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Abstract. We wish to constrain the cosmic-ray proton (CRp) population in galaxy clusters. By hadronic interactions with

the thermal gas of the intra-cluster medium (ICM), the CRp producays for which we develop an analytic formalism to

deduce their spectral distribution. Assuming the CRp-to-thermal energy densitygati@nd the CRp spectral index to be
spatially constant, we derive an analytic relation betweenythey and bolometric X-ray fluxes;, and Fx. Based on our

relation, we compile a sample of suitable clusters which are promising candidates for future detegtimy®fresulting

from hadronic CRp interactions. Comparing to EGRET upper limits, we constrain the CRp population in the cooling flow
clusters Perseus and Virgo Xggr, < 20%. Assuming a plausible value for the CRffaion codficientx, we find the central

CRp injection luminosity of M 87 to be limited to $derg s «/(10%° cn? s7%). The synchrotron emission from secondary
electrons generated in CRp hadronic interactions allows even tighter limits to be placed on the CRp population using radio
observations. We obtain excellent agreement between the observed and theoretical radio brightness profiles for Perseus, but not
for Coma without a radially increasing CRp-to-thermal energy density profile. Since the CRp and magnetic energy densities
necessary to reproduce the observed radio flux are very plausible, we propose synchrotron emission from secondary electrons
as an attractive explanation of the radio mini-halos found in cooling flow clusters. This model can be tested with future sensitive
y-ray observations of the accompanyirfydecays. We identify Perseus (A 426), Virgo, Ophiuchus, and Coma (A 1656) as the
most promising candidate clusters for such observations.

Key words. galaxies: cooling flows — galaxies: cluster: general — galaxies: cluster: individual: Perseus (A426) —
galaxies: intergalactic medium — ISM: cosmic rays — radiation mechanisms: non-thermal

1. Introduction Brunetti 2002) which produce radio signatures théedimor-
) . ) phologically as well as spectrally:

Cooling flows are regions where the influence of non-thermal
intra-cluster medium (ICM) components such as magnetic gpack accelerationNatural acceleration mechanisms pro-
fields and cosmic rays may be strongest within a galaxy cluster iging relativistic particles are strong structure formation
owing to strong observed magnetic fields, central active galax- 54 merger shocks (e.g., Harris et al. 1980; Sarazin 1999).
ies, and increasing non-thermal-to-thermal energy ratio due t0 petajled studies have been undertaken on shocks of cosmo-
rapid thermal cooling processes. They are also regions Wherelogical scales (Miniati et al. 2000; Takizawa & Naito 2000).
such components are best detectable due to the high gas dengem | acceleration processes of CRe at these shock fronts
sity which allows for secondary particle production in hadronic produce large scale extended peripheral radio relics as pro-
interactions of cosmic ray nuclei with the ambient gas. By the posed by EnRlin et al. (1998a). For instance two promi-
term cooling flow we do not rely on .specific models but on_ly nent relics in Abell 3667 (Rttgering et al. 1997) were
on observed properties such as declining temperature grad'em%uccessfully reproduced in a simulation of this process by
and enhanced electron density profiles towards the center of theRoettiger et al. (1999).
cluster. 2. Reaccelerated electrons:Secondly, reacceleration pro-

Non-thermal relativistic particle populations such as cos- cesses of mildly relativistic CRey(~ 100-300) being
mic ray electrons (CRe) and protons (CRp) can be injected injected over cosmological timescales into the ICM by
into the ICM mainly by three dierent processes (following  sources like radio galaxies, supernova remnants, merger

shocks, and galactic winds can provide dficeent sup-

Send gprint requests toC. Pfrommer, ply of highly-energetic CRe. Owing to their long lifetimes
e-mail:pfrommer@mpa-garching.mpg.de of a few times 18 years these mildly relativistic CRe can
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accumulate within the ICM (see Sarazin 2002, and refen the case of the radio mini-halo of Perseus according to
ences therein), until they experience continuous in-situ &ijbring (1993). This, however, could easily be an observa-
celeration either via shock acceleration or resonant pitthnal artifact owing to a poor signal-to-noise ratio in the outer
angle scattering by turbulent Adw'waves as originally pro- core parts of the cluster in combination with the ambiguity of
posed by Jdie (1977), reconsidered by Schlickeiser et atletermining the large scale Fourier components owing to the
(1987), and lately by Ohno et al. (2002). These accelem@enuniform coverage of the Fourier plane and missing short-
tion processes of CRe possibly yield extended radio haloeaseline information: the so-called “missing zero spacing”-
centered on the cluster (Brunetti et al. 2001) while there goeoblem of interferometric radio observations. By comparing
also suggestions that radio mini-halos within a cooling flothe spectral index distribution of the three radio maps (92 cm,
cluster originate from these processes (Gitti et al. 20020 cm, and 21 cm), there seems to be likewise a possibility of
There is also evidence that reacceleration processes aatlal spectral flattening depending on the chosen radial direc-
ing on fossil radio plasma produces small filamentary radiimn. The hadronic electron model does not necessarily produce
relics at the cluster periphery, so-called revived radio ghoste radial spectral steepening without fine-tuning.
(EnRlin & Gopal-Krishna 2001; Enf3lin & Biggen 2002) Assumptions: The purpose of this work is to provide con-
presumably by adiabatic compression in shock waves. ceptually simple analytic instruments for describing the spec-
3. Particles of hadronic origin: Eventually, CRp can inter- tral signatures in radio, X-rays, andrays resulting from in-
act hadronically with the thermal ambient gas producingastic cosmic ray ion collisions. It is especially important to
secondary electrons, neutrinos, gndays in inelastic col- constrain the population of CRp within clusters of galaxies in
lisions taking place throughout the cluster volume whicbrder to understand the governing physical processes of these
would generate radio halos through synchrotron emissiebjects and the important theoretical implications for the non-
(first pointed out by Dennison 1980; Vestrand 1982). lthermal content of the ICM, i.e. if non-thermal CR pressure
the ICM the CRp have lifetimes of the order of the Hubblplays an important role in supporting the intra-cluster ionized
time (Volk et al. 1996; EnBlin et al. 1997; Berezinsky et agas (EnRlin et al. 1997). The assumptions of our models are:
1997), long enough to fluse away from the production
site and to maintain a distribution over the cluster vol— CRe are taken to originate from hadronic interactions of
ume. This process was reconsidered in more detail by Blasi CRp with thermal ambient protons of the ICM and the

& Colafrancesco (1999) and by Dolag & Enflin (2000),
the latter authors using numerical hydro-dynamical simu-
lations including magnetic fields. Recently, Miniati et al.
(2001b) have performed cosmological simulations of clus-
ter formation including injection processes of primary CRp.

CRp population is described by a power-law distribution
in momentum. The origin of this population is not specified
here, but CRp may be accelerated by shock waves of cluster
mergers, accretion shocks (Colafrancesco & Blasi 1998), or
injected from radio galaxies into the ICM (Valtaoja 1984;

These authors conclude that under certain conditions ex- Enf3lin et al. 1997; Blasi & Colafrancesco 1999), or result
tended difuse radio emission could be due to hadronically from supernova driven galactic winds@i'et al. 1996).
produced CRe. However, there are also claims that ex In our isobaric model, the energy density of CRp is as-
tended radio halos cannot be generated by secondary elecsumed to be proportional to the thermal energy density of
trons due to the morphological steepness of predicted ra- the ICM. In our scenario of adiabatic compression of CRp
dio brightness profiles in contrast to observations (Brunetti during the formation of the cooling flow this proportion-
2002). Besides constraining the population of CRp in the ality is imposed prior to the transition. This assumption is
ICM, this work will present arguments for the hadronic ori- reasonable if the thermal electron population and the CRp
gin of radio mini-halos or a substantial contribution of sec- were energized by the same shock wave assuming that there
ondary electrons to these mini-halos. We further perform is a constant fraction of energy going into the CRp popula-
a parameter study which shows that the large cluster radio tion by such an acceleration process. As a third model we
halos could be also of hadronic origin, provided the CRp- take a single central point source injecting the CRp which
to-thermal energy density profile is radially increasing. results in a very peaked CRp profile (compare Blasi 1999;
Blasi & Colafrancesco 1999).
Itis very difficult to distinguish between contributions of these— The CRp spectral index is assumed to be independent of
three populations of cosmic ray (CR) particles to non-thermal position and therefore constant over the cluster volume.
particle populations, especially if all of them account for injec- In some sense this represents an oversimplification which
tion of cosmic rays into the ICM in flierent strength depend-  could be abandoned in order to reproduce some specific ob-
ing on underlying governing physical processes and parame- servational results, which however would be questionable
ters. The hadronically produced CRe may be reaccelerated bywithout understanding the underlying physical processes.
shocks or cluster turbulence and therefore mix up tiffe@int — The electron density and temperature profiles of the ICM
CRe populations. are assumed to be spherically symmetric and were taken
Radio observations of the radio halo in the Coma cluster from the literature. This assumption is justified in the case
find a strong steepening of the synchrotron spectrum with in- of y-rays resulting from neutral pion decay because we use
creasing radius (Giovannini et al. 1993). This behavior is ex- cluster volume averaged spectra in order to compare to ob-
pected for a reaccelerated population of CRe (Brunetti et al. servation, and is not severe in the case of radio emission,
1999, 2001). There is also a report of radial spectral steepeningsince the profiles are obtained from deprojected X-ray data.
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The magnetic field configuration is assumed to be sphef-1. Definitions

cally symmetric on cluster core scales and follows the el hroughout the paper we use the following definitions for the
tron density with a power-law index as a free parameigr 9 pap 9

o ifferential source functioq(r, E), the emissivityj(r, E) and
within the suggested range (Dolag et al. 2001, 1999). the volume integrated qua?ftitieg respectively'yj( )

— No reacceleration or ffusion process of CRe is taken

into account in calculating the synchrotron and the inverse dN ,
Compton (IC) emission. Therefore we provide conservati®’ E) = grgvge: /("B =Edr.E), (1)
estimates for the flux.

— The radio spectrum is taken to be quasi-stationary owi&fE) = fdv q(r. E), J(E) = EQ(E), (2)

to the short electron cooling time which establishes a sta- ) _

tionary CRe population on very short timescales. There{§1€reN denotes the integrated number of particles. From the
a one-to-one correspondence between the CRp power RRHrce function the integrated number density production rate
index and that of the CRe population which is in additiofif Particlesi(r), the number of particles produced per unit time

determined by radiative synchrotron losses and IC coolirigterval within a certain volumef, and the particle flug™ can
be derived. The definitions of the energy weighted quantities

are denoted on the right hand side, respectively,
The paper is organized in two main parts: It starts with theo-

retic modeling ofy-ray spectra resulting from hadronic CRp-pi(r) = de or, E), A(r) = de Eqr, E), (3)
interactions and presents models of synchrotron and IC radia-

tion emitted by secondary electrons. The second part discusges fdv A1), L= fdv NG @)
the astrophysical application of this formalism to a nearby

cluster sample including cooling flow clusters. After model- L L

ing the spatial distribution of CRp within cooling flow clus- =~ 47 D2’ F= 4xD? ©)
ters we constrain this population by comparing to EGRET

upper limits. We furthermore obtain limits on the CRp popz 2. -ray spectrum from hadronic CRp interactions
ulation by the morphology of radio brightness profiles in the

case of Perseus and Coma. Throughout this paper we assdrel. Cosmic ray proton population

the standard\CDM cosmology withQy = 0.3, Q4 = 0.7,
andHg = 70h70 km st Mpc™, wherehyg indicates the scaling
with Ho.

