faraday rotation makes conclusions based on
this cluster less reliable.

However, in comparison with the insurmountable diffi-
culty of the NTB model, there are possible ways to avoid
the problems of the IC model. Below we describe several
e†ects that alleviate these problems. We will use the Coma
Cluster for quantitative discussion.

3.2.1. Selection E†ects

The low value of the B Ðeld in clusters with observed
HXR emission can be simply an observational selection
e†ect. For a given radio Ñux of the halo source and inde-
pendent of any equipartition argument, clusters with lower
B values will have the stronger IC Ñux and therefore will be
more readily detected by BeppoSAX and RXT E (or EUV E
if electron spectrum extends to lower energies). Unfor-
tunately, the numbers of known clusters with either a halo
radio source, HXR emission, or both are too small to make
any reliable quantitative estimates of the e†ects of this selec-
tion bias.

A related and similar e†ect can arise if the distributions of
the magnetic Ðeld and relativistic electrons are inhomoge-
neous and anticorrelated. In this case the radio and IC
emissions will come mainly from weak-Ðeld regions while
the Farady rotation is determined by the average Ðeld. Even
in the absence of such an anticorrelation, there are other
subtle e†ects arising from spatial inhomogeneities that can
give rise to a discrepancy between the magnetic Ðeld
strengths based on the IC emission and the Faraday rota-
tion measure (Goldshmidt & Rephaeli 1993). Explorations
of spatially inhomogeneous models are beyond the scope of
this paper.

3.2.2. Complex Electron Spectra

The estimate of the ratio of IC to synchrotron emission
based on equation (5) is for a monoenergetic electron. For a
spectrum of accelerated electrons this relation is somewhat
more complex. However, for a power-law distribution of



564 PETROSIAN Vol. 557

accelerated electrons with index p one obtains similar con-
straints on the value of the magnetic Ðeld using the
observed HXR and radio Ñuxes. Using the well-known
expression for the spectra of IC and synchrotron emissions,
it can be shown that the ratio of the HXR photon Ñux (in
units of photons s~1 cm~2 keV~1) at photon energy v to the
radio Ñux (in Jy units) at frequency l is

R\ fIC(v)
fsynch(l)

\ 1.86] 10~8
A photons
s cm2 keV Jy

B

]
A v
20 keV

B~aA l
GHz

Ba~1

]
A TCMB
2.8 K

Ba`2AB
M

kG
B~a

g(p) , (6)

where a \ (p ] 1)/2 is the IC photon spectral index and g(p)
is a complicated function of index p that is equal to 11.0,
41.2, 181, and 755 for p \ 2, 3, 4, and 5, respectively (see eqs.
[6.36] and [7.29] of Rybicki & Lightman 1979). In this
range of p a good approximation to use is
g(p)\ e1.42p~0.51. Using this approximation, it can be
shown that

B
M

kG
\
A20 keV

v
BA l

GHz
B(p~1)@(p`1)

] exp
C2.84(p ] r)

p ] 1
D

, (7)

r \ 0.7 ln
C Robs(v, l)
1.11] 10~8

D
, (8)

where l) is the observed ratio of the Ñuxes. Using theRobs(v,observed Ñux ratios from Coma at several values of v and l,
we Ðnd that for p \ 3 the Ðeld strength is kG.B

M
\ 0.18

The required value of increases with p monotonicallyB
Mbut slowly. For example, for p \ 5 we Ðnd kGB

M
\ 0.8È0.3

depending on the values of v and l. This indicates that
magnetic Ðelds of about 1 kG may be possible if the electron
spectrum steepens at some energy just below that needed
for production of HXRs.

The energy ranges of electrons needed for production of
observed HXR (20È80 keV), EUV (0.07È0.4 keV), and radio
(0.03È3 GHz) Ñuxes are

0.53\
EHXR
104 \ 1.2 , (9)

0.3\
EEUV
103 \ 0.75 , (10)

0.4
AkG

B
M

B1@2
\

Erad
104 \ 4

AkG
B
M

B1@2
. (11)

Note that radio waves with l[ 0.35 GHz are emitted by
electrons above the range needed for the other emissions.
Thus, a steepening of the accelerated electron spectrum at

will reduce the radio Ñux and allow a higherE\ EcrD 104
magnetic Ðeld. For example, if the spectral index of the
electrons changes from 3 to 5 at (as in the Rephaeli 1979Ecrmodel), then following equations (6) and (7), it can be shown
that we need kG Even higher magneticB

M
^ 0.5 (Ecr/104)~2.

Ðelds will be allowed if the electron spectrum cuts o† expo-
nentially, as is the case for some acceleration models
described by Schlickeiser et al. (1987 ; see also below). For

the radio Ñux at highN(E) \N0(E/Ecr)~p exp ([E/Ecr),frequencies is reduced approximately by a factor of
where(p[ 13)E

p`2@3[(l/lcr)1@2], lcr\ 0.42 GHz(B
M
/

and is the exponential integral functionkG)(Ecr/104)2 E
n
(x)

[this result is obtained by approximating the mono-
energetic synchrotron spectrum as g(l, E) for\A(l/l

c
)1@3

Schlickeiser et al. (1987) show that al¹ l
c
\ 3E2l

B
/2].

power-law spectrum with an exponential cuto† at lcr\ 0.15
GHz provides a much better Ðt than a single or a double
power-law model. With this cuto† frequency the applica-
tion of the above correction factor yields and 1.1B

M
^ 1.7

kG for p \ 3 and 4, respectively. These higher Ðeld
strengths are in better agreement with the Faraday rotation
measures quoted above.

We will return to these considerations in °° 3.3 and 3.4
and show that these requirements set further constraints on
the acceleration mechanism.

