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1 INTRODUCTION
1.1 Motivation

ABSTRACT

The thermal plasma of galaxy clusters lost most of its infaion on how structure formation
proceeded as a result of dissipative processes. In cogmi@stequilibrium distributions of
cosmic rays (CR) preserve the information about their tig@cand transport processes and
provide thus a unique window of current and past structume&tion processes. This infor-
mation can be unveiled by observations of non-thermal tizdigrocesses, including radio
synchrotron, hard X-ray, angtray emission. To explore this, we use high-resolution mu
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 rad@atiydrodynamics. We model rela-
tivistic electrons that are accelerated at cosmologicatire formation shocks and those that
are produced in hadronic interactions of CRs with ambiestgratons. We find that the CR
proton pressure traces the time integrated non-equitibaativities 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 shaeds 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 spati#bution which matches the
properties of observed radio relics. We propose a unifiedahiod the generation of giant
radio halos as well as radio mini-halos that naturally arfsem our simulated synchrotron
surface brightness maps and emission profiles. Giant radas tare dominated in the centre
by secondary synchrotron emission with a transition to #uar synchrotron radiation emit-
ted from primary, shock-accelerated electrons in the elyst¢riphery. This model is able to
explain the regular structure of radio halos by the domicantribution of hadronically pro-
duced electrons. At the same time, it is able to account tootiserved correlation of mergers
with radio halos, the larger peripheral variation of thecipd index, and the large scatter
in the scaling relation between cluster mass and synchretmdssion. Future low-frequency
radio telescopes (LOFAR, GMRT, MWA, LWA) are expected tolggdhe accretion shock re-
gions of clusters and the warm-hot intergalactic mediurpedeing on the adopted model for
the magnetic fields. The hadronic origin of radio halos cardratinised by the detection of
pion-decay induceg-rays following hadronic CR interactions. The high-eneygyay emis-
sion depends only weakly on whether radiative or non-ragiatas physics is simulated due
to the self-regulated nature of the CR cooling processesn@@udels predict &-ray emission
level that should be observable with the GLAST satellite.

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

be divided into two categories thatfidir morphologically, in their
degree of polarisation, as well as in their characteristitssion re-
gions with respect to the cluster halo. The large-scalei6realic”

A substantial number of luminous X-ray clusters showfusie or “radio gischt” emission (Kempner et al. 2004), that hasgh h
large-scale radio emission. Generally these radio phenarnan degree of polarisation, is irregularly shaped and occupeeph-

eral cluster regions, can be attributed to merging or aicershock
waves as proposed by EnRlin et al. (1998). Prominent exanfiple
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(Rottgering et al. 1997), Abell 3376 (Bagchi et al. 2006)d a
Abell 2256 (Bridle & Fomalont 1976; Masson & Mayer 1978; Bri-
dle et al. 1979; Rottgering et al. 1994; Clarke & Ensslin 2006
In contrast, the origin of “cluster radio halos” that reséenthe
regular morphology of the X-ray emitting intra-cluster qi@a is
not understood to date. Prominent examples for “radio hehois-
sion can be obtained from Giovannini et al. (1999) and ineltim
Coma cluster (Kim et al. 1989; Deiss et al. 1997) and the galax
cluster 1E 0657-56 (Liang et al. 2000). In principle, obaéions
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 piepef
the warm-hot intergalactic medium (WHIM), provided the arig-
ing processes are understood. Sheets and filaments aretpceidi
host this WHIM with temperatures in the range ¥0< T < 10’ K
whose evolution is primarily driven by shock heating froragta-
tional perturbations breaking on mildly nonlinear, nonséigrium
structures (Hellsten et al. 1998; Cen & Ostriker 1999; Dawal.
2001; Furlanetto & Loeb 2004; Kang et al. 2005). Once a clus-
ter has virialised, the thermal plasma lost most infornratim
how the formation proceeded due to the dissipative prosaise
ing the plasma towards a Maxwell-Boltzmann momentum distri
tion that is characterised by its temperature only. In @sttmon-
equilibrium distributions of cosmic rays preserve the infation
about their injection and transport processes much betterthus
provide a unique window of current and past structure foionat
processes.

The information about these non-equilibrium processes-is e
coded in the spectral and spatial distribution of cosmic eteg-
trons and protons. Radiative loss processes of these eomdh
particle distributions produce characteristic radio $yntron, hard
X-ray inverse Compton, and hadronically inducgeday emis-
sion. Suitably combining various non-thermal emissiorncpsses
will allow us to infer the underlying non-equilibrium progses of
clusters as well as to improve our knowledge about fundamen-
tal plasma physics. The upcoming generation of radio, hard X
ray, andy-ray instruments opens up the extragalactic sky in un-
explored wavelength ranges: low-frequency radio arr@MRT,
LOFAR, MWZA, LWAY), the future hard X-ray satellite mission
Simbol-X andy-ray instruments (th6&LAST satellite and imag-
ing atmosphericCerenkov telescoped.E.S.$, MAGIC?, VERI-
TAS, andCANGARO®) will allow us to probe non-thermal clus-
ter physics with a multi-faceted approach. There have béen p
neering &orts to simulate the non-thermal emission from clusters
by numerically modelling of discretised cosmic ray (CR) refye
spectra on top of Eulerian grid-based cosmological siranat
(Miniati 2001; Miniati et al. 2001a,b; Miniati 2002, 2003low-
ever, these approaches neglected the hydrodynamic peessine
CR component, were unable to resolve the observationatkysae
ble, dense central regions of clusters, and they neglecisipdtive
gas physics including radiative cooling, star formatiomd super-
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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 tharplasma and
cosmic ray protons (shown in blue) while the left side sholwseovables
that inform about the properties of clusters and their dyinahstate. Gain
processes are denoted in green, while loss or redistribyiocesses are
denoted in red.

nova feedback. To allow studies of the dynamicfieets of CR
protons in radiatively cooling galactic and cluster enmirents, we
have developed a CR proton formalism that is based on smibothe
particle hydrodynamical representation of the equatidmsation.