The diferential number density distribution of a CRp popula-
tion can be described by a power-law in momenfyn

. p C —(lp
fo(r, Pp) dpp dV = ficrp(r) (Gp?/) (

cdpp

GeV) ™, ©

where the tilde indicates thaicrp is not a real CRp num-
ber density while it exhibits those dimensions. We choose the
normalizationncry(r) in such a way that the kinetic CRp en-
ergy densityecry(r) is proportional to the thermal energy den-
'ﬁy &tn(r) of the ICM,

2. Theoretic modeling of multi-frequency
signatures resulting from hadronic
CRp interactions

In order to study non-thermal emission from clusters we modk

the IC and synchrotron radiation of secondary CRe produced 00

in inelastic collisions by CRp scatteringfahermal nuclei as cre(l) = Xcro(r) eun(r) = fo dp fo(r, Pp) Exin(Pp) (7)
well as they-ray spectrum produced by decaying pions being . ) > 1

produced by these CRp-p collisions. After introducing our def- - Acre(r) My C (m’ c ) ’ B (“p _ 2’ s3- ap) . (8)
initions (Sect. 2.1), we develop an analytic formalism describ- 2(ap-1) \GeV 2 2

ing the decay of secondary neutral pions into two high-enerq;
y-rays (Sect. 2.2). Section 2.2.2 uses the analytical fireb
model for inelastic CRp interactions with nuclei of the inter-

e kinetic energy of CREyn and the thermal energy density
the ICM gy, are given by

galactic medium in the high-energy regime of CRg, (> ' _ \/T_

my ¢?), following Mannheim & Schlickeiser (1994). Based onE"'“(pp) = \PECE+mpct —my (%)
that we develop in Sect. 2.2.3 an_a_nalytlc formula descnblrg%(r) _ §de ne(r) KTo(r), (10)
the y-ray spectrum by parameterizing importafiteets near 2

the pion threshold using an approximate description developed 1- %XHe

by Dermer (1986a,b), which combines isobaric (Stecker 19Mfjjere de = 1+ 1 ix. (11)
and scaling models (Badhwar et al. 1977; Stephens & Badhwar 27re

1981) of the hadronic reaction. Using this formalism, an ameunts the number of particles per electron in the ICM using the
alytic 7,—Fx scaling relation is derived in the framework ofprimordial*He mass fractioiXue = 0.24, andB(a, b) denotes
a simple scenario of spatial distribution of CRp (Sect. 2.3he beta-function (Abramowitz & Stegun 1965). The functional
Finally, Sect. 2.4 deals with radio and X-ray emission of sedependence of the CRp scaling parametgsy(r) is a priori
ondary electrons being produced by decaying charged pionsinknown. In order to draw astrophysical conclusions for the
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1oF where B,(a,b) denotes the incomplete beta-function
I (Abramowitz & Stegun 1965) witkx = (1 + §%)~1. Combining
i Fig. 1 and Eq. (14) demonstrates the small influence of
_ Coulomb cooling to the CRp energy density within cooling
5N T el flows.
Z| & ] 2.2.2. Fireball model
xl e N
® =21 | The CRp interact hadronically with the thermal background
p N . . . T
,,,,, a,=2.3 gas and produce pions with relative multiplicities = %gﬂi
- @=25 according to isospin symmetry and assuming thermal equilib-
e ap=2.7 rium of the pion cloud in the center of mass (Fermi 1950). The
01 — e charged pions decay into secondary electrons (and neutrinos)

D [GOV €] and the neutral pions intp-rays:

Fig. 1. The ratio of CRp energy densitiegry(Pmin. ap) With and with- 7 _, )= 1y /5 — €* + ve/ve + v, + ¥,
out a lower cutff pmi, in the CRp number density distribution function 5
as a function ofmin for different values of the CRp spectral indgx T = ey

(see Eg. (15)). For CRp the kinematically allowed threshold in order i . 1
to producer®-mesons hadronically is given kg, = 0.78 GeVc™. Only CRp above the kinematic threshqigl, = 0.78 GeVc

are able to produce pions hadronically and are therefore visible
through their decay products in both tiheay and radio bands
CRp population in clusters of galaxies, we adopt thréedint via radiative processes. Only the CRp population above this
models for the spatial distribution of CRp later on in Sect. 3.2hreshold is constrained by this work while the lower energy
In contrast to relativistic electrons which loose their energpart of this population in general can not be limited by only
on relatively short time scales compared to the Hubble tineensidering hadronic interactions.
through synchrotron emission in cluster magnetic fields and In the high-energy limit for CRpH, > myc?) the pion
IC scattering with photons of the microwave background, tsurce function resulting from hadronic CRp-p interactions can
dominant energy loss mechanisms of CRp are electronic exsé- calculated following Mannheim & Schlickeiser (1994) to be
tations in the plasma (Enf3lin et al. 1997), defining a cooling

[ _ ficrp(r

time (Gould 1972) Go(r, E0) dEo @V ~ 226y (F) E;Rgi/ )
1 (dyp)J—l 6E o\~

tee=[——| = (12) 0

ee [ o\ dt ), X(GeV) dE,0 dV, (16)
3 2 232 271 _

_ MeCMbhpp ( halls B”]_ _p} , (13) Wherea, = 4/3(ap — 1/2), opp = 32mbarn is the inelastic

4netne heop 2 p-p cross section, anah(r) = dirne(r) = ne(r)/(1 - %XHe)

is the target nucleon density in the ICM. Th®decay induced
omnidirectional (i.e. integrated oversolid angle) diferential
vy-ray source function can be calculated in this energy regime
assuming the decay products are distributed isotropically in
their rest frame, yielding

whereg,c denotes the velocity of the protop, its relativistic
Lorentz factor, andy = (47€’ne/me)Y/? the plasma frequency.
Inserting typical values for cooling flows yields a lower dtito
on the CRp momentum

tage Ne 1
- :o,z—(i)ev . (14 . :
Prin = FpYp My € (Gyr) 102cm3) oV ¢ (14) a,(r,E)) = 2f o dE,,o—q”o(r Ex) (17)
o . . B+3E ,/Ezo—m’zroc‘l
In general, this gives rise to a spatially dependentf€utiothe 4

CRp momentum which increases with time.

= 2% orppe n(r) flerlr) (6”1’“)(:2)_(@(% 1),

In order not to rely on too many assumptions, we do not GeV GeV 2°2
impose a specific momentum c#tavhich is possible since 5 \2
. . . 4E, mpocC
the spectral index,, varies in our model in between 2 and 3yhere x = (77] . (18)
Instead, we quantify the influence of a lower diifayi, on the 4E2+ P, ¢t

population of CRp by taking the ratio of CRp energy densi- ] ] . )
ties ecrp(Pmin. @p) With and without a lower cutib. This ratio Owing to Lorentz symmetry, this formula is valid for both lim-

as shown in Fig. 1 can be written using the definition for tHiing €nergy regimesg, > mpoc?/2 andE, < moc?/2.
normalized lower CRp momentum ctit@ = Bmn Because of an incomplete accounting of physical processes at

e’ the threshold of pion production like the velocity distribution
o -2 3-ap My (TR of CRp and momentum dependent inelastic CRp-p cross sec-
ecro(P. ap) _ BX( 2 2 )+ 2P p( 1+p 1) (15) tion, Eq. (17) overestimates the numbenefays for energies

scrpl0, ap) B(““T_z 3_—2"”) | aroundE, ~ m,o ¢%/2.
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2.2.3. Dermer’s model 0

In order to make detailed predictions for th¢decay induced 5,16
y-ray spectrum, more realistiadfects near ther®-production %
threshold have to be included. This was done by using th(—fiD 1018l
code COSMOCR originally designed for cosmic ray studie
by Miniati (2001). The underlying\z>-isobaric model was S
shown to work well at low proton energies (Stecker 1970). It%10 E
assumes the CRp-p interaction to be mediated by the excitatiop® ]
of the Asj-resonance which subsequently decays into two pro-2 10
tons and ar®-meson. The production spectrum of secondary;
n%-mesons is given by a convolution of the normalizeg,- §~10'24
isobar mass spectrum represented by a Breit-Wigner distribu- 5
tion with the energy distribution function. The scaling model 1"
used at high energies (Stephens & Badhwar 1981) uses Lorentz
invariant cross sections for charged and neutral pion production

in p-p interactions inferred from accelerator data. COSMOCR
includes also the contribution of the two main kaon decay o2
modes to secondary pion spectra (following Moskalenko &
Strong 1998) which ar&* — u* + v, /v, (63.5%) andK* —

%+ 7% (21.2%) where the latter channel also contributes to the
y-ray source function.

In order to derive an analytic formula describing the om-
nidirectional diferentialy-ray source function over the energy
range shown in Fig. 2, we keep the behavior of the spectrum
in the fireball model folE, > myo ¢?/2 and parameterize the
detailed physics at theP-threshold by the shape parametgr
which smoothly joins the two power laws to the asymptotic ex- 02
pansion of theB-function of Eq. (17), yielding

[

Agy/q, (E)

-0.1

Lol Y

N

1

ficrp(r "
a,(r, E,) dE, dV = appCny(r) €57 E;R—é’s/) E, [GeV]

o
'

4 2\ ([ 2E, \& 2E. \ % —ay /8y Fig. 2. a)The omnidirectional (i.e. integrated over 4olid angle) dif-
N (mf" ) [( 4 ) +( 4 ) ] dE.dv. ferentialy-ray source function, (E,) normalized by the target number
3a, \ GeV Mo C2 Mo C2 4 densityny(r) and CRp normalizationcr(r) in order to be indepen-
(19) dent of the spatial dependence of any specific model. The dotted lines

show the simulateg-ray spectra while the solid curves represent our

The scaling behavior in the high-energy limit of Dermerg,ogels given by Eq. (19) with the spectral indices from top to bottom,
model can be described by a constant pion multipligity 2 ¢ (2.0, 2.4, 2.7, 3.0, 35). b) Relative deviation of our analytic
characterizing the two leading pion jets leaving the interagpproach to simulategray spectra.

tion site in direction of the incident protons diametrically and
carrying the high longitudinal momenta owing to Lorentz con- By comparing the logarithm of the-ray source function of
traction of the interacting nuclei in the center of mass syster:m (19) to numerically calculated spectra using COSMOCR
and He|s_enberg N uncerta.mty reIapo_n _(Nachtmann .1990)' TWe recognized that the influence of the detailed physics at the
assumption of constant pion multiplicity of t_he scallng m(?d(:f'hreshold together with the kaon contribution can be modeled
is in contrast to the fireball model (Mannheim & Schlickeiser

1994), which assumes a state of hot quark-gluon plasma'nom semi-analytic approach in Eq. (19) by self-consistent

thermal equilibrium after the hadronic interaction subsequenﬁ?almg relations for th_e shqpe pa_ramé;emnd the fective in-
ablating pions with multiplicities,o ~ [(Ep — Eqn)/GeV]¥4, efastic p-p cross sectian, including the kaon decay modes.

whereEq, = 1.22 GeV denotes the threshold energy for pio-rﬁhe shape parametéy scales with the spectral index of the

! y-ray spectrum as
production.
They-ray source function peaks at the energynpfc?/2 ~ S, = o,14a;1-6 +0.44, (20)

