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1 INTRODUCTION
1.1 Motivation

ABSTRACT

The thermal plasma of galaxy clusters lost most of its infation on how structure formation
proceeded as a result of dissipative processes. In contrastequilibrium distributions of
cosmic rays (CR) preserve the information about their itnjecand transport processes and
provide thus a unique window of current and past structurem&tion processes. This infor-
mation can be unveiled by observations of non-thermal tiv@igprocesses, including radio
synchrotron, hard X-ray, ang-ray emission. To explore this, we use high-resolution $amu
tions of a sample of galaxy clusters spanning a mass randmat &wo orders of magnitudes,
and follow self-consistent CR physics on top of the radatiydrodynamics. We model rela-
tivistic electrons that are accelerated at cosmologicatire formation shocks and those that
are produced in hadronic interactions of CRs with ambiestgyatons. We find that the CR
proton pressure traces the time integrated non-equilibaativities of clusters and is modu-
lated by the recent dynamical activities. In contrast, ttesgure of primary shock-accelerated
CR electrons resembles current accretion and merging siaegs that break at the shallow
cluster potential in the virial regions. The resulting syratron emission is predicted to be
polarised and has an inhomogeneous and aspherical spatidbution which matches the
properties of observed radio relics. We propose a unifiedsehfor the generation of giant
radio halos as well as radio mini-halos that naturally aisem our simulated synchrotron
surface brightness maps and emission profiles. Giant radastare dominated in the centre
by secondary synchrotron emission with a transition to #tha synchrotron radiation emit-
ted from primary, shock-accelerated electrons in the elysériphery. This model is able to
explain the regular structure of radio halos by the domiramtribution of hadronically pro-
duced electrons. At the same time, it is able to account footiserved correlation of mergers
with radio halos, the larger peripheral variation of thedpd index, and the large scatter
in the scaling relation between cluster mass and synchretmussion. Future low-frequency
radio telescopes (LOFAR, GMRT, MWA, LWA) are expected tolggdhe accretion shock re-
gions of clusters and the warm-hot intergalactic mediurpeteling on the adopted model for
the magnetic fields. The hadronic origin of radio halos casdratinised by the detection of
pion-decay induceg-rays following hadronic CR interactions. The high-eneygray emis-
sion depends only weakly on whether radiative or non-radiaas physics is simulated due
to the self-regulated nature of the CR cooling processesnidlels predict &-ray emission
level that should be observable with the GLAST satellite.

Key words: cosmology: large-scale structure of Universe, galaxiksster: general, mag-
netic fields, cosmic rays, radiation mechanisms: non-thérm

be divided into two categories thatfidir morphologically, in their
degree of polarisation, as well as in their characteristitssion
regions with respect to the cluster halo. The large-scadlitr

A substantial number of luminous X-ray clusters showvfudie relic” or “radio gischt” emission (Kempner et al. 2004), theas
large-scale radio emission. Generally these radio phenansan a high degree of polarisation, is irregularly shaped andicat

peripheral cluster regions, can be attributed to mergirgcoretion
shock waves as proposed by Ensslin et al. (1998). Prominent e
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2 C.Pfrommer, T. A. Enf3lin, V. Springel

in Abell 3667 (Rottgering et al. 1997), Abell 3376 (Bagchiat
2006), and Abell 2256 (Bridle & Fomalont 1976; Masson & Mayer
1978; Bridle et al. 1979; Rottgering et al. 1994; Clarke & Emf3
2006). In contrast, the origin of “cluster radio halos” thasemble
the regular morphology of the X-ray emitting intra-clusggasma
is not understood to date. Prominent examples for “radi@™hal
emission can be obtained from Giovannini et al. (1999) anhlide
the Coma cluster (Kim et al. 1989; Deiss et al. 1997) and thexga
cluster 1E 0657-56 (Liang et al. 2000). In principle, obstions
of non-thermal cluster phenomena could provide an indegend
and complementary way of studying the growth of structureun
Universe and could shed light on the existence and the piep&f
the warm-hot intergalactic medium (WHIM), provided the erlg-
ing processes are understood. Sheets and filaments aretpeti
host this WHIM with temperatures in the range ¥0< T < 10' K
whose evolution is primarily driven by shock heating fronagjta-
tional perturbations breaking on mildly nonlinear, nonsigrium
structures (Hellsten et al. 1998; Cen & Ostriker 1999; Daval.
2001; Furlanetto & Loeb 2004; Kang et al. 2005). Once a clus-
ter has virialised, the thermal plasma lost most infornratam
how the formation proceeded due to the dissipative prosedise
ing the plasma towards a Maxwell-Boltzmann momentum digtri
tion that is characterised by its temperature only. In @sttrnon-
equilibrium distributions of cosmic rays preserve the mfiation
about their injection and transport processes much betterthus
provide a unique window of current and past structure foromat
processes.

The information about these non-equilibrium processes-is e
coded in the spectral and spatial distribution of cosmic ebec-
trons and protons. Radiative loss processes of these eomdh
particle distributions produce characteristic radio syotron, hard
X-ray inverse Compton, and hadronically inducgetay emis-
sion. Suitably combining various non-thermal emissioncpeses
will allow us to infer the underlying non-equilibrium prosses of
clusters as well as to improve our knowledge about fundaahent
plasma physics. The upcoming generation of radio, hardyX-ra
andy-ray instruments opens up the extragalactic sky in unerglor
wavelength ranges: low-frequency radio arra@RT, LOFAR,
MWAS, LWAY, the future hard X-ray satellite missioNUSTAR
and Simbol-X and y-ray instruments (theéGLAST satellite and
imaging atmosphericCerenkov telescopes!.E.S.S, MAGICE,
VERITAS, andCANGARO®P) will allow us to probe non-thermal
cluster physics with a multi-faceted approach. There haenlpi-
oneering €orts to simulate the non-thermal emission from clus-
ters by numerically modelling discretised cosmic ray (CRgrgy
spectra on top of Eulerian grid-based cosmological sirmarat
(Miniati 2001; Miniati et al. 2001a,b; Miniati 2002, 2003)low-
ever, these approaches neglected the hydrodynamic peesfstire
CR component, were unable to resolve the observationatiyssi-
ble, dense central regions of clusters, and they negleéssipdtive
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Figure 1. Overview over the relevant physical processes in galaxg-clu
ters. The right side shows the interplay offdient physical processes high-
lighting the interplay of the energy reservoirs of the thaefmlasma and
cosmic ray protons (shown in blue) while the left side sholseovables
that inform about the properties of clusters and their dyicahstate. Gain
processes are denoted in green, while loss or redistribyiiocesses are
denoted in red.

gas physics including radiative cooling, star formatiomd auper-
nova feedback. To allow studies of the dynamicfieets of CR
protons in radiatively cooling galactic and cluster enmirgents, we
have developed a CR proton formalism that is based on smibothe
particle hydrodynamical representation of the equatidmaation.

The emphasis is given to the dynamical impact of CR protons on
hydrodynamics, while simultaneously allowing for the imjamt

CR proton injection and loss processes in a cosmologictihget
(EnBlin et al. 2007; Jubelgas et al. 2007; Pfrommer et al6200
This enables us to account for the pressure support probg&R
protons to the plasma of clusters of galaxies. A substa@tapro-

ton pressure contribution might have a major impact on tlog{pr
erties of the intra-cluster medium (ICM) and could modifeitmal
cluster observables such as the X-ray emission and the Bunya
Zeldovich (SZ) d¢fect (Pfrommer et al. 2007).

1.2 Cosmic ray physics

We give a short and simplified overview over the relevant fitals
processes in galaxy clusters in Fig. 1 before introducirtent
CR populations that are relevant for the non-thermal emmisbm
clusters. Theupper central parof Fig. 1 shows standard processes
which are usually considered in simulations. Radiativeliogoof
the gas leads eventually to star formation in the densesbneg
that exceed a certain density threshold. This happens icehe
tral cluster regions and within substructures leading tlividual
galaxies. Once the nuclear energy has been used up, massive s
explode in supernovae that drive strong shock waves int@the
bient interstellar medium (ISM) which resupply thermal aod
bulent energy. On larger scales, structure formation sheakes
dissipate gravitational energy associated with hieraadhgluster-
ing into thermal energy of the gas, thus supplying the ICMhwit
entropy and thermal pressure support. There are three rhasne
ables associated with these processes: the hot ICM emitadhe
bremsstrahlung radiation with an X-ray luminosity that €legs on
the square of the electron number density. The amplituddef t
Sunyaev-Zel'dovich #ect (Sunyaev & Zeldovich 1972) depends
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Cosmic rays in clusters of galaxies — II. Radio halos, relarsdy-ray emission 3

Relativistic populations and radiative processes in clusters: lines. Occasionally, they get scattered on magnetic iteglies.
On macroscopic scales, the transport can often be descabed
diffusion process that redistributes the CR energy density anacr
scopically provided the gyro-radius of charged relatigigarticles

\ can be regarded to be small. Thus, th&utiive CR transport in
tangled magnetic fieldstectively confines the CRs with energies
g'raoirggses: W E < 2x 107 GeV to clusters and yields to CR proton lifetimes of
M the order of the Hubble time (Volk et al. 1996; Ensslin etl&l97;
Berezinsky et al. 1997; Colafrancesco & Blasi 1998), longugytn
Relativistic - - - ‘ to diffuse away from the production site and to maintain a space-
particle pop: filling distribution over the cluster volume. Thermal heanduc-
tion is an analogous process that reallocates the thermeal)gof
the ICM.

Observational /fadio synchrotron IC: hard X-ray & The CR energy reservoir fiers two main loss processes: (1)
H H . issi g -] emission - . .
diagnostics: emission ey emEeE CR energy is transferred into the thermal energy resertoiugh

individual electron scatterings in the Coulomb field of the gar-

ticle as well as by small momentum transfers through exoitatof
Figure 2. Schematic overview over non-thermal radiative processes i quantised plasma oscillations. We refer to the sum of b#cts
galaxy clusters. Various gravitational and non-gravataal energy sources  as Coulomb losses (Gould 1972a). (2) Provided the CR momentu
(shown in red) are able to accelerate relativistic parfipulations (shown exceeds the threshofsl~ 0.8 GeV/c for the hadronic reaction with

in blue) by means of dierent plasma processes (shown in green). Non- 5mbient protons, they produce pions which decay into seagnd
thermal cluster observables (shown in yellow) are tracéthese cosmic electrons, positrons, neutrinos, apdays:

ray populations: any cosmic ray electron population cant eauio syn-

Energy sources:

chrotron radiation as well as inverse Compton emission ¢érggnds from o WYV o €+ Ve/Vet v, + Y,

the X-ray into they-ray regime. In contrast, the characteristic spectralaign 0 >

ture accompanying-ray emission from hadronic cosmic ray interactions is - Y-

a unigue sign of a cosmic ray proton population in the inttster plasma. Only CR protons above this kinematic threshold are theectfis-

ible through their decay products via radiative processeking
them directly observationally detectable. As shown in Righese

on the pressure of the thermal electron population integratong secondary relativistic electrons and positrocan emit a halo of
the line-of-sight through the cluster. Finally, galaxy sjpa probe radio synchrotron emission in the presence of ubiquitosain
directly the stellar populations of intra-cluster galaxiend indi- cluster magnetic fields (Dennison 1980; Vestrand 1982;iHas
rectly the cluster’s potential through their velocity disgion (for Colafrancesco 1999; Dolag & Enflin 2000; Miniati et al. 2601
reviews see Sarazin 1988; Voit 2005). Pfrommer & EnRlin 2003, 2004a,b; Marchegiani et al. 2007) as

_ The lower part of Fig. 1 sketches the cosmic ray physics el as inverse Compton emission by scattering photons tiuen
within clusters. CR protons behaveffdrently compared to the  cosmic microwave background into the hard X-ray gaggime!!

thermal gas. Their equation of state is softer, they are atiavel Future y-ray satellites should be able to detect the associated
actively over macroscopic distances, and their energy fioss- hadronically inducedy-ray emission resulting from neutral pion
scales are typically larger than the thermal ones. Besilles t  gecay and allow unambiguous conclusions on the parent CR-pop
malization, collisionless shocks are also able to acceei@ns lation in clusters.

of the high-energy tail of the Maxwellian throughfidisive shock Structure formation shocks can also directly accelerate so

acceleration (for reviews see Drury 1983b; Blandford & Béch  cgjled primary CR electrongyiving rise to an irregularly shaped
1987; Malkov & O'C Drury 2001). These energetic ions are re- radio and inverse Compton morphology due to the compatgtive
flected at magnetic irregularities through magnetic resoea be-  short synchrotron lifetimes of CR electronsof 10° yr. To com-
tween the gyro-motion and waves in the magnetised plasma andpjicate this picture even more, there are other processasatt
are able to gain energy in moving back and forth through the cejerate relativistic electrons. Re-acceleration preessf ‘mildly’

shock front. This acceleration process typically yieldsR@oton relativistic electronsy ~ 100 - 300) that are being injected over
population with a power-law distribution of the particle menta. cosmological timescales into the ICM by sources like raditag-
CRs are accelerated on galactic scales through supemoeassh  jeg supernova remnants, merger shocks, or galactic wanipio-
while they are injected by structure formation shock waveswen vide an dficient supply of highly-energetic CR electrons. Owing
larger scales up to tens of Mpc. So far, we have neglected feed g their long lifetimes of a few times 2G/ears these ‘mildly’ rel-
back from active galactic nuclei (AGN) in our simulationssgie ativistic electrons can accumulate within the ICM (Sar2002),
its importance (for first numerical simulations of thermeddio- until they experience continuous in-situ acceleratioheivia in-
mode’ feedback within cosmological simulations, see Kija& teractions with magneto-hydrodynamic waves, or througbutient
Springel 2006). Gravitational energy associated with #@etion spectra (Jdie 1977; Schlickeiser et al. 1987; Brunetti et al. 2001;
onto super-massive black holes is converted into largeegets Ohno et al. 2002; Brunetti et al. 2004; Brunetti & Lazariaf)2)
and eventually dissipated into thermal and CR energy. This gives rise to a third population té-accelerated CR electrons
The ubiquitous cosmic magnetic fields couple the otherwise that also contributes to the observed radio and inverse @mmp
dynamically independent ingredients like the ICM plasnmel the emission. Since the distribution of magnetic field streagtfith

CR gas into a single, however complex fluid. Magnetic fields pr
vent charged relativistic particles to travel macroscaistances

with their intrinsic velocity close to the speed of light.stead, 11 In the following, we use the term secondary CR electrons symmusly
the particles gyrate around, and travel slowly along magrietid for the likewise produced electrons and positrons.
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cluster radius is also not well known, radio synchrotron ssitin
alone has limited predictive power. Unfortunately, theaeptually
simpler inverse Compton emission is hard to observe becaluse
the strong radiation background in the soft and hard X-rajme.

Nevertheless, there seems to be growing evidence for an ex-

2 METHODOLOGY
2.1 General approach

We follow the CR proton pressure dynamically in our simaas
while taking into account all relevant CR injection and ltssns

cess of hard X-ray emission compared to the expected thermalin the ICM, except for a possible production of CR protons by

bremsstrahlung in a number of clusters that is based on -obser
vations with instruments on board fivefidirent X-ray satellites.
Prominent examples include the Coma cluster (Rephaeli.et al
1999; Fusco-Femiano et al. 1999; Rephaeli & Gruber 200 ¢~us
Femiano et al. 2004, 200%;Eckert et al. 2007; using thRossi
X-ray Timing Explore(RXTE), BeppoSAXandINTEGRAL , the
“Bullet” cluster 1ES 0657-558 (Petrosian et al. 2006, ustxj B,
Abell 2256 (Rephaeli & Gruber 2003, usiRXTH), the Ophiuchus
cluster (Eckert et al. 2007, usity TEGRAL, and the Perseus clus-
ter (Sanders et al. 2005; Molendi 2007, us®igandraand XMM-
Newton. The currently favoured theoretical explanation of irseer
Compton radiation by CR electrons faces problems since &g m
netic field estimates inferred by combining synchrotron amd
verse Compton emission are much smaller than those derived f
Faraday rotation measurements (cf. Pfrommer 2007, for gamex
sive discussion). It has been proposed that a fraction oflifhe
fuse cosmologica)-ray background radiation originates from the
same processes (Loeb & Waxman 2000; Miniati 2002; Reimér et a
2003; Berrington & Dermer 2003; Kuo et al. 2005).

This paper studies directly the CR related multi-frequeniay
servables aiming at understanding the cluster radio halestom.