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

CR proton injection and loss processes in a cosmologictihget
(EnBlin et al. 2006; Jubelgas et al. 2006; Pfrommer et al6R00
This enables us to account for the pressure support probg&R
protons to the plasma of clusters of galaxies. A substa@fapro-

ton pressure contribution might have a major impact on tlog-r
erties of the intra-cluster medium (ICM) and could modifgrtmal
cluster observables such as the X-ray emission and the 8unya
Zel'dovich (SZ) gfect (Pfrommer et al. 2007).

1.2 Cosmic ray physics

We give a short and simplified overview over the relevant ajs
processes in galaxy clusters in Fig. 1 before introducirfipdint
CR populations that are relevant for the non-thermal emissbm
clusters. Theipper central parof Fig. 1 shows standard processes
which are usually considered in simulations. Radiativelingoof

the gas leads eventually to star formation in the densestimethat
exceed a certain density threshold. This happens in theatehts-

ter regions and within substructures leading to individyalbxies.
Once the nuclear energy has been used up, massive stardexplo
in supernovae that drive strong shock waves into the ambiggrt
stellar medium (ISM) which resupply thermal and turbulerergy.

On larger scales, structure formation shock waves dissigevi-
tational energy associated with hierarchical clustenmg thermal
energy of the gas, thus supplying the intra-cluster medi@iv
with entropy and thermal pressure support. There are thaa m
observables associated with these processes: the hot |0 em
thermal bremsstrahlung radiation with an X-ray luminoiigt de-
pends on the square of the electron number density. The tahgpli
of the Sunyaev-Zel'dovichfeect (Sunyaev & Zeldovich 1972) de-
pends on the pressure of the thermal electron populatiegriated
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Relativistic populations and radiative processes in clusters:
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Figure 2. Schematic overview over non-thermal radiative procesees i
galaxy clusters. Various gravitational and non-grawtai energy sources
(shown in red) are able to accelerate relativistic parpicipulations (shown

in blue) by means of dierent plasma processes (shown in green). Non-

thermal cluster observables (shown in yellow) are tracéthase cosmic
ray populations: any cosmic ray electron population carnt eadiio syn-
chrotron radiation as well as inverse Compton emissiondkggnds from
the X-ray into they-ray regime. In contrast, the characteristic spectralasign
ture accompanying-ray emission from hadronic cosmic ray interactions is
a unique sign of a cosmic ray proton population in the intester plasma.

along the line-of-sight through the cluster. Finally, ggl@pectra
probe directly the stellar populations of intra-clustetagées and
indirectly the cluster's potential through their velocitispersion
(for reviews see Sarazin 1988; \oit 2005).

The lower part of Fig. 1 sketches the cosmic ray physics
within clusters. CR protons behaveffdrently compared to the
thermal gas. Their equation of state is softer, they aretakiiavel
actively over macroscopic distances, and their energy tioss-
scales are typically larger than the thermal ones. Besides t
malization, collisionless shocks are also able to acceeians
of the high-energy tail of the Maxwellian throughfidisive shock
acceleration (for reviews see Drury 1983b; Blandford & Hach
1987; Malkov & O'C Drury 2001). These energetic ions are re-
flected at magnetic irregularities through magnetic resoes be-

tween the gyro-motion and waves in the magnetised plasma and
are able to gain energy in moving back and forth through the

shock front. This acceleration process typically yieldsRapgtoton
population with a power-law distribution of the particle menta.
CRs are accelerated on galactic scales through supernoeéissh
while they are injected by structure formation shock waves\en

On macroscopic scales, the transport can often be desaibead
diffusion process that redistributes the CR energy densityanacr
scopically provided the gyro-radius of charged relatigipgrticles
can be regarded to be small. In the ICM, the CR protons hage lif
times of the order of the Hubble time (Volk et al. 1996; Béneky
et al. 1997), long enough toftlise away from the production site
and to maintain a space-filling distribution over the clustdume.
Thermal heat conduction is an analogous process that catd®
the thermal energy of the ICM.

The CR energy reservoir fars two main loss processes: (1)
CR energy is transferred into the thermal energy reserkoiugh
individual electron scatterings in the Coulomb field of tHe @ar-
ticle as well as by small momentum transfers through exoitatof
guantised plasma oscillations. We refer to the sum of bfitres
as Coulomb losses (Gould 1972a). (2) Provided the CR monmmentu
exceeds the threshoftl~ 0.8 GeV/c for the hadronic reaction with
ambient protons, they produce pions which decay into sexgnd
electrons, positrons, neutrinos, apdays:

T o PV o € Ve/Vet Y, + Y,

- 2.