3.2.3. Anisotropic Pitch Angle Distribution

The gyroradius of the nonthermal electrons r
g
\

cm is much smaller than all2ncbc/l
BM

D 1011 [bc(kG/B
M
)]

other relevant scales in clusters. Therefore, the electrons are
attached to the Ðeld lines, and their distribution can be
described by a gyrophase averaged distribution N(E, t) as a
function of energy and pitch angle t. In the above dis-
cussion we have implicitly assumed an isotropic pitch angle
distribution. Anisotropies can modify some of the results
quoted above. Note that all values of magnetic Ðeld are
quoted in terms of For an ordered Ðeld and isotropicB

M
.

pitch angle distribution, the synchrotron emissivity is
related to the component of the Ðeld perpendicular to the
line of sight. However, as stated above, the magnetic Ðeld,
even though ordered on scales comparable to and larger
than must be chaotic on a kiloparsec scale. The emiss-r

g
,

ivity averaged over scales larger than 1 kpc will be isotropic
independent of any anisotropies in the monoenergetic emis-
sivities and the pitch angle distribution. However, the
overall intensity will depend on the pitch angle distribution.
In this case The synchrotron emissivity at aB

M
\ B sin t.

given frequency is proportional to so that theB
M
(p`1)@2

above Ðeld values must be corrected by the value of
(sin t)(p`1)@2 averaged over the pitch angle distribution in
the range 0 \ t \ n/2. If the distribution is isotropic, the
average values of this quantity are and for p \ 3 and 7,23 815respectively, so that the actual values of magnetic Ðeld will
be 1.5È2 times larger than those quoted above and could be
as high as B\ 3 kG.

Even higher Ðelds will be required if the pitch angle dis-
tribution is anisotropic and is beamed along the Ðeld lines.
For a Gaussian pitch angle distribution of width thet0 \ 1
Ðeld strengths increase by a factor of where the valuet0~q,
of q depends on several factors but is greater than 1 and
could be as high as a few. The spectral shape also deviates
from the usual power law with index asynch \ (p [ 1)/2
depending on the values of and For further detailst0 t0c.on this see Epstein (1973) and Epstein & Petrosian (1973).
Whether the acceleration mechanism will accelerate
E[ 104 electrons preferentially along a jumbled Ðeld line
depends on the conditions in the background plasma. We
will return to this in ° 4 where we will argue in favor of the
isotropic distribution.
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In summary, there does not appear to be an insurmountable
discrepancy between the Ðeld strengths required by the IC
model for HXRs and the observed values.

3.3. EUV Emission and Electron Spectral Index
If the EUV emission is also produced by the IC process,

the nonthermal electron distribution must extend to less
than 100 MeV. Unfortunately, the electron spectral shape in
this range is not well determined, and we must rely on the
extrapolation of the spectra from the 104 MeV range, which
can lead to a large uncertainty.

As already alluded to in ° 3.2, there has been consider-
able discussion of the radio spectrum and its implications
for the electron spectrum. A single power-law Ðt gives a
value of radio spectral index of about implyingasynch \ 1.5,
an electron spectral index of p \ 4. However, as pointed out
by Schlickeiser et al. (1987), broken power laws provide a
better Ðt. For example, the Ðt to the Rephaeli (1979) model
yields a spectrum with index of about 1, which steepens to 2
above 0.6 GHz, implying electron spectral indices of p \ 3
and respectively, below and above the break energyp

h
\ 5,

of An even better Ðt is obtainedE\ 1.6] 104(kG/B
M
)1@2.

for a spectrum with an exponential cuto† g(l) P
which means an index of p \ 2.l~0.52e~(l@0.15 GHz)1@2,

However, the range of the acceptable low-frequency spec-
tral indices is fairly large. For the last model the 90% con-
Ðdence range of extends from 0.3 to [1.0, implyingasynch[O \ p \ 3 (see Schlickeiser et al. 1987).

The HXR spectrum is even more uncertain. Fusco-
Femiano et al. (1999) give photon index 0.7\ a \ 3.6,
which allows 0.4\ p \ 6. Rephaeli et al. (1999) give a
similar value but a smaller range of 1.9 \ a \ 2.8 so that
2.8\ p \ 4.6. The EUV observation when Ðtted to a power
law indicates a photon spectral index in the range 1.3È2.0. If
the EUV emission is also due to the IC process, these values
of the photon index indicate a low-energy (102\ E\ 103)
electron index in the range 1.6 \ p \ 3.0. For a summary of
these observations see Table 1.

It therefore appears that a value of is consistentp [ 3
with most of the data. A value of p \ 3 implies an IC
photon spectrum f (v)P v~2 and equal energy emission per
decade. The ratio of the observed EUV Ñux in the 0.07È0.4
keV range of 1.5] 10~11 to the HXR (20È80 keV) Ñux of
2.2] 10~11 ergs cm~3 s~1 (see Lieu et al. 1999 ; Fusco-
Famiano et al. 1999) would indicate p D 2.9, which is also
consistent with the above values.

In summary, the EUV, HXR, and radio data can be Ðtted
by the IC and synchrotron emission in a chaotic magnetic
Ðeld of strength around 1È2 kG by electrons with the same
spectral distribution as that needed for the production of
the observed radio spectrum via the synchrotron process.

3.4. Spectrum of Radiating Electrons
From the above discussions we can constrain the instan-

taneous spectrum of the radiating electrons as follows. We
will assume an isotropic pitch angle distribution.

The radio and HXR observations indicate the presence of
a power-law electron spectrum with an index p \ 3 and
sharp (preferably exponential) cuto† at E[ Ecr^If the EUV emission is also due to the IC104(kG/B

M
)1@2.

process, the electron spectrum must extend to about 100
MeV with a somewhat lower spectral index (p ^ 2.8). At
this energy about half of the electron energy is lost through
Coulomb collisions and about 10% is radiated as brems-

strahlung photons of v\ 100 MeV. Below E\ 200(10~3
cm~3/n) the collision losses become dominant, and for
E¹ 10(10~3 cm~3/n) bremsstrahlung surpasses all other
emissions. Therefore, there is a limit of how far this spec-
trum can be extended. It can easily be shown that if the
electron spectrum is extended below 20 MeV with p \ 3,
the collisional heating rate of the background thermal
plasma will exceed the rate of SXR TB emission. Since there
are other sources of heating of the plasma, the electron
spectrum must cut o† rapidly at this or a higher energy.
However, if the spectral change occurs at a higher energy,
the cuto† does not necessarily have to be so severe. For
example, a spectral break at MeV withEminDE

p
^ 200

index can be extended to very low energies withoutp
l
¹ 0.5

violating the heating rate threshold. Note that in any case
the NTB emission in the hard X-ray (20È80 keV) as well as
gamma-ray MeV) range will be negligible compared(Z10
to the observed HXR Ñux. It can reach at most about 10%
of the total losses at 200 MeV. Note also that the commonly
used spectrum, which is a power law in terms of Lorentz
factor c (see, e.g., Giovannini & Feretti 2000), has a natural
break (Ñattening) below 0.5 MeV. Such a spectrum also
must Ñatten much before below cD 100 to avoid the vio-
lation of the above-mentioned threshold.