In a companion paper, we study the interplay of thermal gas an
CRs and their fect on the observables of the thermal gas such as
X-ray emission and the Sunyaev-Zel'dovidfieet (Pfrommer et al.
2007, hereafter Paper I). For consistency reasons withpiduaer,
we scale cluster masses and length units with the dimersisnl
Hubble constanth, whereH, = 100h km s Mpc™t. However,
non-thermal surface brightness and luminosities (foroatiard
X-ray, andy-ray emission) are reported in units of the currently
favoured Hubble constantt,o, whereHy = 70hyo km st Mpc™
since primary and secondary emission processes havieaedit
scaling withh. We derive cluster scaling relations for non-thermal
observables and compare our results to observations irodawt

up paper (Pfrommer 2007, hereafter Paper IlI).

The outline of the paper is as follows. Section 2 describes
our methodology including the general setup of the simoitet;j
our cluster sample, thefiiérent physical processes which we sim-
ulated, and highlights important properties of radiativegesses
considered in this work. In Sect. 3, we present and interret
results on the line-of-sight projections and emission fesfiof

AGN. In contrast, we model the CR electron population in apos
processing step since it does not modify the hydrodynamicsg
to its negligible pressure contribution. In this paper, vemaen-
trate on three observationally motivated wave-bands. bi&syn-
chrotron emission between 15 MHz and GHz, (2) non-thermal
hard X-ray emission at energi€s > 10 keV, and (3)y-ray emis-
sion at energieg, > 100 MeV. Studying our simulated radio syn-
chrotron maps and emission profiles, we develamidied scheme
for the generation of the ffuse large scale radio emission of clus-
ters such as giant radio halos, mini-halos, as well as the ratic
emission:®

2.2 The simulations
2.2.1 General setup and cluster sample

This section provides a short overview of the simulatiord jaimys-
ical models used. Further details can be found in Paper kiAiu-
lations were performed using the “concordance” cosmokigiold
dark matter model with a cosmological constak€DOM). The cos-
mological parameters of our model a®;, = Qpy + Q, = 0.3,
Q, = 0.039,Q, = 0.7,h = 07,n = 1, andog = 0.9. Here,
Qn, denotes the total matter density in units of the criticalsiign
for geometrical closure todayc = 3H3/(8nG). Qy, andQ, de-
note the densities of baryons and the cosmological conatahe
present day. The Hubble constant at the present day is parsede
asHp = 100h km s‘lMpc‘l, while n denotes the spectral index of
the primordial power-spectrum, awdg is thermslinear mass fluc-
tuation within a sphere of radiusr8'Mpc extrapolated ta = 0.

Our simulations were carried out with an updated and ex-
tended version of the distributed-memory parallel TreeSBHe
GADGET-2 (Springel 2005; Springel et al. 2001) that inclsidelf-
consistent cosmic ray physics (EnBlin et al. 2007; Jubedgas.
2007; Pfrommer et al. 2006). Gravitational forces were corag
using a combination of particle-mesh and tree algorithmairb+
dynamic forces are computed with a variant of the smoothetit pa
cle hydrodynamics (SPH) algorithm that conserves energyean
tropy where appropriate, i.e. outside of shocked regiomsi(gel
& Hernquist 2002).

We have performed high-resolution hydrodynamic simula-

the diferent non-thermal emission mechanisms, and correlations tions of the formation of 14 galaxy clusters. The clusterarnsp

of various non-thermal emission processes with the theXvaly
emission. We compare our results to previous findings initbeat
ture and point out future theoretical work that is needectople-
ment this work (cf. Sect. 4). The conclusions are drawn int.&ec
Appendix A describes the modelling of the primary and seeond
CR electron population while Appendix B describes the fdamu
of the non-thermal emission mechanisms ranging from ragie s
chrotron radiation, inverse Compton emission, as well aisdra-
cally inducedy-ray emission.

12 The results of these papers have been challenged by an ianigs
takes into account all systematic uncertainties in thécefiparameters in-
cluding the choice of a source-free background field and tbdetling of

the thermal model for the ICM (Rossetti & Molendi 2004, 2007)

mass range from %10 h™ M, to 2x 10'°h™! M, and show a va-
riety of dynamical states ranging from relaxed cool corestdts to
violent merging clusters (cf. Table 1). The clusters havginally
been selected from a low-resolution dark-matter-only ation
(Yoshida et al. 2001). Using the ‘zoomed initial conditiotech-
nique (Katz & White 1993), the clusters have been re-siredlat
with higher mass and force resolution by adding short-wevgth
modes within the Lagrangian regions in the initial condiidhat

13 Our ‘unified scheme’ unifies apparentlyfidirent difuse radio phenom-
ena in clusters (giant relics, halos, and mini-halos) wisinaple and physi-
cally motivated model. The ‘unified scheme’ should not befagsed with a

‘complete model’ and we want to point out that we have not anted for

all possible CR processes that could be of interest in théegbof cluster

physics.
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Table 1.: CLUSTER SAMPLE

Cluster sim/s dyn. stafd Mgzg)o @ kT,

[h"*Mg]  [h"Mpc]  [keV]
1 g8a cc 18x 10 20 131
2 gla cC B x10'° 1.8 106
3 g72a  PostM 1x 101 1.7 9.4
4 g51 cc 11 x 1015 1.7 9.4
5 glb M 37x 10* 1.2 4.7
6 g72b M 15 x 104 0.87 2.4
7 glc M 14 % 104 0.84 2.3
8 g8b M 10x 104 0.76 1.9
9 gld M 92 x 1013 0.73 1.7
10 g676 CC B x 1013 0.72 1.7
11 g914 CC & x 1013 0.71 1.6
12 gle M 64 x 10%3 0.65 1.3
13 g8c M 59 x 1013 0.63 1.3
14 gsd PreM 5 x 1013 0.61 1.2
NortEs:

(1) The dynamical state has been classified through a couhlairierion

invoking a merger tree study and the visual inspection othay bright-

ness maps. The labels for the clusters are M—merger, Postil-aperger
(slightly elongated X-ray contours, weak cool core regi@veloping),
PreM—pre-merger (sub-cluster already within the viriadius), CC—cool
core cluster with extended cooling region (smooth X-rayfifgh

(2) The virial mass and radius are related ki (2) = %nApcri[(z)Ri,

where A = 200 denotes a multiple of the critical overdensityt(2) =

3H(2)?%/(87G).

(3) The virial temperature is defined I, = GMy umMy/(2Ry), Whereu

denotes the mean molecular weight.

will evolve later-on into the structures of interest (PafjeiVe re-
simulated three isolated clusters (cluster 4, 10, and 1d)taree
super-cluster regions which are each dominated by a largeec!
(cluster 1, 2, and 3) and surrounded by satellite clustduste@r 5

to 9 and 12 to 14). In high-resolution regions, the dark matée-
ticles had masses aofipy = 1.13 x 10° h™* M, and SPH particles
hadmgs = 1.7 x 18 h™! M, so each individual cluster is resolved
by 8 x 10* to 4 x 1CP particles, depending on its final mass. The
SPH densities were computed from 48 neighbours, allowirg th
SPH smoothing length to drop at most to half of the value of the
gravitational softening length of the gas particles. Thisice of
the SPH smoothing length leads to our minimum gas resolution
of approximately 8< 10° h' M. For the initial redshift we chose
1+ 2z, = 60. The gravitational force softening was of a spline form
(e.g., Hernquist & Katz 1989) with a Plummer equivalentesoiftg
length that is assumed to have a constant comoving scale town
z = 5, and a constant value off5'kpc in physical units at later
epochs.

We analysed the clusters with a halo-finder based on spherica
overdensity followed by a merger tree analysis in order totige
mass accretion history of the main progenitor. We also predu
projections of the X-ray emissivity at redshift= 0 in order to
get a visual impression of the cluster morphology. The dyinam
state of a cluster is defined by a combined criterion: (i) & thus-
ter did not experience a major merger with a progenitor masge r
1:3 or larger afterz = 0.8 (corresponding to a look-back time of
~ 5h™1 Gyr) and (ii) if the visual impression of the cluster’s X-ray
morphology is relaxed, it was defined to be a cool core cluStes
spherical overdensity definition of the virial mass of thestér is
given by the material lying within a sphere centred on a |atzad-
sity maximum, whose radial exteri®} is defined by the enclosed
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Table 2.: DIFFERENT PHYSICAL PROCESSES IN OUR SIMULATIONS:

Simulated physid® simulation model@):

S1 S2 S3
thermal shock heating v v v
radiative cooling v v
star formation v v
Coulomb CR losses v/ v v
hadronic CR losses v v v
shock-CRs v v v
supernova-CRs v

NortEs:
(1) This table serves as an overview over our simulated nsoddéle first
column shows the simulated physics and the following thodenans show
our different simulation models with varying gas and cosmic ray fgisys
Model S1 models the thermal gas non-radiatively and indu@R physics,
while the models S2 and S3 use radiative gas physics wfitbrent variants
of CR physics.

threshold density conditioM(< RA)/(47rR2/3) = pthres We chose
the threshold densityined2) = A pqiit(2) to be a multipleA = 200

of the critical density of the universe,i(2) = 3H(2)?/(87G). We
assume a constatt = 200 although some treatments employ a
time-varyingA in cosmologies with), # 1 (Eke et al. 1996). In
the reminder of the paper, we use the terminol&yy instead of
Ra00.

2.2.2 The models

For each galaxy cluster we ran thredfelient simulations with
varying gas and cosmic ray physics (cf. Table 2). The firsto$et
simulations used non-radiative gas physics only, i.e. #sgtrans-
ported adiabatically unless it experiences structure &ion shock
waves that supply the gas with entropy and thermal pressiyre s
port. Additionally we follow cosmic ray (CR) physics inclund
adiabatic CR transport processes, injection by cosmadbgiruc-
ture formation shocks with a Mach number dependent acd&lara
scheme, as well as CR thermalization by Coulomb interactiah
catastrophic losses by hadronic interactions (model Slig. Sec-
ond set of simulations follows the radiative cooling of tresgstar
formation, supernova feedback, and a photo-ionising hackgl
(details can be found in Paper I). As before in model S1, we ac-
count for CR acceleration at structure formation shocks almiv
for all CR loss processes (model S2). The last set of sinmiathd-
ditionally assumes that a constant fracti@f = ecrinj/&diss = 0.3
of the kinetic energy of a supernova ends up in the CR pojuati
(model S3), which is motivated by Te)‘ray observations of a su-
pernova remnant that find an energy fractiod4f ~ 0.1-0.3 when
extrapolating the CR distribution function (Aharonian t2906).
We choose a maximum value for this supernova enefiijgiency
owing to the large uncertainties and our aim to bracket tladise
tic case with the two radiative CR simulations. Generallg, use
model S2 as our standard case which is a conservative chmice f
the CR pressure and explore how the physics of the other model
change the resulting non-thermal cluster observablesisniork,
we don’t account for AGN sources of cosmic rays, but thatwhis
be addressed in upcoming work (Sijacki et al. 2007).

Radiative cooling was computed assuming an optically thin
gas of primordial composition (mass-fractionXy = 0.76 for hy-
drogen and + Xy = 0.24 for helium) in collisional ionisation
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equilibrium, following Katz et al. (1996). We have also indéd
heating by a photo-ionising, time-dependent, uniformavitlet
(UV) background expected from a population of quasars (Htaar
& Madau 1996), which reionises the Universezat 6. Star forma-
tion is treated using the hybrid multiphase model for theristellar
medium introduced by Springel & Hernquist (2003). In shtrg
ISM is pictured as a two-phase fluid consisting of cold clotindg
are embedded at pressure equilibrium in an ambient hot mediu
The clouds form from the cooling of high density gas, and rep-
resent the reservoir of baryons available for star fornmatihen
stars form, the energy released by supernovae heats thertrhbi
phase of the ISM, and in addition, clouds in supernova retsnan
are evaporated. Thesfects establish a tightly self-regulated sub-
resolution model for star formation in the ISM.

Cosmic ray physics was computed by using a new formula-
tion that follows the most important injection and loss meses
self-consistently while accounting for the CR pressurédnamequa-
tions of motion (Enf3lin et al. 2007; Jubelgas et al. 2007pifr
mer et al. 2006). We refer to these papers for a detailed igescr
tion of the formalism, providing here only a short summarythof
model. In our methodology, the non-thermal cosmic ray pafpoh
of each gaseous fluid element is approximated by a simple powe
law spectrum in particle momentum, characterised by an iampl
tude, a low-momentum cutfip and a fixed sloper = 2.3. This
choice is justified by taking the mean of the Mach number ithigtr
tion weighted by the dissipated energy at shocks which isetyo
related to the spectral index of a CR power-law distribut{Ba-
per 1). Adiabatic CR transport processes such as compressio
rarefaction, and a number of physical source and sink terhishw
modify the cosmic ray pressure of each particle are modelibd
most important sources considered are injection by supam@n
our radiative simulations) and félisive shock acceleration at cos-
mological structure formation shocks, while the primamyksi are
thermalization by Coulomb interactions, and catastrofiiEses by
hadronic interactions.

2.3 Essentials of radiative processes

We are interested in the non-thermal emission of the intdaagic
medium at radio frequencies ¢ 10 MHz) as well as at hard X-
ray/y-ray energiesk, > 10 keV). This non-thermal emission is
generated by CR electrons with energigs> GeV as can be read-
ily inferred from the classical synchrotron and inverse @bon
formulae,

B B
B rlicHz

- A
Yaymeh = S me uG (104)’ @)
4 -
e = 5 Miny? =90 kevVVC'—”M"B (%) , @

where e denotes the elementary chardethe Planck constant
the speed of lightn, the electron mass, the particle kinetic energy
E/(mc?) = y — 1 is defined in terms of the Lorentz factgy and

B = \/@ is therms of the magnetic vector fiel@. We chose
CMB photonshvcys ~ 0.66 meV as source for the inverse Comp-
ton emission using Wien's displacement law. Thus, the saRe C
electron population seen in the radio band via synchrotroisgion
can be observed in the hard X-ray regime through the IC psces

2.3.1 Synchrotron and IC emission from equilibrium spectra

The synchrotron and IC emissivities of an equilibrium distr
tion of CR electrons is characterised by two distinctiveinrezs.
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Figure 3. The synchrotron and inverse Compton (IC) emissivity of ami-eq
librium distribution of CR electrons is shown for variousesfral indicesy, .
The normalisation is given by the respective emissivitietha equivalent
magnetic field strength of the energy density of the CBBys = 3.24 uG.
The weak field regime on the left-hand side is characterisethé® domi-
nant inverse Compton (IC) emission while the strong fieldmegon the
right side has the synchrotron emission as the dominantrefecooling
channel.

The weak field regime is characterised by the dominating I&em
sion while the strong field regime has the synchrotron emisas
the dominant electron cooling channel. Using the formutadtie
equilibrium distribution of CR electrons (Eqgns. (A35) or43)),
the synchrotron and IC emissivities depend on the magnedid fi
strength as follows:

Bav+l
and

3
wherea, denotes the synchrotron spectral index that is defined by
jy o v, andeg = B?/(87). Figure 3 shows these emissivities,
normalised by respective emissivities at the equivalengmatic
field strength of the CMB energy densityzat 0, Bcyg = 3.24uG.

In the IC dominated electron cooling regime leftward$8ef;s, the
synchrotron emissivity quickly decreases relative to tBeemis-
sivity, showing thus a strong dependence on the magnetid fiel
strength. There is an interesting twist associated withdifier-
ent spectral indices of the synchrotron emission in clesteaper |
shows that the characteristic shock strength increaseseasioves
outwards from the cluster centre due to the decrease of timedso
velocity in combination with the shallower peripheral dkrspo-
tential. CR acceleration crucially depends on the shockngth
according to Eqn. (A19) predicting steep CR spectra at time ce
tre that flatten on average towards the cluster periphenceSihe
magnetic field has a decreasing profile with radius (Eqn.Hs, t
synchrotron emission of clusters should qualitatively besig by
the upper envelope of the family of emissivity curves ladelby
different spectral indices of Fig. 3. This simplified pictureumsss
that the electron spectra are dominated by injection anchere
ther qualitatively modified by CR transport processes sicR
diffusion nor by the hadronically injected electron spectra.