Only CR protons above this kinematic threshold are theeetfis-
ible through their decay products via radiative processesking
them directly observationally detectable. As shown in Bighese
secondary relativistic electrons and positrocan emit a halo of
radio synchrotron emission in the presence of ubiquitoti-in
cluster magnetic fields (Dennison 1980; Vestrand 1982;iHas
Colafrancesco 1999; Dolag & EnRlin 2000; Miniati et al. 2601
Pfrommer & Enf3lin 2003, 2004a,b) as well as inverse Compton
emission by scattering photons from the cosmic microwawk-ba
ground into the hard X-ray angregime’® Futurey-ray satellites
should be able to detect the associated hadronically intucay
emission resulting from neutral pion decay and allow ungunbis
conclusions on the parent CR population in clusters.

Structure formation shocks can also directly accelerate so
called primary CR electrongjiving rise to an irregularly shaped
radio and inverse Compton morphology due to the compatative
short synchrotron lifetimes of CR electronsmof 10° yr. To com-
plicate this picture even more, there are other process#sath
celerate relativistic electrons. Re-acceleration pregesf ‘mildly’
relativistic electronsy ~ 100 - 300) that are being injected over
cosmological timescales into the ICM by sources like raditag-
ies, supernova remnants, merger shocks, or galactic wardpro-
vide an dficient supply of highly-energetic CR electrons. Owing
to their long lifetimes of a few times 2Q/ears these ‘mildly’ rel-
ativistic electrons can accumulate within the ICM (Sar&002),
until they experience continuous in-situ acceleratiohegitvia in-
teractions with magneto-hydrodynamic waves, or througbutent

larger scales up to tens of Mpc. So far, we have neglected feed spectra (Jdie 1977; Schlickeiser et al. 1987; Brunetti et al. 2001;

back from active galactic nuclei (AGN) in our simulationsgie
its importance (for first numerical simulations of thermeddio-
mode’ feedback within cosmological simulations, see Kijd&
Springel 2006). Gravitational energy associated with tw@etion
onto super-massive black holes is converted into largkJets
and eventually dissipated into thermal and CR energy.

The ubiquitous cosmic magnetic fields couple the otherwise

dynamically independent ingredients like the ICM plasnmal the
CR gas into a single, however complex fluid. Magnetic fields pr
vent charged relativistic particles to travel macroscapigtances
with their intrinsic velocity close to the speed of light.stead,
the particles gyrate around, and travel slowly along magfieid
lines. Occasionally, they get scattered on magnetic ifeggies.

© 2003 RAS, MNRASD0Q, 1-31

Ohno et al. 2002; Brunetti et al. 2004; Brunetti & Lazariaf®2p
This gives rise to a third population agf-accelerated CR electrons
that also contributes to the observed radio and inverse @amp
emission. Since the distribution of magnetic field streagtfith
cluster radius is also not well known, radio synchrotron ssioin
alone has limited predictive power. Unfortunately, theaaptually
simpler inverse Compton emission is hard to observe becafuse
the strong radiation background in the soft and hard X-rgjnme.

10 n the following, we use the term secondary CR electrons symously
for the likewise produced electrons and positrons.
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There is currently a debate whether the detected excessaiXha
ray emission compared to the expected thermal bremssitigloiu
the Coma cluster (as reported by Fusco-Femiano et al. 1994, 2
2007) is a spurious or real detection of inverse Compton sotis
by relativistic electrons. To date there seems to be nostitatily
significant detection of the presence of a non-thermal corapb
when taking into account all systematic uncertainties i ¢ht-
ical parameters of the analysis including the choice of acssu
free background field and the modelling of the thermal model f
the intra-cluster plasma (Rossetti & Molendi 2004, 2007theD
claims of a detected non-thermal excess emission in thee®ers
cluster (Sanders et al. 2005) are highly questionable ooré¢tie
cal grounds since they require the energy density of CRrelest
to be in equipartition with the thermal plasma, leaving nomo
for relativistic protons that have a much longer lifetimengared
to electrons. Furthermore, the morphological similarifytioeir
high energytemperature emission maps could well be an indica-
tor of numerical instability in their spectral deconvobrti proce-
dure, since the non-thermal emission should be physicaihg-u
lated to the thermal emission component with the lowest t&mp
atures (Sanders et al. 2005). It has been proposed thattefrac
of the difuse cosmologicaj-ray background radiation originates
from the same processes (Loeb & Waxman 2000; Miniati 2002;
Reimer et al. 2003; Berrington & Dermer 2003; Kuo et al. 2005)
This paper studies directly the CR related multi-frequerizy
servables aiming at understanding the cluster radio haleséon.
In a companion paper, we study the interplay of thermal gas an

in the ICM, except for a possible production of CRs by AGN. In
contrast, we model the CR electron population in a postgssiog
step since it does not modify the hydrodynamics owing to its
negligible pressure contribution. In this paper, we cotrege@ on
three observationally motivated wave-bands. (1) Radiclssatron
emission between 15 MHz and41GHz, (2) non-thermal hard X-
ray emission at energids, > 10 keV, and (3)y-ray emission at
energies, > 100 MeV. Studying our simulated radio synchrotron
maps and emission profiles, we develaméfied modefor the gen-
eration of the dfuse large scale radio emission of clusters such as
giant radio halos, mini-halos, as well as the radio relicssioin.