There has been some discussion (see Bykov, Bloemen, &
Uvarov 2000 ; Sarazin 2000) of a possible constraint
imposed by the observed EGRET upper limit of
D6 ] 10~12 ergs cm~2 s~1 above 100 MeV (Sreekumar et
al. 1996), which is about 0.3 of HXR and 0.6 of EUV Ñuxes.
This constraint is not very stringent because the expected
bremsstrahlung Ñux by electrons above this energy is about
30 times smaller than their EUV emission or the HXR emis-
sion by higher energy electrons (see Fig. 1).

In summary, the radiating electron spectrum can be
described as

N(E) \

N0

4

5

6

0
0
A E
Ecr

B~p
e~(E~Ep)@Ecr , if E

p
\ E, for p [ 3 ,

A E
E
p

B~plAE
p

Ecr

B~p
, if E\ E

p
, for p

l
¹ 0.5 .

(12)

In the next section we discuss the types of acceleration
mechanisms and plasma conditions that can give rise to
such a spectrum. However, the reader is reminded that all
the results in this section, including the above equation, are
applicable to Coma and only to other clusters with similar
observational characteristics.

4. ELECTRON ACCELERATION

The above spectrum is not necessarily that of the acceler-
ated electrons. It would be in the case of thin target emis-
sion when only a small fraction of energy is lost during the
radiation process in the ICM, i.e., if Asqloss[ Tcross DR/cb.
discussed in connection to Figure 1, this would appear to be
the case for electrons with 200 keV\ E\ 200 GeV.
However, we face two critical problems if the electrons
escape the ICM in a timescale shorter than their loss times.
The Ðrst is that this requires an unreasonably high amount
of energy for acceleration of the electrons ; electrons in the
relevant energy range radiate less than 1% of their energy in
the ICM. The second problem is that escaping electrons will
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continue to produce IC photons outside the ICM and will
give rise to EUV and HXR emission that extends well
beyond the cluster boundary as determined by the TB and
radio (halo) emissions. This is not what is observed, espe-
cially at EUV energies where the source has been resolved
(see Bowyer & 1998). Consequently, all electronsBergho� fer
must be trapped, by chaotic Ðelds or turbulence, and lose all
their energy in the ICM as in a thick target model. It is
therefore the totality of the acceleration, scattering, and loss
processes that determine the spectrum of the radiating elec-
trons. In this section we discuss some general features of the
acceleration process and the conditions that can give rise to
the spectrum given by equation (12).

4.1. General Features of Acceleration
The trapping of the electrons requires that they undergo

repeated deÑections or scatterings such that their e†ective
transport time across the cluster, which we will refer to as
the escape time, whereTesc \ Tcross(R/jscat)[qloss, jscat\is the scattering (or deÑection) mean free path. Forcbqscatthis to be true for EUV-emitting electrons MeV)(EZ 200
we need yr or i.e., we needTesc Z 3 ] 109 R/jscatZ 103,
more than a million random scatterings. This implies a
mean scattering timescale which is moreqscat[ 3 ] 103,
than 103 times shorter than the crossing time and much
shorter than all other relevant times (see Fig. 1).

A secondary e†ect of the repeated scatterings is that the
pitch angle distribution of the electrons will be isotropic.
The short mean free path also means that HXR- and radio-
emitting electrons traverse distances equal to 1/40 and
1/200 of the cluster radius within their lifetimes. Conse-
quently, for a smooth di†use source the acceleration must
be occurring throughout the ICM with inhomogeneity scale
smaller than a few kiloparsecs, or the resolution of the
observation if it is larger. [It should be noted that one can
impose an ad hoc energy-dependent scattering process
with mean free path so that the e†ec-jscat(E)\ R2/jloss(E)
tive range of all electrons is DR and seeTesc(E)\ qloss(E) ;
below.] We are therefore dealing with essentially a homoge-
neous and isotropic situation in which case the general
Fokker-Planck transport equation describing the gyro-
phase and pitch angle averaged spectrum, f(E, t), of the
accelerated electrons is simpliÐed to

Lf
Lt

\ L2
LE2 [D(E) f ][ L

LE
M[A(E)[ oE0

L
o ] f N

[ f
Tesc(E)

] Q(E, t) . (13)

Here D(E) and A(E) are the di†usion and systematic acceler-
ation coefficients, Q(E, t) is a source term, is the sum ofE0

Lthe loss terms given in equations (1)È(4), and is theTesc(E)
escape time (see, e.g., Park & Petrosian 1995).

For stochastic acceleration by turbulence, a second-order
Fermi acceleration process, and A(E) \D(E)\ b2D

pp[D(E)/E][d ln D/d ln E] (2[ c~2)/(1 [ c~1)] describe the
di†usive and systematic accelerations, where is theD

ppmomentum di†usion coefficient. From these we can deÐne
energy di†usion and acceleration times andqdiff\ E2/D

The escape time is related to the mean scatteringqac\ E/A.
time where is the pitch angle di†usion coef-qscat DDkk~1, DkkÐcient ; For relativistic particles in reso-Tesc \ T cross2 Dkk.nant interaction with or Whistler waves, forAlfve� n

example, where is the velocityqacD (b/bA)2qscat, cbA Alfve� n
(for further details see, e.g., Hamilton & Petrosian 1992).
For ICM conditions which meansbA ^ 2.3] 10~4, qac^For an efficient acceleration we need an acceler-107qscat.ation time that is shorter than both the escape and the
energy loss times. For the relevant energies this means

yr, yr, and yr. Such a shortqac[ 108 qscat [ 10 Tesc Z 1012
scattering time may seem unreasonable but is possible. Very
roughly this time is about where[)

e
(m

e
/m

p
)q~1fturb]~1,

is the electron gyrofrequency, q is the spec-)
e
D 20(B

M
/kG)

tral index of turbulence energy density, and is the ratiofturbof the total turbulence energy density to the energy density
of the magnetic Ðeld. A Kolmogorov index of 5/3 and

would give a of approximately a few years,fturb D 10~6 qscatbut a steeper spectrum will be less efficient and may require
unreasonably large energy density for the turbulence (see
also below). Figure 2 shows a comparison of these times
with the total loss and crossing times from Figure 1.