67.5MeV. It is well known, that the asymptotic slope of the ) )
y-ray spectrum, characterized by its spectral indexrepro- which models the functional behavior of the spectrum (com-

duces the spectral index of the population of CRp,= o, Pare Fig. 2). Thefective cross sectiomyp also depends om,
(Dermer 1986b). This is again in contrast to the fireball mod&hich can be modeled by

which predicts a ste_eper asymptotic slope imthray spectrum op = 32 (0.96+ e4.4—2‘4ay) mbarn (21)

for ap > 2, amounting tar, = 4/3 (ap — 1/2). In the follow-

ing we restrict ourselves to Dermer’s model because it is bet@n the one hand, the enhanced contribution to the normal-
motivated by accelerator data. ization of they-ray source functiorg,(E,) for flat spectral
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indices @, is due to the larger contribution of the channel o-pp(ap) de Giarmypo C

p+p — K*+ Xrelative top + p — #* + X for larger en- Where A, (ap) = Gevim, ; (27)
ergies, approaching asymptotically a value of 27% at energies
larger than 1 TeV (Miniati 2001) which we did not account (m”oé)‘”v [B (ﬁ E)]XZ (ap— 1)
for a priori in our simple model. Secondly, this scaling behaKI- _\cev X\ 26,7 25, )|, VTP
ior also includes higher order contributions to tliieetive pion 7(“”) - e\l oo g ’ (28)
multiplicity for harder spectra characterized by a lower spectral (m) B (pT Tp) 22, 5,
indexa,.
The dfective description of the spectrum with the smooth My C2 21" .
peak characterized by the shape paramétestarts to fail for @M% X = {1 +( 2E, ) for i€ {12} (29)
very steep spectra of, > 3.5 where relativistic kinematics at
the threshold plays a crucial role. Then the higher number ldere we introduced the abbreviation
decaying low energetig®-mesons results in a more concen-
trated peak on top of the boosted broader distribution of dec:!l{/gx)] %= f0e) - fx). (30)

ing highly-energetic pions. The lower panel of Fig. 2 shows thaksuming Dermer’'s model the-ray spectral index scales

the relative deviation of the semi-analytic approach of Eq. (185 o, = a, in contrast to the fireball model where, =

to the simulated-ray spectra amounts below 0.2 for the spee3 (o, — 1/2). The shape parametéy is given by ther,—s,

tral range shown in Fig. 2, which is Sicient for the purpose scaling relation in Eq. (20) which strictly holds for Dermer’s

of our work. model, but should also be valid for the extended fireball model.
Comparing the integrateg-ray source density, (Ej, E)

of Eqg. (25) to that of thermal bremsstrahlung (Eq. (22)) we

obtain an analyti¢,—Fx scaling relation for the ratio of-ray

fluxes¥, and bolometric X-ray fluxeEx,

2.3. Energy band integrated y-ray luminosity: Analytic
Fy—Fx scaling relation

In the following, we derive an analyti€,—Fx scaling relation

which should serve as an approximate estimate for a given clS{E1 < E < Ep) Ay (“p) Ny (ap) (kTe)

ter of galaxies. As a simple scenario we choose the CRp energy Fol erg - Ao keV 12 grgrt ( keV

density to be a constant fraction of the thermal energy density,

crp(r) = Xcrp&m(r). However, this is not a fundamental conWhere the prefactor is appropriately scaled yielding a dimen-

straint for this scaling relation. Any other spatial dependen&jPnless number which consists &f(ap) (EQ. (27)), N, (ap)

for the CRp scaling paramet¥er, may be substituted instead(EQ- (28)), and\o (EQ. (23)). TheF,—Fx ratio scales linearly

of the assumed one. with the scaling parameteXcr, given by Eq. (7) and is in-
The bolometric X-ray emission of the hot thermal intrdl€pendent of the underlying cosmology, however not of red-

cluster electrons is given by the cooling function for thermghift due to the K-correction. Inferred values for the expected

1/2
) Xerp (31)

bremsstrahlung (Rybicki & Lightman 1979), y-ray flux ¥, are consistent with those obtained by EnB3lin et al.
(1997) for the spectral index of our Galaay = 2.7.
Ax[ne(r), Te(n)] = Ao ne(r)? VKTe(r), (22)
_ 27 \"? BB, 2.4. Stationary spectrum of hadronically originating
with Ao = (ﬁ) 3hme Z%gg(Te) (23) secondary electrons

This section is based on a formalism developed in Dolag &
EnRlin (2000). The steady-state CRe spectrum is governed by
wheren is the electron number densite the temperature, injecti_on of secondarit_es z_and cooli_ng processes so that it can be
dear is the nucleon density in the ICM relative to the electrorféScribed by the continuity equation
for primordial element compositioZ, the charge numbéand 5 .
ge ~ 1.2is the frequency and velocity averaged Gaunt factorgg_ (Ee(r. Ee) fo(r. Ee)) = Ge(r, Eo). (32)
In order to obtain the integratedray source density, for )
pion decay induceg-rays they-ray source functiom, (r, E,) ForEe(r, p) < 0 this equation is solved by
in Eq. (19) can be integrated over an energy interval yielding 1 o0
—_— fEe dELqe (1, Ep). (33)

~6.62x 10%*erg s* cm® keV Y2, (24)

fo(r, Ee) = —
B |Ee(r, Ee)l
(r.EnEp) = | dE,q,(r.E) (25) _ S _ _
E: The cooling of the radio emitting CRe is dominated by syn-

2 chrotron and inverse Compton losses giving
= Ay (ap) N, (ap) XerpNg(r) KTe(1), (26)

: 4orc (BYr)  Biug) o2
! Settingz? = 1 in Eq. (23) is correct for a plasma of primordiaI_EE(r’ Ee) = 3mgct| 8rx + S Ee.

element composition which consists of hydrogen and helium only, be-

cause(nyZ?) = ny in this case. This is a reasonable approximatiowhereo s is the Thomson cross sectidg(r) is the local mag-

owing to the small contamination of heavier elements in the ICM. netic field strength an&%MB/(Bn) is the energy density of the

(34)
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cosmic microwave background expressed by an equivalentfigld.2. Inverse Compton emission of secondary
strengthBeys = 3.24 (1+ 2)? uG. The CRe population above a electrons

GeV is therefore described by a power-law spectrum ) _ _ o
The source functiogc owing to IC scattering of cosmic mi-

f(r ) = Acre(r) ( Ee )_“e’ (35) Ccrowave background (CMB) photongtan isotropic power
GeV \GeV law distribution of hadronically originating CRe (Eq. (35)) is
Ferd ) = 27 1167 D AL g O'ppmgc“ n(r) ficre(r) 36) ((:iesr;vg;j_rfrr]%r;;% S(Za:igr:g I)belckl & Lightman 1979, in the
R = T 0e=2 orGeV BN+ B, 9
rnecz 1-ae E —(a,+1)
@ +1  in Dermers model A E) = a0 feed) (g ) (qrs) - @9
=1, . (37) € cmB
Zap+ 3 inthe fireball model
e f 203 (2 + 4ae + 11)
. , ) = 44
1 in Dermer’s model ic(ae) (ae + 3)? (ae + 5) (e + 1) #4)
Amod 3\ , (38)
3(3) in the fireball model 2 t5\ fant5
e e
For the sake of consistency, we use Dermer’s model through- Xr( 2 ) g( 2 ) (45)
out the paper where thefective cross sectiomry, is given .
[ ' = 812 r2 ficrdr) (KT,
by Eq. (21) in contrast to the fireball model wherg, andd(r) = X" cre(I") (KTcwms) (46)

32 mbarn. The approach of the scaling relation of Eq. (21) is h3 ¢2 ’

approximately valid for CRe although the decay channels \%erea = (a 1)/2 denotes the spectral index, =
v e — -

charged kaons provide a stronger contribution totheranch- &/(m.c?) the classical electron radiug(a) the Riemann

ing ratio relative tar®-mesons resulting also in slightly higher f : : . N
L2 . : ) -function (Abramowitz & Stegun 1965), a r) is given
injection rates for electrons and positronsfiBiences in nor- ¢ ( 9 ), amérelr) is g

o S . by Eqg. (36). After integrating over the IC emitting volume
malization and radl_o brightness m_orpholo_gy due to thied in the cluster we obtain the particle fldx(E,) (see Egs. (4)
ent models governing the CRp-p interaction are small and jfz (5)). The same CRe population seen in the radio band via
relevant for our conclusions.

synchrotron emission scatter CMB photons into the hard X-ray
regime. In they-ray spectrum, there is a point of equal con-
2.4.1. Synchrotron emission of secondary electrons tribution of the IC spectrum of the CRe showing a decreasing
L .__slope of-@, — 1 = —ap/2 - 1 (assuming Dermer’s model) and
The synchrotron emissivity, at frequency and per steradian the pion decay induceg-ray spectrum being characterized by
OT a power law distribqtio_n of CRe (Eq. (35)) in_ an iSOtrOpi‘fhe rising sloper, = a, (see Eq. (19)). In the high energy limit
distribution of magr_let|c flleldls anld electrons W|tr_1|n the.hal , > mwc?/2), the pion decay induceghay spectrum de-
volume (Eq. (6.36) in Rybicki & Lightman 1979), is obtaine lines with a slope of-a, = —a, which is the same as the
after averaging over an isotropic distribution of electron pitcI emission fora, = 2 a¥1d sligr:)tly steeper for larger values

angles yielding of a;, (for illustration, see Fig. 3).

nm=QMWWJWMW%éyV (39)

H — 5

with ¢, = 3eGeV/(2m mic?), Inthe previous sections we developed an analytic description to
Var & ae+ IT(35)T(357)T (%) 40 compute the neutral pion decay indugethy spectrum from a
327 M g + 1 F("e—”) . (40) CRp population over a broad rangejyefay energies extending

4 from below MeV up to TeV. Moreover, we presented a for-
whereI'(a) denotes thel-function (Abramowitz & Stegun malism of calculating the synchrotron and IC emission from
1965) andy, = (ae — 1)/2 = ap/2 in Dermer’s model. In our a stationary population of CRe resulting from hadronic CRp
models the magnetic fielB(r) was assumed to be sphericallynteractions of the thermal gas of the ICM. Assuming a con-
symmetric on cluster core scales and to follow the electron destant scaling between kinetic CRp energy density and thermal

2.5. Summary and outline

Cz(ae) =

sity ne(r) (Dolag et al. 1999, 2001): energy density of the ICM we derived an analyfic-Fx scal-
ne(r) 1 ing relation for the ratio of-ray flux to bolometric X-ray flux
B(r) = Bo - (0)} , (41) to obtain observationally promising cluster candidates for con-
e

. _ straining the CRp population. In order to obtain reliable flux
whereB, andag are free parameters in our model. Assumingsiimates we are going to introduce in the following three pos-
the radio emissivity,(r) in Eq. (39) to be only a function of ra- gip|e spatial distributions of the CRp, whose population is ei-
dius, then the line of sight integration yields the surface brighfier in fractional pressure equilibrium with the thermal particle
ness of the radio halo population (as assumed for selecting the clusters), experienced
(42) adiabatic compression during the formation of the cooling flow