2.2 The simulations
2.2.1 General setup and cluster sample

This section provides a short overview of the simulatiorss jgimys-
ical models used. Further details can be found in Paper biAlu-
lations were performed using the “concordance” cosmokdgiold
dark matter model with a cosmological constax€PM). The cos-
mological parameters of our model af;, = Qpu + Q, = 0.3,
Q, = 0.039,Q, = 0.7,h = 07,n = 1, andog = 0.9. Here,
Qr denotes the total matter density in units of the criticalgign
for geometrical closure todaye; = 3H§/(87tG). Q, andQ, de-
note the densities of baryons and the cosmological conatehe
present day. The Hubble constant at the present day is paisede
asHoy = 100h km s*Mpc™?, while n denotes the spectral index of

CRs and their #ect on the observables of the thermal gas such as the primordial power-spectrum, aed is thermslinear mass fluc-

X-ray emission and the Sunyaev-Zel'dovidiiext (Pfrommer et al.
2007, hereafter Paper I). For consistency reasons withptyaer,
we scale cluster masses and length units with the dimersisnl
Hubble constanth, whereH, = 100h km st Mpc™. However,
non-thermal surface brightness and luminosities (foraatard
X-ray, andy-ray emission) are reported in units of the currently
favoured Hubble constanty;o, whereHy = 70hyo km st Mpc™
since primary and secondary emission processes havéesedi
scaling withh. We derive cluster scaling relations for non-thermal
observables and compare our results to observations irothonf

up paper (Pfrommer 2007, hereafter Paper Ill).

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

tuation within a sphere of radius8*Mpc extrapolated ta = 0.

Our simulations were carried out with an updated and ex-
tended version of the distributed-memory parallel TreeSBte
GADGET-2 (Springel 2005; Springel et al. 2001) that inclsidelf-
consistent cosmic ray physics (Enflin et al. 2006; Jubetfas.
2006; Pfrommer et al. 2006). Gravitational forces were cateq
using a combination of particle-mesh and tree algorithmairbt
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 regiopsiti§el
& Hernquist 2002).

We have performed high-resolution hydrodynamic simula-
tions of the formation of 14 galaxy clusters. The clusteransp
mass range from & 102*h 1M, to 2 x 10'°h~* M, and show a
variety of dynamical states ranging from relaxed cool cdusters
to violent merging clusters (cf. Table 1). The clusters harigi-
nally been selected from a low-resolution dark-matteraimu-

the diferent non-thermal emission mechanisms, and correlations |ation (Yoshida et al. 2001). Using the ‘zoomed initial citiuhs’

of various non-thermal emission processes with the theKwaly
emission. We compare our results to previous findings initaeat
ture and point out future theoretical work that is neededtope-
ment this work (cf. Sect. 4). The conclusions are drawn int.Sec
Appendix A describes the modelling of the primary and seaond
CR electron population while Appendix B describes the fdemu
of the non-thermal emission mechanisms ranging from ragte s
chrotron radiation, inverse Compton emission, as well asdra-
cally inducedy-ray emission.

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 |¢ssns

technique (Katz & White 1993), we then re-simulated theteliss
with higher mass and force resolution by adding short-vength
modes within the Lagrangian regions in the initial conditidhat
will evolve later-on into the structures of interest (PapewVe re-
simulated three isolated clusters (cluster 4, 10, and 1d)tlaree
super-cluster regions which are each dominated by a latcget!
(cluster 1, 2, and 3) and surrounded by satellite clustéust@r 5

to 9 and 12 to 14). In high-resolution regions, the dark nnatée-
ticles had masses ofipy = 1.13x 10° ™t 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, allowieg 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

© 2003 RAS, MNRASD0Q, 1-31
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Table 1.: CLUSTER SAMPLE

Cluster sim’s dyn. staf® Mé%i)o (20)0 kTé%)o

[h"IMg]  [hiMpc] [keV]
1 gsa cc 18x 10 20 131
2 gla cc 13x 1015 1.8 10.6
3 g72a  PostM 1 x 1015 1.7 9.4
4 g51 cc 11 x 10 1.7 9.4
5 glb M 37 x 10 1.2 4.7
6 g72b M 15x 10M 0.87 2.4
7 glc M 14x 1014 0.84 2.3
8 gsb M 10x 1014 0.76 1.9
9 gid 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 103 0.65 1.3
13 g8c M 59 x 1013 0.63 1.3
14 gsd PreM % 1013 0.61 1.2
NotEs:

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

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

ness maps. The labels for the clusters are M—merger, Post{l-aperger
(slightly elongated X-ray contours, weak cool core regi@vedoping),
PreM-pre-merger (sub-cluster already within the virialiua), CC—cool
core cluster with extended cooling region (smooth X-rayfifgp

(2) The virial mass and radius are related My (2) = %nApCm(Z)R3,

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

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

(3) The virial temperature is defined By, = GM, 1 my/(2Ry), whereu

denotes the mean molecular weight.

1+ 27y = 60. The gravitational force softening was of a spline form
(e.g., Hernquist & Katz 1989) with a Plummer equivalent soiftg
length that is assumed to have a constant comoving scale wown
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 totlge
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 dyinaim
state of a cluster is defined by a combined criterion: (i) & dhus-
ter did not experience a major merger with a progenitor maiss r
1:3 or larger aftez = 0.8 (corresponding to a look-back time of
~ 5h™t Gyr) and (ii) if the visual impression of the cluster’s X-ray
morphology is relaxed, it was defined to be a cool core cluster
spherical overdensity definition of the virial mass of thestér is
given by the material lying within a sphere centred on a |olesd-
sity maximum, whose radial exteri®} is defined by the enclosed
threshold density conditioM(< RA)/(47rRi/3) = pihres We chose
the threshold densitymed2) = Apcr(2) to be a multipleA = 200
of the critical density of the universe,(2) = 3H(2)?/(8rG). We
assume a constart = 200 although some treatments employ a
time-varyingA in cosmologies witl),, # 1 (Eke et al. 1996). In
the reminder of the paper, we use the terminol&gy instead of
Rao0.