The situation is very similar for acceleration by shocks, a
Ðrst-order Fermi process, which also requires turbulence for
scattering the electrons back and forth across the shock (see,
e.g., Jones 1994). In this case we have the additional system-
atic acceleration term where the shockAsh(E) D (bsh/b)2Dkk,velocity is of the order of the sound velocity. For ICMcbshconditions so that shock acceleration isbsh D 3 ] 10~3
about 100 times faster than stochastic acceleration. Hence,
we require a 100 times longer scattering time, which
requires correspondingly smaller density of turbulence. This
and the corresponding escape time are also sketched in
Figure 2.

FIG. 2.ÈComparison of the energy dependence of the ““ Total Loss ÏÏ
time (thick solid line ; from Fig. 1) with timescales for scattering (dashed
line), acceleration (solid line), and escape (long-dashed line) of electrons due
to stochastic (A) and shock (S) acceleration for typical ICM conditions.
Two examples are given : one with constant acceleration and other time-
scales, corresponding to an acceleration rate A(E)P E ; and a second with
variable timescales where A(E)] constant at high E, corresponding to an
exponent q \ q@\ 1. The dotted line shows the average crossing time

across a region of size RD 1 Mpc. The critical energies,Tcross DR/(cb)
where the E-dependent acceleration time is equal to the escape time, and
the Coulomb and IC loss times are shown.
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We should, however, note that in general these timescales
are energy dependent. For the cases discussed above one
expects these times to vary as E2~q (see Pryadko & Pet-
rosian 1997). An example of energy-dependent timescales
(with q \ 1) is also shown in Figure 2. Note that with
increasing scattering time the distance di†used by electrons
increases and reduces the above-mentioned difficulty with
the spatial smoothness of the acceleration process.
However, for a complete removal of this difficulty we need
q \ 1 and We now consider several scenariosqscatP E2.
with opposing and somewhat extreme assumptions.

4.2. Continuous Acceleration and Steady State Models
The age of the GHz radio-emitting electrons (ED 104)

could be as low as 108 yr (see Fig. 1 or Fig. 2) so that unless
the observed nonthermal emission is a short transient event
of comparable timescale we require a continuous acceler-
ation or injection of nonthermal electrons in the ICM. In
this case Q(E, t) is a constant independent of time, and if the
density and magnetic Ðeld change slowly, say, on a Hubble
timescale like the CMB photons, then on this and shorter
timescales we will be dealing with a time-independent or
steady state situation with Lf/Lt \ 0. Then f (E) obtained
from equation (13) represents the radiating electrons and
must conform to equation (12).

4.2.1. Acceleration of T hermal Electrons

The most likely source for the accelerated electrons might
appear to be the background hot plasma, Q(E) \

where(n1@2/2)nEth~3@2 E1@2e~E@Eth, Eth\ kT /m
e
c2\ 0.016.

However, this possibility su†ers from two serious diffi-
culties. The Ðrst has to do with the acceleration process.
Although acceleration by plasma turbulence of low-energy
(nonrelativistic) electrons is possible (Hamilton & Petrosian
1992), the required conditions for it are not the case in the
ICM. Presence of short-wave [or high k vector, k \

cm~1] turbulence and a ratio of2nl
B
/cD 6 ] 10~10(B/kG)

plasma to gyrofrequency of less than 1 [or velocityAlfve� n
are required (see Pryadko & Pet-bA [ (m

e
/m

p
)1@2 ^ 0.023]

rosian 1997). In the ICM and the value ofbA ^ 3 ] 10~4,
this ratio is 100(n/10~3 cm~3)1@2(kG/B)? 1. Furthermore,
it is not clear how such waves can be excited, and even if
excited they will be damped quickly because of the high
temperature of the ICM (Pryadko & Petrosian 1998, 1999).

The second and more serious difficulty in accelerating the
background plasma electrons has to do with the high
Coulomb losses (already encountered in ° 3.1). The acceler-
ation process must overcome the heavy losses the electrons
will su†er as they are pulled from their low-energy state
across the energy range from 10 keV to several hundred
MeV. In addition, for a reasonable acceleration timescale,

yr, the accelerated electron spectrum will extendqacD 108
into the nonrelativistic region with a relatively steep upturn
at E¹ 0.5, where (see Hamilton & PetrosianqCoul\ qac1992 ; Park, Petrosian, & Schwartz 1997). This does not
agree with the desired equation (12), requires a high level of
turbulence (D1048 ergs s~1 ; see Blasi 2000), and will lead to
the input of a high amount of energy in the ICM as in the
NTB model. As discussed in ° 3.1, this will heat up the ICM
plasma to above 108 K in less than 108 yr. We therefore can
conclude that the background thermal electrons cannot be
the source for the nonthermal electrons, except for a short
period of less than 108 yr.

4.2.2. Acceleration of Injected Nonthermal Electrons

To overcome both of the above difficulties, we require
injection of relativistic electrons, presumably from the
cluster galaxies, as the initial source. We Ðrst consider the
simplest case of a delta function injection, Q(E)\ Q0 d(E

The acceleration process will distribute these elec-[ E0).trons above and below and there could be other breaksE0,at critical energies and where the acceler-ECoulcr , EICcr , Eesccr ,
ation time and respectively. Examplesqac\ qCoul, qIC, Tesc,of these energies are shown in Figure 2. For a detailed
discussion the reader is referred to Petrosian (1994) and
Park & Petrosian (1995) and for some examples of complex
spectra to Petrosian & Donaghy (1999). Here we describe
some of the possibilities relevant to the problem at hand.