S.(r) =2 Roj(r)rdr
N \/m cluster or is shaped by fliision away from a central source
L of CRp. By modeling they-ray emission of these particular
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2070 which are preferentially found in peripheral regions of the clus-

ters (Quilis et al. 1998; Miniati et al. 2000). Thus, harder CRp
populations ¢inj = 2.0...2.5) are mostly injected into the out-
skirts of clusters. However, motion of the ICM gas transports
them dficiently into the cluster centers (Miniati et al. 2001b).
Injection by radio galaxies: Active galactic nuclei (AGN) are
able to produce large amounts of relativistic plasma. The com-
position of this plasma is not known, however, the presence of
CRp is assumed in and supported by many papers. The energet:
ics of AGN is suficient to inject a significant CRp population
into the thermal ICM (EnGlin et al. 1997, 1998b; Colafrancesco
& Blasi 1998; Blasi 1999; Wu et al. 2000) provided CRp are
y present in the radio plasma and are able to leave it on cos-
“10000  Mological short timescales. If the radio plasma releases all its
CRp, a moderately flat injection spectrum can be expected (say
Fig. 3. The simulated dferential flux ofy-rays from Perseus reach-&inj ~ 2.5) since radio emission from radio gglaxies indicate_s
ing the Earth. Shown are upper limits of the IC emission of seflat CRe spectra. If, however, only a small fraction of the CRp is
ondary CRe (power-laws, assuming zero magnetic field) as well&ile to leave the radio plasméfdisively, an even flatter spec-
pion decay inducegt-ray emission (represented by broad distributiotrum (sayainj = 2.2) can be expected due to increasing escape
centered OrEpeak ~ 67.5 MeV). The normalization of the spectra dif-probability with momentum (EnBlin 2003).
fering in their values of the CRp spectral index = o, (Dermer's  Supernova RemnantgSNR) are known to be able to produce
model) depends on the assumed scaling between CRp and thermafigf{«;,; ~ 2.4) CR populations and they are believed to be the
ergy density. We fix this scaling paramt_a)(ﬂRp assuming the isobaric main CRp source of our galaxy (Schlickeiser 2002, and refer-
model (Sect, 3'2'|1.) by comparing the 'nfegrated flux above 100 M&Y\ces therein). The reason for the steepgry 2.7) galactic
to EGRET upper limits (see Reimer et al. 2003). CRp spectrum is thought to be the momentum dependent es-
cape probability from our Galaxy. Thus, the spectrum of CRp
clusters and comparing to EGRET upper limits we are gescaping from galaxies should be flat agaip;(~ 2.4). The
ing to present bounds on the CRp population. Furthermokpectrum injected into galaxy clusters could be even flatter, if
we will derive upper bounds on the CRp population by radi@rmination shock waves of the galactic winds are able to re-

synchrotron emission of hadronically originating CRe and wiliccelerate them, as proposed hyl/ét al. (1996).
compare azimuthally averaged radio brightness profiles of the

the Perseus radio-mini halo and the radio halo of Coma.
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The CRp population in galaxy clusters which is able to

interact with the thermal gas and thus to produce observable

signatures will be a mixture of contributions of thefdrent

3. Astrophysical application to nearby clusters sources, modified by acceleration and energy loss processes
of galaxies using multi-frequency observations In order not to rely too much on a specific physical picture,

we discuss simplified models, which should be able to capture

3.1. The expected spectral index a), many typical situations.

The spectral index of the ICM CRp populatiop is not well
constrained by observations. However, because galaxy clus%ar? e .

are able to store CRp for cosmological time®(¥ét al. 1996; << 'Spatlal' distribution of cosmic ray protons
EnRlin et al. 1997; Berezinsky et al. 1997) the spectral index 1 cooling flow clusters

of the global CRp population (allowing for spatialfidirentia-
tion) is expected to be that of the injection process, if no r
acceleration processes modified the spectrum after injecti

In the following, we introduce three models for the spatial dis-
grfiﬁution of CRp within clusters of galaxies. The origin of the
. . . . opulation is not specified in the first two models, but
We discuss briefly dierent possible CRp sources in gaIaXYhengppmay be accelerzted by shock waves of cluster merg-

clusters: : . ;
. ers, accretion shocks, or result from supernova driven galactic
Structure formation shock waveshave generated most of the

thermal energy content of galaxy clusters. Therefore, it is pl winds. In contrast to that we explore in the third model the

ag-. - : )
sible to assume that they also produced most of the CR g:af:fusmn process of CRp away from a central AGN. Since it

ergy of clusters. Shock acceleration is able to produce momésnynclear how CRp are distributed spatially in detail, we in-

tum power-law particle distributions characterized by a spectt’aqsugate here three fiiérent scenarios which should serve as

index, which is in the test-particle picture of non-relativistic"” models. We pursue th_e phllosophy of estimating physmal
shock acceleration parameters from observationally obtained electron density and
temperature profiles by using simplified model assumptions for
RLZ, (47) the CRp population. In doing so we try to minimize the di-
R-1 mensionality of parameter space as much as possible in order
whereR < 4 is the shock compression factor. The lowest speio- track the main physical processes by means of analytically

tral indices are therefore generated by the strongest shodkasible methods and not to rely upon too many assumptions.

inj =
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Therefore the presented CRp profiles which are based on 8iece any hadronically induced emissivity scales \M&I&p we
assumption of spherical symmetry should not be interpretedasain the following relation,

a precise estimate of the CRp population but rather as a plausi-

ble spherically averaged scenario. j adiabatiqry — Clap+2)/3(yy j isobariqpy (55)

3.2.1. Isobaric model of CRp 3.2.3. Diffusion of CRp away from a central AGN

In this model we assume that the average kinetic CRp enefgyny galaxy clusters — especially those with a cooling flow —
densityscry(r) is a constant fraction of the thermal energy demarbor a central galaxy, which often exhibits nuclear activity.
sity emn(r) of the ICM The relativistic plasma bubbles produced by the AGN may con-
ecrp(r) = Xcrpem(r). (48) tain relativistic protons, which can partly escape into the ther-

mal ICM. Most of the CRp that have been injected into the

This distribution might be maintained even in the case of §ster center are either ftlisively transported into the sur-

cooling flow cluster by mixing and ongoing turbulent CRp diffounding ICM (as assumed by Colafrancesco & Blasi 1998:

fusion processes exerted by relativistic plasma bubbles risingsysj 1999) or form relativistic bubbles which rise in the gravi-

the gravitational potential of the cluster due to buoyant forces;qna| potential of the cluster due to buoyant forces (Churazov

(Churazov et al. 2001, and references therein) which possiBly,| 2001, and references therein). An argument in favor of

leads to fra_ctional pressure equilibrium with the thermal parg'significant central CRp injection into the ICM is the much

cle population. more dficient escape of CRp from the magnetic confinement
of the radio plasma bubble during the very early stages due to

3.2.2. Adiabatic compression of CRp the bubbles higher geometrical compactness and and expected

) o . _ stronger turbulence level (Enf3lin 2003). In addition to this, any
Here we assume the CRp population to be originally isobaricdgactic wind from a central galaxy will also inject CRp into

the thermal population but to become adiabatically compressgd ciyster center. In order to treat thes@igiion processes an-
during the formation of the cooling flow while it did not relaxajytically one has to distinguish between clusters containing a
afterwards. The phase space volume stays constant during &iiSjing flow region or not. In the first case CRyffdision will
transition and the momenta and volumes scale according t0shape their emission profiles owing to the peaked cooling flow

) A 13 s profiles while the emission strength in non-cooling flow clus-
Po = Pp = (n—e) Pp = C7pp, (49) ters is mainly governed by thefective injection timescale.
-1 Cooling flow clusters: The transport of CRp through the
Vo= V) = (E) Vp = CV,. (50) ICMis diffusive, with a difusion codficient«(r, p) which in
Ne general may depend on momentum and position. For illustra-

Here the compression fact@ = C(r) = (ny/ne)(r) has been tion we use

introduced, which is larger than unity within cooling flows. C \aan

Provided that the electrons have been in hydrostatic equiligr, p) = xo(r) (p_) , (56)
rium during this transition, this implie€(r) = Teusted/ Ta(F), GeV

whereTcusierdenotes the electron temperature in the outer cqfgy, ko ~ 1077-30cmP st being plausible values. By using
region. This transformation implicitly assumes that the ratio gfis ansatz. we ignore likely deviations of thefdsion co-
the CRp number densities before and after_the adiaba'Fic CO®rcient from Eq. (56) in the mildly relativistic regime be-
pression equals that of the electron population. If tfeten- 56 these CRp are also not constrained by observations of
tial number density distribution of the CRp population may bgeir hadronic interactions. The dieient agiz describes the
described by a power-law in momenty) then after adiabatic ., entum dependence of thefdsion and is expected to be
compression of CRp the functional shape of their distributio(pdiff ~ 1 for active CRp ditusion in a Kolmogorov-like small-

remains unchanged, however shifted according to scale magnetic turbulence spectrum angk ~ O for pas-

o ﬁ’CRp(r’)c pc\ ™ sive advective transport in a turbulent flow. In the latter case
f'(r',p) = “Gev (Gev) , (51) K(Fg = vturb/lltgbl/(?, ~ 10210nﬁsg)1,lwhere;;turp ~ 180 knr;l st
~ N , e and Ay ~ ¢ are the turbulent velocity and coherence
Acrp(r') = ficrp [ r'(r)] C(r))(**2)%. (52) Iengtrt:rrespectivzly.

The normalizatiomcry(r) is chosen in such a way that the ki-  In a stationary situation, which is a valid approximation for
netic CRp energy density makes up a constant fraction of #iescales longer than the typical CRpfdsion timescale in
thermal energy density prior to cooling flow formation and ithe case of a stationary or short-term intermittent CRp source,

described by a scaling parame¥&jrp the CRp distribution functions is given by

ecrp(r) = Xcrpem(r) — S/CRp(r,) = X,CRp(r/) etn(r’). (53) QAp) (T dr’ Qu(p)

After adiabatic compression of CRp this scaling parameter hfag Pp) = - 4r Jo «(r',p)r2 = 4r(p)r’ (57)
thus changed to o

Xerglr) = C23(1) Xerp (54) Where Qy(p) = %pg\f (%) : (58)
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Table 1. Parameters of electron density profile§) of our cluster sample (central densitigsare subject to dierent formulae (66) and (67)).
The cluster are ordered according to their property of being a cooling flow cluster (upper part) or a non-cooling flow cluster (lower part).

n fe, N, fep
Cluster z [2Zem3  [hikpel B [M2em®  [hikpe] B, Equation References
AB5 ... ®551 308x 102 45 0662 B/7Ix10° 226 0662 (67) (a), (b)
A426 (Perseus) .... 0.0179 .6 x 1072 57 1.2 479% 1078 200 0.58 (66) (c), (d)
A2199 ........... 00302 337x 1072 29 0663 T77x10° 116 0663  (67)  (a), (b)
A3526 (Centaurus) 0.0114 .G5x 1072 8.6 0569 FH5x10°3 99 0.569 (67) (a), (d)
Ophiuchus ......... 0280 171x 102 56 0705 TW7x10° 190 0705  (67)  (a), (e)
Triangulum Australis  0.0510 .31x 103 151 0.816 H3x10°3 444 0.816 (67) (@, (M
VIEGO oo 036 15 x 10! 16 042 13 x107 20 047 67  (q), ()
A1656 (Coma). . ... 00231 34 x 1073 294 0.75 ©6) (i), (d)
A2256 ............ 0581 357x10° 347  0.828 66)  (a), (d)
A2319 ............ 00557 735x 1072 152 0.536 (66) (@), (d)
A357L ..ol 00391 937x 10°° 124 061 66)  (a),(d)