2.2.2 The models

For each galaxy cluster we ran thredfelient simulations with
varying gas and cosmic ray physics (cf. Table 2). The firsp§et
simulations used non-radiative gas physics only, i.e. #sdgtrans-
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Table 2.: DIFFERENT PHYSICAL PROCESSES USED IN OUR SIMULATION MODELS:

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 rsoddie first
column shows the simulated physics and the following thodensns show
our different simulation models with varying gas and cosmic ray jgBys
Model S1 models the thermal gas non-radiatively and inclu@ie physics,
while the models S2 and S3 use radiative gas physics witbrdnt variants
of CR physics.

ported adiabatically unless it experiences structure &ion shock
waves that supply the gas with entropy and thermal pressuyre s
port. Additionally we follow cosmic ray (CR) physics incling
adiabatic CR transport processes, injection by cosmabgicuc-
ture formation shocks with a Mach number dependent acdilara
scheme, as well as CR thermalization by Coulomb interatiah
catastrophic losses by hadronic interactions (model 8. Sec-
ond set of simulations follows the radiative cooling of ttes@nd
star formation. As before in model S1, we account for CR &zeel
ation at structure formation shocks and allow for all CR Ipss-
cesses (model S2). The last set of simulations additioaskymes
that a constant fractiofn = ecrjnj/&diss = 0.3 of the kinetic energy
of a supernova ends up in the CR population (model S3), which i
motivated by Te\ly-ray observations of a supernova remnant that
find an energy fraction ofsy ~ 0.1 — 0.3 when extrapolating the
CR distribution function (Aharonian et al. 2006). We choaseax-
imum value for this supernova energffieiency owing to the large
uncertainties and our aim to bracket the realistic case thtwo
radiative CR simulations. Generally, we use model S2 astanr s
dard case which is a conservative choice for the CR pressute a
explore how the physics of the other models change the megult
non-thermal cluster observables. In this work, we don’baat for
AGN sources of cosmic rays, but that this will be addresseagin
coming work (Sijacki & Pfrommer, 2007, in preparation).

Radiative cooling was computed assuming an optically thin
gas of primordial composition (mass-fractionXf= 0.76 for hy-
drogen and - X = 0.24 for helium) in collisional ionisation
equilibrium, following Katz et al. (1996). We have also inded
heating by a photo-ionising, time-dependent, uniformauwitlet
(UV) background expected from a population of quasars (8taar
& Madau 1996), which reionises the Universezat 6. Star forma-
tion is treated using the hybrid multiphase model for therstellar
medium introduced by Springel & Hernquist (2003). In shtirg
ISM is pictured as a two-phase fluid consisting of cold clotindg
are embedded at pressure equilibrium in an ambient hot mmediu
The clouds form from the cooling of high density gas, and rep-
resent the reservoir of baryons available for star forrmatiwhen
stars form, the energy released by supernovae heats thersrhbt
phase of the ISM, and in addition, clouds in supernova remtsnan
are evaporated. Thesfects establish a tightly self-regulated sub-
resolution model for star formation in the ISM.
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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 pressurdaequa-
tions of motion (EnRlin et al. 2006; Jubelgas et al. 2006pifRAfr
mer et al. 2006). We refer to these papers for a detailed igescr
tion of the formalism, providing here only a short summaryhef
model. In our methodology, the non-thermal cosmic ray pagiah
of each gaseous fluid element is approximated by a simple powe
law spectrum in particle momentum, characterised by an iampl
tude, a low-momentum cutfp and a fixed slopex = 2.3. This
choice is justified by taking the mean of the Mach number itigtr
tion weighted by the dissipated energy at shocks which isetyo
related to the spectral index of a CR power-law distribut{Ba-
per ). Adiabatic CR transport processes such as compreasio
rarefaction, and a number of physical source and sink terhichw
modify the cosmic ray pressure of each particle are modelled
most important sources considered are injection by supaangn
our radiative simulations) andftlisive shock acceleration at cos-
mological structure formation shocks, while the primanyksi are
thermalization by Coulomb interactions, and catastrofgisses by
hadronic interactions.

2.3 Essentials of radiative processes

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

3B , B [y \?
= = 221GHz— (—) , 1
Vsynch Zﬂ_mec)’ ZHG 100 ()
4 . 2
e = 3 My = 90 kev (%) , @)

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

B = \/@ is the rms of the magnetic vector fiel8. We chose
CMB photonshvcys ~ 0.66 meV as source for the inverse Comp-
ton emission using Wien'’s displacement law. Thus, the safe C
electron population seen in the radio band via synchrotnaissgon
can be observed in the hard X-ray regime through the IC psoces

2.3.1 Synchrotron and IC emission from equilibrium spectra

The synchrotron and IC emissivities of an equilibrium dlistr
tion of CR electrons is characterised by two distinctiveimess.
The weak field regime is characterised by the dominating 1Gem
sion while the strong field regime has the synchrotron enmnisas
the dominant electron cooling channel. Using the formutadtie
equilibrium distribution of CR electrons (Egns. (A35) or4®)),
the synchrotron and IC emissivities depend on the magnedit fi
strength as follows:

Bwv+1
and

jy o jic o ?3)

- S
B t EcmB €B t+ EcmB

wherea, denotes the synchrotron spectral index that is defined by
jy o« v, andeg = B?/(8m). Figure 3 shows these emissivities,
normalised by respective emissivities at the equivalengrmatic
field strength of the CMB energy densityzat 0, Bcyg = 3.241G.
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Figure 3. The synchrotron and inverse Compton (IC) emissivity of ani-eq
librium distribution of CR electrons is shown for varioussfral indicesy, .
The normalisation is given by the respective emissivitiethe equivalent
magnetic field strength of the energy density of the CHByg = 3.24 uG.
The weak field regime on the left-hand side is characterisethd domi-
nant inverse Compton (IC) emission while the strong fieldmegon the
right side has the synchrotron emission as the dominantrefecooling
channel.

