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Chandra X-ray observations of the 1 E0657-56 galaxy cluster diffuse
emission reveal the existence of large scale cluster merger shock. We study
the observed radio and X-ray data of this cluster as a possible result of
the diffusive shock acceleration. This model can explain the observations
within reasonable ranges of physical parameters for the shock and the int-
racluster medium. The expected nonthermal soft and hard X-ray fluxes are
predicted.

PACS numbers: 98.70.Sa, 95.30.Qd, 98.65.Cw, 98.65.Hb

1. Introduction

Extended diffuse emissions which have recently been observed in clus-
ters of galaxies provide an evidence for the presence of nonthermal particles.
The radio halo observations (Giovannini and Feretti, 2000) often show close
similarity to the spatial distributions of X-ray thermal component present
in these clusters (Giovannini et al., 1999). In a number of cases, nonthermal
hard X-ray emission (HXR) (Fusco-Femiano et al. 2000) and an extreme
ultraviolet emission (EUV) excess (Lieu et al. 1999) are also detected. The
existence of the nonthermal X-ray component and its expected extension
up to the ~-ray range is a challenge of consistent description of mecha-
nisms generating the radiation in the intracluster medium (ICM). Extended
synchrotron emission requires large scale magnetic fields and the respective
electron cosmic ray (CR) component in the cluster. The expected contribu-
tion of energetic hadrons in radiative processes is still a matter of debate.
It is not clear at present how energetic particles are accelerated in galaxy
clusters.
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Determining the acceleration mechanism in galaxy clusters is essential
for an understanding of the nonthermal phenomena in the ICM; both for the
knowledge of the origin of radio relics and radio halos, through the ionized
medium heating, up to the explanation of the observed high energy emis-
sion in X and ~-ray ranges. In the literature many models were discussed
concerning the nonthermal electrons and hadrons in clusters (Colafrancesco
et al. 1998). The proposed acceleration processes are frequently associated
with cluster merger phenomena (Sarazin 1999) and/or supergalactic accre-
tion shocks (Ensslin et al. 1998). In another category of acceleration sce-
narios the particle scattering off magnetohydrodynamics turbulence in the
ICM is the primary acceleration agent (Blasi 2000). With the extensive data
base covering the radio and X-ray range, the best studied example for such
processes is the Coma cluster. However, the observations of this object, and
of many others, have not yet pin-pointed the dominant acceleration process.

Additional motivation for reconsidering existing ideas on particle acceler-
ation is due to the new Chandra observations of the remarkably hot cluster,
1E0657-56 (Markevitch et al. 2002; P1), which reveal clear evidence of a
merger shock. The cluster also possesses one of the most powerful radio ha-
los (Liang et al. 2000; P2). Since it presents a classic example of a moderate
shock produced during the merger, one may reconsider the shock accelera-
tion processes of electrons in this cluster.

In the present paper diffusive shock acceleration (DSA) is assumed to
produce radio halo emission, and we will study the radio spectral properties
and transport parameters of energetic electrons accelerated at the shock.
The results of this study suggest that the DSA electrons are responsible for
several major observational features in the cluster when reasonable transport
coefficients are used. Finally, the implications of these relativistic electrons
to nonthermal soft and hard X-ray emission due to inverse Compton (IC)
processes are briefly discussed.

2. Proposed model for acceleration at the merger shock
of 1 E0657-56

2 1. Radio halo emission

Let us first list a few basic observational facts concerning the 1 E0657-
56 cluster. In the X-ray emission of this cluster the bullet-like gas cloud
traversing the main cluster can be seen, after passing its centre ~ 10% yr
ago (P1). It is a possible remnant of the merging subcluster. On-going
merger observations allow determination of parameters of the shock seen
as an edge brightness in the X-ray image. The independent indication of
the shock presence is provided by the substantial temperature variations
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in the cluster. In particular, the temperature jump across the shock front
is consistent with the Mach number, M = 2.1 and the estimated shock
velocity us ~ 3000-4000 km s~!, with the high mean gas temperature of
14-15 keV. The radio emission of the bullet substructure, the Western part
of the region marked ‘2’ in (P2), including the bullet and the main cluster
core, corresponds to the subvolume described above. It is characterized by
spectral indices ajg ~ 1.2 from 1.3 to 4.9 GHz and a2§ ~ 1.3 from 2.4
to 8.8 GHz, without any significant steepening. The radio power of this
luminous halo is Py 4 ~ 4.3 x 102> W/Hz at 1.4 GHz.