(a) Mohr et al. (1999), (b) Oegerle & Hill (2001), (c) Churazov et al. (2003), (d) Struble & Rood (1999), (e) Lahav et al. (1989), (f) McHard:
et al. (1981), (g) Matsushita et al. (2002), (h) Ebeling et al. (1998), (i) Briel et al. (1992).

is the averaged CRp injection rate of the central source. We In order to obtain a realistic estimate for théfdsion vol-
assume it to be a power-law in momentum with spectral imme to be considered, the relevant length scale needs to be
dexainj, Which in general is not identical to the spectral indetaken into account. We define the characteristic sBale by

of the CRp population within radio plasma since the escapalculating the second moment of the time-dependent distri-
fraction is expected to depend on momentum (EnRlin 2008ution function of the first particles released by the source,
For the last step in Eq. (57) we assume for simplicity the difielding

fusion codficient to be independent of position. Possible mod-

els of spatial distributions for the fliiision codficient depend Rz = /2 Ngim tinj «(p) = 80h;3/2 kpc (ﬁ
strongly on many unknown quantities such as the dominant GeV
diffusion mechanism (activeftlision versus passive advectivavhere ngi, = 3 denotes the number of spatial dimensions.
transport), the velocity field, the turbulence scale, and the topblere we assume a typical lifetime &f; = Sh;(} Gyr and
ogy of the magnetic field, only to mention a few. Therefores ~ 10°° cn? st. Beyond this scaleRyy there can be a
we are unable to guess a realistic profile &g(r) without en- CRp population resulting from fiusion away from the cen-
larging the accessible parameter space tremendously. HowéxarAGN which is however exponentially suppressed. Because
since we expect the filision codicient not to change dramati-they-ray luminosity resulting from hadronic CRp interactions
cally over the cooling flow scale and since the distribution funecales as

tion fy(r, pp) is suficiently steep in radius (Eq. (57)) our results

should be approximately correct. The total CRp luminosity ofy « 47 fdf r#ficrp(r) Ne(r) oc fdr 9, (62)

the source can be estimated from Eq. (57) to be
we always obtain centrally peakedray profiles, since the
My €2 Qpo (Mp C? 1=t @inj — 23— ainj cooling radius is smaller than theffilision scaler, < Ry,
Lerp = 2(am — 1) (Gev) B( 2 T) (59) andg > 1/3 within cooling flow regions (compare Table 1).
Thus, they-ray luminosity is only weakly dependent 8 as
Within our model, the CRp distribution function within thelong as it reflects the correct order of magnitude.

)WZ . (6D

thermal ICM can be written as In this work we constraimcrpo With the aid ofy-ray ob-
. 1 servations of galaxy clusters. From these constraints limits on
f _ Ncrpo C r PpC\™ 60) the averaged CRp luminosity escaping from the radio plasma
p(r» pp) - 1 ) ( ) . N
GeV | hyjkpe GeV of the central galaxy can be derived using
whereay, = ainj + aqi?. Lerp  4mmy € crpo g kpe (my, ¢ tam
- 2 (ainj -1) GeV

Ko
2 This seems to be in contradiction to the identity of injection and
equilibrium spectral index for a system without escape claimed in B(ainj -2 3- ainj)

Sect. 3.1. Formally, we had to include particle escape from the galaxy 2 2 (63)

cluster in order to be able to have a finite steady state solution of the

diffusion problem, as given by Eq. (57). In the realistic case of a tfficiently high target density to detect the CRp population.
nite age of the system the stationary solution is only approximatélyerefore, although we use a poor description of the CRp profile on
valid in the center of the galaxy cluster. However, only there existdage-scales, the estimateday fluxes should be $iiciently accurate.
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Table 2. Parameters of temperature profilegr) of our cluster sample. The estimatgday flux 7, es(>100 MeV) was calculated using the
F,—Fx scaling relation (Eq. (31)) withy, = 2.3 and bolometric X-ray fluxes from David et al. (1993). Note thatscales linearly withXcrp
which was set tXcrp = 0.01 Xp01 in this table. The range foF, o« reflects the temperature spread in cooling flow clusters between the central
temperatur& o and the peripheral temperatufe.

kTo kT, I'temp F,est(>100 MeV)
Cluster Experiment [keV] [keV] Hikpc] 7 [X00110cmr?s?] References
A8B5 .............. BppoSAX MECS 55 9.0 312 2 18.. 2.3 (a), (b)
A426 (Perseus) .... XMM-Newton MOS 3.0 7.0 94 3 19.1.29.2 (c)
A2199 ............ Chandra ACIS 16 43 215 1.8 13. 2.2 (d), (e)
A3526 (Centaurus) ASCAGIS 2.2 4.0 22 3 22. 29 )
Ophiuchus ... ...... ASCA GIS 12.8 22.0 ®
Triangulum Australis ASCA GIS 10.3 4.8 )
Virgo ...l XMM-Newton PIMOS 1.0 3.0 135 1 32.. 56 (@)
A1656 (Coma).. ... XMM-Newton MOS 8.3 13.1 (h)
A2256 ............ Chandra ACIS 6.7 2.3 (1)
A2319 ........... ASCA GIS 9.7 54 4]
A3571 ........... ASCA GIS 7.2 4.5 )

(a) Irwin & Bregman (2000), (b) Lima Neto et al. (2001), (c) Churazov et al. (2003), (d) Voigt et al. (2002), (e) Johnstone et al. (2002), (f)
White (2000), (g) Matsushita et al. (2002), (h) Arnaud et al. (2001), (i) Sun et al. (2002).

where we again ignored any possible low-energy spectral cobntributing to they-ray flux in the EGRET energy band are
off, since it can be included a posteriori with the help of Fig. hot able to leave the central core region within a reasonable
As a rough estimate we find numerically timescale.

Lerp = Lain) 10800/ erg s

3.3. Constraining the population of CRp
] , (64) by the integrated flux of y-rays in different clusters

x( Ko ) ( Acrpo
10Pcn?s T/ | 1076 hZem-2
, 3.3.1. Cluster sample
with L(ain) = 6.1, 2.2, 1.6, and 1.7 fowinj = 2.1, 2.3, 2.5,
and 2.7, respectively. In Sect 3.3.4 we analyze these constraiplying the #,—Fx scaling relation (Eq. (31)) and taking
for our cluster sample in more detail. bolometric X-ray fluxes from David et al. (1993) while fix-
Non-cooling flow clusters:In transforming the above con-ing Xcrp = 0.01 X1 anda, = 2.3 we estimateg-ray fluxes
siderations on diusion length scales to the case of non-cooling, «s(>100 MeV) for the spectral sensitivity of EGRET in or-
flow clusters we point out the following fierences: In non- der to choose our cluster sample (see Table 2). Inferred val-
cooling flow clusters the core radius is normally larger thares for the estimategray flux 7, est by means of theF,—Fx
the difusion scaler. > Rgig, over which the electron den-scaling relation sensitively depend on the bolometric X-ray lu-
sity varies only slightly. Thus, a stationary solution to the difninosity of the particular cluster such that values fgrest in
fusion equation is not applicable in the case of a flat targedble 2 represent a rough estimate. A detailed modeling using
profile. It follows that the volume integrategray spectrum density and temperature profiles will be described later on in
does not depend on theflision codicient but only on the in- Sect. 3.3.2 in order to obtain upper limits on the CRp popu-
jection timetj,; of CRp into the ICM of the cluster core. Welation. By comparing/-ray fluxes#, obtained from these two
therefore adopt a modification to thefdision model for non- different methods we recognized an inconsistency for the Virgo
cooling flow clusters. The averaged CRp luminosity of the ceand Centaurus cluster: this discrepancy is explained by a too

tral galaxy reads in this context small aperture of the X-ray experiments analyzed by David
. , L et al. (1993) giving rise to an underestimation of the X-ray flux
Lego = Ncrp MpC (ﬁb 02) : of these two nearest clusters in our samplggt = 0.0036 and
P ting 2 (ainj —1) \ GeV Zcentaurus = 0.0114) and therefore an underestimatefQfest
inj — 23— ainj for these two clusters. Moreover, we noticed a systematic dis-
B( 5 T o ) . (65) crepancy of the order of 50% between thfiatient methods in

cooling flow clusters which is due to an iffiaient accounting
Here Ncrp denotes the integrated number of CRp being ifior the radial temperature variation in Eq. (31).
jected into the ICM of the cluster amgh; = ap, because thereis  Parameters of electron density profilegr) of our clus-
no diffusion induced spectral steepening simply due to the faet sample are given in Table 1 where the clusters are or-
that the even more energetic CRp which are still significanttiered according totheir property of containing a cooling flow
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Table 3. Upper limits on the CRp scaling paramedfz, by comparing the integrated flux above 100 MeV to EGRET upper limits assuming
ay-ray spectral index in Dermer's mode) = a,. The spatial distribution of CRp is given by the isobaric and the adiabatic model of CRp,
respectively (see Sects. 3.2.1 and 3.2.2).

¥, (>100 MeV) Xicsg',’)a”c Xg‘,ﬁgbaﬁc

Cluster [168cm?st] ap,=21 a@p=23 =25 ;=27 ap=21 =23 ap,=25 qp=27
A85 ...l <6.32 3.53 1.97 2.09 3.11 2.58 141 1.48 2.16
A426 (Perseus) .... <3.72 0.14 0.08 0.08 0.13 0.12 0.06 0.07 0.10
A2199 ............ <9.27 6.14 3.42 3.64 5.42 5.74 3.18 3.38 5.00
A3526 (Centaurus) <5.31 1.54 0.86 0.91 1.36 1.45 0.80 0.85 1.26
Ophiuchus ......... <5.00 0.30 0.17 0.18 0.26

Triangulum Australis <8.13 1.93 1.07 1.14 1.70

Virgo ............. <2.18 0.18 0.10 0.11 0.16 0.16 0.09 0.09 0.14
A1656 (Coma) ..... <3.81 0.45 0.25 0.27 0.40

A2256 ............ <4.28 3.15 1.75 1.87 2.78

A2319 ............ <3.79 0.86 0.48 0.51 0.76

A3571 ............ <6.34 1.85 1.03 1.09 1.63

(upper part) or not (lower part). Note that the parameters a@lving Egs. (7) and (10). By comparing the integrajedhy

subject to diferent formulae (66) and (67), flux above 100 MeVF,(>100 MeV), to EGRET upper limits
) o352 (see Reimer et al. 2003), we constrain the CRp scaling param-
ne(r) = Z o (1+ f_2) ’ (66) eter Xcrp. The inferred value foXcry in the Perseus cluster
i:l & normalizes the dierentialy-ray flux
X a2 o7, _ Q(E)
AT & ( r2) N A (69)
Ne(r) = | =—= X n |1+ — . (67) dE A7D2
) ALTe(r)] Zl T v

I in Fig. 3. Thex®-meson decay induced distinct spectral sig-
The last Eq. (67) follows from deprojection of X-ray surfac%atu?e resulting in the peak ;’t)aray energy ofm,opcz/z N g
brightness profiles which are represented by dogbtedels. 67.5 MeV can be clearly seen

The derivation of this deprojection is given in Appendix A. For Figure 3 shows also upper limits on thafdrentialy-ray

simplicity_and.consistency with the X—rf':\y surface brightneﬁjx owing to IC emission of hadronically originating CRe
profiles given in Mohr et al. (1999) we ignored the weak d?épresented by power-laws. The IC spectra are computed by

pendency off¢(r) in Eq. (67). means of Eq. (43) for dlierent spectral indices, and zero