In the IC dominated electron cooling regime leftward8ef;s, the
synchrotron emissivity quickly decreases relative to fBeehis-
sivity, showing thus a strong dependence on the magnetit fiel
strength. There is an interesting twist associated withdifter-
ent spectral indices of the synchrotron emission in clssteaper |
shows that the characteristic shock strength increasaseanoves
outwards from the cluster centre due to the decrease of thedso
velocity in combination with the shallower peripheral ¢krspo-
tential. CR acceleration crucially depends on the shoakngth
according to Eqgn. (A19) predicting steep CR spectra at time ce
tre that flatten on average towards the cluster periphengeSihe
magnetic field has a decreasing profile with radius (Eqn.Hs, t
synchrotron emission of clusters should qualitatively bergy by
the upper envelope of the family of emissivity curves ladlby
different spectral indices of Fig. 3. This simplified pictureunsss
that the electron spectra are dominated by injection ancheire
ther qualitatively modified by CR transport processes siscBR
diffusion nor by the hadronically injected electron spectra.

2.3.2 Comparison of inverse Compton apday spectra

Figure 4 compares the spectral distribution of the pioraglén-
ducedy-ray emission (broken power-laws) with the inverse Comp-
ton emission both resulting from hadronic CR proton inteoas.
Note, that the relative normalisation of both emission congmts

is governed by hadronic physics and does not depend on the gas
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 rangg > 100 MeV can be readily inferred
to be¥, /Fic = 20. The asymptotic behaviour for theray number
flux of both emission components at high energies is given by

7__7 o E;anrl and 7—-IC o E;m/ — E;wp/Z. (4)

Assuming a spectral CR index @f = 2 yields the same asymptotic
behaviour while increasing, results in a shallower decline f@fc
with energy such that eventually the IC component will sasghe
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Figure 4. Spectral distribution of the fierentialy-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 spécma a sec-
ondary CR electron population and pion decay indugedy spectra (bro-
ken power-laws) both resulting from hadronic CR protonriatéons. The
model calculations assume a normalisation for the CR prdistnibution
of Cp = 10 cm3, a nucleon density ofiy = 1073 cm3 (for 1),
and put the fiducial cluster with maségyster = 10'° My /h at a distance
D = 100 Mpg¢/h to derive,.

pion decay emission. This however is well above the enemggeaa
E, » 10 TeV that is of interest for imaging alterenkov tele-
scopes. For an energy rangg < 1 MeV the secondary IC emis-
sion dominates the hadronically induced channel. In cehteethe
secondary IC emission, the IC emission level of primary G-l
trons depends on the dynamical activity of the region, inipaar
on the shock strength and the associated amount of disdipate
ergy. Comparing the primary to the secondary IC emissiohbeil
one goal of this paper.

3 RESULTS
3.1 Cluster environment and cosmic ray pressure

Figure 5 shows the region around the largest cluster wittgmer
ing activity in our sample M ~ 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 rétio o
Mmerged Mprogenitor = 0.3 at redshiftz = 0.25 preceded by a minor
merger mass ratio afinerged Mprogenitor = 0.1 atz = 0.4. The en-
vironment is dominated by the large central post-mergingtelr
and surrounded by smaller satellite clusters and groupsslifié-of
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sight average of the density shows the suitably normalisedtify
1+ 8gas = p/(Qp per). While the ICM of the central massive clus-
ter reaches central temperatures above that of the vingléeature
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 ratewsts
ture formation shocks (represented by the colour hue in ottein
left panel of Fig. 5). The brightness scales logarithmycaldith the
projected dissipation rat@giss)os. Within this super-cluster region
most of the energy is dissipated in weak internal shocks Mibh
numbersM < 2 which are predominantly central flow shocks or
merger shock waves traversing the cluster centre. Coltiagrsemo-
logical structures are surrounded by several quasi-sgieshells
of external shocks with successively higher Mach numbeus, b
they play only a minor role in the energy balance of thernaaliz
tion as can be inferred by its dim brightness. Clearly vesiate
spherical shells of shocks affiirent radii from the cluster centre.
Two distinct outgoing shock waves at distances of 2 ahd 31pc

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 foé t
Mach numbers with the energy injection rate of CR proteng,
(shown in colour while the brightness displays the loganithf the
CR proton energy injection rate, bottom right side). Only @B-
tons with a dimensionless momentuns= By > 30 (E = 30 GeV)
have been considered for calculating the CR energy derisite s
lower energetic CR protons are not detectable at radio énecjas

v > 120 MHz by means of hadronically produced secondary elec-
trons (assumindd = 1 uG). As expected, weak shocks with Mach
numbers 1< M < 2 almost disappear in this representation due
to their small accelerationfiéciency. This &ect is amplified by
considering only energetic CR protons wigh> 30. Comparing
the Mach numbers weighted layr to those weighted bygiss un-
covers the three-dimensional picture of these shock sesfathe
powerful (in terms of energy dissipation rate) but weak émis

of shock strength) internal shock waves are surrounded bgksh
surfaces of successively increasing Mach numbers thatrdyee
vealed in these projections if one disfavours these intesimacks

in the weighting function.