Assembling the justifications for a shock-induced halo model, it is worth
noticing that one cannot exclude the existence of a radio relic at the S-E
peripheries of the 1E0657-56 cluster. Radio observations of the extended
J06587-5558 radio source (Liang et al. 2001), placed near the initial merger
site, i.e. 1.5 Mpc from the X-ray bow shock, allow that apart from the diffuse
radio halo there may be a small-scale diffuse relic feature. Its location is
seen at the S-E corner in Fig. 3 in (P1) and corresponds to the ‘discrete’
source C in Fig. 4(b) in (P2). The polarization of the synchrotron emission
observed from this peculiar source is exceptionally high and its spectral index
a3 =1 steepens at higher frequencies to a8 = 1.5. Whether it is possible
to indicate a common origin of this hypothetical relic and the diffuse radio
halo would be a question to answer after the nature of supposed relic has
been confirmed.

Observations of the ICM shock in this cluster suggest that the DSA
model application may be relevant, leading possibly to formation of the
synchrotron tail, a 2 Mpc structure up to an X-ray brightness edge. The
presence of nonthermal particles responsible for the radio halo, and the si-
multaneous ICM gas heating during the merger event may be compatible
with the shock dissipation scenario. In the standard DSA theory (e.g. Drury
1983) a few percent of the shock energy can be transmitted to cosmic rays
while the remaining large portion is transferred to ICM heating.

In order to evaluate CR transport parameters the following assumptions
are made:

1. The observed bullet-like structure in the X-ray data (P1), is a site
of fresh electron injection. Its spectral behaviour represents the in-
jected spectrum observed on time-scales shorter than cooling time for
a particular energy. Thus it determines the spatial region lgif, where
diffusion is not affected by the cooling (see Eq. (7), below). In this
region one can expect to observe a nonthermal HXR excess due to the
most energetic electrons.
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2. Outside the above structure, the diffusing electrons change subse-
quently their spectral index (due to obvious steepening and the shock
strength changes) until diffusion and losses produce the equilibrium
spectrum. The HXR emission should disappear in this region.

The efficiency of the DSA process depends mainly on the shock struc-
ture determined by its Mach number and on the possibility of strong particle
scattering in its vicinity. The physical properties of the merger shock initi-
ated by cluster collision are estimated in the following, for the 1 E0657-56,
from the Rankine-Hugoniot relations. For the measured downstream and
upstream plasma temperatures the shock compression ratio r = 2.22 is ob-
tained, corresponding to the Mach number M =~ 2, consistent with the value
~ 2.1 predicted in (P1) and with a gas pressure jump (cf. Fig. 4 in (P1) —
showing the gas pressure model) at the shock

dr —1
P2 _ 2T 45, (1)
P1 4 —r

It proves that we do not have here a cold front but a real shock. The shocks
like this, with moderate Mach numbers, allow for the most efficient ICM
heating (Miniati 2002). Thus the extended radio emission, with morphology
that resembles that in X-rays, becomes comprehensible. In particular, the
radio emission seems to share the symmetry of the soft X-ray distribution.

A shock with the compression factor r can accelerate particles, producing
the power-law particle momentum distribution, n(p) o p~7, (see, e.g. Drury
1983), where the power law index

_7’—1—2

g 7’—1.

(2)

The above compression factor implies a radio spectral index a = 1.25
(0 = 3.5), in a striking agreement with that measured at the central part
of the radio halo, where a@ = (1.2-1.3) (P2). This fact encourages one to
study the electron DSA model. To proceed, we assume, following (P2), that
the magnetic energy density and the energy density of relativistic particles
are close to equipartition. Then, a constant spectral index of =~ 1.3 above
0.01 GHz is taken, and a ratio of energy in cosmic ray protons and electrons
is assumed to be k = 1. The magnetic field strength is evaluated for the
whole halo according to the standard formula (Miley 1980) as

B =09 7" uG, (3)
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where 1 is the magnetic field volume filling factor. In this formula a total
flux density of 78 mJy at 1.3 GHz was used (P2). Below, n ~ 1 is used
leading to B ~ 0.9 uG. For a strongly filamentary magnetic field structure
with 7 = 0.01 one obtains a somewhat larger field, B ~ 3.7 uG.

Let us suppose that the energetic primary electrons generate the diffuse
nonthermal radiation owing to acceleration occurring in on-going merger.
The radio halo region corresponding to the area mentioned in point (1) i.e.
from the cluster core to the shock front (¢f. Fig. 1(a) in (P1)) has a linear size
~ 0.6 Mpc, (western extension of region ‘2’ in (P2)). It is a fraction of the
whole observed radio halo, believed to form the volume where DSA model
offers a correct description. The shock propagating in the cluster distributes
particles in a volume whose linear size corresponds to the distance ~ wgt,
where t < tjie (tfe — the radiative life-time of relativistic electrons of the
highest observed energy). In this volume, a young electron population with a
spectrum identical to the injected one is assumed to produce the synchrotron
emission with the observed index 1.2-1.3. The seed particles can be supplied
at the merger shock.