Jy & ——— Jic ¢ ————,
€ t+ &cmB g t+ &cmB

2.3.2 Comparison of inverse Compton apday spectra

Figure 4 compares the spectral distribution of the pioragteio-
ducedy-ray emission (broken power-laws) with the inverse Comp-
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Figure 4. Spectral distribution of the fferentialy-ray flux d7, /dE, (up-
per panel) and the integratedray flux 7, (E, , co) (bottom panel) for dif-
ferent spectral indices. Shown are inverse Compton spéaim a sec-
ondary CR electron population and pion decay indugeédy spectra (bro-
ken power-laws) both resulting from hadronic CR protonriatgons. The
model calculations assume a normalisation for the CR prdistnibution
of Cp = 107¥%cm3, a nucleon density ofiy = 1073 cm3 (for 4,),
and put the fiducial cluster with maddquster = 10'° Mo /h at a distance
D = 100 Mpg¢/h to derive7, .

ton emission both resulting from hadronic CR proton intécars.
Note, that the relative normalisation of both emission cormgnts

3 RESULTS
3.1 Cluster environment and cosmic ray pressure

Figure 5 shows the region around the largest cluster withgmer
ing activity in our sample I =~ 10°h~* M, with the identifier
g72a) in our simulation with radiative gas physics, stanfation,
and CRs from structure formation shocks only (model S2)sThi
galaxy cluster experienced a large merger with a mass rdtio o
Mmerged Mprogenitor = 0.3 at redshiftz = 0.25 preceded by a minor
merger mass ratio afnerged Mprogenitor = 0.1 atz = 0.4. The en-
vironment is dominated by the large central post-mergingstelr
and surrounded by smaller satellite clusters and groupsliib-of
sight average of the density shows the suitably normaliseattity
1+ 6gas = p/(Qb perit). While the ICM of the central massive clus-
ter reaches central temperatures above that of the virigbéeature
of kTyir = 9.4 keV, the surrounding warm-hot intergalactic medium
(WHIM) acquires temperatures kT ~ (102-1071) keV. The spa-
tial distribution of shock strengths can be studied besbbkihg at
the Mach numbers weighted by the energy dissipation ratewe-s
ture formation shocks (represented by the colour hue in ¢ittin
left panel of Fig. 5). The brightness scales logarithmicalith the
projected dissipation rat@giss)ios- Within this super-cluster region
most of the energy is dissipated in weak internal shocks Mabh
numbersM < 2 which are predominantly central flow shocks or
merger shock waves traversing the cluster centre. Colthpzemo-
logical structures are surrounded by several quasi-sphileshells
of external shocks with successively higher Mach numbeus, b
they play only a minor role in the energy balance of thernzaliz
tion as can be inferred by its dim brightness. Clearly visiate
spherical shells of shocks atfidirent radii from the cluster centre.
Two distinct outgoing shock waves at distances of 2 ahd 3/pc

to the cluster centre are visible that are triggered by thegere
followed by shells of stronger shocks further outwards.sTic-
ture is dramatically changed if we perform the weighting loé t
Mach numbers with the energy injection rate of CR proters,
(shown in colour while the brightness displays the loganithf the
CR proton energy injection rate, bottom right side). Only @ig-
tons with a dimensionless momentuns By > 30 (E = 30 GeV)
have been considered for calculating the CR energy denisitg s
lower energetic CR protons are not detectable at radio &edges

v > 120 MHz by means of hadronically produced secondary elec-

is governed by hadronic physics and does not depend on the gadrons (assuming = 11G). As expected, weak shocks with Mach

and CR proton number densities. For our choice of the CR proto
spectral index ofy, = 2.3, the ratio of pion-decay to secondary IC
emission in the energy randge > 100 MeV can be readily inferred
to be¥, /Fic = 20. The asymptotic behaviour for thyeray number
flux of both emission components at high energies is given by

4)

Assuming a spectral CR index@f = 2 yields the same asymptotic
behaviour while increasingj results in a shallower decline fGfic
with energy such that eventually the IC component will sagihe
pion decay emission. This however is well above the enemgea
E, > 10 TeV that is of interest for imaging alterenkov tele-
scopes. For an energy range < 1 MeV the secondary IC emis-
sion dominates the hadronically induced channel. In cehtceathe
secondary IC emission, the IC emission level of primary G&tel
trons depends on the dynamical activity of the region, inipalar
on the shock strength and the associated amount of disdipate
ergy. Comparing the primary to the secondary IC emissiohhil
one goal of this paper.

7__7 o E;ryp+1 and Fic o« E;qv — E;ap/z'
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numbers 1< M < 2 almost disappear in this representation due
to their small accelerationfigciency. This &ect is amplified by
considering only energetic CR protons wigh> 30. Comparing
the Mach numbers weighted layr to those weighted byiss un-
covers the three-dimensional picture of these shock sesfathe
powerful (in terms of energy dissipation rate) but weak @nrts

of shock strength) internal shock waves are surrounded bgksh
surfaces of successively increasing Mach numbers thatrdye®-
vealed in these projections if one disfavours these intesinacks

in the weighting function.

What are the consequences for the CR proton pressure within
galaxy clusters? Similar to the thermal pressure, it peakisa cen-
tre and falls of with radius. The CR pressure is additionaity
hanced at strong shock waves, that have a modulafiegten the
underlying CR pressure distribution. The latter can be gdaok-
ing at the strong tangential shock waverat 600h™! kpc south-
wards from the cluster centre in the mass weighted CR prates+p
sure map (top left panel in Fig. 6). The CR pressure peakshigug
atPcr =~ 10"*2erg cnt® hZ, at the cluster centre. Even more reveal-
ing is the mass-weighted CR proton pressure relative todtad t
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Figure 5. The environment of a large post-merging galaxy cluskér{ 10'>h~1 M) in our simulation with radiative gas physics and star faioraincluding
CRs from structure formation shocks only (model S2). Shorertlae line-of-sight averaged density (top left side), thessweighted temperature (top right
side), the Mach number of shocks weighted by the energypdissi rate in colour (while the brightness displays theatligm of the dissipation rate, bottom
left side), and the Mach number of shocks weighted by theggmiejection rate of CR protons in colour (while the brighgsedisplays the logarithm of the
CR proton energy injection rate, bottom right side). Fotdretomparison, we used the same colour and brightnessis¢hkebottom plots. Only CR protons
with a dimensionless momentugn= By > 30 have been considered for calculating the CR energy gesiaite lower energetic CR protons are not detectable
at radio frequencies > 120 MHz by means of hadronically produced secondary elestro

pressureXcg = Pcr/Prot, WherePy: = Pcr + Py, (top right panel tion or dominates the thermal pressure as can be seen byrternu
in Fig. 6). The relative CR pressubér acquires comparatively ous yellow points sprinkled over the map, each correspantiira
high values within the WHIM that are hydrodynamically impor  galaxy. This is due to the long CR cooling time scales contptoe
tant, their importance decreases (on average) as we mowdaw  those of the thermal gas, affect that diminishes the thermal gas
due to a combination of the following reasons: (1) weak @ntr  pressure relative to that of CRs (Paper I).

flow shocks are in@cient in accelerating CRs (e.g., Paper |) and
(2) adiabatic compression of a composite of CRs and theraml g
disfavours the CR pressure relative to the thermal presdueeto
the softer equation of state of CRs. Within each individuzdégy as
well as within the cluster centre, the CR pressure reachgipadi-

It is very instructive to compare the CR proton to the CR elec-
tron pressure since protons and electrons are subjectfferetit
cooling mechanisms due to their large mas$edénce. The CR
proton cooling timescale is generally larger than that of €&&c-
trons such that protons accumulate within the ICM on a Hubble
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Figure 6. CR proton and electron pressure maps in the super-clust@oement of a large post-merging galaxy clustdt & 10'°h~1 M) in our radiative
simulation (model S2). The mass weighted CR pressure (fogitte) is contrasted with the mass weighted CR presmlegive to the total gas pressure
(top right side). Since the CR proton pressure decreasesliesply than the gas pressure as a function of clustersréigiresults in an increasing relative
CR pressure profile towards the periphery. In the bottom Isame show the mass weighted CR electron pressure relatitieettotal pressure for primary,
shock-accelerated electrons (left side) and secondacjrefes resulting from hadronic CR proton interactionslitigide). The CR electron pressure derives
from the respective equilibrium distribution functionsttbalance acceleration and cooling processes.

timescale and maintain a comparatively smooth distrilouteer Xcre = Pcre/Prot- On the left side, we show the relative pressure
the cluster volume (top panels of Fig. 6). This implies thegt €R of primary, shock-accelerated electrons while the re¢afixessure
proton pressure traces the time integrated non-equilibbractivi- of secondary electrons resulting from hadronic CR protderac-

ties of a cluster and is only modulated by recent dynamice-ac  tions is shown on the right side. The CR electron pressuneeter
ities (see also Paper |, for average values of the relativee@R from the respective equilibrium distribution functionsttbalance
ergy in diferent dynamical cluster environments). In contrast, the acceleration and cooling processes as laid out in Appesdi&e2
pressure of primary CR electrons resembles the currentrdiyna  and A4.2. Note that the colour scale for the relative presstipri-

cal, non-equilibrium activity of the forming structure anesults mary CR electronspans exactly two orders of magnitude (like in

in an inhomogeneous and aspherical spatial distributioruriler- the case of CR protons), peaking in the dilute WHIM at roughly
pin this argument, in the bottom panels of Fig. 6, we show the 3 per cent rather than 30 per cent as in the case of CR protons.
mass-weighted CR electron pressure relative to the totlspire The relative CR electron pressuXgrepim decreases towards clus-
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ters and groups due to larger Coulomb losses and smallek shoc
acceleration #iciencies within collapsed objects as in the case of
CR protons. Interestingl¥crepim Within galaxies is suppressed by
roughly one order of magnitude with respect to the ambietarin
galactic medium in which the galaxy resides due to large Quobl
losses. This is quite fierent from CR protons that acquire equipar-
tition with the thermal gas inside galaxies. In general, gpetial
variations ofXcreprim are larger than in the case of protons, showing
that the CR electron pressure indeed reflects the activentigah
structure formation activities mediated by shock wavesaimtrast,
the mass weighted relative pressuresetondary CR electroris
shown on a colour scale that spans seven orders of magndude,
to the high dynamic range of this quantity. The CR electragspr
sure is proportional to the number densities of CR protortsafn
the gasPcresec ¢ NcrMn, CAUSINGXcRresec t0 peak towards dens-
est structures and thus filling in the diminishing primary €lBc-
tron pressure inside dense structures such as galaxiesvAsiaof
caution, we do not account for the re-acceleration of CRtelas
e.g. via resonant pitch angle scattering by compressibigneta-
hydrodynamical (MHD) modes neither do we account for a pre-
viously injected and aged electron population which colldnge
the presented picture. Further work is required to elueidaese
electron components in simulations.

3.2 Radio synchrotron emission
3.2.1 Projected radio maps

Figure 7 shows the large-scale “radio web”of the superteluse-
gion of our Coma-like cluster that experienced a recent erefithe
radio emission is computed assuming a simple scaling madel f
the magnetic field of

2ap
_ Eth
&€ = &Bo|— P

€th,0

®)

where the central magnetic energy densify andag are free pa-
rameters in our model, ang, o denotes the thermal energy density
at the cluster centre. It is motivated by turbulent dynaneptles
of the growth of magnetic field strength that are typicallyusat-
ing at a level proportional to the turbulent energy densitythe
thermal energy density (e.g., Subramanian 2003; Scheiocki
Cowley 2006). This allows us to explore the unknown behavidu
the large scale magnetic field parametrically (cf. Apperigtixfor
more discussion). Our standard model (also adopted in ffigs-7
sumes a central magnetic field strengttBgt= 10 .G andag = 0.5
which implies a constant ratio of thermal-to-magnetic puge of
20 in our Coma-like cluster.

In the top panels of Fig. 7, we separately show the synchmotro
emission ofprimary CR electronshat were accelerated directly at
structure formation shocks as well as the radio emissiorecf
ondary CR electronthat results from hadronic CR proton interac-
tions with ambient gas protons. The combined radio synaobmot
emission (shown in the bottom left panel) shows that the hmrp
logically smooth secondary component dominates the radis-e
sion of the central cluster regions. In contrast, the irtedy shaped
primary radio relic emission dominates in the cluster pegily and
the super-cluster region that is believed to host the wantristier-
galactic medium (WHIM). These observations are supporyettié
radio spectral index map between 150 MHz and 1.4 GHz (bottom
right panel) which shows larger variations in the periphehaster
regions. These are caused by projecting the radio emission f
inhomogeneously accelerated primary CR electrons andtéfie

strong variation of the Mach numbers of structure formagibacks

at the outer cluster regions. Based on these findings, weagput f
ward a newunified scheméor the generation of giant radio halos
as well as radio mini-halos. Thggant radio haloemission in merg-
ing clusters shows a transition from the secondary radicssion

in the centre to the dominant primary emission componentet t
outer parts of radio halos. Gravitational energy, that soamted
with the merger, is virialised by a morphologically complest-
work of strong shock waves in the cluster outskirts. Thisices an
irregular radio ‘gischt’ emission in the cluster periphdimat repre-
sents radio synchrotron radiation emitted from shock-ecated
electrons. Our simulated radio emission maps of relaxetl cue
clusters show a significantly reduced level of this primamjgsion
component such that thefflise radio emission in these systems is
solely determined by the secondary radio emission, proguaia-

dio mini-hala Note that our simple magnetic model does not take
into account the adiabatic compression of magnetic fieladsgu
the formation of a cool core. Thisffect should furthermore de-
crease the emission size of radio mini-halos making it coatge

to the cool core region.

Closer inspection of the primary radio emission map (top lef
panel in Fig. 7) shows a brighédio relic on the lower right with
respect to the cluster centre at a distance ef 0.6h~* Mpc. This
is caused by an outgoing merger shock wave that steepens as it
reaches the shallower peripheral cluster potential. leadhtwards
at a distance of 2 and8* Mpc to the cluster centre, there is a class
of tangentially curved radio relics visible in orange and.r€hese
are uniquely associated with strong shock waves as can &eedf
by comparing the primary radio emission to the dissipateztgn
at shock waves (shown as brightness in the bottom left panel o
Fig. 5). The statistical study of the radio emission dfadtent fre-
guencies and Faraday rotation of these objects will enableou
investigate non-equilibrium processes of virialisatinoluding the
acceleration of cosmic rays, the growth of magnetic fields, la-
netic energy in bulk motions that are expected to sourceiterice
in clusters. Comparing the emission level of the projectdia
surface brightness maps to the LOFAR point source sergitfi
0.25 mJy/ (arcmin hour) atv = 120 MHz shows that moderately
long exposures of super cluster regions have the potewtidet
tect the large-scale “radio web” and to study the magnetid fia
Mpc-scales that is woven into the web. Ongoing work thatideb
simulated mock observations for radio interferometerslistu as-
sociated questions in greater detail (Battaglia et al. @ppr

Figure 8 shows the dependence of the primary and secondary
radio synchrotron emission on the observing frequencyntbdel
for the magnetic field, as well as the type of simulated gasioky
(radiative versus non-radiative). The top panels show itje-fand
low-frequency radio emission (1.4 GHz and 15 MHz) in our aadi
tive simulation (model S2) using our standard model for thegm
netic field. This demonstrates the potential of low-frequyera-
dio arrays in studying non-thermal properties of the irgalactic
medium especially since the associated radio spectruneépst
compared to that of the Galactic foreground emission. Tlilisav
low us to address questions such as the existence and pespert
of the WHIM and the existence and origin of large scale mag-
netic fields. The bottom left panel shows the total radio siois
at 150 MHz in our non-radiative simulation (model S1) assgni
our standard parameters for the magnetic field, and shoutdoe
pared to the same panel in Fig. 7. The level of the primaryoradi
emission in the cluster periphery and the super-clustéoneg re-
duced in the non-radiative simulation (model S1) compaceithé
radiative case (model S2). Some relics in the bottom panetén

© 2003 RAS, MNRASD0Q, 1-32



Cosmic rays in clusters of galaxies — Il. Radio halos, relasdy-ray emission 11

Radio web (primary CRes, 150 MHz): Central radio halos (seloy CRes, 150 MHz):

10°

ey
2
3

y[h*Mpc]
y[h*Mpc]
aanl MJy arcmief hye* |

,_.
Q
S, primary | MJy arcmir? h,

ey
1
S

ey
]
>

-15 -10 -5 5 10 15 -15 -10 -5 5 10 15

0 0
x[h*Mpc] x[h*Mpc]

Total radio synchrotron emission, 150 MHz: Radio spectnaldx map:

0

y[h*Mpc]
S, tot [ MJy arcmirf h, .
y[h*Mpc]

0 5 - 0
x[h*Mpc] x[h*Mpc]

Figure 7. The large-scale “radio web” at 150 MHz of the super-cluségian of our Coma-like cluster that experienced a recengerdig72a) in our radiative
simulation (model S2). We show the synchrotron emissigoriofiary CR electronshat were accelerated directly at structure formation Eb@top left side) as
well as the radio emission secondary CR electrorthat results from hadronic CR proton interactions with anbigas protons (top right side). The bottom
left panel shows thgiant radio haloemission of this cluster that is characterised in the celoyréne regular smooth morphology of the secondary radio
emission. At larger radii, we observe a transition to theitfegularly shaped primary radio “gischt” emission with @minent radio relic to the lower right
of the cluster. The radio spectral index between 150 MHz addaHz (bottom right panel) shows larger variations in thepsesral cluster regions. These

are caused by projecting the radio emission from inhomogesig accelerated primary CR electrons and reflect the gtvanation of the Mach numbers of
structure formation shocks at the outer cluster regions.