What are the consequences for the CR proton pressure within
galaxy clusters? Similar to the thermal pressure, it paaltsd cen-
tre and falls of with radius. The CR pressure is additionalty
hanced at strong shock waves, that have a modulaffegten the
underlying CR pressure distribution. The latter can be bgdaok-
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 peakshipug
atPcg ~ 10"*%erg cnt® hZ; at the cluster centre. Even more reveal-
ing is the mass-weighted CR proton pressure relative todta t
pressureXcg = Pcr/Prot, WherePy: = Pcr + Py, (top right panel
in Fig. 6). The relative CR pressub&r acquires comparatively
high values within the WHIM that are hydrodynamically impor
tant, their importance decreases (on average) as we moeedaw
due to a combination of the following reasons: (1) weak @ntr
flow shocks are in@cient in accelerating CRs (e.g., Paper I) and
(2) adiabatic compression of a composite of CRs and theraml g
disfavours the CR pressure relative to the thermal prestuseo
the softer equation of state of CRs. Within each individudagy as
well as within the cluster centre, the CR pressure reachdpaj-
tion or dominates the thermal pressure as can be seen byrfegnu
ous yellow points sprinkled over the map, each correspanitira
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Figure 5. The environment of a large post-merging galaxy clustér{ 10*>h~1 M) in our simulation with radiative gas physics and star faiaraincluding
CRs from structure formation shocks only (model S2). Showertlze line-of-sight averaged density (top left side), tressweighted temperature (top right
side), the Mach number of shocks weighted by the energypdissi rate in colour (while the brightness displays thetigm of the dissipation rate, bottom
left side), and the Mach number of shocks weighted by theggniejection rate of CR protons in colour (while the brigrgaelisplays the logarithm of the
CR proton energy injection rate, bottom right side). Fotdyatomparison, we used the same colour and brightnessisthibottom plots. Only CR protons
with a dimensionless momentuin= 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

galaxy. This is due to the long CR cooling time scales conptoe proton pressure traces the time integrated non-equitibi@ativi-
those of the thermal gas, affect that diminishes the thermal gas ties of a cluster and is only modulated by recent dynamict-ac
pressure relative to that of CRs (Paper I). ities (see also Paper |, for average values of the relative@R
ergy in diferent dynamical cluster environments). In contrast, the
pressure of primary CR electrons resembles the currentngiyna
cal, non-equilibrium activity of the forming structure anesults

in an inhomogeneous and aspherical spatial distributiorurier-

pin this argument, in the bottom panels of Fig. 6, we show the
mass-weighted CR electron pressure relative to the totsspre
Xcre = Pcre/Piot- On the left side, we show the relative pressure

Itis very instructive to compare the CR proton to the CR elec-
tron pressure since protons and electrons are subjectteratit
cooling mechanisms due to their large mas$edénce. The CR
proton cooling timescale is generally larger than that of €lé-
trons such that protons accumulate within the ICM on a Hubble
timescale and maintain a comparatively smooth distrilutieer
the cluster volume (top panels of Fig. 6). This implies tiat €R
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Figure 6. CR proton and electron pressure maps in the super-clustenement of a large post-merging galaxy clustst & 10°h~1 M) in our radiative
simulation (model S2). The mass weighted CR pressure (fopitie) is contrasted with the mass weighted CR presmlative to the total gas pressure
(top right side). Since the CR proton pressure decreasestesply than the gas pressure as a function of clustersrétdairesults in an increasing relative
CR pressure profile towards the periphery. In the bottom Ipame show the mass weighted CR electron pressure relatitreettotal pressure for primary,
shock-accelerated electrons (left side) and secondacyrahs resulting from hadronic CR proton interactionsHtigide). The CR electron pressure derives
from the respective equilibrium distribution functionsitibalance acceleration and cooling processes.

of primary, shock-accelerated electrons while the retapiressure acceleration ficiencies within collapsed objects as in the case of
of secondary electrons resulting from hadronic CR protderac- CR protons. Interestingl¥crepim Within galaxies is suppressed by
tions is shown on the right side. The CR electron pressurigeser roughly one order of magnitude with respect to the ambietetrin
from the respective equilibrium distribution functionsattbalance galactic medium in which the galaxy resides due to large @ubl
acceleration and cooling processes as laid out in AppesdiGe2 losses. This is quite fierent from CR protons that acquire equipar-
and A4.2. Note that the colour scale for the relative presstipri- tition with the thermal gas inside galaxies. In general, gpatial
mary CR electronspans exactly two orders of magnitude (like in  variations ofXcreprim are larger than in the case of protons, showing
the case of CR protons), peaking in the dilute WHIM at roughly that the CR electron pressure indeed reflects the activentigah

3 per cent rather than 30 per cent as in the case of CR protons.structure formation activities mediated by shock wavesolmtrast,
The relative CR electron pressuXerepim decreases towards clus-  the mass weighted relative pressuresetondary CR electroris
ters and groups due to larger Coulomb losses and smallek shoc shown on a colour scale that spans seven orders of magnituee,
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to the high dynamic range of this quantity. The CR electraspr into account the adiabatic compression of magnetic fieldsgu
sure is proportional to the number densities of CR protomsadn the formation of a cool core. Thisffect should furthermore de-
the gasPcresec & NcrNy, CaUSINgXcresec 10 peak towards dens-  crease the emission size of radio mini-halos making it coatpa

est structures and thus filling in the diminishing primary €lBc- to the cool core region.