There are two basic processes leading to energy loss for v ~ 103-104
electrons: synchrotron and IC losses. Comparison of the acceleration time
scale and the shorter of the loss scales allows evaluation of the maximum en-
ergy attainable by electrons. The energy losses for magnetic field calculated
from Eq. (3) (for simplicity let us take B ~ 1 uG) are dominated by the IC
scattering of cosmic microwave background (CMB) photons. The respective
time scale is given by

_MAx10°  ENTT o s (BT @
e = (1+2)* \GeV - Gev) O

where F is the electron energy and the cluster redshift is z = 0.3. For a
‘moderate’ shock with r ~ 2, the characteristic acceleration time scale is

Tacc = u_g KB, (5)

where for highly turbulent conditions near the shock, the spatial diffusion
coefficient k is close to the Bohm value,

1 3.3 x 1023 £ B\ 2
KBohm = =TgC = 3. — —_— cmes
Bohm = 37g Gev ) \10-7G

(rg — a particle gyration radius). Thus we obtain

E B -1 Ug -2
Tace = 12.54 <GeV> (10—7G> (103 kms—1> b (6)
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The maximum energy condition for accelerated electrons, 71c = Tace, implies
— for B ~ 1 pG and the shock velocity us ~ 4 x 103 km/s — the value
of Enyax = 70 TeV. In the time tji5e = T1c(E), the maximum distance swept
by the shock gives for 3 GeV electrons radiating at 120 MHz—0.5 Mpc, and
for 11 GeV electrons radiating at 1.4 GHz is 0.15 Mpc. It becomes clear
that the explanation of synchrotron emission properties at 1.4 GeV is not
trivial even if we concentrate exclusively on the mentioned western part of
the cluster with the size of ~ 0.6 Mpc.

The electron diffusion length in the limiting case of Bohm diffusion
Kk = kp is for t = t}fe

laisr = (% tyge) /2, (7)

and gives lg;g of only a few parsecs for 11 GeV electrons. However, a realistic
description of particle transport in the region considered requires a detailed
knowledge of spatial and energy dependence of the diffusion coefficient.

Owing to a lack of detailed information concerning the nature and geom-
etry of the magnetized medium in the ICM, one must use simple consider-
ations. In the merger shock vicinity the expected strong turbulence (Roet-
tinger et al. 1999) implies that the Bohm approximation is valid. However,
the particle mean free path far from the shock is expected to be much greater
than in the shock neighbourhood, leading to a more efficient diffusion. Thus
one may ask a question about the value of the diffusion coefficient x which
allows the shock accelerated electrons to fill the region of size L ~ 0.5 Mpc.
Then, from Eq. (7), for electrons between the energy 3 and 11 GeV, the
value of k ~ 1032 cm?s7! is obtained. This value for s is much greater
than xg. However, it should be noted, that the effective diffusion coeflicient
for cosmic rays in our Galaxy can reach ~ 10?8 cm? /s, with an average cross-
field particle transport. Thus the above estimate for the cluster medium,
with the lower B and the turbulence decaying far behind the shock, can be
a realistic one.

Finally, let us briefly discuss the possible peripheral relic. If it is a real
radio relic, the electrons contained there are expected to have an equilibrium
spectrum o' = 3 (o = 1), corresponding to the injection spectrum o = 2
created by the strong merger shock with the compression » = 4. The elec-
tron spectrum has to be already balanced by losses since the shock needed a
long time to move from its original to the present position. At this distance
of the order of 1.5 Mpc, we expect its strength to be reduced to its present
value, r = 2. A decrease in compression and the following cooling result in
a spectral index change between the locations in question. For the electrons
accelerated at the S—E cluster periphery one may expect the observed spec-
trum steepening at higher frequencies, o/gljg = 1.5, a feature not seen at the
present location of the shock, at the western ridge of region ‘2’ in (P2). The
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steepening of the spectrum in the relic can be interpreted as the result of the
magnetic field compression and enhancement by the merger, which leads to
much higher synchrotron losses. In such case, the compression would nat-
urally explain a high polarization degree of this region. Since the shock
dissipation leads to ICM gas heating and at the same time to decreasing
the shock propagation velocity and the respective Mach number, a detailed
numerical model describing the process must consider its time dependence.
Therefore, only an application of the time-dependent model will allow the
entire radio halo to be treatable consistently.