Although in certain circumstances the resultant spectrum
can be approximated by a power law, this is the exception
rather than the rule. A power-law spectrum over a wide
range of energies is achieved for simple di†usion coefficients
and for negligible losses. For example, for the simple case of

D(E) \DEq{ , A(E) \ aDEq{~1 , Tesc \ Es

hD
, (14)

and for the special case of s \ 2 [ q@ one gets

N(E) P Q0
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0
A E
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Ba~x`(x2`h)1@2
, if E\ E0 ,

A E
E0

Ba~x~(x2`h)1@2
, if E[ E0 ,

(15)

where x \ (a [ 1 ] q@)/2. Here we follow the notations of
Pryadko & Petrosian (1997) and Petrosian & Donaghy
(1999), rather than those of Park & Petrosian (1995) and
Park et al. (1997), who use q for our q@ here. In what follows
we assume MeV and concentrate on the spectrumE0\ 200
above E0.For h ? a D 1, above This is the kind ofE0, N PE~h1@2.
acceleration model used by Schlikeiser et al. (1987). If s D 2
[ q@, the spectrum will deviate from a power law
(exponentially as in modiÐed Bessel functions and atI

n
K

n
)

the energy This may appear to be aEesccr D h1@ @ s~2`q@ @ .
good explanation for the exponential cuto† needed in equa-
tion (12) if However, this would requireEesccr D 104. Tesc >

below this energy, which, as stressed above, is ruled outqICby observations and arguments based on the energy budget.
As shown in Figure 2 for the two acceleration models h D

or 10~4 so that In addition,qac/Tesc D 10~2 Eesccr ? 104.
because acceleration by shocks (if these exist in the ICM) is
more efficient than by turbulence, the ratio of the systematic
acceleration rate to the di†usion rate a \ (qdiff/qac)DIn this case, i.e., in the limit h ] 0, equation (15)b
s
/bA D 102.

reduces to

N(E) P Q0

4
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0
0
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E0
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, if E\ E0 ,

A E
E0

B~q{`1
, if E[ E0 ,

(16)

so to obtain the index p \ 3 required in equation (12) we
need q@\ 4. In general q@ is related to the spectral index
q describing the distribution of the wavevector of the turbu-
lence. For waves q@\ q so that we require a spec-Alfve� n
trum of turbulence that is much steeper than the commonly
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assumed value of 5/3 expected for a Kolmogorov spectrum.
As described in ° 4.1, a high value of q will require a high
level of turbulence, especially for the stochastic acceleration
model.

A more reasonable explanation of the required exponen-
tial cuto† comes from inclusion of the losses in equation
(13). As mentioned above, deviation from a power law is
expected at energy where a speciÐc loss time is equalElosscr ,
to the acceleration time. The deviation occurs in the side
where loss time is shorter. If for (assumeqloss \qac E[ Elosscr
to be greater than then the spectrum decreases sharplyE0),(approximately exponentially) above this energy. This situ-
ation can arise from IC and synchrotron losses if the accel-
eration time decreases more slowly than the loss time
(PE~1) as in the two examples shown in Figure 2. This
requires a systematic acceleration rate of A(E)P E:2,
which for scattering by waves (in either the stochas-Alfve� n
tic or shock acceleration case) implies q \ q@\ 3. As evident
from equation (16), this would give rise to an accelerated
electron spectral index p \ 2, which is too small. (For the
constant and variable acceleration timescales shown in
Figure 2, q@\ 2 and 1, and p \ 1 and 0, respectively.) In the
opposite case of q@[ 3, the loss time belowqloss\ qac Elosscr
and the spectrum steepens (becomes softer). This situation
clearly cannot produce the exponential cuto† at high ener-
gies and may arise as a result of Coulomb losses at low
(perhaps nonrelativistic) energies For a thoroughE\ ECoulcr .
discussion of all possibilities see Park & Petrosian (1995).

Some of the above discussion is based on analytic solu-
tions that are obtained for simple di†usion coefficients. In
general these coefficients are more complex (Dung & Pet-
rosian 1994 ; Pryadko & Petrosian 1997), and the resultant
electron spectra could have other features such as a plateau
just before the exponential cuto† (Park & Petrosian 1995 ;
Petrosian & Donaghy 1999). Testing these more realistic
models is beyond the scope of this paper and not warranted
by the existing observations.

In summary, we can conclude that an exponential spec-
tral cuto† can be produced at ED 104 if above this energy
either or but . The ÐrstTesc \ qloss Tesc [ qloss qac\ qlosspossibility is ruled out by observations, and the second will
give rise to a Ñat electron spectrum with p D 1. Although
the existing radio, HXR, and EUV data do not have suffi-
cient spectral resolution to rule out this model, a value of
p \ 1 is barely acceptable. Such a Ñat spectrum will also
exacerbate the problem of a low required value for B. More
importantly, if the EUV radiation is also due to the IC
process, then the implied photon spectral index of
a \ (p ] 1)/2 \ 1 would mean an HXR-to-EUV Ñux ratio
of (80 [ 20)/(0.4[ 0.07)\ 200, which is more than 2 orders
of magnitude larger than the observed value of less than 2.
We note, however, that one can specify a contrived and
unphysical energy dependence of the acceleration rate that
can steepen the spectrum below 1 GeV to produce more
EUV photons. We will not discuss such possibilities.

The above difficulty cannot be circumvented even if the
injected electron spectrum, instead of being narrow as a
delta function, is a broad power law: forQ(E)P E~p0 E[

In this case the Ðnal spectrum is obtained by theEmin.convolution of Q(E@[ E) with the above spectra. If we use
the model of equation (16), for this convolutionp0[ q@[ 1
will have no e†ect above and the difficulty remains. ButEminin the opposite case, the acceleration processp0\ q@[ 1,
will have a negligible e†ect and the resultant spectrum will

be essentially the same as the injected spectrum, which is
now even Ñatter. Thus, we conclude that the steady state
acceleration in the ICM of either thermal or nonthermal
electrons cannot produce the requisite spectrum for reason-
able physical conditions.