S1) that are at distances 8f 2h™* Mpc to the cluster centre even  tom right panel again shows the total radio emission at 15@ MH
show radio emission at the level that is comparable to thétén our non-radiative simulation, however, with a shallowergmetic
panel above (model S2) despite the lower frequency thatldhou decline,ag = 0.25 which results irgg o £°. Although the radial
provide a flux level that is increased by an order of magnitaste decline of this model for the magnetic field might be almost to
suminga, =~ 1. The reason for this stems from the larger shock shallow, it serves for illustrative purposes demonstmtimat low-
strength (higher Mach numbers) of characteristic shocks dis- frequency radio arrays in combination with high-resolot&mula-
sipate gravitational energy into thermal energy in radeasimu- tions can tightly constrain the large scale behaviour oftlagnetic
lations (Paper I). The enhanced acceleratifiiciency of CRs at field.

stronger shocks leads to the increased primary radio eonisgi

radiative simulations compared to the non-radiative c@ke.bot-
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Figure 8. Dependence of the primary and secondary radio synchrotmieséon on the observing frequency, the model for the magfietd, as well as
the type of simulated gas physics (radiative versus noratiael). The top panels show the synchrotron radiation 4tGHz and 15 MHz in our radiative
simulation (S2) assuming a simple scaling of the magnetzggndensity with the thermal energy density, < . This demonstrates the potential of low-
frequency radio arrays in studying non-thermal propertiethe inter-galactic medium. The bottom left panel shovesttital radio emission at 150 MHz in
our non-radiative simulation (S1) with the same magnetidehoTl he bottom right panel again shows the total radio @onisat 150 MHz in our non-radiative
simulation, however, with a shallower magnetic declisg,« 'Stohs- For convenience, the colour scale is the same in all panels that the emission at 15

MHz in the central cluster region is highly saturated.

ondary component typically falls of at a radiusx 0.2R,; which
resembles the characteristics of observed radio mini hadosb-
Radio synchrotron profiles allow us to confirm and quantifg th  gepyed e.g. inthe Perseus cluster (Pedlar et al. 1990) oABX7J5-
proposed unified scheme for the cluster radio halo emission. 1145 (Gitti et al. 2007). Our model predictdidise secondary radio
Primary versus secondary radio emissionThe left side of emission in virtually every cool core cluster.
Fig. 9 compares the synchrotron emissiompoiary CR electrons
that were accelerated directly at structure formation khogith
that of secondary CR electrortbat result from hadronic CR pro-
ton interactions with ambient gas protons. In cool core telss
the azimuthally averaged secondary radio emission doesrie
primary emission component for radii< 3R,;;. The smooth sec-

3.2.2 Radio emission profiles

Interestingly, our post-merging cluster g72a shows a trans
tion from the secondary to the primary radio emission congpbn
towards the outer cluster regions triggered by the dynamieager
activity with strong shock waves traversing the cluster ridev to
thermalize the gas. These shock waves steepen as they break o
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Figure 9. Azimuthally averaged radio synchrotron brightness prefder = 1.4 GHz. The left side compares the synchrotron emissigriofary CR electrons
that were accelerated directly at structure formation kbddotted lines) with that afecondary CR electroribat result from hadronic CR proton interactions
with ambient gas protons (dashed line) while the solid linevs the sum of both emission components. The upper panglaresia post-merging cluster
(g72a) with a cool core (CC) cluster (g51) of the same masgtantottom panel compare the radio emission of twitedently sized CC clusters (g8a versus
g676). The right side shows the influence dfelient simulation and magnetic field models on the total syoirdn emission profiles for the post-merging
cluster g72a (upper panel) and the CC cluster g8a (bottorelpdrhe standard model uses radiative gas physics (S2 bastral magnetic field strength of
Bp = 101G, and scales as; « sfﬁB with ag = 0.5. The other lines result from varying each of these assumptseparately leaving the others unchanged.
The radio emission in our non-radiative simulation (S1tetblines) declines faster. The emission profiles for a losegitral magnetic field strength (dashed
lines) and with a weaker magnetic decline (dash-dotted)iillestrate the uncertainty in the simulated radio prsfile

the shallower peripheral cluster potential. The assogiaterease
in the primary radio emission comes hand in hand with a s&ong
variation of the radio spectral index towards the clustetiphe
ery (cf. Fig. 7). In the particular case of g72a, the resgltia-
dio halo profile reaches out to~ 0.45R,;; which corresponds to
the observed size dRnax =~ 1 Mpc/h;o of the Coma radio halo at
v = 1.4 GHz (Deiss et al. 1997; Reiprich & Bohringer 2002). We
verified that the transition from the secondary to the primradio
emission in our simulated giant radio halos is independerthe
chosen projection and a generic prediction for mergingtehss
Our simple scaling model for the magnetic field of Eqn. (5)doe
clearly not include non-equilibriumfiects related to the growth of
the magnetic field. The enhancement of the magnetic fieldgtine
through turbulent dynamo processes will saturate on a letéth

is determined by the strength of the magnetic back-reaggan,
Subramanian 2003) and is typically a fraction of the turbtien-
ergy density. Thus, in a real cluster, the strong shockseatlister
periphery are expected to drive turbulence and strong shetions
which should in turn lead to a stronger magnetic field amgitfan.
Our adopted scaling of the magnetic field with the thermatgne
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density might partially neglect thes&ects and should somewhat
underestimate the peripheral radio synchrotron emission.
Influence of magnetic parametrisation on radio emission:
The right side of Fig. 9 shows the influence offdrent simula-
tions and magnetic field models on the total synchrotron s
profiles for our massive post-merging cluster and cool cdus-c
ter. The emission profiles for lower central magnetic fieldisgith
(dashed linesBy = 3 1G) shows a small decrease of the central ra-
dio emission by a factor of two while it is considerably suggsed
by an order of magnitude towards larger radii. This is duehi t
two distinctive regimes of a synchrotron emitting equilifon dis-
tribution of CR electrons (cf. Fig. 3). For field strengtBs- 3 G,
the synchrotron flux is almost insensitive to the field sttbrvghile
it scales ag, o« B*** for weaker field8 < 3 uG which are present
at larger cluster radii. The emission profile for a weaker netig
decline (dash-dotted linegg = 0.25) is more extended than our
standard model, as expected. Current cosmological MHD $RH s
ulations (e.g., Dolag et al. 2001) may noffsiently resolve small
scale turbulent dynamo processes and large shear motiaharth
thought to amplify the magnetic field in the coarsely samplguer-
cluster regions beyond the accretion shocks. The model thith
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Figure 10. Average profiles for the spherically averaged CR fractigr = ncr/nin of our sample of all 14 clusters at redstift 0. The error bars represent
the standard deviation from the sample mean. The increaserofvith radius is independent of the modelled CR physics (S1lid,s82 — dashed, S3 —
dash-dotted) and continues beyond the virial radius suipgethat this is a generic property of CR physics. The inseeaf fcr in our radiative models for
small radiir < 0.1R; is due to the short cooling timescale of the gas comparedat@ftCR protons (cf. Paper I). Note theférent axes scales in both panels.

weaker magnetic decline is an attempt to parametrise those u
certainties. Note that despite the uncertainties in tharpatrisa-
tion of the magnetic field and thus the overall radio emisstbha
conclusions with respect to thefidirent emission components (pri-
mary versus secondary) and their emission characteristiogin
unchanged.

Influence of simulated physics on radio emissionThe radio
emission in our non-radiative simulations (S1, dottedd)rie much
smoother and declines faster since there is only a very waakit
tion to the primary component due to the weaker shocks inltie ¢
ter periphery compared to the radiative simulations (S2% $ur-
prising that the central radio emission in simulation med#&1 and
S2 almost coincide despite the largéfelience of the central CR
fraction fcr = ncr/Mm in both models (cf. Fig. 10). At = 0.02R;;
the CR fraction is two orders of magnitude larger in our ridia
simulations compared to our non-radiative simulationss Tan be
understood by the self-regulated nature of CR feedback.s€be
ondary synchrotron emission scalesjasc NcrNgas fCRngaS ne-
glecting the weak additional density dependence throughmthg-
netic field in the synchrotron regime (cf. Fig. 3). The lowersg
density in the radiative simulations (cf. Figs. 3 and 5 in &dp
almost exactly balances thisidirence of the CR fraction such that
the resulting secondary synchrotron emission level in drgre re-
mains only slightly modified. This is due to a combination loé t
following reasons. (1) The CR cooling timescales due to Gl
and hadronic interactions of CRgpcou naz}s is almost an or-
der of magnitude larger in our non-radiative simulationmpared
to our radiative case owing to the central densitffedence. (2)
A second sub-dominantfect is the reduced depletion of the CR
pressure in our radiative simulations due to adiabatic cesgion
of our composite of CRs and thermal gas which disfavours fRe C
pressure relative to the thermal pressure.

Part of this density dierence is reinforced in contemporary
cosmological radiative simulations that do not includedfssck
from AGN. This leads to the well-known over-cooling problem
which results in an overproduction of the amount of starbaeced
central gas densities, and too small central temperataom@gared
to X-ray observations. The density enhancement at the \aniyre

and the associated star formation take place at the expdrtee o
surrounding ICM which ends up being less dense compared to it
initial stage before cooling set in. This hypotheticaliaistage is
realised by our non-radiative simulations that does nat tato ac-
count radiative cooling. We show that the secondary CR eamiss
(radio synchrotron, inverse Compton, and pion decay indyegy
emission) within the framework of our CR model is almost inde
pendent of those short-comings in the central cluster regidhe
difference of the radio emission at larger radii between our isode
S1 and S2 however is a robust finding and primarily caused &y th
difference of the primary radio emission. Thigfdience is due to
the on average stronger shock waves that lead to nfhoteat CR
electron acceleration in our radiative simulations.

3.2.3 Discussion of synchrotron polarisation

Synchrotron emission from primary accelerated electranpd-
larised due to a combination of twdfects. (1) Shock compression
aligns unordered magnetic fields with the shock plane (Enssél.
1998). Furthermore, shearing motions induced by obliquelsh
stretch these field lines which leads to a larger magneti@roh
ence length of two-dimensional field configurations (Sclebkan
& Cowley 2006). If the synchrotron emitting structure theiener-
gised by the formation shock wave is seen at some angle betwee
the line-of-sight and the normal of the shock front, the neign
field structure projected onto the plane of sky shows a peetal
direction which implies a preferred intrinsic synchrotrpalarisa-
tion. (2) The combination of the localised acceleratioe sit CR
electrons at these shock fronts and the short synchrotrolingo
times (cf. Fig. Al) leads to a small synchrotron emissioruwae.
Thus, these peripheral radio relics are expected to showfanped
synchrotron polarisation with the magnetic field alignedhwthe
shock surface (as observed e.g. in Abell 3667 by Rottgestrey.
1997). Superposing many causally unconnected radio fielip-
jection leads to a decrease of the degree of polarisation.
Hadronically induced synchrotron emission of the smooth ra
dio halo is virtually unpolarised assuming statisticaigtropic dis-
tribution of magnetic field vectors without a preferred diien.
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Figure 11. The top panels compare the thermal X-ray emission angta emission resulting from hadronic CR interaction withkdent gas protons of
the super-cluster region of our Coma-like cluster in ouiiatiee simulation (model S2, cluster g72a). The hadrgniray emission shows a shallow decline
with radius due to the rising CR-to-thermal number densityfife. The bottom panels show the inverse Compton emiss@n primary and secondary CR
electrons in the hard X-ray (left side) as well as $hey band (right side). The primary CR electrons dominagedimission signal on large scales. Comparing
they-ray emission components (right panels) shows that the gémayy-rays exceed the total IC emission at energigs> 100 MeV.

The large emission volume is filled with magnetised plasnz th  characterised by the dominating primary emission thererder to

causes the plane of polarisation to Faraday rotate. Hazhthyi detect this polarisation one might be forced to go out todang-
generated CR electrons fill the same cluster volume. Thugd) ea pact parameters with a small resulting synchrotron suraight-
radio emitting volume element along the line-of-sight ttisasep- ness where the emission is dominated by very few relics alloag
arated by more than the magnetic correlation length or tha-Fa line-of-sight. Owing to the dferent injection timescales of primary
day depth, if shorter, radiates causally unconnectednsitally and secondary CR electrons, we conclude that the secondbry h
polarised emission that averages out to a net unpolariséssiem, emission traces the time integrated non-equilibrium @@t of a
e.g. radio halos are Faraday depolarised. cluster and is modulated by the recent dynamical activ{fReper

1). In contrast, the polarised radio relic emission resaslthe cur-
rent dynamical, non-equilibrium activity of a forming stture and
results in an inhomogeneous and aspherical spatial disiti

Combining these considerations with the previously devel-
oped model for the radio halo emission implies a transiti@mf
the virtually unpolarised radio halo emission at small ictpga-
rameters to a small degree of polarisation at the halo perjph
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Figure 12. Azimuthally averaged profiles of the inverse Compton (IQfae brightness for energi&s, > 10 keV (upper panels) andray emission profiles
for E, > 100 MeV (bottom panels). Using the simulation of the postgimg cluster g72a, the left side compares the IC emissigmriaiary CR electrons
that were accelerated directly at structure formation kkddotted lines) with that afecondary CR electrorthat result from hadronic CR proton interactions
with ambient gas protons (dashed lines) while the solidslisleows the sum of both emission components. The dominassemicomponent at energies
E, > 100 MeV is the pion decay inducedray emission (dash-dotted lines). The right side comptiresotal hard X-ray angi-ray emission, respectively,
for for the different clusters g8a (dotted lines), g72a (solid lines), gisklied lines), and g676 (dashed-dotted lines). While ttek Xaay/y-ray emission
clearly scales with the cluster mass, the dynamical statieeotluster is equally important and can even reverse the tnarsd as can be inferred from the IC
emission forE, > 10 keV comparing the top two clusters in the figure legend.

3.3 Hard X-ray and y-ray emission
3.3.1 Projected X-ray ang-ray maps

Different non-thermay-ray emission processes are compared to
the thermal X-ray emission in Fig. 11. The top panels compare
the morphology of the thermal X-ray surface brightness (fer
tails of the projection, cf. Paper I) to that of tikeray emission re-
sulting from hadronic CR interactions with ambient gas pnstof
our Coma cluster region in our radiative simulation. Altgauhey
resemble each other, the pion decay indugady emission de-
clines slower with radius and makes tjp@ay halo more extended.
The bremsstrahlung emission of the thermal gas scaleg, ése-
glecting the radial dependence of the cooling function)levttie
hadronically induceg-ray emission scales &g.d\cr. The discrep-
ancy between the radial behaviour of the thermal and nomriale
emission can be understood by looking at the right side of Fig
which shows average profiles of the spherically averagedr&® f
tion fcr = ncr/my Of our sample of all clusters. There is an in-
crease offcg with radius that is independent of the modelled CR
physics and continues beyond the virial radius. This genene-
diction of CR physics is due to the moréieient CR acceleration

at the peripheral strong accretion shocks compared to wesatkat
flow shocks.

The bottom panels of Fig. 11 show the inverse Compton emis-
sion from primary and secondary CR electrons in the hardyX-ra
(left side) as well as the-ray band (right side). The primary CR
electrons dominate the hard X-ray emission signal on lacgées.
The primary IC emission directly reflects the inhomogenedtis
alisation process that manifests itself through a filigreé wpun by
shocks (cf. Fig. 5). In principle, IC emission is the cledanesy of
probing structure formation shock waves since the inversei
ton emission is not weighted by the magnetic energy density a
is the case for synchrotron emission. Visually comparirgyright
panels of Fig. 11 implies that the pion decay indugecy emis-
sion dominates the total IC emission in the energy rangeishaft
interest to GLAST.

3.3.2 Hard X-ray IC and/-ray emission profiles

Figure 12 shows azimuthally averaged profiles of the IC serfa
brightness for energids, > 10 keV (upper panels) andray emis-
sion profiles forE, > 100 MeV (bottom panels). Using the simu-
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lation of the post-merging cluster g72a, the left side compahe
IC emission ofprimary CR electronghat were accelerated directly
at structure formation shocks with that ®écondary CR electrons
that result from hadronic CR proton interactions with ambigas
protons. The primary and especially the secondary IC eomsisi
generally more inhomogeneous compared to both radio emnissi
components. Secondly, the IC emission declines less gtestl
radius and shows almost a power-law profile compared witiBthe
profile in the case of synchrotron emission. Boffeets are due to
the weighting by the magnetic field which in the latter caselsto
smooth out the inhomogeneous CR electron distribution andes
a steeper decrease of the radio synchrotron emission &titeaur
model of the magnetic field).