'T‘ order to model the temperatgre proﬂl@g(r) for our magnetic field. Non-zero magnetic fields can be included since
cooling flow cluster sample we applied the universal tempera-

: e IC spectra scale accordin B(r)? + B2 ee
ture profile for relaxed clusters proposed by Allen et al. (200 (36§)pwhi ch f esults in al (;Wge;ﬂg(’\)"fr{];"(zgﬂg N cwe) (S
to data taken from the literature, ' )
1 +( r )_” (68) 3.3.3. Results on the scaling parameter Xcrp USing
ltemp y-ray observations in different clusters

This equation matches the temperature profile well up to ragly employing the technique described in Sect. 3.3.2 we con-
of ~0.3rir, which is sificient for our purposes since we argtrained the CRp scaling parame¥jr,, using EGRET upper
especially interested in the core region of clusters. The paraimits of the y-ray flux by Reimer et al. (2003). As described
eters of the temperature profile for particular cluster are giv@nthat section, we infer the-ray flux of this clusters origi-

in Table 2. nating from within a sphere of radiush3} Mpc. Owing to

the vicinity of the Virgo cluster this maximum radius sub-
tends an angle on the sky which is larger than the width of
the point spread function of the EGRET instrumeft.( =
5.8°[E,/(100 MeV)[ %34 Reimer et al. 2003). Thus in the
The volume integrated omnidirectional fiirential y-ray case of Virgo we use this smaller integration volume. Table 3
source functior®, (E,) can be obtained by integrating Eq. (19)shows constraints foXcr, Using the isobaric and the adiabatic
We integrated the volume out to a radius d’i;g Mpc which model of CRp described in Sect. 3.2. Because in the adiabatic
corresponds to the characteristic distance where the simpledel the CRp scaling paramet¥er, is a function of ra-
B-model of electron densities breaks down due to accretidius, the valué(g‘geiaba“cgiven in Table 3 refers to the unprimed
shocks in clusters. The integration kerwg(r, E,) scales lin- quantity in Eq. (54) which reflects the outer core region of the
early withricrp(r) (as shown in Eq. (19)) which is obtained bycluster. For clusters like Perseus (A 426), Virgo, Ophiuchus,

-1
Te(r) =To+ (T1—To)

3.3.2. Simulated y-ray flux normalized by EGRET
limits: The case of Perseus cluster
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Table 4. Cooling flow clusters:upper limits on the CRp density parametgg,o and average CRp luminosityg, of the central active galaxy
by comparing the integrated flux above 100 MeV to EGRET upper limits assumyagua spectral index in Dermer's model = «p. The
spatial distribution of CRp is is calculated according to thudion model of CRp away from a central AGN assuming= ainj + @i,
whereagir = 1/3. Non-cooling flow clusters:upper limits on the CRp number paramelfle;er and average CRp luminosityr, without any
diftusion induced spectral steepening, g = ainj. Note thatlcr, Scales in the case of cooling flow clusters with thugiion codficient«
while it only depends on the CRp injection tiryg for non-cooling flow clusters (see Sect. 3.2.3).

ﬁCRpO [h%é)Z Cm‘3] I—CRp [h;é'/z erg st (m)]

CF Cluster ap =24 ap=25 ap =27 ap =29 ap=24 ap =25 ap =27 ap =29
A85 ... ............ Mx10° 72x10° 99x10° 13x10* 55x10® 27x10%® 19x10® 20x10%
A426 (Perseus) .... .2x10°% 29x10°® 39x10° 52x10% 22x10"* 11x10% 74x10% 81x10%
A2199 ............ 32x10°% 38x10° 53x10° 70x10° 30x10%® 14x10® 99x10* 11x10%
A3526 (Centaurus) 8x10% 51x10°%® 71x10% 94x10°% 39x10% 19x10* 13x10* 15x10"
Ophiuchus ......... Bx10° 18x10° 25x10° 33x10° 14x10%® 6.6x10* 46x10* 51x10"
Triangulum Australis #¥x10* 17x10% 23x10*% 31x10* 13x10® 62x10° 43x10% 48x10*
ViIrgo ...l 5x107 31x107 42x107 56x107 24x10® 11x10% 79x10? 87x10%

~ o\ —1

Nerp [h7e Lerp [h%z ergs? (3tl(gjyr) ]
NCF Cluster ap=21 ap=23 ap =25 ap =27 ap=21 ap =23 ap =25 ap =27
A1656 (Coma)..... 16x 104 25x10 37x10f* 51x10% 27x10% 15x10® 16x10% 24x10%
A2256 ............ 11 x10° 1.8x10° 26x10° 36x10°° 19x10% 11x10%® 11x10% 17x10%
A2319 ............ Hx104 70x104 1.0x10f°5 14x10° 75x10% 42x10° 44x10% 6.6x10%
A3571 ............ 28x10°* 44x104 65x10°* 90x10* 47x10% 26x10"® 28x10% 42x10%

and Coma (A 1656) we can obtain quite tight constraints @hoose the active CRp felision scenario resulting in spectral
the population of CRp. steepening of the CRp population. We obtain even tighter lim-
its when assuming a passive advective transport of the CRp in

) ) ) a turbulent flow in which case we infer
3.3.4. Results on Lcrp in the AGN-diffusion model

The procedure of inferring constraints on CRffuting away Lcgrp = L (ap) 10%h 2 erg st (70)
from a central source is mostly sensitive to the CRp popula-
tion of the central cooling flow region rather than the shock
region in the outer parts of the cluster. In order to constrath L (ap) = 4.5,4.8, 7.2, and 20.9 fowp, = 2.4,2.5,2.7,
the CRp density parametaggno and averaged CRp luminos-and 2.9, respgctlvely. The;e values are sllgh_tly smaller than in-
ity Lcrp Of the central active galaxy in our AGNdlision stantaneous jet power estimates of M87 being of the order of
model ofcooling flow clusterswe have to calculate the vol- Liet = 10%ergs? (Bicknell & Begelman 1996; Young et al.
ume integrated omnidirectionalftérentialy-ray source func- 2002)- In general, this demonstrates the ability of future high
tion Q,(E,) (see Eq. (2)). The integration kerrgkE,) is pro- resolunony-ra_y observations to constrain the energy fraction
portional toricre(r) (Eq. (19)) which is obtained by solving©f CRp escaping from the radio plasma.

Egs. (6) and (60). By comparing the integrajedhy flux above

100 Me_\/ to EGRET upper limits (see~Reimer et al. 2003), We 1 padio emissivity of secondary electrons:

constrain the CRp density parametegpo. In the case ofion-
cooling flow clusterswe constrain the averaged CRp luminos-

ity Lcrp With the aid of the integrated CRp number paramen contrast toy-rays induced by hadronic CRp interactions
ter Ncrp, yielding an indirect measure of a combination of th@hose spectral shape and normalization is only governed by the
CRp escape fraction from the radio plasma of the central galaspectral index, as free parameter, the resulting radio emission
and the averaged CRp luminosity of this source. from secondary electrons also depends on the morphology and
Upper limits on the CRp density parametekpo, Nnumber strength of the magnetic fiel(r). Because only a subsample
parameter of CR;SICR,), and averaged CRp luminosity:r, of  of cooling flow clusters contain radio mini-halos which are not
the central active galaxy (by means of Eq. (63)) are presenteairtshined by the central AGN we decided to concentrate on
Table 4. This shows that within this conceptually simple mod#ie Perseus cluster. It has the fortunate property that the radio
we are able to put constraints on the averaged CRp luminesaission due to the central galaxy NGC 1275 is spatially re-
ity Lcrp The limits which are strongest in the case of M8%olved and can be separated from th&udie emission due to
in the Virgo cluster represent conservative bounds since e radio-mini halo.

(ieres)

The case of the radio mini-halo in Perseus
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I | - ‘isobaric médel 1 Table 5. Upper limits on the CRp scaling paramefé&trg, inferred
L ____ adiabatic model | from radio brightness profiles of the radio mini-halo of Perseus cluster
++4++ radiodata for different values 0By, ag, anda.

__ 01001 .

\é E E Model ap Bo[uG] as ngl:)aric Xé(gqigbatic

5 | ] 1 23 10 05 0016 0006

) 2 2.1 10 0.5 0.014 0.005

- oo E 3 25 10 05 0033 0011

e [ p 4 2.7 10 0.5 0.096 0.031
i ] 5 2.3 5 0.5 0.027  0.009
r 1 6 2.3 20 0.5 0.012 0.004

0.001 ‘ L 7 23 10 0.7 0.017 0.006

10 8 2.3 10 09 0.019  0.006

r. [hzg kpc]

Fig. 4. The radial distribution of radio brightness as a function of im-
pact parameter, . Shown are the CRp adiabatic and isobaric model .
for model parameterB, = 10 4G, ag = 0.5, anda, = 2.3 (details 1€2dS 10 & beam are®eam = 7 (4 In2)" FWHMFWHM,.

are described in the text) as well as the azimuthally averaged raligure 4 shows the radial distribution of radio brightn®ss , )
brightness profile of the the Perseus radio-mini halo (data was tal@h @ function of impact parameter obtained by means of
from Pedlar et al. 1990). The normalization of the radio brightness deg. (42) in comparison to the radio data. The CRp adiabatic and
pends on the assumed scaling between CRp and thermal energy sbaric model being described in Sect. 3.2 are both shown us-
sity. We fix this scaling parametefcr, by comparing the simulated ing model parameters @fp = 2.3,By = 104G, andag = 0.5,

radio brightness to the measured data at 24%pc. where the latter two parameters refer to Eq. (41). The normal-
ization of the radio brightness depends on the assumed scaling
between CRp and thermal energy density. We fix this scaling
parameteiXcrp by comparing the simulated radio brightness

Magnetic fields in galaxy clusters seem to be on the leVi@ the measured data at 24.65 kpc. There is an excellent

of ~uG. Indirect estimates of magnetic field strength assumforphological concordance of the isobaric model of CRp and
ing equipartition of energy density of the fields and that ofthe radio data for the radio-mini halo of the Perseus cluster.
radio synchrotron emitting relativistic electron population giveince the required values ¥trp are plausible{0.01-0.1, see

low field strengths 0f-0.1uG. Also lower limits on the field Sect. 3.4.3), the hadronic secondary CRe model is a very attrac-
strength of a comparable level can be derived using the mé¥e explanation for the observed radio mini-halos in cooling
surements or upper limits on IC scattered CMB photons in tHeW clusters.

hard X-ray band (Rephaeli et al. 1994; Fusco-Femiano et al.