4.2.3. Transport E†ects and Cooling Spectra

Considering the difficulties with the acceleration in the
ICM discussed above, we now explore the possibility that
electrons are accelerated somewhere else, presumably in
galaxies, and are injected into the ICM, where they undergo
only scattering and losses. In this case we still need some
kind of turbulence to scatter and trap the electrons in the
ICM, but we assume that these only isotropize the electrons
and di†use them spatially but cause neither di†usion in
energy nor acceleration. As before, the scattering rate deter-
mines the escape time in equation (13), where now we set
D(E) \ A(E) \ 0. Because we are interested in relativistic
electrons, we approximate the loss term in equation (13) as

E0
L
(E)

E
p

\ 1 ] (E/E
p
)2

q0
, (17)

where

q0 \ (4nr02 cn ln ")~1\ 6.3] 109
A10~3 cm~3
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BD1@2 \ 235 , (18)

are approximately the loss time (multiplied by 2) and the
energy where the ““ Total Loss ÏÏ curve reaches its maximum
(see Figs. 1 and 2). Here we have ignored the bremsstrah-
lung loss and the weak dependence on E of Coulomb losses
at nonrelativistic energies. Solution of equation (13) will
then give the e†ective spectrum of the radiating electrons
(commonly referred to as a cooling spectrum) that must
conform to equation (12). The term Q(E) represents the
average rate of injection of accelerated electrons, which in
general will have a broad distribution. A reasonable (and
convenient) form is a power law, withQ(E) \Q0(E/E

p
)~p0,

the same low-energy constraints as those used in connection
with equation (12). Because most of the energy of electrons
with E\ 100 MeV goes into heating the ICM, the rate of
injection of energy below this value must be less than the
SXR thermal luminosity. Therefore, as stated in ° 4.2.2, the
spectrum of the injected electrons must drop o† sharply
below 8 MeV or have a spectral index It shouldp

l
\ 0.5.

also be noted that the sources of injection must be suffi-
ciently numerous and have a distribution such that they can
produce a surface brightness distribution that is as smooth
as that observed at radio wavelengths.

It can then be shown that for a Ðnite and perhaps energy-
dependent the steady state solution of equation (13) isTesc,

N(E) \ E0
L
~1 e~x

P
E

=
Q(E)ex dE ,

with dx \ [ dE
Tesc E0

L
. (19)

This is a partially cooled spectrum and has a break at x D 1
or at energy where For x > 1 orEcr Tesc \ qloss. Tesc ? qloss
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one expects a fully cooled spectrum, and for the opposite
limit, the spectrum is the same as the injectedTesc > qloss,spectrum multiplied by For example, forTesc. Tesc \

and for energies above the maximum of theTesc(E/E
p
)l~1

curve at about 100 MeV, where a power-qloss qlossP E~1,
law injected spectrum (for l[ 0 and givesp0[ 1)

N(E)\ Q0
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A E
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B~p0~1`l
, if E> Ecr ,

(20)

where Thus, for lD 0, andEcr \E
p
(lTesc/q0)~1@l. p0D 3,

we obtain a spectrum with a break at ED 104,Tesc ^ 0.02q0in good agreement with the radio data (Rephaeli 1979
model). However, a large fraction of the electronsE\ E

pescape from the ICM, or more accurately from the turbu-
lent conÐning region, with a Ñux of Fesc(E)P N(E)/Tesc(E).
As already pointed out above, this is in disagreement with
the observations. This difficulty is even more severe for a
narrow injected spectrum, e.g., a delta function.

For the more reasonable case of equation (19)Tesc ? qloss,reduces to the fully cooled spectrum of N(E) \
For a delta function injection at a highE0 loss~1 /

E
= Q(E)dE.

energy the spectrum of the radiating electrons will vary as
which will be essentially constant up to 200 MeV andE0 loss~1,

then decrease with a power-law index p \ 2. This does not
agree with equation (12). For a power-law injected spectrum

where is given byN(E)\ [Q0/(p0[ 1)](E/E
p
)~p0qloss, qlossthe thick solid line in Figure 2. For this will agreep0\ 2

roughly with the data but not with the more accurate model
of equation (12) with a break at ED 104. One way to have
such a feature is if the injected electrons obtain the imprint
of the break at their sources. In this case, by substitution of
equation (12) for N in equation (13) with D\A\T esc~1\ 0,
we Ðnd the necessary injected steady state spectrum to be

at high energies andQ(E)PE2~pe(~E@Ecr)[(2 [ p)/E [ 1]
with a similar expression at lower energies. This of course is
an ad hoc assumption and does not clarify the acceleration
mechanism. Thus, unless there exists an arbitrary and con-
trived injected spectrum, we must conclude that the steady
state injection and cooling model also fails to describe the
observations adequately.

4.3. T ime-dependent Models
The upshot of the discussion in the previous section is

that a steady state acceleration in the ICM or modiÐcation
of simple accelerated spectra by transport processes in the
ICM fails to reproduce the general features of the required
spectrum. We therefore consider time-dependent scenarios
with time variation shorter than the Hubble time. In this
case we consider solutions of the time-dependent equation
(13). We start with the generic model of a prompt one-time
injection of electrons with Q(E, t)\ Q(E) Mored(t[ t0).complex temporal behaviors can be obtained by the convol-
ution of the injection time proÐle with the solutions
described below. Similar but somewhat di†erent treatments
of the following cases can be found in Sarazin (1999) and
Brunetti et al. (2000).

4.3.1. Transport E†ects

We Ðrst consider the transport e†ects in the ICM without
any acceleration. In this case, the time-dependent equation
(13), with D\ A\ 0, independent of time and energyTesc

and constant in time, has the following formal solution :E0
L

f (E, t) \ exp ([t/Tesc)Q[E@(E, t)]E0
L
[E@(E, t)]

E0
L
(E)

, (21)

where E@(E, t) \ qinv[q(E) [ t] and qinv is the inverse func-
tion of

q(E) \
P
E

= dE
E0

L
(E)

. (22)

Using equation (17) for we ÐndE0
L
(E), q(E)/q0\n/2

qinv(x) \ coth x, and[ tan~1 (E/E
p
), E@/E

p
\ [E/E

pso for a power-law] tan (t/q0)]/[1[ (E/E
p
) tan (t/q0)],injection the solution forQ(E) \ Q0(E/E
p
)~p0, p0º 2

becomes

f (E, t) \ exp
A
[ t

Tesc

B
Q0

[1[ (E/E
p
) tan (t/q0)]p0~2

cos2 (t/q0)[E/E
p
] tan (t/q0)]p0

.