At energies, > 100 MeV, the pion decay inducegray
emission is the dominant emission component everywherepexc
in the peripheral regions of the post-merging cluster g7Bare the
primary IC emission is of similar strength (cf. bottom leétrgel of
Fig. 12). As a word of caution it should be added, that our $mu
tion assumes a CR proton spectral indexpt 2.3. Lowering this
value would result in a larger secondary IC component (cf. &).
Future work is required to study such a scenario which migtd fi
applications in the outer parts of clusters. However, thenpie-
cay component aE, > 100 MeV should be robust with respect
to variations ofe, since it samples the pion bump that is sensi-
tive to threshold fects of the hadronic cross-section but not to the
spectrum of the parent CR distribution. Despite the fact tha
secondary IC emission still dominates the primary IC eroissit
E, > 100 MeV, the primary IC component is increased by a fac-
tor of two compared to the hard X-ray emissionggt > 10 keV.
We conclude that the mean IC spectral index is obviously lemal
than that of the secondary emissian, = 1.15. This can be un-
derstood by combining the facts that a superposition Gedint
power-law spectra produces a concave spectrum and that ik em
sion atE, > 100 MeV results from CR electrons with a Lorentz
factory > 3 x 10° according to Egn. (2). This again stresses the
importance of correctly modelling the peripheral regiofia alus-
ter since they show predominantly the conditions for strehgck
waves that are able to accelerate such flat CR electron gamda

We move on to compare the hard X-ray gnday emission for

clusters of diferent masses and dynamical states. While the hard X-

ray/y-ray emission clearly scales with the cluster mass, themyna
ical state of the cluster is equally important and can eveerse
the mass trend (cf. the right side of Fig. 12). The reasonHi t
lies in the enhanced CR pressure in merging clusters (Pajaer |
well as in the primary IC emission that sensitively tracesent
non-equilibrium or merging activities of clusters.

Figures 14 and 13 study the influence offelient simulated
physics ony-ray emission aE, > 100 MeV. They-ray emission
is more inhomogeneous in radiative simulations comparetwio
radiative simulations. This is due to the CR pressure editiizg
within each galaxy. The overajtray luminosity, however, is very
similar as can be inferred from the azimuthally averagedssion
profiles. This confirms our finding for the synchrotron enossi
in Fig. 9 and confirms our explanation that this is indeed & sel

regulated &ect of CR feedback and not biased due to the magnetic

weighting of the synchrotron emission. The complete CR rhode
that also accounts for CR from SNe (dashed lines, model $8ysh

a slightly enhanceg-ray emission level since we opened up a new
acceleration channel compared to our standard model S2.
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Figure 13. Influence of simulated physics on azimuthally averagedy
emission profiles folE, > 100 MeV. The top panel shows the emission
profile of the post-merging cluster g72a while the bottomegbahat of the
large cool core cluster g8a. Shown are our non-radiativaisitions (dot-
ted lines, model S1), our radiative simulations with CR pnstinjected at
structure formation shocks (solid lines, model S2), andabeplete CR
model where we additionally take CR acceleration at SNelghoto ac-
count (dashed lines, model S3). Despite thEedent physics in these simu-
lations, they-ray emission level is similar.

3.4 Correlations between thermal and non-thermal emission

Compressing intrinsically non-spherical emission puialp sur-
face brightness profiles causes loss of information and nyiigid
biased results. In addition to emission maps and surfaghtoess
profiles, we complete our analysis using pixel-to-pixelretations
of the thermal X-ray surface brightness with non-thermalstgr
emission processes. To this end we compare these corredaifo
our post-merging cluster simulation g72 (Fig. 15) to thel cae
cluster simulation g8 (Fig. 16). Each of these figures shdves t
correlation space density of the radio surface brightnegs gan-
els) and they-ray surface brightness fdg, > 100 MeV (bottom
panels), as well as that of the hadronically induced nomthaé
emission (left side, red colour scale) and the non-thermmassion
of primary CR electronshat were accelerated directly at structure
formation shocks (right side, blue colour scale).

While the hadronically induced non-thermal emission is
tightly correlated with the thermal bremsstrahlung enuissithe
correlation is much weaker and the scatter is increaseceicdise
of primary non-thermal emission where structures in theatation
space density correspond to individual structure fornmashock
waves. We can see preferably tangential shocks that areaehar
terised by a varying non-thermal emission for a constanayXsur-
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Figure 14. Influence of simulated physics on pion degayay emission maps foE, > 100 MeV of the large cool core cluster g8a. The peaked enmissio
of each galaxy in the radiative simulation (left panel, mds2) contrasts the smoother andffier y-ray emission of our non-radiative simulation with CR

protons injected at structure formation shocks (right sidedel S1).

face brightness and to a smaller extend radial shocks whemte
of thermal and non-thermal emission is interchanged.

3.4.1 Correlations of the synchrotron emission

Closer inspection of theecondary synchrotron emissi¢op left
panel in Fig. 15) shows flattening of the correlation

Sx \*
Sv SVYO(SX,O) 5 (6)
where the power-law index changes fran= 1.7 toa = 1.3
aboveSy, = 3x 1078 erg cn? s h3,, with a normalisatiors,,o =
0.057 mJy arcmir? h3,. This is due to a combination of the fol-
lowing two dfects. (1) Towards higher X-ray surface brightness,
the radio emission experiences a transition from IC to skotcbn
regime with a weaker dependence on magnetic field that goeg al
with weaker density dependence. (2) The merger displaeeseti-

tral cool core and disturbs the ICM by means of merging shock

waves that dissipate the gravitational binding energy @atex
with the merger. This yields an increased CR proton presante
number density relative to the thermal gas within the céntra

ray luminous regions and causes the change in the cornelatio

Since the thermal energy distribution is equalfeeted by these
re-distribution of energy, this merger induceffleet can be further-
more amplified by the transition from the IC to synchrotroginee
as explained above. The change of the power-law index ofdhe ¢
relation is more pronounced for our post-merging clusteruta-
tion g72 compared to our cool core cluster g8 suggestingrthe i
portance of the secondfect. Note that the explicit values of the
correlation, in particula$, o, depend on the assumed model for the
magnetic field. There is a second branch in the correlatiothef
hadronically induced non-thermal emission visible thatli® to
the other smaller cluster forming in that simulation.

The correlation of th@rimary synchrotron emissidop right
side) shows a large scatter especially at large surfacdtbegs

such that the correlation of thetal synchrotron brightnesis ex-
pected to broaden and to become flatter towards lower surface
brightness to yield a roughly linear correlation. The exaetisa-
tion of the correlation at a surface brightness that is sutiitlly
supported by primary synchrotron emission sensitivelyetiels on
the mass ratio, geometry, and the advanced state of the merge
Thus our simulations can only provide quantitative prediet for
the statistical behaviour rather than deterministic prtaolns for
the correlations. Our correlations are strikingly similarthe ones
found in observed radio halos (cf. Govoni et al. 2001). Thay fi
a linear relation between the radio and X-ray surface briges
that is tight at high surface brightness while it broadergsfeattens
towards dimmer brightness. This behaviour is one of thengiest
arguments in favour of our new model for radio halos that &hbe
dominated in the centre by secondary emission with a tiandit
the primary synchrotron emission in the cluster periphkraccor-
dance with our findings, their radio halo emission is slighmtiore
extended compared to the thermal X-ray emission. Varyirersp
tral index distributions preferably in the cluster periphéFeretti
et al. 2004) support this picture. In particular, our modgborts
a strong link between radio halos and cluster mergers fockvhi
there is a strong evidence in the literature (Feretti et @42 and
references therein).

3.4.2 Correlations of thg-ray emission

The bottom left panels in Figs. 15 and 16 include pion degay
ray emission as well as IC emission from secondary CR elestro
These tight correlations are characterised by a sub-lipeaser-
law relation. This is due to the shallower decay of the CR neimb
densityncg compared to that of the thermal gas leading to an in-
crease of the CR fractioncg/ny (cf. Fig. 10). Our post-merging
cluster g72a shows a small variation of the power-law indethe
y-ray to X-ray correlation at high surface brightness allneit as
pronounced as in the case of radio synchrotron emissios.cidm-
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Figure 15.Pixel-to-pixel correlation of the thermal X-ray surfacéghtness with both the radio surface brightness (top paaeld they-ray surface brightness
for E, > 100 MeV (bottom panels) for our post-merging cluster sittiatag72 using our model S2. Shown is the correlation spansitjeof the hadronically
induced non-thermal emission (left side, red colour scale) the non-thermal emission pfimary CR electronghat were accelerated directly at structure
formation shocks (right side, blue colour scale). The butteft panel includes pion decayray emission as well as IC emission from secondary CR elestr
While the hadronically induced non-thermal emission istligcorrelated with the thermal bremsstrahlung emissiba,correlation is much weaker and the
scatter is increased in the case of primary non-thermal samiswhere the structures in the correlation space densitsespond to individual structure
formation shock waves. The line in the top left panel is a fitw® correlation where the slope flattens from 1.7 to 1.3 tdedigh luminosities.

firms that both the merger induced boost of the CR pressure andwith the X-ray emission is indeed owed to the merger inducBd C

the transition from IC to synchrotron regime is responsiblethe enhancement and only in parts by the density dependencee of th

flattening of the correlation between radio and X-ray siefagght- magnetic field.

ness. The primary IC emission of the cool core cluster sitiaria

g8a (lower right panel of Fig. 16) shows a complete abseneapf

correlation. The influence of the merger activity of a cluste en-

hancing the non-thermal cluster emission can thus uncigekbly 4 DISCUSSION AND FUTURE WORK

be s_,tudied with the_prime_try IQ-ray emission .(|0\_Nel’ right panel 4.1 Comparison to previous literature

of Fig. 15). Comparing this primary I§-ray emission to its coun-

terpart radio emission indicates that a large part of thatetation There have been a series of pioneering papers simulatingatie
thermal emission from clusters by numerically modellingadé-
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Figure 16. Same as Fig. 15 but for our cool core cluster simulation g&elNee absence of any correlation in the bottom right panalvsig the primary IC
surface brightness fd, > 100 MeV which suggests that the correlation of the primadia@mission (top right panel) is solely due to our assumedeho

of the magnetic fieldsg « &y.

tised CR energy spectra on top of Eulerian grid-based casgiol
cal simulations (Miniati 2001; Miniati et al. 2001a,b; Mai 2002,
2003). In contrast to our approach, these models neglelatehiyt-
drodynamic pressure of the CR component, were quite limited
their adaptive resolution capability, and they neglectisgdigative
gas physics including radiative cooling, star formatiomd super-
nova feedback. Comparing the non-thermal emission cleiact
tics of primary CR electrons, hadronically generated sdaonCR
electrons, and pion decagyrays, we confirm the general picture
put forward by these authors while we find importanfeliences
on smaller scales especially in cluster cores. Our inhomeges,
peripheral radio relic emission resembles their findingswelver,
the hadronic component of our simulated radio halos is mere ¢
trally concentrated (cf. Miniati et al. 2001b). Our simitets both

agree that the predicted level of hard X-ray inverse Comptuois-
sion falls short of the claimed detection in Coma and Perakagst
the discrepancy is more dramatic in our simulations. We confi
that the high-energy-ray emission £, > 100 MeV) from clus-
ter cores is dominated by pion decays while at lower enertjies
IC emission of secondary CR electrons takes over (Miniafi320
— at least for non-merging clusters. We reproduce their figdhat
the y-ray emission in the virial regions of clusters and beyond in
super-cluster regions stems from IC emission of primancktaz-
celerated electrons. Contrarily to these authors, we fiatite sur-
face brightness of this emission component remains subirdor

in projection compared to the hadronically induced emissiom-
ponents in the cluster core and that the pion decay compleédsh-
inates the high-energy-ray emission of clusters. We note that our
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v-ray fluxes from clusters are typically a factor of two smattean
the estimates given in Miniati et al. (2001a). As worked ouPa-
per I, this has important implications for the number ofetgable
v-ray clusters by GLAST.

All the discrepancies can be understood by two mdiaats
that lead to an overestimation of the CR pressure insideltise c
ters simulated by Miniati et al. (2001a) and thus overpreduihe
resulting non-thermal emission: (1) Miniati et al. (2000¢tified
shocks with Mach numbers in the range4M < 5 as the most
important in thermalizing the plasma. In contrast, Ryu e(2003)
and Pfrommer et al. (2006) found that the Mach number distrib
tion peaks in the range £ M < 3. Since difusive shock acceler-
ation of CRs depends sensitively on the Mach number, thiiésip
a more dicient CR injection in the simulations by Miniati et al.
(2001a). (2) The grid-based cosmological simulations Hzeen
performed in a cosmological box of side-length56 Mpc with
a spatial resolution of 208! kpc, assuming an Einstein-de Sitter
cosmological model (Miniati et al. 2001a). The lack of regian
in the observationally accessible, dense central regibotusters
in the grid-based approach underestimates CR cooling psese
such as Coulomb and hadronic losses. Secondly, these sionsla
are unable to resolve the adiabatic compression of a cotepoki
CRs and thermal gas, affect that disfavours the CR pressure rela-
tive to the thermal pressure. To summarise, their modestutgn
in non-radiative simulations anticipates some of the teghht we
obtained using high-resolution simulations wigtdiative hydrody-
namics and star formatigrhowever for diferent reasons.

4.2 Limitations and future work

An accurate description of CRs should follow the evolutidrhe
spectral energy distribution of CRs as a function of time sppalce,
and keep track of their dynamical, non-linear coupling wté hy-
drodynamics. We made several simplifying assumptions &blen
the task of following CR physics self-consistently in cosogid
cal simulations of smoothed particle hydrodynamics (SPijhe
following, we outline the possibly most severe limitaticofsour
approach for computing the non-thermal emission procetsds
will be addressed in future work (cf. Enf3lin et al. 2007, fanare
complete list of the assumptions of our CR formalism).

(i) We assumed a simple scaling of the magnetic energy gensit
with the thermal energy density that allows us feeetively scan
the observationally allowed parameter space for the magfietd.
Note that current SPH implementations that are capablelloffo
ing magneto-hydrodynamics (MHD) are presently still fratsyith
numerical and physical fliculties, in particular when following
dissipative gas physics (Dolag et al. 1999, 2005; Price & &tpran
2004, 2005). While the inverse Compton and pion decay eamissi
are mostly independent of the magnetic field, our synchnatnaps
might be modified when the magneto-hydrodynamics is prgperl
accounted for.

(i) We neglected the population of re-accelerated elestro
throughout this work: strong merger shocks and shear metin
the cluster periphery might inject hydrodynamic turbukertbat
cascades to smaller scales, feeds the MHD turbulence amd eve
tually might be able to re-accelerate an aged CR electronlpep
tion. Due to non-locality and intermittency of turbulentds could
partly smooth the very inhomogeneous primary emission @amp
nent predominantly in the virial regions of clusters wherauda-
tions indicate a higher energy density in random motionswvHo
ever, to study theseffects, high-resolution AMR simulations are
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required that refine not only on the mass but also on somertrace
for turbulence such as the dimensionless vorticity paramet

(iii) In our model, the emphasis is given to the dynamical im-
pact of CRs on hydrodynamics, and not on an accurate spectral
representation of the CRs. The pion decay emission is alinest
dependent on the spectral CR properties. However, the dacpn
CR component starts to b&ected by this simplification since the
dimensionless CR momentuq= 16y, ms/m, = 100, that gives
rise to synchrotrofiC emitting electrons with a Lorentz factor of
Ye = 10% is already quite high. Improving the spectral description
of CR physics will not only allow us to study the spectral eions
of the CR proton component but also enable reliable premisti
for the TeVy-ray emission. This is of great interest for imaging air
Cerenkov telescopes.

(iv) We neglected microscopic CRftlision in our simulations.
The difusivity can be rewritten into a macroscopic advection term
that we fully resolve in our Lagrangian SPH simulations byp-co
struction and a microscopic félisivity. The advection term domi-
nates over microscopic term, in particular for merging téus that
are relevant for radio halos as the following estimate fer diiffu-
sivities showskagy = 100 kpc 1000 kirs = 10°15 cn?/s > kg =
10 cé/s.

(v) Our model of the dfusive shock acceleration mechanism
assumes a featureless power-law for both, the proton anel¢ice
tron acceleration, that is injected from the thermal disttion. The
complete theoretical understanding of this mechanismiisently
an active research topic that includes thermalization gsses of
the time evolution of the kinetic distribution of particl@&/olfe &
Melia 2006) as well as non-lineaffects and magnetic field ampli-
fication (Vladimirov et al. 2006). Phenomenologically hewe we
believe that there are strong indications for thutiive shock ac-
celeration mechanism to be at work which come from obsemati
of supernova remnants over a wide range of wavelengths fnem t
radio, X-rays into the Te\f-rays (e.g., Ellison 2000; Hughes et al.
2000; Ellison & et al. 2005; Warren et al. 2005; Aharonian let a
2004, 2006) as well as the bow shock of the Earth (Ellison .et al
1990; Shimada et al. 1999). Future work will be dedicatednon i
proving our model to incorporate more elaborate plasmaipblys
models and to study the uncertainty of our results with respe
the saturated value of our CR acceleratifiicency (e.g., Kang &
Jones 2007; Edmon et al. 2007). Varying the physics in our sim
ulations (non-radiative versus radiative) results in ay\different
Mach number distribution and changes the injectifittiency dra-
matically (Paper ). However, the resulting non-thermalssion is
almost independent of the simulated physics. For this rease
are confident that our model produces reliable results dudeo
self-regulated nature of CR proton feedback.