1999; EnBIi_n gt al. 1999). (_Zon_versely, Faraday rotatior_1 Méf, 3 Results on the scalin
surements indicate magnetic fields strengths of sey&sain
typical galaxy clusters and a few LG in cooling flow re-
gions of clusters (Carilli & Taylor 2002, for a review). Faradapy comparing the simulated radio brightness to the measured
rotation based measurements of the field strength dependrgdio data at 2.65h;3 kpc which is the innermost azimuthally
estimating the magnetic autocorrelation length from fluctuaveraged data point not being outshined by the radio galaxy
tions in the Faraday rotation maps. Although the formerly usedcoon of NGC 1275 we determine the CRp scaling parame-
methods to estimate this length-scale seem to be questiona@,le(CRp, Taking this point of reference yields more conserva-
(EnBlin & Vogt 2003) a refined analysis gives comparable réive upper limits forXcrp instead of normalizing by the inte-
sults for the magnetic field strengths (Vogt & En3lin 2003, igrated radio surface brightness especially in the case of poorer

3.4.1. Intracluster magnetic fields

g parameter Xcgrp using
radio observations in different models

preparation). morphological matches. The inferred valuesXeg,in Table 5
are shown for dferent combinations dBy, ag, andap.
3.4.2. Comparison of the morphology of radio Deduced values of this scaling parameXgg, which are

obtained by considering only pion decay induced secondary
electrons resulting from hadronic CRp interactions in the ICM
The radio data was taken from Pedlar et al. (1990) where wedlect upper limits because there are also other mechanisms in
neglected the innermost data points because of enhanced gataxy clusters leading to relativistic populations of electrons
tribution to radio brightness of the radio jet of NGC 1275 anfsee Sect. 1). By analyzing the variations of our model param-
the outermost data points due to the limited sensitivity on tle¢ers in Table 5 we conclude a weak dependenéegfonasg
larger scales of the specific VLA configuration likely leadingvhile the magnetic field strength at the cluster cemgand

to an artificial decline in the radio surface brightness. The vahe CRp spectral index, show a stronger influence ofcrp.

ues for the azimuthally averaged radio surface brightness we&re spectral parameter of the magnetic figgdmpacts mostly
converted assuming a two-dimensional Gaussian beam whichthe radial extensions of the radio brightness profiles while

emissivity from secondary electrons
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Fig. 5. The deprojected scaling paramesr;(r) between CRp and Fig. 6. The deprojected CRp scaling parameXeg,(r) required to ac-
thermal energy density in the adiabatic model applied to the miRiount for the observed radio halo in Coma within the framework of
radio halo of Perseus and presented for models which are define¢hi hadronic scenario. The rising curves with increasing radius repre-
Table 5. sentXcry(r) while the declining curves shoXg(r) for the particular
choice of a magnetic field being frozen into the flow and isotropized,

. _ i.e.ap = 0.7 (Tribble 1993).
the CRp scaling parameter reflects a degeneracy with respect

to By anday.
Figure 5 shows the scaling parameXgrp(r) as a function
of radiusr between CRp and thermal energy density in the adia- ) i
batic model according to Eq. (54) for models defined in Table 8f Xcre(r) and the ratio of magnetic-to-thermal energy den-
The enhancement of CRp relative to the thermal energy dendity X8(r) = &8(r)/eun(r) for particular model parameters,,

owing to adiabatic compression of the CRp population durirﬁ” and Bo. Whereasap and By impact mostly on the nor-
the formation of the cooling flow can be clearly seen. alization of both scaling parameteXgrp(r) and Xg(r), the
choice ofag governs the relative curvature of these functions:

Xg(r) o ne(r)??e~1 is curved in a convex fashion farg > 0.5
3.5. Constraints derived from the radio halo of Coma  and exhibits concave curvature fag < 0.5 assuming the clus-
ter to be isothermal which is a valid approximation for Coma.
While there are combinations of parameters for wiXeh(r)

We also applied this formalism of synchrotron radiation emipecomes larger than unity and thus question the hadronic sce-
ted by secondary electrons as presented in Sect. 2.4 to the"g{io (Brunetti 2002), only small variations in parameter space
dial distribution of radio brightness in the radio halo of th¥ield plausible values foXcrp(r) (compare Fig. 6).

Coma cluster using radio data at 1.4 GHz by Deiss et al. (1997). In order to quantify these considerations we perform a pa-
Assuming the CRp population to be distributed according to th@meter study to exclude regions of parameter space spanned
isobaric model, the spatial radio brightness profile obtained by «p, g, andBy where the hadronic scenario is challenged
this secondary electron model declines too fast with increas-account for the radio halo in Coma. Figure 7 shows the
ing impact parameter, in order to account for the observedesulting contour lines ocrp(r < 1hziMpc) = 1 and
extended radio halo of Coma. To check whether this shortfalr(r < 1hz3 Mpc) = 0.1 in this parameter space. The gra-
of the theoretical model represents a serious problem for dfient of Xcrp(r < 1h;g Mpc) points towards the lower right
hadronic model of radio synchrotron emission we are askingdorner in Fig. 7 and thus leaves the upper left region of param-
turn for the necessary radial variation of the CRp scaling peter space where the hadronic scenario is able to account for
rameterXcrp(r) that is able to explain the observed radio halahe observed radio halo depending on the specific choieg.of
Deprojecting the azimuthally averaged observed radio surfagieice Xg(r < 1hz3 Mpc) < 0.1 for the entire region of pa-

brightness profile which is described bysanodel yields (as rameter space investigated here there are no further constraints

3.5.1. Parameter study of the hadronic scenario

laid down in Appendix A) imposed on the hadronic scenario.
S 65— 1 1 Choosing the energy density of the magnetic field to de-
() = 2:1(; % 3(5,3,3), (71) cline like the thermal energy density, i€g = 0.5, requires
c (1 + r2/r§)

Xcrp(r) to increase by a factor of less than two orders of mag-
nitude from the center to the outer parts of the cluster in order to
whereS, = 1.1 mJy arcmin?, r¢ = 450h;§ kpc, ands = 0.78. reproduce the observed radio halo of Coma. This factor, how-
By comparing the observed to the theoretically expected ®ver, is reduced for smaller values@i. It is further reduced
dio emissivity at each radius we infer the ratio of CRp-tadue to the non-spherical morphology of Coma, as explained in
thermal energy densiticrg(r). Figure 6 shows a comparisorthe following. The X-ray emissivity and the radio emissivity
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Fig. 7. Parameter study on the ability of hadronically originating CREig. 8. Observed radio halo fluxes of the Coma cluster as compiled
to generate the radio halo of Coma. Shown are contour lines lof Thierbach et al. (2003). Shown are synchrotron power-law spectra
Xerp(r < 1hzg Mpc) = 1 (solid) andXcrg(t < 1h;} Mpc) = 0.1 for different spectral indices, = ap/2. The spectra are modified at
(dotted) in parameter space spannedppndB, for three choices of higher frequencies by means of the SEeet while the SZ decrement
magnetic field morphology characterized dy. The contour line of (a negative flux at the Rayleigh-Jeans part of the Planck spectrum) is
Xcrp = 0.1 for ag = 0.3 has been omitted since it almost coincideglso shown (dotted). The SZ flux is derived from the cluster volume
with the contour ofXcry = 1 for g = 0.7. The lower right corner up to the assumed position of the accretion shock.

represents the region in parameter space, where the hadronic scenario

faces challenges for explaining the observed radio halo of Coma. ap = (2,3) being considered in the previous parameter study
(Sect. 3.5.1). The following line of argumentation shows, that
resulting from hadronic CRp interactiondtéir in their scaling this, on the contrary, is not the case. First, there is an ambigu-
with the electron density according to ity of relating the CRp spectral index, to the induced syn-
Ax(r) « ng(r)2 and (72) chrotron spectral index, Which is eitherw, = @p/2 (Dermer’s
) © 2on(Lran/2) 24 model) ore, = (2ap — 1)/3 (fireball model). When compar-
Jn(r) oc Xcrp(r) ne(r)= e ~ Xerp(r) ne(r)™- (73) " ing multifrequency observations offilise radio emission of
within the framework set by our model and depending on tif€ ICM which extends to several GHz the Sunyaev-Zel'dovich
particular choice ofrg anda,. Thus, any anisotropy like the (82) dlstortlon of the speotrum has to be taken care of. At these
Coma X-ray and radio bridge yields biased azimuthal avdfeduencies of the Rayleigh-Jeans part of the Planck spectrum
ages when comparing observational to theoretical radio sffte SZ €féctamounts to a decrement which introduces aftuto
face brightness profiles where the latter uses density profilgdhe radio spectrum as can be seen in Fig. 8. Following Enflin
obtained by deprojecting X-ray profiles. Remarkably, this di£2002) the SZ luminosity reads for Coma in the Rayleigh-Jeans
crepancy is largest for large valuesaf andey, for which we P&t
infer the tightest limits on the hadronic scenario (cf. Fig. 7|:)§§ma= —41x 1052, h;é/Z Jy, (74)
and thus softens these limits. This results in biased profiles 5 ] )
of Xcrplr) Which increase too strongly towards larger radi/hereévenz = v/GHz” However, the SZ amplitude is uncer-
(cf. also Dolag & EnRlin 2000). Pursuing an approach of af@in Wlthln ofactor of 2 which stems mootly from density pro-
eraging only along the line of sight could attenuate the bif¢S being inferred from X-ray observations and extrapolated
(Govoni et al. 2001). to Rshock FUrthermore, the multifrequency dataset as compiled
An increase ofXcry(r) towards the cluster's periphery isby Thierbach e_t al. (2003) is inhomogeneous because the.solid
indeed observed in cosmological structure formation simuf@gle over which the observed radio fluxes have been inte-
tions due to adiabatic compression inside the cluster whigfgteéd may vary among these observations. Finally, the quoted
increases the thermal pressure at a higher rate than the ¢Rpertainties may unoerestlmate the systematic uncertainties
pressure (Miniati et al. 2001a,b). Bearing in mind that the CRW-h'Ch e.g. result from incomplete accounting for point source
to-thermal pressure ratio of Miniati et al. (2001a,b) is obtainégibtraction.
from volume averages and the energy density stored in mag-
netic fields declines shallower in comparison to the thermal efi-Detectability of y-rays by satellite missions
ergy density we conclude that our results arising the parameteiand Cerenkov telescopes
study may be well in agreement with these simulations. ] ] .
Based on the previous results we discuss the detectability of
_ IC emission by secondary CRe and pion decay indycealy
3.5.2. The spectrum of the Coma radio halo

) . ) 3 Here we corrected for a missing factor of 2 in Eq. (4) in EnBlin
One might object that the CRp spectral index should be dg002) and changed the slope of fherofile tog = 0.75 (Briel et al.
termined better owing to radio observations than the range1902).
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emission by current and future satellite missions as well as dflie expected-ray flux is ever higher when including lower
erating and futur€erenkov telescopes. energetic photons.