(23)

The solid lines in Figure 3 show the spectral evolution
according to this equation for the speciÐed parameters and
for several times past the injection epoch. At early times the
spectrum is a power law in the energy range tan (t/q0)\goes to zero at andE/E

p
\ 1/tan (t/q0), E/E

p
\ 1/tan (t/q0),is Ñat for As is expected, the power lawE/E

p
\ tan (t/q0).extends to needed for radio production onlyEZ 4 ] 104

for a short period of i.e., yr. The power-lawq0/100, [108
portion disappears for yr, and wet [nq0/4 D 5 ] 109
obtain a degenerate Ñat spectrum extending to BetweenE

p
.

this and yr the cuto† moves to lower ener-t [ nq0/2 D 1010
gies and the amplitude drops as In addition,tanp0~2 (t/q0).the spectrum decays exponentially on a timescale of soTescthat we need which requires the presence of turb-Tesc [q0,ulence or chaotic Ðelds. Such a turbulence can also acceler-

FIG. 3.ÈEvolution with time of a power-law injected spectrum (top
line) subject to Coulomb and IC (plus synchrotron) losses as given by eq.
(23) (solid lines ; for times n \ [6 to 0) and with accelerationt

n
\ 10n@2q0,(b \ 2, d \ 0) obtained from eq. (26) (dashed lines ; for times t

n
\ 10n@2q0,n \ [6 to 1).
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ate the electrons. Therefore, the above spectra are correct if
the acceleration time is longer than q0.It is therefore clear that either the observable duration of
the nonthermal activity in the clusters is a rare phenomenon
or we need episodic injection of electrons on a timescale of
108 yr. Whether mergers and resulting shocks or AGN
activities can provide such a source is unknown. If this is the
case, then the rapid cuto† at may mimicE/E

p
\ 1/tan (t/q0)the exponential form of equation (12) so that with p0[ 3

this model will be acceptable.

4.3.2. Acceleration plus Transport

A more varied and complex set of spectra can be
obtained if we add the e†ects of di†usion and acceleration.
Simple analytic solutions for the time-dependent case are
possible only for special cases. Most of the difficulty arises
because of the di†usion term, which plays a vital role in
shaping the spectrum for a narrow injection spectrum. For
some examples see Park & Petrosian (1995). As we have
seen for the steady state case, the e†ect of the di†usion is
important for a narrow injected spectrum. Here we will
limit our discussion to a broad initial electron spectrum in
which case the e†ects of this term can be ignored. Thus, if
we set D(E)\ 0, then the solution (eq. [21]) of equation (13)
can be generalized simply by inclusion of the systematic
acceleration term A(E) in (see eqs. [14] and [17]) asE0

L
E0
L
(E)

E
p

\ 1 ] (E/E
p
)2[ b(E/E

p
)q{~1

q0
, (24)

where or 1 for the shockb \ aDq0 (E
p
)q{ \ q0/qac(Ep

)D 102
or stochastic accelerations, respectively, and for the param-
eters described in ° 4.3.1. For a general exponent q@ one
must resort to numerical solutions. For the purpose of
demonstration of the e†ects of further ICM acceleration we
consider the simple case of q@\ 2 (corresponding to the

constant acceleration timescale of Fig. 2), which has a solu-
tion similar to that shown by equation (23) :

f (E, t) \ exp
A
[ t

Tesc

B
Q0

]
[T

`
[ (E/E

p
) tan (dt/q0)/d]p0~2

cos2 (dt/q0)[T~(E/E
p
) ] tan (dt/q0)/d]p0

, (25)

where d2\ 1 [ b2/4 and ThisT
B

\ 1 ^ b tan (dt/q0)/(2d).
solution (valid for b2\ 4) reduces to that in equation (23)
for b \ 0. For b2[ 4 we are dealing with an imaginary
value for d so that tangents and cosines become hyperbolic
functions with d2\ b2/4 [ 1. For d \ 0 or b \ 2 either
form reduces to

f (E, t) \ exp
A
[ t

Tesc

B
Q0

[1[ (E/E
p
[ 1)t/q0]p0~2

[E/E
p
[ (E/E

p
[1)t/q0]p0

. (26)

The dashed lines in Figure 3 show the evolution of spectra
for the latter case, and Figure 4 shows the solution accord-
ing to equation (25) for larger values of b. As expected with
acceleration, one can push the electron spectra to higher
levels and extend them to higher energies, but as described
below this does not signiÐcantly alter the above conclusion
based on the transport e†ects alone, but it improves the
situation somewhat.

For b \ 2 the situation is similar to the case b \ 0 (no
acceleration) except that the spectra decay more slowly ; the
degenerate phase of a Ñat spectrum is reached later and
extends to a higher energy. For ab [ (2 ] 4/p0)1@2D 1.83
local maximum appears during the degenerate phase just
below the maximum energy (see Figs. 3 and 4). This peak
could be very high and narrow. For b [ 2 the acceleration
becomes more and more important and can quickly reverse
the decay and give rise to a growing spectrum. As before,
for early times one gets a power-law spectrum at

Fig. 4a Fig. 4b

FIG. 4.ÈSame as Fig. 3, but for (a) b \ 5 (solid lines ; for 10~2, 10~1, and 1) and b \ 60 (dashed lines ; for 10~2, 10~1.5, andt/q0\ 10~3, t/q0 c\ 10~2.5,
10~1) ; (b) b \ 2, 5, 9, 17, and 26 (from lower to upper spectra) and at three di†erent times, 10~0.8, and 10~0.2 (solid, dotted, and dashed lines,t/q0\ 10~1.5,
respectively), obtained from eqs. (25) and (26).
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The spec-tanh (dt/q0)/(dT~)\E/E
p
\ T

`
d/tanh (dt/q0).trum now can be sustained to a high energy for all times :

Emax
E

p
\ d ] (b/2) tanh (dt/q0)

tanh (dt/q0)
[ d] b

2
^ b . (27)

Thus, with faster acceleration rate (i.e., b [ 50) we can have
electron spectra extended above 104 MeV. However, the
period when the spectrum below this energy is a power law
is short. The degenerate phase is reached quickly when

For large values of b thistanh (dt/q0)\ [d/(d] 2)]1@2.
gives t/q0\ ln Md]1][(d]1)2]1]1@2N/2d] ln (2d)/(2d),
which is less than 5] 108 yr for b [ 50, implying a short
duration for the power-law phase. As is evident from Figure
4, soon after the electrons are reaccelerated to above 104
MeV the power-law portion disappears. Of course, the situ-
ation can be improved with a more complex injected spec-
trum (e.g., a broken power law; see Brunetti et al. 2000) or
with a time-dependent injection and/or acceleration param-
eters. However, some Ðne tuning may be required to sustain
the required spectrum for a period signiÐcantly longer than
108 yr, which is essentially determined by the temperature
of the CMB and the resultant lifetime of the E\ 104 elec-
trons. In any case the additional acceleration in the ICM
improves the situation.