(vi) In this work, we did not account for feedback processgs b
AGN despite their importance for understanding the natdih®
very X—ray luminous cool cores found in many clusters of gala
ies. In particular we neglected an additional CR populatiet
diffuses out of AGN-inflated bubbles and postpone their study to
future work (Sijacki et al. 2007).

(vii) We furthermore neglected a hypothetical source of-sec
ondary electrons that are produced “in-situ” in dark mag@2m)
neutralino annihilations (Colafrancesco et al. 2006). ey, we
see two main challenges associated with the DM model fortgian
radio halos. (1) Only a sub-class of clusters that seems tsbe-
ciated with past or present merging events exhibit radio$ialhis
fact makes it hard to believe that the dark matter with itsriyea
universal density profile in halos (Navarro et al. 1996, 198xuld
be responsible for such an infrequent cluster propertye@afly
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given the stringent upper limit on theffiise radio emission in some
massive clusters (Brunetti et al. 2007). (2) In order to akpthe
extended radio halo emission, the DM model needs to invoke-a p
file for the magnetic energy density, that increases by twlesr of
magnitude beyond the thermal core causing the plasma betapa
eter to decrease by a factor of 220 to a value of 15. This bebavi
is not only in contrast to the magnetic profile predicted byneu-
cal MHD simulations of galaxy clusters Dolag et al. (2001f)ddso
in contrast to turbulent dynamo models for the growth of tregm
netic fields that will saturate on a level which is determibgdhe
strength of the magnetic back-reaction (e.g., Subrama3;
Schekochihin & Cowley 2006) and is typically a fraction oé tiur-
bulent energy density. Observationally, it is clear tha totation
measure values towards radio galaxies show a larger dispdos
smaller projected separation from the cluster centre imgeleota-
tion measure sample (Clarke et al. 2001). This is mainly dube
distribution of these sources within the cluster atmosplausing
some foreground objects to experiencing a small Faradayioot
depth which is however no argument in favour of a decreasiag-m
netic profile towards the cluster centre.

5 CONCLUSIONS

We find that the cosmic ray (CR) proton pressure traces the tim
integrated non-equilibrium activities of clusters and igyomod-
ulated by the recent dynamical activities. In contrast,ghessure

of primary shock accelerated CR electrons resembles therdur
dynamical, non-equilibrium activity of forming structuend re-
sults in an inhomogeneous and aspherical spatial disiwitout his

is due to the dterent cooling time scales of CR electrons and pro-
tons and reflects their large mas#téience. Hence, the radio syn-
chrotron and inverse Compton emission of primary electimas
vides a snapshot of violent non-equilibrium processes dhate-
sponsible for dissipating gravitational energy assodiatith struc-
ture formation such as merger shock waves. Signaturesoéihis-
sion component are irregular morphologies, large spestdh-
tions, and a high degree of synchrotron polarisation. Orother
hand, non-thermal emission processes of pions and segoGéRar
electrons produced in hadronic CR proton interactionsetridne
comparably smooth CR proton distribution centred on thestelu
that the CR protons accumulate over the Hubble time.

5.1 Radio synchrotron emission

Unified scheme:we propose ainified scheme for the generation
of giant radio halosradio mini-halos andradio relics that natu-
rally arises from our simulated radio synchrotron maps amise
sion profiles. It is schematically shown in a cartoon in Fig. it
predicts that the dliuse radio emission from a cluster varies with
its dynamical stage as follows:

(i) Once a cluster relaxes and develops cool comradio mini-
halo develops due to synchrotron emission of hadronically pro-
duced CR electrons. Adiabatic compression of magneticsfigdol-
ing the formation of the cool core should confine the obsdeveds
dio synchrotron emission to the cooling region of the clusece
the cooling gas accretes onto the central black hole, tigigers the
radio mode feedback of the AGN. Radio emission from the jeit ty
cally outshines the éliuse mini-halo which implies a high dynamic
flux range. This leads to a negative selectifiee that disfavours
the detection of radio mini-halos or makes it very challegi

Unified scheme for diffuse cluster radio emission:

Radi

pﬁgnoomena- radio mini-halo giant radio halo giant radio relic
Dynamical cooling core EE

cluster state: alusiay cluster

Typic_al spatial  cjyster center entire cluster periphery
location and < >
appearance: regular morphology inhomogeneous morphology

Figure 17. A cartoon showing our unified scheme for thefdse cluster
emission. Hadronic cosmic ray proton interactions with embprotons
of the thermal ICM are thought to be responsible for radioifhados in
cooling core clusters and the central parts of giant clusidio halos in
merging clusters. This emission mechanism produces aaedulster-wide
morphology resembling the thermal bremsstrahlung emisdiocontrast,
the radio synchrotron emission of shock accelerated cosayi@lectrons
(through the Fermi 1 mechanism) is believed to be respangin giant
radio relics that have an inhomogeneous morphology andraregly lo-

cated at the cluster periphery.

(ii) If a cluster experiences a major merger, two leadingckho
waves are produced at first core passage that move outwadds an
become stronger as they break at the shallow peripherdkcips-
tential. Relativistic electrons ardfeiently accelerated by means
of diffusive shock acceleration and magnetic fields are amplified
by shock compression and MHD turbulence at these shocks. Due
to the short cooling times of ~ 10° yrs, the synchrotron radi-
ating electrons are confined to a narrow emission volumerarou
the shock wave. In combination with the preferred magnegic fi
direction in the shock surface, this implies a high degresyoi-
chrotron polarisation. The observer will typically obserene or
two large-scaleadio relics depending on the merger character-
istics such as the relative cluster masses, concentrat@msgas
fractions, the merger geometry with respect to the linsigfit, as
well as the time dependent merger stage. Our cosmological-si
lations supports the picture put forward in isolated clusterging
simulations (Roettiger et al. 1996).

(iiiy Simultaneously, virialisation of the gravitationanergy,
that is associated with the merger, generates a morphalbgic
complex network of shock waves. The lower sound speed in the
cluster outskirts imply stronger shocks that acceleratpatially
irregular distribution of CR electrons in these regionseTijected
MHD turbulence amplifies magnetic fields through strong shea
motions and turbulent dynamo processes. The induced rgdio s
chrotron emission traces these non-equilibrium procesiseiarly
as the water ‘gischt’ traces breaking non-linear wavegiat ra-
dio halo develops due to (1) boost of the hadronically generated
radio emission in the centre and a transition to the (2) ulag
radio ‘gischt’ emission in the cluster outskirts that regmets ra-
dio synchrotron radiation emitted from primary, shockelecated
electrons.

Predictions: The observational consequences of our unified
scheme can be summarised as follows:
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(i) Clusters undergoing major mergers are expected to hgie a
ant radio halo with an extended radio synchrotron emisségion
(Rhato = 0.5Rx00) While relaxed cool core clusters should host a
smaller radio-mini halo.

(i) Our simulated radio luminosities reproduce observechit
nosities of haloselics for magnetic fields derived from Faraday
rotation measurements (cf. Paper Ill).

(iii) The regular morphology of the central parts of giantlia
halos is a consequence of the dominant contribution of machby
produced electrons.

(iv) The morphology and the radio spectral index in the radio
halo periphery is predicted to show large variations duééadom-
inant contribution from primary CR electrons generated byck
waves. Superposing in projection many causally discomaesyn-
chrotron emitting shock regions withférent shock strength and
thus electron spectral indices leads to spectral variation

(v) The amount of the primary radio emission depends ctltica
on the characteristics of the merger. We thus expect a |aaftes
in the scaling relation of the radio halo luminosities witluster
mass as well as in the pixel-to-pixel correlation of the halr X-
ray brightness with radio surface brightness.

(vi) The central radio emission should be Faraday dep@eédris
assuming statistically isotropic distribution of maguodteld while
the external emission regions are expected to have a sngakele
of polarisation. As a word of caution, in order to detect thidar-
isation one might be forced to go out to large impact pararaete
where the resulting synchrotron surface brightness islsmnal the
emission is dominated by very few contributing emissioriarg
along the line-of-sight.

These predictions from our cosmological high-resolution-s
ulations successfully reproduce characteristics of olegkradio
relics, giant radio halos, as well as radio mini halos (Reettal.

count the uncertainty of the magnetic field model we concthde
observed pixel-to-pixel correlations support our model.

Future: What can we learn from a future, large sample of clusters
that show difuse radio emission?

(i) Radio relics and giant radio halos occur in dynamicallgrg:
ing clusters and indicate a departure of these systems fyaimoh
static equilibrium and spherical symmetry. This has to Benadnto
account in the derivation of the cluster mass.

(i) The orthogonal information about the dynamical cluste-
tivity, that in general can not be obtained from the therntaster
observables such as X-ray emission and Sunyaev-Zel'deffiebt,
will help us in constructing a ‘gold cluster sample’ for cagliogy.

(iif) The property of the spatially confined radio relic esisn
from shock accelerated electrons might be employed to dbke
inversion problem of reconstructing the course of a mergene
given the thermal and radio synchrotron observables.

(iv) Combining high-resolution X-ray, Sunyaev-Zel'dokicand
radio observations will allow us to probe fundamental plasm
physics: dffusive shock acceleration, large scale magnetic fields,
and turbulence.

5.2 Inverse Compton andy-ray emission

In principle, inverse Compton (IC) emission and high-egergay
emission from decaying pions, produced in hadronic CR aater
tions, is the cleanest way of probing current structure ftion
shock waves as well as time integrated non-equilibriumtetusc-
tivity. This is because these non-thermal emission compuisrere
not weighted with the magnetic energy density as it is the fas
synchrotron emission. Our main findings can be summariséal-as
lows.

(i) We identify two main regions for the generation of non-
thermal emission in clusters of galaxies: the core thatde amit-

2004, Cassano et al. 2006). In our approach, we choose the magting thermal X-rays and the virial regions where the acoreti

netic energy density to scale with the thermal energy. Tha#ébion
of a cool core is expected to compress the magnetic field atliab
cally and should be responsible for the peaked central nadd
halo emission profile. ThisfBect should reinforce our observed dif-
ference in emission size between giant radio halos and nailus.

shocks reside and merging shock waves break at the shalbtwger
ter potential.

(i) In the cluster core regionsthe emission for energies, >
100 MeV is dominated by pion decayrays. At lower energies,
the IC emission from secondary CR electrons dominate the-emi

The observed correlation between radio halos and merging sion. Only in merging clusters, the situation may be reuetfee

clusters implies a departure of these systems from hydrostgui-
librium and leads to a complicated non-spherical morphpldge
resulting X-ray mass estimates are subject to large uringes
which makes the analysis and theoretical model buildingethas
on azimuthally averaged quantities questionable if notassible
since it causes loss of information and might yield biasexllts.
For this reason, we analygéxel-to-pixel correlationof the ther-
mal X-ray surface brightness with non-thermal cluster sinis
processes. We find that the hadronically induced non-thegmis-
sion is tightly correlated with the thermal bremsstrahlengjssion
with the slope depending on the realisation of the magnetid.fin
contrast, the correlation is much weaker and the scattacigased
in the case of primary non-thermal emission where strustime
the correlation space density correspond to individualcstre for-
mation shock waves. This implies that in general, simufetieill
only be able to provide quantitative predictions for theisteal
behaviour rather than deterministic predictions for theeations.
Our new radio halo model matches qualitatively the obsetiggd
correlation at high surface brightness which broadens aitefis
towards dimmer brightness (cf. Govoni et al. 2001). Howewar
correlation is slightly steeper than observed ones. Takitmac-
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the outer cluster regionsvhere the primary IC emission can attain
a similar flux level as the pion decay emission and even exitezd
secondary IC emission at lower energies.

(iif) While the total high-energy-ray emission is always domi-
nated by the pion decay component irrespective of the chushe
namical state, the total hard X-ray IC emission can be doraétha
by either primary or secondary emission components, depgnd
whether a major merger takes place that boosts the primary IC
emission.

(iv) A corollary of this is that the high-energy-ray emission
can be reliably predicted for massive clusters using a rsgak-
lation of non-thermal emission and the cluster mass. Inrestt
the hard X-ray emission of even massive clusters is subpdatrge
flux variations that depend sensitively on the dynamicakstéthe
cluster.

(v) Due to larger variation of merging histories and the deral
gravitational potential in less massive systems, their @G&sgure
and the associategray emission level is subject to larger modu-
lation and reflects more sensitively the current mergingyegtof
the cluster than it is the case in large systems.

(vi) The morphology of the pion decay as well as the secondary
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IC component resemble the thermal X-ray emission albejt tlee
crease less steeply with growing radius and extend furthiefTdnis
is due to the increasing CR number fractifyg = ncr/my with in-
creasing radius and reflects the mofgagent CR acceleration at
stronger shocks in the cluster periphery. The morphologyhef
primary IC emission is irregularly shaped and traces cuirnem-
equilibrium phenomena such as merger or accretion shocksvav

(vii) Possibly most surprising, we find that the dominant &mi
sion component at the centre (primary or secondary ICHpr>
10 keV and pion decay-rays forE, > 100 MeV) depends only
weakly on whether radiative or non-radiative gas physicsnsu-
lated provided we consider in both cases only CRs from siract
formation shocks. This is mainly due to self-regulatirfipets of
the CR pressure.

(viii) Measuring the hard X-ray ang-ray emission will have a
huge astrophysical impact and teach us about: the CR peessor
tribution to the intra-cluster medium, the generating nagtdms
of radio halos (such that we can use them in addition to thierma
observables to characterise clusters), the contributfaime pion
decay emission as well as the primary and secondary IC radiat
to they-ray background.

(ix) Detecting the non-thermal spectrum ranging from Xgay
to y-rays will enable us to probe fundamental plasma physics on
large cluster scales such as inferring the energy convergit
ciency of difusive shock acceleration of protons and electrons as
well as probing the large scale magnetic fields.
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APPENDIX A: RELATIVISTIC ELECTRON
POPULATIONS

Al Definitions

Throughout the paper we use the following definitions for dife
ferential source function(r, E), the emissivityj(r, E) and the vol-
ume integrated quantities, respectively:

d®N

q(r.E)

Q(E)

ir,E) = E(qr,E), (A1)

I
%
Q.
<
2
m

: JE)

EQE), (A2)

where N denotes the integrated number of particles. From the
source function the integrated number density productiate r
of particlesA(r), the number of particles produced per unit time
interval within a certain volume/, and the particle fluxfF can

be derived. The definitions of the energy weighted quastitiee
denoted on the right hand side, respectively,

AN = deq(r,E), Ar) = deEc(r,E),(A3)

L = fdv/l(r), L = deA(r), (Ad)
L L

7T T F T oo (A%

A2 Timescales

This section presents general considerations for derithegchar-
acteristic electron momentum scales of the distributiorcfion. To
this end, we compare the energy loss timescalgs = —E/Ejgss
to the acceleration timescales as a function of particleticnen-
ergy for the most important processes in this context. The de
tailed calculations for the equipartition distribution®R electrons
can be found in the next two sections. The particle kinetergy
E/(mec?) = y—1 = (1-B%)Y2-1is defined in terms of the Lorentz
factory and the velocity of the electrogc. Energy loss processes
due to Coulomb interactions (Gould 1972b), inverse ComgiGh
and synchrotron emission (Rybicki & Lightman 1979) are dadin

as follows:
. 301 mC3ne mc? By — 1
-Ecou = In
2,8 hwm
g 1 1 (y-1\
(2+7)In2+2+( 47) s (A6)
. 4
_EIC,synch = é orC (Sph + 88) '}’Zﬁz» (A7)
Hereor = 8nr2/3 is the Thomson cross sectian, = €/(mec?)

the classical electron radiusy, = +/4m€n./me is the plasma
frequency, andne is the number density of free electrons. IC
losses of electrons depend on the energy density of the coaimi
crowave background (CMB) and the starlight photon fiejg, =

105E LAY L BN UL B LA L B A AL SR

[ synchrotron 1

,[synchrotron _ i

10°s -
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Figure Al. Energy gain and loss timescales as a function of the kinatic e
ergy of electrons for typical conditions of the ICM. The tarsolid lines
from the bottom to the top denote the total loss timescaleefectrons,
the timescale due to hadronic injection of secondary elast(pp), and the
combined inverse Compton (IGynchrotron cooling timescale. The dotted
line shows the Coulomb timescale, the long dashed one thehsymon
timescale, and the dashed one the Hubble time. Note thaeltéve nor-
malisation of the hadronic injection timescale comparedht total loss
timescale is subject to flierent density dependencies and the shock accel-
eration timescale depends crucially on the propertiesra€sire formation
shocks.

ecmB + Estars Where we neglect the latter one for simplicity and ex-
pressecvp = BéMB/(Sn) by an equivalent field strengtBcyg =
3.24 (1+ 2)?uG. Synchrotron losses of an isotropic pitch angle dis-
tribution of electrons depend on the energy density of tleallo
magnetic fieldeg = (B%)/(8m), whereB = +/(B?) is therms of
the magnetic vector fiel8. Comparing these two loss processes,
we obtain a synchrotron dominated cooling regimeBos Bcys
and an IC dominated regime in the weak field limit. The timésca
for CR electron injection by means of hadronic interactioh€R
protons with ambient protons of the thermal plasma is giwen b
—Epp = ECappn, (A8)
whereoy, = 32 mbarn is the average inelastic cross section for
proton-proton interactionsy = Ny + 4nye = p/my, is the number
density of target nucleons.