4.1. Detectability of pion decay induced y-ray 4.3. Expected y-ray flux for Cerenkov telescopes

aqd IC emission by secondary CRe In the near future there will be fierent Cerenkov tele-

with INTEGRAL scope experiments operating with several telescopes simulta-
The imager IBIS which is the Imager on Board th&eously and therefore allowing stereoscopic observations. On
“INTErnational Gamma-Ray Astrophysics Laboratorythe southern hemisphere there are the “Collaboration between
(INTEGRAL)* Satellite covers an energy range from 15 ke¥tustralia and Nippon for a Gamma Ray Observatory in the
up to 10 MeV and is capable of high resolution imagin@utback” (CANGAROOQY in Australia and the “High Energy
(12 FWHM) and source identification. Its spectral sensitivitptereoscopic System” (HESS)n Namibia. On the north-
reaches down to X 108 ystcm?keV?! (30 in 10° s, ern hemisphere there will be the “Very Energetic Radiation
AE = E/2) to the continuum at 10 MeV. However, thigmaging Telescope Array System” (VERITAS)h Arizona.
is most probably not dficient in order to detect the pionAll these telescopes have comparable lower energy thresholds
decay induceg-rays of a particular cluster (compare Fig. 3)of Enr = 100 GeV and provide flux sensitivities better than
Assuming a CRp spectral index of, = 2.3 and taking the 7.ex(E > 100 GeV) = 10'?y cm?s*. On the northern
results of Table 5 we expect an IC emission of hadronicaligmisphere there will also be the “Major Atmospheric Gamma-

originating CRe in the Perseus cluster of ray Imaging Cerenkov detector” (MAGIC) on the Canary
Islands observing with a single dish telescope of 234pmo-

d—7:(20 keV)= Fic 10"y cm? st keV, (75) Viding an even lower energy threshold&fin = 30 GeV.

dE Following the formalism described in Sect. 3.3.2 and com-

with Fc = 29, 1.5, and 0.8 forBy = 5 uG,10 uG, paring the resulting-ray flux #,(E > Ewnr) to expected flux

and 20uG. By comparing to the spectral sensitivity ofx2 Sensitivities ofCerenkov telescopes, exp(E > Einr), we ob-

106 y st cm2keV! to the continuum at 20 keV for an ob-tain possible upper limits on the CRp scaling paramites,

servation time of 19's (3¢ detection) there is only a minorfor an integrated volume out to a radial distance bf3Mpc.

chance to detect IC emission of CRe. However, for steepk@ble 6 shows constraints fdfcrp using the isobaric and the

spectral indices or a strongly inhomogeneously magnetized @diabatic model of CRp described in Sect. 3.2. By comparing

vironment, IC fluxes can be enhanced at the expense of sifiese limits to those obtained by analyzing synchrotron emis-

chrotron emission according to EnRlin et al. (1999). sion in the Perseus and Coma cluster (see Table 5) and as-

suming a substantial contribution of hadronically originating

. ) . ) CRe to these radio halos there is a realistic chance to detect ex-

4.2. Possibility of pion decay induced y-ray detection  yagaiactic pion decay inducedray emission in clusters like

by GLAST Perseus (A 426), Virgo, Ophiuchus, and Coma (A 1656).

The “Large Area Telescope” (LAT) onboard the “Gamma-

ray Large Area Space Telescope” (GLASBrheduled to be 5. Conclusion

launched in 2006 has an angular resolution smaller thath 3

at 100 MeV while covering an energy range of 20 MeV ujVe investigated hadronic CRp-p interactions in the ICM of
to 300 GeV with an energy resolution smaller than 10%lusters and simulated the resulting emission mechanisms in
Assuming a photon spectral index of = 2 for they-ray radio, X-rays, andy-rays assuming spherical symmetry. By
background the point source sensitivity at high galactic latitué@plying this technique to a sample of prominent clusters of
in an one year all-sky survey is better thax @0° cm2 s galaxies including cooling flow clusters we succeeded in con-
for energies integrated above 100 MeV. Assuming the radgiraining the population of CRp. Especially cooling flow re-
mini halo in the Perseus cluster mainly to originate from segions are perfectly suited for constraining non-thermal ICM
ondary electrons emitting synchrotron radiation then we egkemponents due to their high gas density and magnetic field
pect the CRp scaling parameter to be typically one order gifength.

magnitude below the upper limits obtained by comparing to For the first time we developed an analytic formalism to
EGRET data. This immediately would imply a good possibidescribe the®-decay induceg-ray spectrum self-consistently

ity to detect pion decay inducegiray emission by GLAST for a given diferential number density distribution of the CRp
preferentially in nearby cooling flow clusters like Perseus ampulation being described by a power-law in momenfoym
Virgo. Specifically for our secondary model of the radio miniand parametrized by the spectral indgx Assuming a con-
halo of Perseus, while assuming = 2.3 in the CRp iso- stant scaling between kinetic CRp energy density and ther-
baric model we expect an integratgday flux above 100 MeV mal energy density of the ICM we derived an analyfie-Fx

from Perseus off,(>100 MeV)/(ycm2s™) = 1.3 x 1078,

7.4 % 10—9’ and 56 x 10°2 for Bg = 5uG, 104G, and 20uG. 6 http://www.physics.adelaide.edu.au/astrophysics/
7 http://www.mpi-hd.mpg.de/hfm/HESS/HESS.html

4 http://astro.esa.int/Integral/ 8 http://veritas.sao.arizona.edu/
5 http://glast.gsfc.nasa.gov/science/ 9 http://hegral.mppmu.mpg.de/MAGICWeb/
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Table 6. Expected limits on the CRp scaling parameXei, by comparing the integrated pion decay indugedhy flux above 100 GeV
to sensitivity limits ofCerenkov telescopes 6f, exo(E > Enr) = 1072y cm2 571 (Eypr/100 GV assuming ay-ray spectral index in
Dermer’'s modelr, = a;,. Note that limits onXcg, roughly 0.01 forae, = 2.3 in the isobaric model provide good chances to degetetys in
these particular clusters with new generatierenkov telescopes.

isobaric adiabatic

XCRp XCRP
Cluster ap=21 ap =23 ap=25  ap,=27 ap=21 ap =23 ap=25  ap=27
A85 .............. FIx10? 65x102% 22x10' 1.0 27x10? 47x10?% 15x10! 7.1x107
A426 (Perseus) .... .Bx10° 45x10°% 15x102 70x102 21x10° 36x10°% 12x102%2 55x102
A2199 ............ M4x10?% 77x102%2 26x10' 1.2 41x102 72x102% 24x10' 1.1
A3526 (Centaurus)  .8x102 34x102 11x10* 53x10!' 18x10? 32x102? 11x10! 50x10"
Ophiuchus ......... BHx10°% 70x10°% 23x102 11x10?
Triangulum Australis Bx 102 28x102 93x102? 44x10*
Virgo ... Mx10° 73x10°% 24x102 11x10' 38x10°% 67x10° 22x102? 10x10?
A1656 (Coma)..... .. 79x10° 14x102 46x102 22x10%
A2256 ............ 409x10?% 86x102 29x10' 1.4
A2319 ............ 15%x102 26x102 89x102 42x101
A3571 ............ 19%x102 34x102? 11x10! 53x101

scaling relation which only applies accurately for isothermaldjusted the radial behavior ofcry(r) such that the syn-
clusters. Given the bolometric X-ray luminosity of a particulachrotron emission resulting from hadronic CRe is able to ac-
cluster this formula estimates the expecferhy flux 7, ow- count for the observed radio surface brightness profile and thus
ing to inelastic cosmic ray ion collisions. From the literaturallowing for an additional degree of freedom. The resulting in-
we collected electron density and temperature profiles of seva@naase oXcrp(r) for larger radii could be due to adiabatic com-
cooling flow clusters and four non-cooling flow clusters usingression which increases the thermal energy density at a higher
the ¥,—Fx scaling relation to obtain observationally promisrate than the CRp energy density. Even more important, the
ing candidates. We furthermore present formulae describiagpherical Coma cluster morphology reduces the required ra-
the synchrotron and inverse Compton emission of hadronicatlal increase irXcrp(r). By exploring the accessible parameter
originating secondary electrons assuming an isotropic distrilgpace spanned by parameters describing the magnetic field anc
tion of magnetic fields following a smooth profile. the spectral index of the CRp population we identify regions
In order to apply this method to our sample of clustemhere the hadronic scenario is able to reproduce the observed

of galaxies we introduced three specific models for the sgadio profiles preferentially for an energy density of the mag-

tial distribution of CRp within cooling flow cluster. In our firstnetic field which declines shallower than the thermal energy
two scenarios we characterized the kinetic CRp energy denglgnsity. We conclude that the secondary model for radio halos
scrp(r) to be a constant fraction of the thermal energy de#s still viable.

sity ein(r) of the ICM parametrized b¥crp. The CRp isobaric |n the case of the Perseus mini-radio halo, we conclude up-
model assumes the average pressure of CRp not to change géif-limits onXcg, Which are ranging for the isobaric model
ing the formation of the cooling flow while the adiabatic modedf CRp within the intervalXcgrp € [0.01,0.1] for conserva-
hypothesizes this proportionality prior to transition because thge combinations of values of the magnetic fidddand the
CRp experience adiabatic compression during the relaxati@Rp spectral index;, while upper limits for the CRp adiabatic
phase. In our third scenario we modeled the resulting distribodel are typically half an order of magnitude below. By com-
tion of CRp difusion from a central source. By modeling th@aring calculated radio brightness profiles to measured data of
particulary-ray emission of our cluster sample and compaghe radio-mini halo in Perseus, we found excellent morpholog-
ing to EGRET upper limits we obtained upper bounds on thgal agreement between the CRp isobaric model and the radio
CRp scaling paramet&crp = ecrp(r)/&tn(r). For Perseus and data especially for the choice &, = 10 4G, ag = 0.5, and
Virgo we infer the strongest upper limits which lie in the rangg,, = 2.3. In the course of this paper we argued that this specific
Xcrp € [0.08,0.18] for different choices of the CRp spectrathoice of parameters for the magnetic fields in cooling flow
indexap € [2.1,2.7]. clusters is also preferred by experiments like Faraday rotation
Furthermore, the radio emission due to hadronically proeasurements and cosmological cluster simulations including
duced secondary electrons emitting synchrotron radiation waagnetic fields. A discussion offtirent acceleration mecha-
calculated and resulting radio brightness profiles were comisms of CRp such as structure formation shocks, supernovae
pared to measured data of the radio-mini halo of Perseusrasinants, and injection by active radio galaxies supports also
well as the radio halo of Coma. In the case of Coma our CRpvalue ofa;, close to the inferred one. Because of the required
profiles characterized by a flat CRp scaling param¥tgp are  moderate CRp energy density we propose synchrotron radia-
not able to reproduce the observed radio profiles particulatign by non-thermal secondary electrons from hadronic inter-
in the peripheral regions of the cluster. In the following weactions as a likely explanation of radio mini-halos. In order to
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scrutinize this model we provide predictionsyefay fluxes for where the prime denotes the derivative. For the second equation

Cerenkov telescopes as well as the INTEGRAL and GLASW¥e used thanhg(r) is bounded for — 0. Using Eq. (A.1) this

satellites.

Finally, we analyzed the possibility of detecting such pion
decay inducedy-ray and IC emission by current and future, 1
satellite missions as well as new generatidarenkov tele-
scopes. Depending on the CRp spectral index, the fragmenta-

equation can be solved analytically yielding

5 s 68-1

AX[TE(r)] i1 27rrCi (]_+ rz/rgi

2(r) = = 5(3%). 4o

tion of the spatial distribution of the magnetic field as well agneres(a, b) denotes the beta-function (Abramowitz & Stegun
its field Strength, it will be dficult for INTEGRAL to detect 1965) Provided the central denshé(o) is known and assum-
the IC emission of the hadronically originating secondary CRgq furthermore the special case of equality of the Byaram-

ture of the pion decay inducegray emission preferentially the electron density profiles(r)

in nearby cooling flow clusters. By investigating the opportu-

nity of detecting extragalactig-rays byCerenkov telescopes
we argued in favor of four candidate clusters (Perseus (A 426)(r) =
Virgo, Ophiuchus, and Coma (A 1656)) which are especially

suited to detect hadronically originatingray emission.
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Appendix A: Deprojection of X-ray surface
brightness profiles represented by double
B-models

Owing to the enhanced electron density in the central region tgl%
X-ray surface brightness profi®x (r_.) in cooling flow cluster

can be represented by doujslenodels,

2 r\2 -36i+1/2
Sx(r) =) S {1+ (r—) } :

i=1 Gi

(A.1)
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