2 2. Nonthermal X-ray emission

The same population of relativistic electrons that is responsible for the
cluster radio halo generates nonthermal X-ray emission by IC scattering off
cosmic microwave background photons. The emission may appear both at
soft and hard X-ray energies as a power law excess. The hard X-ray emission
has been detected in several clusters (Rephaeli et al. 1999) with a luminosity
of the order of 10%3 ergs™!.

To evaluate the luminosity of the nonthermal X-ray component in this
cluster, the IC emissivity is calculated as (Bagchi et al. 1998)

2
SI‘VI‘ a_+1
By = 1.7(1+ z)? (qux> (8)

for the ICM plasma parameters given above. The radio and the X-ray
flux densities, S; and Sx are given at the observed frequencies v, [Hz| and
vx |keV]. The IC radiation has the same spectral index o = 1.3 (o = 3.5) as
the low frequency radio waves (assuming that there is no electron spectral
break in the range corresponding to synchrotron emission within 10 MHz—
1.4 GHz); and the equipartition magnetic field strength, B = 1 uG is taken.
For example, the electrons with v = 15004700 scatter the CMB photons
into the 2-19 keV band, vx = %VCMB’)/Q. This results in a (cluster-frame)
luminosity Lo_5 kv ~ 2 x 10%3 ergs™ and Lig_19 ev ~ 10*3 ergs™!, re-
spectively in the soft and the hard X-ray band. Thus the expected IC
contribution to the X-ray intensity in the band 2-5 keV gives possibly a few
percent of the total flux in this band.

While the CMB photons should be pumped to HXR range, we expect
that the same electrons, synchrotron radiating within the range
10-1400 MHz, replenish the EUV band through the synchrotron self-Compton
(SSC) process.

The diffuse EUV emission is detected in excess of the thermal fluxes
in the spectra of a few clusters (Berghofer et al. 2000). In the 1 E0657-56
cluster no nonthermal emission has yet been detected — neither in the EUV



2138 G. SIEMIENIEC-OZIEBLO

range nor in any other. (Although, as suggested by the X-ray spectral
appearence in Fig. 2 in (P2), it might not be excluded for energies smaller
than 0.4 keV or greater than 5 keV.) Since it would be too early to accept
the detailed predictions of EUV excess, let us point out only that usually the
EUYV emission is attributed to IC scattering of CMB photons by nonthermal
electrons with Lorentz factors of order of v ~ 400 (Atoyan et al. 2000).
We concentrate here on a v > 1000 electron population (produced by on-
going merger and not being the succesively stored older populations coming
from past mergers), which supplies the luminous radio halo seen in radio
frequencies. The lower energy part of the electron spectrum (y < 1000)
in a typical cluster presents a quite different distribution (see, for example
Sarazin, 1999) than the power law high energy population. Therefore, an
estimation of this emission, in e.g. the 80-400 eV band, produced by electrons
with v ~ 300-700 is not feasible through extrapolation of the spectrum to
lower energies.

It must be mentioned that, apart from CMB, the dominant contributor
to the cluster photon field, there are other radiation fields providing seed
photons for IC scattering. However, as one can estimate for cluster starlight
and radio photon field, their energy densities are always a few orders of
magnitude smaller than the CMB energy density. Thus both radiation fields
give negligible contributions to HXR/gamma and EUV ranges.

3. Summary

A moderate shock seen in Chandra image of 1 E0657-56 galaxy cluster
allows an application of a diffusive shock acceleration model for the electron
component of cosmic rays in this cluster. In the present paper an attempt
has been made to consistently present the nonthermal phenomena in this
cluster in terms of DSA. The author would like to point out that the DSA
model can explain observational spectral features of this cluster in a nat-
ural way. Further progress requires however an extension of the model to
the nonstationary particle spectra as the consequence of shock braking in
the cluster. In the case of the 1 E0657-56 cluster, the evidence for a shock
induced radio halo with possible support of in situ accelerated synchrotron
emitting electrons is clearly seen. The parameters of particle acceleration
evaluated from the observed shock characteristics are roughly consistent with
the radio halo properties. Simple estimates of IC fluxes in soft and hard
X-ray bands are also provided. However, the decisive diagnostics of nonther-
mal ICM will become possible after inclusion of the hadronic interactions in
the modelling.

The author is grateful to Michal Ostrowski for valuable discussions and
for meticulous reading of the manuscript.
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