Comparing the dferent energy gain and loss rates of rela-
tivistic electrons yields characteristic momentum scétes are re-
sponsible for spectral breaks or cfitoin the CR electron distri-
bution function. Conveniently, we denote these charastiermo-
mentum scales with the dimensionless electron momergum
By = Pe(m)! and label these with the competing processes
considered. Equating the timescale for Coulomb interastiand
IC/synchrotron losses yields

1/2

Ime2n C2(yY/?
quuLIC/synch Me © [ln ( Me (’)/ >) + 0.216] (A9)
8 (sph + EB) Tiwp
Ne 1/2
B 300( 103cnr3) :
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Figure A2. Density dependence of characteristic momentum sagles
Pe (mec)~? for a hadronically injectecsecondary CR electron population

Comparing the dferent energy gain and loss rates of competing processes

such as hadronic injection of secondary electrons (pp),ld@ali cool-
ing, and I@synchrotron cooling yields characteristic momentum sctiat
are responsible for spectral breaks or ¢igan the CR electron distribu-
tion function. The solid red line denotes thffeetive spectral cuté for

ne < 1072 cmi3, it denotes the lower cutbof the power-law distribution
function. At higher densities, it denotes the lower ¢bigouic and the
spectral breakdppic) of the broken power-law spectrum. The dotted lines
include synchrotron losses and assume a scaling of the riadiedd of

£B « gy With a saturation value foB at Byax = 10 uG.

In the last step and the following numerical examples, werass
the IC cooling regime for simplicity. This energy scale poms a
bottleneck through which high-energy electrons have te pdsen
they age and one expects a characteristic pile-up at thigeseale
in their distribution function for an integration over thaergy in-
jection history of dfferent CR electron populations (Sarazin 1999).
The timescale for diusive shock acceleration of electrons at
cosmological shock waves is much shorter than cosmoldgiczt
evant timescaleStspock < 1 Gyr. This implies thatrspock inter-
sects the total loss timescale in the low-energy Coulombrmeg
Tcoul @S Well as in the high-energy J€§y/nchrotron regimerzic/synch
(cf. Fig. Al). We can thus identify two characteristic morteeof
the primary population of electronthat are obtained by equating
Tshock With the Coulomb and the I8ynchrotron timescale,

3mec
401Tinj (€8 + £pn)

1/2
In(me02 Y?)

hwm

qinj,IC/synch (AlO)

Oinj,coul =

g O 1C e Tipj ) + 0216} . (All)
At high energies, we expect to have aridghchrotron cooled elec-
tron spectrum that joins at lower energies into the shoakciipn
spectrum of CR electrons that have had no time to cool radigti
yet. The low momentum cufbof the CR electron distribution func-
tion is determined by Coulomb losses.

Characteristic momenta of tremcondary population of elec-
trons are obtained by equating the energy injection rate through
hadronic proton interactions with the energy loss rates,

Gthreshold = ;—mn; = 70, (A12)
30pp NN Me G n
ppic/snch = =70 (1550 ) (A13)

40’T (8ph + 85) N
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_ 3orne mec? (y/2)
Oppcoul = o [In( ooy +0.216 (Al14)
n 1/2
~ 1300-1 (_e) '
300-In 10-3cmr3

Ghreshold Feflects the threshold momentum for the inelastic proton-
proton reaction. The shortest equipartition timescale rasé
characteristic momenta dominates the resulting electrprilib-
rium distribution. In the case of a double-valued soluti@r f
g, i.e. when we obtain two equipartition ctif® with a similar
timescale, we choose the larger one which is in equilibriuitin w
the 1Gsynchrotron cooling. All these momentum scales have dif-
ferent density dependencies which are visualised in Fig. &2
typical densities of the ICM fon, < 1072 cm™3, the two momen-
tum scaleSppic/synch andppcou have an associated timescale that
is much longer than the timescaleGabuyic/synch as can be readily
inferred from Fig. ALl. This implies that the equilibrium tibu-
tion function of secondary CR electrons has a low-energgftat
quuLIC/synch-

The situation is reversed for the dense ICM or the intedatel
medium with electron densitieg > 102 cm™ (assuming the IC
dominated cooling regime), and the momentum scglgyc/synch
drops out of the problem due to its long timescale. The doyuilin
distribution function of secondary CR electrons developseak at
Oppic/synch @bove which the secondary electron injection is in equi-
librium with 1C/synchrotron cooling and below which the electron
injection spectrum remains unchanged (similar to the cétheo
primary CR electron population). The lower cfitof the distribu-
tion function is given byoppcou, Provided it exceeds the threshold
Gihreshold fOr the hadronic reaction and provided the CR proton dis-
tribution extends down to these low energies. Teaive spec-
tral cutdt ger Of the electron distribution function is visualised in
Fig. A2 as asolid red line Forn, < 1072 cmi 3, we have a simple
power-law with a lower cutfi given by ger. At higher densities,
the lower solid red line denotes again the ¢bitof the distribu-
tion function, while the upper red line (that coincides wigi c)
denotes the spectral break above which the hadronic injeetnd
IC/synchrotron cooling established a steady state spectrum.

So far, we only considered regime of weak magnetic fields
where IC cooling dominates. The complete picture includiyg-
chrotron cooling is however only slightly changed due to fitle
lowing line of arguments. Assuming a simple scaling modettie
magnetic energy densitygg « ne, in Eqns. (A9) and (A13) will
cause these momentum scales to become independent ofydensit
as modelled in Fig. A2 witldotted lines Eventually, the enhance-
ment of the magnetic field strength through turbulent dyngmos
cesses will saturate on a level which is determined by tlength
of the magnetic back-reaction (e.g., Subramanian 2003).ilFo
lustrative purposes in Fig. A2, we model such a saturatitece
with a simple modelgg = g, (1 — exp(e/ng,)), Where we chose
Bmax = 10pG andne, = 1072 cm3. This causes the transition to
the broken power-law CR electron spectrum to occur at thiedrig
critical electron density

(A15)

3 [ €Bmax T ECMB
Necrit = 10_2 cm 8 ( L ),

£cmB

whereeg,,, = BZ,,/(87) and we assumed a plasma of primor-
dial composition with a hydrogen mass fraction X = 0.76
and full ionisation. These modifications due to synchrotasses
cause a curvature of the straight lines in the log-log regrtgion
in Fig. A2 of the original power-law dependenciesranAs before,
shown in red is the spectral cdf@nd spectral break, respectively,
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above which the hadronic injection and/#gnchrotron cooling es-
tablished a steady state spectrum.

A3 Shock-accelerated electron population

A3.1 Injection spectrum

In this section, we discuss electron acceleration prosesisghock
waves due to gas accretion and galaxy mergers, using thefram
work of diffusive shock accelerationsing the thermal leakage
model originally proposed by Ellison et al. (1981). Our dgs@n
follows the approach of EnR3lin et al. (2007) for the accelersof
CR protons. The shock surface separates two regionsipteeam
regimedefines the region in front of the shock which is causally
unconnected for super sonic shock waves, whereas the wake of
shock wave defines tteownstream regimeThe shock front itself

is the region in which the mean plasma velocity changes kapid
on a scale of the order of the plasma skin depth. In the restera
of the shock, particles are impinging onto the shock surtstca
rate per unit area gf,v, = piv;. Herev; andv, give the plasma
velocities (relative to the shock’s rest frame) in the ugain and
downstream regimes of the shock, respectively. The cooretipg
mass densities are denoteddyandp,.

Jones 1995), one of which defines the momentum threshol@idor t
particles of the thermal distribution to be accelerated,

2KkT,
Ginj = Xinj Pe = Xinj @

In the linear regime of CR electron acceleration, the thérma
distribution joins in a smooth manner into the resulting G&ce
tron power-law distribution agj,j so thatx, represents the only
parameter in our simplified ffusive shock acceleration model,

(A17)

fin(P) = fe(Ciny) (q—pj) " 00 - ). (A18)

The slope of the injected CR electron spectrum is given by

r+2
Qinj = —, Where r=="==

r-1 p1
denotes the shock compression ratio (Bell 1978a,b; Dru8aa®
In combination with the slopey,;, the value ofx, regulates the
amount of kinetic energy which is transferred to the CR etexs.
Theoretical and observational studies of shock acceterati CR
protons at galactic supernova remnants suggest a rangg ©f3.3
to 3.6, implying a particle injectionféiciency ofn;, ~ 10 to 1073
(Drury et al. 1989; Jones & Kang 1993; Berezhko et al. 19941Ka

pz_ w1

(A19)
%]

We assume that after passing though the shock front most of & Jones 1995; Malkov & Vélk 1995; Ellison 2000; Hughes et al.

the electron gas thermalizes to a Maxwell-Boltzmann distion
with characteristic post-shock temperatdreand the dimension-
less electron momentum= P, (Mec)~%:

mec” p?
2KkT, )
where the number density of electrons of the thermal distidin
in the downstream regime), = n,, as well asT, can be in-
ferred by means of the mass, momentum, and energy conservati
laws at the shock surface for a gas composed of relativistiti-p
cles and thermal constituents. Note that we usefiettve one-
dimensional distribution functiorfi(p) = 47p?f®(p). In our sim-
ulations, we follow the spatial and temporal evolution o thy-
drodynamic quantities such as temperature and densityo(aih
for brevity we suppress this in our notation). For cosmatagyap-
plications, we have to consider the primordial compositibrihe
cosmological fluid, i.e. the ionised electron number dgrisigiven
by ne = Xuxeo/m,, whereXy = 0.76 is the primordial hydrogen
mass fraction, and, is the ratio of electron and hydrogen number
densities which we dynamically track in our radiative siatidns.
Assuming that a fraction of the thermalized particles eiqrere
stochastic shock acceleration byfdsing back and forth over the
shock front, the test particle theory offilisive shock acceleration
predicts a resulting CR power-law distribution in momentspace.
Within our model, this CR injection mechanism can be treated
an instantaneous process.

For a particle in the downstream region of the shock to re-
turn upstream it is necessary to meet two requirements. &he p
ticle’s efective velocity component parallel to the shock normal
has to be larger than the velocity of the shock wave, and sigon
its energy has to be large enough to escape the “trapping’epso
by Alfvén waves that are generated in the downstream tariud
(Malkov & Volk 1995; Malkov & Volk 1998). Thus, only parti-
cles of the high-energy tail of the distribution are able éturn
to the upstream shock regime in order to become accelergbed.
complicated detailed physical processes of the specifienlyidg
acceleration mechanism are conveniently compressed ifitava

@2 \32
fo(p) = 4mne (Zrme;k'l'z) p? exp(— (A16)

2000; Warren et al. 2005). In the linear regime, the numbasitg
of injected electrons is given by

Clinj
Ainj — 1.

At = fo dp fin(P) = fo(Cln) (A20)

This enables us to infer the particle injectiofiéency which is a
measure of the fraction of downstream thermal gas partigtésh
experience dfusive shock acceleration,

E
\/ﬁ Qinj — 1

The particle injection ficiency is independent of the downstream
post-shock temperatuf. These considerations allow us to infer
the injected electron energy density in the linear regime:

(A22)

o _ Amin
Nin = e

2
e_xlnl .

(A21)

Asin = 1inES’ (inj» Ginj) Ne(T2).

The average kinetic energy (ﬁL”j(amj,qmj) of an injection
power-law spectrum with CR electron spectral indgx and lower
momentum cutfy gy is given by

EN = ﬁ = ni‘njlfo dp finj(p) E(p)
a—1 — —
- me|Y g, (222329, irg-1| (a3
2 1+q? 2 2

where E(p) = (+/1+ p?2 — 1)mec? is the kinetic energy of an
electron with momentunp, the electron distribution functiofy;

is given by Egn. (A27), and we used the abbreviatians=
ainp and g = Q. Bx(a b) denotes the incomplete beta-function
(Abramowitz & Stegun 1965), assuminrg > 2. In our descrip-
tion, the CR electron energy injectioffieiency in the linear regime
is defined to be the energy density ratio of freshly injecterl C
electrons to the total dissipated energy density in the dowam
regime,

where Aggiss = Eep — el (A24)

parameters (Jones & Kang 1993; Berezhko et al. 1994; Kang & The dissipated energy density in the downstream regitags,
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is given by the diference of the thermal energy densities in the
pre- and post-shock regimes, corrected for the contribubithe
adiabatic part of the energy increase due to the compressitbre
gas over the shock.

In order to obey energy conservation as well as the saturatio
effect for strong shocks, we propose the following modificatbn
the electron injectionféiciency at high values of the Mach number:

diin
5| e

Keshet et al. (2003) suggest a value/gfx =~ 0.05 for the limit-
ing case of the electron energy injectioffi@ency. One can then
infer the injected CR electron energy density in terms ofghergy
injection dficiency of dffusive shock acceleration processes,

(A26)

dinj = [1 - exp(— (A25)

Aginj = finjAgdgiss

Putting these considerations together, one arrives ahfbe-i
tion spectrum for the electrons,

fin(P)dp = Cinj p~" 6(p — Ginj)dp, (A27)

Coi = (1-€°) 5 flam)d,, (A28)

5 = Agein __ Melin Egjj(ainpqinj)’ (A29)
{max A&diss {max EdissTshock

) = = ey g™, (A30)

whereEgiss = Ediss spHMp/(Mspr X Xe) denotes the dissipated en-
ergy per timestep and per electron angyck = fhh/v is the time

it takes the particle to pass through the broadened shook ffbe
front has a characteristic length scale that is a multiplthefSPH
smoothing lengtih (with f, = 2), and one may approximatewith
the pre-shock velocity; = M;Cs;.

A3.2 Equilibrium spectrum of shock accelerated electrons

This section describes the steady-state approximatiothéequi-
librium CR electron spectrum. This is only justified if therdymi-
cal and dffusive timescales are long compared to the shock injec-
tion or IC/synchrotron timescale. This may well be the case in clus-
ters of galaxies, however, probably not in our own Galaxyré4o
over, this section neglects possible re-accelerationgases of CR
electrons like continuous in-situ acceleration via resométch an-
gle scattering by compressible MHD modes.

The steady-state CR electron spectrum at high enemies
By > GeV/cis governed by the injection of shock-accelerated CR
electrons, denoted by the source functgnand their cooling pro-
cesses so that it can be described by the continuity equation

0 ..
P [P(P) fe(P)] = e(P) - (A31)
For p(p) < 0, this equation is solved by
1 “ / /
P = oo fp dp's(p) (A32)

For the energy range of interest, the cooling of the radiotemi
ting CR electrons is dominated by synchrotron and inversa&o
ton lossesapl.c,synch = EIC,synch/(meCZ) where EIC,synch is given by
Eqgn. (A7). The source function of the shock-accelerated EeB-e
trons for the energy range of interest is given by

finj(p)

Tinj

s(p) = (A33)
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In our formalism, we seti,j = MiN(Tshock THubble) USING Tshock OF
Eqgn. (A29) due to the following line of arguments: the frgshl
accelerated relativistic electron population in postesheegions
cools and finally diminishes as a result of loss processethelin-
teresting observational bands such as inverse Comptony{t&ys
and radio synchrotron emission the electron populatiorirdghes
on such a short timescale that we could describe this byritesta
neous cooling. In this approximation, there is no steadyestlec-
tron population and we would have to convert the energy frioen t
electrons to IC and synchrotron radiation. However, we céroi
duce a virtual electron population that lives in the SPH tdeveed
shock volume only which is defined to be the volume of energy di
sipation. Within this volume that is comoving with the shpale
can indeed use the steady state solution for the distritfiioction
of relativistic electrons and we assume no relativisticetns in
the post-shock volume where there is no energy dissipafibus,
the cooled CR electron equilibrium spectrum can be derivech f
Eqgn. (A32) yielding

fe(p) dp
Ce

Cep ™ dp, (A34)
3Cinj mMeC

4(ae—2)or Tinj (e + Eph)

(A35)

Here,ae = ainj + 1 is the spectral index of the equilibrium electron
spectrum. The normalisation scales linearly with the gassite
Ce « p which we evolve dynamically in our simulations and de-
pends indirectly omir; and Ediss through the variabl€;y;.