5. SUMMARY AND DISCUSSION

The purpose of this paper has been to investigate the
emission mechanisms for the observed nonthermal radi-
ation from the ICM of several clusters and to explore pos-
sible acceleration scenarios. We have used the observations
of the Coma Cluster for our quantitative analyses. The
qualitative aspects of the results summarized below are
quite general, but the speciÐc values of the parameters
depend on the assumed values of the density, temperature,
size, magnetic Ðelds, etc., some of which are poorly known
and can vary from cluster to cluster.

For the radiation mechanism, we have come to two
important conclusions :

1. The source of the HXR Ñux cannot be NTB emission
by semirelativistic electrons because of the extreme ineffi-
ciency of this process, unless it is a short-lived (less than
108 yr) phenomenon.

2. IC scattering of relativistic electrons by the CMB
photons is a more natural process for production of both
the HXR and EUV emissions. We have shown that the
problems with a low value of magnetic Ðeld needed for this
mechanism (discussed widely in the literature) can be alle-
viated when we include the e†ects of more realistic (broken
power law) spectra and anisotropies in the pitch angle dis-
tribution of the electrons. Observational selection bias can
also favor the IC emission at low magnetic Ðelds.

Combining the requirements of the IC process for HXR
and EUV emissions with the requirements of the synchro-
tron process for the radio emission, we derive a simple spec-
trum for the radiating electrons as described by equation
(12).

Next we investigate the constraints that this spectrum
and other considerations put on the acceleration mecha-
nism. We consider both second-order Fermi stochastic
acceleration by turbulence and Ðrst-order Fermi acceler-
ation by shocks. We derive parameters for both these
mechanisms so that they can accelerate electrons to the

required energies of E[ 104 MeV within their lifetime of
108 yr or shorter. The important conclusions here are the
following :

1. The ICM must contain a high level of turbulence (or
other scattering agent) to trap the electrons for time periods
longer than their loss timescales and much longer than their
crossing time across the cluster.

2. Acceleration of the thermal ICM electrons to rela-
tivistic energies will be difficult given the low value of the

velocity and more importantly requires input of aAlfve� n
large amount of energy in the ICM. It will also give rise to
an unacceptable spectrum for the IC model.

3. Steady state acceleration of injected relativistic elec-
trons gives rise to a Ñatter spectrum than desired, or to an
HXR and EUV source that extends well beyond the bound-
aries of the radio source.

4. Steady state cooling of a power-law injected spectrum
also su†ers from the same shortcoming or must involve ad
hoc assumptions.

5. Time-dependent models fare much better. A power-
law injected spectrum, under the inÑuence of transport
e†ects alone, can evolve into one with a high-energy cuto†
at (as required by the observations) after a timeEcr D 104
equal to the energy loss time at this energy, which is about
108 yr. For later times yr) the cuto†(t [ q0D 6 ] 109
moves to lower energies and the spectrum becomes Ñat
below it. If one adds an acceleration agent, then the spec-
trum can be maintained above the desired energy for a
longer period. This requires an acceleration timescale that is
shorter than 108 yr. However, at such high acceleration
rates, the spectrum below this cuto† becomes Ñat in a
shorter period of time, where Thist D q0 ln b/b, b D q0/qac.can yield an acceptable spectrum for a period of about
5 ] 108 yr.

The above results mean that either the nonthermal emis-
sions from the ICM are short-lived and rare events or there
is episodic injection of a power-law spectrum of relativistic
electrons on a timescale of about 108 yr. This, however, still
leaves the initial mechanism of the electron acceleration
unresolved. A likely scenario is that episodic mergers of
subclusters or encounters between galaxies can give rise to
shocks and turbulence. The initial acceleration can take
place in these shocks. The spectrum of radiating electrons is
a result of transport and further acceleration (by turbulence)
in the ICM. In such a situation, however, one would expect
a di†erent spatial distribution for the EUV emission than
for HXR and radio emissions. The latter emitted by higher
energy, shorter lived electrons will be more concentrated
around the initial source. Similarly, a radial variation of the
magnetic Ðeld could result in a more (or less) centrally con-
centrated synchrotron (radio) emission compared to the IC
(HXR and perhaps EUV) emission. Density variations will
a†ect mainly the bremsstrahlung emission relative to the
other radiative processes but not the arguments based on
the bremsstrahlung yield. Temperature variations can e†ect
the spectrum of the turbulence.

An exact evaluation of the relative spatial distributions at
di†erent energy bands will require solution of an inhomo-
geneous Fokker-Planck equation, which in turn requires
knowledge of energy and spatial dependences of scattering
and escape processes, as well as spatial variation of density
and magnetic Ðeld. This is beyond the scope of the present
paper and not warranted by the existing observations.
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Higher spatial resolution observation would be helpful
here.

Alternative sites of the initial acceleration may be in gal-
axies, in which case the homogeneous model will be a good
approximation. However, in this case, in addition to elec-
trons one would expect a larger energy input in the form of
protons. It is likely that protons may be the source of the
turbulence that is essential for any viable model of non-
thermal emission from the ICM.

This work was started while I was a visitor at the Insti-
tute For Advanced Studies and Bochum University. I
would like to thank the support of both institutions and
their sta† and acknowledge stimulating discussions with J.
N. Bahcall, P. Kumar, and R. Schlickeiser. I would also like
to thank P. Blasi, A. M. Bykov, J. Eilek, T. A. and Y.En�lin,
Rephaeli for helpful discussions and several suggestions
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