At high energies, we have the /&ynchrotron cooled power-
law electron spectrum that joins at lower energies into theck
injection spectrum which has had no time to cool radiatiwedy.
The low-energy regime of the CR electron distribution fumctis
determined by Coulomb losses. It turns out that the timeszsdo-
ciated with the momentum scalRouiic/synch IS always larger than
the injection timescale; such that the transition from the injection
spectrum (A27) to the cooled equipartition spectrum (A3Ket
place at the characteristic momentum

3mc

. A36
— 2)o1Tinj (€8 + €ph) (A36)

qbreakprim = 4(a/e

The injection spectrum extends down to the lower Sdgin prim =
Max(@inj» Ginj,cour) Wheredinj and ginj cour are given by Eqns. (A17)
and (Al11), respectively.

The pressure of a CR electron or proton power-law popula-
tion as e.g. described by Eqgn. (A34), that is characterisetivb
momentum cutfis p; andp; is given by

Pex = m—f fo dp f(p)B P (A37)
cmé [, a-2 3-a\|™
- 76 [‘Bﬁ( 27 2 )Lz’ (A39)

whereg = v/c = p/+/1+ p? is the dimensionless velocity of
the CR particle. The CR population can hydrodynamically ee d
scribed by an isotropic pressure component as long as thea@Rs
coupled to the thermal gas by small scale chaotic magnetisfie
Note, that for 2< a < 3 the kinetic energy density and pressure of
the CR populations are well defined for the limit> 0, although
the total CR number density diverges.

A4 Hadronically produced electron population

Considering CR protons, which are at least in our Galaxy tvad
inant CR species, it is convenient to introduce the dimeneas
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proton momentunp, = P,/(m, c). We assume that thefitrential
particle momentum spectrum per volume element can be approx
mated by a single power-law:

dN

T (A39)
P

fo(pp) = =C, pr_J{yp 6(Pp — p),
wheref(x) denotes the Heaviside step functi@p, = Cy(x,t) de-
notes the normalisation), = gy(x, t) is the lower cutf of the dis-
tribution function, anda, is the CR spectral index that is taken
to be constant in space and time for simplicity. In our sirtiata
we dynamically evolve the quantiti€, and , according to the
dominant gain and loss processes in the intra-cluster medihe
modelling of the cosmic ray physics includes adiabatic GRgr
port processes, injection by supernovae and cosmoloditaitsre
formation shocks, as well as CR thermalization by Coulontérin
action and catastrophic losses by hadronic interactiossalfeady
laid out in the introduction, the hadronic reaction of CRtprs
with ambient thermal protons produces pions which decaydat-
ondary electrons, positrons, neutrinos anchys.

There are two analytical models in the literature that dbscr
the hadronic proton-proton reaction while assuming isosyim-
metry. Fermi (1950) proposed tliieeball modelwhich assumes a
state of hot quark-gluon plasma in thermal equilibrium raftes
hadronic interaction that subsequently ablates pions efitbrgy
dependent multiplicities. Since this model is only validtie high-
energy limit for CR protons, we use the analytic formalism by
Pfrommer & Enf3lin (2004a) that parametrises importaffie s
near the pion threshold and is based on an approximate gesaori
developed by Dermer (1986a,b), which combines isobarec{&r
1970) and scaling models (Badhwar et al. 1977; Stephens & Bad
hwar 1981) of the hadronic reaction.

A4.1 Injection spectrum

The pion production spectrum can be derived from generat con
siderations including branching ratios and multiplicstief the
hadronic reaction (Stecker 1971). The pion production spet
describes the produced number of pions per unit time, volank
momentum intervals,N/(dt dV dp, dpy), and reads in this context

Se(Pr> Pp) = CNE(Pp)Tpp(Pp)Ip(Pr — Px))O(Pp — Poth), (A40)

whereny = ny + 4nye = p/m, is the target density of nucleons in a
fluid of primordial element compositiomr;, the inelastic p-p cross
section{p,) the average momentum of a single produced pion, and
Petr = 0.78 denotes the threshold momentum for pion production.
For a diferential CR proton distribution, the pion source function
can be marginalised over the proton energy, yielding

Su(p) = 3P = 5 [ dmafy(PI (P Py, (Ad1)
where the CR proton population is given by Eqn. (A39). The-sca
ing behaviour in the high-energy limit of Dermer's model da
described by a constant pion multiplicig{p,) ~ ¢ = 2 and the
dependence of the mean pion momentum is giverKfipy) =
mypy/(2m,=£). The weak energy dependencies of the pion multi-
plicity and the inelastic cross section can be absorbed iena-s
analytical parametrisation of the cross sectiof),(ep) (for details

in the relativistic limit allows us to approximate the elect source
function by

dp,
dp

Sr-[P=(P)]

s(p)dp L (4—”'9

dp= —s,- d A42
p= s (S plap (A2

4 N Me l-ap N

3 16" Copp N Cp (ﬁ) p dp, (A43)
where the &ective cross sectiowry, depends in our model on the
spectral index of the CRp spectrurp according to

opp = 32 (0.96+ *4~24") mbam (A44)

Thus, we can write down the injection spectrum for CR elewro
resulting from hadronic reactions of CR protons with ambiges
protons,

finjpp dp = cinj,pp p_“p dp (A45)
4 2-ae
Cinjpp = 3 16" C7pp opp M Cp (ﬁ) , (A46)

andrpp = Min[(Coppn) ™, Trubble], andae = ap + 1.

A4.2 Equilibrium spectrum of secondary electrons

The same line of arguments presented in Sec. A3.2 allows us to
derive the equilibrium distribution of secondary CR eleat above
a GeV due to IC and synchrotron cooling,

fe(p)dp = Cep®dp (A47)
1670y MCp M €2 (M, \ %72

Co = ) A4S

° (ae—Z)aT(eBmph)(mg) (A48)

where the #ective CR-proton cross sectiosr,, is given by
Eqn. (A44), andny Ny + 4nhe = p/my is the target density

of nucleons in a fluid of primordial element composition. As-d
cussed in Sect. A2, the equilibrium spectrum of secondamtens
looks diferent depending on the ambient electron density relative
to the critical electron density (A15). At average ICM d¢iesi be-

low negrit, the equilibrium spectrum is given by the/Bgnchrotron
cooled spectrum (A47) with the lower cififo

Omin;sec = maX(CICouI,IC/synch Gthreshold qpp)7 (A49)

wheregp, = Qpim,/(16m) is the lower cutéf of the injected elec-
tron population that is inherited from the lower proton diitg,,
while Ocoutic/synch andqthreshold are given by Ean. (AQ) and (AlZ),
respectively.

In the high ICM densitigdSM-regime abovenei, the equi-
librium spectrum is given by the injection spectrum (A45)at
energies betweegn secand

Sonic/synch
e—2

Above (yreaksec: the equipartition spectrum steepens and and joins

continuously into the I&ynchrotron cooled spectrum (A47).

(A50)

Obreaksec =

APPENDIX B: RADIATIVE PROCESSES

The non-thermal radio and hard X-ray emission is generated b
CR electrons with energies, > GeV (cf. Eqns. (1) and (2)). For

see Pfrommer & EnRlin 2004a). The mean energy of the produced convenience, we rescale the cooled CR electron equilibsipeatra

secondary electrong{ — €* + 3v) in the laboratory frame is given
by (Ee) = %(E,Ti). Employing the transformation law for distribu-
tion functions and using the mean value of the electron mouamen

of Eqns. (A34) and (A47) to the energy scale of a GeV,

Ee
GeV

ée(

WEJE = ooo(omy) OB (81)
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ae—1
mecz) , (B2)

Ce = Co|l ==
¢ e(Gev

andC; is given by Eqn. (A35) respectively (A48), depending on

the electron population.

B1 Cluster magnetic fields

In principle, cosmological structure formation calcuteis with

2nmgcdy v
B = Ve =St~ 31(—GHZ) uG, (B5)
A . VEmBePaer AT (HT(4) (86)
Esynch  — 321t rnecz Qe + 1 F(“eT”) 5

whereTl'(a) denotes th&-function (Abramowitz & Stegun 1965),
@, = (@e—1)/2 = ainj/2,Ce is given by Eqn. (B2), an8 denotes a
(frequency dependent) characteristic magnetic field gtrewhich
implies a characteristic magnetic energy densiy Line-of-sight

SPH are capable of following magneto-hydrodynamics (Dolag integration of the radio emissivity, yields the surface brightness

et al. 1999, 2005; Price & Monaghan 2004, 2005), althoug$ thi

is presently still fraught with numerical and physicaffdiulties.
Secondly, the origin of cluster magnetic fields is still aeopgues-
tion (Widrow 2002, and references therein). There are sgidf
the Faraday rotation measure (RM) as a function of clustpaoh
parameter using the position of a sample of radio lobesflierint
clusters (Clarke et al. 2001) which hints at a magnetic @af@n-
tred on the cluster withG field strengths. Field reversals along the
line-of-sight lead to cancellations in RM, sinBaVl « fneB -dl.
The unknown behaviour of the characteristic length scaléhef
magnetic field with cluster radius leaves us with some degfee

freedom for the magnetic profile that is unconstrained by cur

rent observations. Assuming primordial origin, and amgdifion
of magnetic fields in the process of structure formation \datill
require scanning the parameter space of the field strengttigei
initial conditions (Dolag et al. 1999).

Thus, we refrain from running self-consistent MHD simula-

tions on top of the radiative gas and CR physics and postpone a

detailed analysis of the influence of MHD on the radio emis$mo
future work. We chose the following simple model for the metim
energy density:

2ap
Eth
€B = €BO B

€th,0

(B3)

whereego andag are free parameters in our model. Rather than

applying a scaling with the gas density as non-radiative MiitD-

ulations by Dolag et al. (1999, 2001) suggest, we chose the en

ergy density of the thermal gas. This quantity is well beldaive
the centres of clusters where current cosmological ragiatim-

ulations, that do not include feedback from AGN, have an -over

cooling problem which results in an overproduction of theoamt
of stars, enhanced central gas densities, too small caatreder-
atures, and too strong central entropy plateaus comparXeray
observations. Theoretically, the growth of magnetic figtdrsgth is
determined through turbulent dynamo processes that wilirate
on a level which is determined by the strength of the magoetid-
reaction (e.g., Subramanian 2003; Schekochihin & Cowle§620
and is typically a fraction of the turbulent energy densitsttitself
should be related to the thermal energy density, thus motyaur
model theoretically.

B2 Synchrotron radiation

The synchrotron emissivity, at frequency and per steradian of a
CR electron population described by Eqgn. (B1), which isfedan
an isotropic distribution of magnetic fields (Eqgn. (6.36)Rpbicki
& Lightman 1979), is obtained after averaging over an igutro
distribution of electron pitch angles, yielding

—ay
s

(B4)

(ay+1)/2
] & EcRe Bav+1v

jv = AEsynch(QE) C~e [i

&8,
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of the radio emissios,,.

For later convenience, we calculate the radio luminosity pe
unit frequency interval of a steady state population of baally
generated electrons (A47),

s . (av-1)/2
L, = 471de jV:AVdeCpnN (—)
85+8ph EBe
o Avfdv Conn, for eg > gpn, (B7)
162—09 CZ ae-2 -1
A = AnAg nanpme ™ me;cz , (B8)
"N (e — 2) o1 €B, \IMe GeV
where we introduced the abbreviatioh, with the dimensions

[A] = erg cn? s 1 Hz ! and the volume integral extends over the
entire cluster. In the last step of Eqn. (B7), we assumed&ypa-
dio spectral indices of cluster radio halosaf ~ 1 such that the
radio luminosity of the equilibrium distribution of CR ekeons be-
comes independent of the magnetic field in the synchrotroni-do
nated regime foeg > epn (Cf. Fig. 3).

B3 Inverse Compton radiation

Inverse Compton (IC) scattering of cosmic microwave backgd
(CMB) photons @ ultra-relativistic electrons with Lorentz factors
of y. ~ 10* redistributes these photons into the hard X-ray regime
according to Egn. (2). The integrated IC source dengityfor an
isotropic power law distribution of CR electrons as desaditby
Eqgn. (A34) or (A47), can be obtained by integrating the ICrseu
function s,(E,) in Eqn. (43) of Pfrommer & EnBlin (2004a) (in
the case of Thomson scattering) over an energy interval desw
observed photon energi&€s andE; yielding

Eo
Ac(E1, B2) = dEc sc(Eic) (B9)
Eq
—ae —ay1E1
s mec2\ Eic Y
= Aoficlae) (Gev) [( kTCMB) Lz’ (810)
fo(a)) = 20e+3 (arg +4ae+ 11)
el = {ae+ 3% (ae + 5) (@e + 1)
Qe+ 5 ae+5
e[t feer3) -
~ 167212 ée (kTCMB)3
andl, = (a:_ DReE (B12)

wherea, = (ee—1)/2 denotes the spectral index,= €/(m. ¢?) the
classical electron radiug(a) the Riemanr-function (Abramowitz

& Stegun 1965), an@, is given by Eqn. (B2). The IC photon num-
ber flux 7, is derived by means of volume integration over the
emission region and correct accounting for the growth ofatea

of the emission sphere on which the photons are distributed:

1+z

ye (B13)

7:7(E1, Ez) = de /l|(;[(1 + Z)El, (1 + Z)Ez].
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Here D denotes the luminosity distance and the additional factors
of 1+ zaccount for the cosmological redshift of the photons.

B4 ~-ray emission from decaying pions

Provided the CR population has a power-law spectrum, tres int
gratedy-ray source density, for pion decay inducegl-rays can be
obtained by integrating thg-ray source functiors, (E,) (cf. Enf3lin

et al. 2007),

Ez
by o= aEE)- [ sE) (B14)
- s ) 25 ) e
rnnocz 267 -1
Xi l1+( °E ) ] for i €{1,2}, (B16)

where we used the abbreviatian= «,. C, is the normalisation
of the proton distribution function which we follow dynaraity
in our simulations (cf. Eqn. (A39)), and the rest mass of anaéu
pion ism,ec® ~ 135 MeV. The shape parametirdepends on the
spectral index of the-ray spectrumy according to

8, ~0.140,"% +0.44. (B17)

There is a detailed discussion in Pfrommer & Enf3lin (2004ay h
they-ray spectral index, relates to the spectral index of the parent
CR populationy,. In Dermer’s model, the pion multiplicity is inde-
pendent of energy yielding the relatia = o (Dermer 1986a,b).
The formalism underlying Egns. (B14) and (B15) includesdie
tailed physical processes at the threshold of pion prodndike
the velocity distribution of CRs, momentum dependent istita
CR-proton cross section, and kaon decay channels.yTiag lu-
minosity is defined by

L, = fdvayszfdvcpnN,

where we introduced the constafy with the dimensions4,] =
y cm® st that is given byA, = 1,/(Cpny) = const, according to
Eqgn. (B15).7, is derived by Eqn. (B13) substitutingc by 4,.

(B18)

B5 SPH projections and Hubble scaling

We produced projected maps of the density, Mach number of
shocks, relative CR pressure of protons and electrons, and n
thermal cluster observables in the radio, hard X-ray, andy
regime. Generally, a three-dimensional scalar feld along any

ray was calculated by distributing the productagf) and the spe-
cific volumeM, /p, of the gas particles over a grid comoving with
the cosmic expansion. This yields the projected quantfty):

i Z aa% Vvar,ij(rJ_,ij - r(l)!

Alrij) = (B19)

L;Z)ix @
whereW, ;; is the value of the projected smoothing kernel (nor-
malised to unity for the pixels covered) of an SPH partiale
at comoving grid positiorr ;;, and '—Six is the comoving area
of the pixel. In order to obtain a line-of-sight average ofn&o
mass-weighted quantity, say temperature, we project tlaatgy
a, = T, p, divided each pixel by the mass projection (e.g. setting
Ay = Pa)-

Combining primary and secondary non-thermal emissivities
requires the knowledge of the scaling with the Hubble conista

It turns out that the primary synchrotrd@ emissivities scale as
Jvicprim o h® leading to a scaling of the surface brightness of
S,/icpim & K. In contrast, the secondary synchrotil@ty-ray
emissivities scale a$,/icsec h* which results in a scaling of
the surface brightness &,icprim o h®. The diferent scaling of
the primary and secondary non-thermal emission componegttis
the Hubble constant is the reason why we choose to show all non
thermal luminosities in units of the currently favoured Higcon-
stant,hzo, whereHg = 70hyo km st Mpc™.

This paper has been typeset fromgXTIATEX file prepared by the
author.
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