tron pressure inside dense structures such as galaxiesvévslaf Closer inspection of the primary radio emission map (top lef
caution, we do not account for the re-acceleration of CRtelas panel in Fig. 7) shows a brighadio relic on the lower right with

e.g. via resonant pitch angle scattering by compressibieta- respect to the cluster centre at a distance of0.6h~* Mpc. This
hydrodynamical (MHD) modes neither do we account for a pre- is caused by an outgoing merger shock wave that steepens as it
viously injected and aged electron population which collange reaches the shallower peripheral cluster potential. Eudbtwards

the presented picture. Further work is required to elueidaese at a distance of 2 andt8* Mpc to the cluster centre, there is a class
electron components in simulations. of tangentially curved radio relics visible in orange and.réhese

are uniquely associated with strong shock waves as can éeedf

by comparing the primary radio emission to the dissipatextgn
3.2 Radio synchrotron emission at shock waves (shown as brightness in the bottom left pahnel o
Fig. 5). The statistical study of the radio emission d@fadent fre-

3.2.1 Projected radio maps i : ) -
guencies and Faraday rotation of these objects will enableou

Figure 7 shows the large-scale “radio web”of the supertetus- investigate non-equilibrium processes of virialisatindiding the
gion of our Coma-like cluster that experienced a recent erefihe acceleration of cosmic rays, the growth of magnetic fields, ki-
radio emission is computed assuming a simple scaling madel f  netic energy in bulk motions that are expected to sourceiterice
the magnetic field of in clusters. Comparing the emission level of the projectadior
208 surface brightness maps to the LOFAR point source sengitifi
&g = gByo(ﬂ) , (5) 0.25 mJy/ (arcmin hour) atv = 120 MHz shows that moderately
€tho long exposures of super cluster regions have the potentidéet
where the central magnetic energy density andag are free pa- tect the large-scale “radio web” and to study the magnetid e
rameters in our model, angh denotes the thermal energy density Mpc-scales that is woven into the web. Ongoing work thatideb
at the cluster centre. It is motivated by non-radiative colsgi- simulated mock observations for radio interferometerslietias-
cal MHD simulations (Dolag et al. 1999, 2001), and allowsas t sociated questions in greater detail (Battaglia et al. @ppr
explore the unknown behaviour of the large scale magnetid fie Figure 8 shows the dependence of the primary and secondary
parametrically (cf. Appendix B1 for more discussion). Otans radio synchrotron emission on the observing frequencyntbeel
dard model (also adopted in Fig. 7) assumes a central magneti for the magnetic field, as well as the type of simulated gasioky
field strength 0By = 10uG andag = 0.5. (radiative versus non-radiative). The top panels show itpe-fand

In the top panels of Fig. 7, we separately show the synchrotro low-frequency radio emission (1.4 GHz and 15 MHz) in our aadi
emission ofprimary CR electronshat were accelerated directly at  tive simulation (model S2) using our standard model for tregym
structure formation shocks as well as the radio emissiogeaf netic field. This demonstrates the potential of low-frequyera-
ondary CR electronthat results from hadronic CR proton interac- dio arrays in studying non-thermal properties of the infalactic
tions with ambient gas protons. The combined radio synobmot  medium especially since the associated radio spectruneépst
emission (shown in the bottom left panel) shows that the mmrp compared to that of the Galactic foreground emission. Tlilsalv
logically smooth secondary component dominates the radis-e low us to address questions such as the existence and pespert

sion of the central cluster regions. In contrast, the irtadyishaped of the WHIM and the existence and origin of large scale mag-
primary radio relic emission dominates in the cluster gegiy and netic fields. The bottom left panel shows the total radio siuois
the super-cluster region that is believed to host the wantrirtter- at 150 MHz in our non-radiative simulation (model S1) asagni
galactic medium (WHIM). These observations are supporyetid our standard parameters for the magnetic field, and shoutdre
radio spectral index map between 150 MHz and 1.4 GHz (bottom pared to the same panel in Fig. 7. The level of the primaryoradi
right panel) which shows larger variations in the periphehaster emission in the cluster periphery and the super-clustéomeg re-
regions. These are caused by projecting the radio emissiom f  duced in the non-radiative simulation (model S1) compaoetthe
inhomogeneously accelerated primary CR electrons anctéfie radiative case (model S2). Some relics in the bottom panetién
strong variation of the Mach numbers of structure formasioocks S1) that are at distances 8f 2h™! Mpc to the cluster centre even

at the outer cluster regions. Based on these findings, weoput f  show radio emission at the level that is comparable to thétén
ward a newunified modefor the generation of giant radio halos as panel above (model S2) despite the lower frequency thatldhou
well as radio mini-halos. Thgiant radio haloemission in merg- provide a flux level that is increased by an order of magnitasie
ing clusters shows a transition from the secondary radicson suminga, =~ 1. The reason for this stems from the larger shock
in the centre to the dominant primary emission componentet t  strength (higher Mach numbers) of characteristic shocis dfs-
outer parts of radio halos. Gravitational energy, that soested sipate gravitational energy into thermal energy in radéasimu-

with the merger, is virialised by a morphologically complest- lations (Paper 1). The enhanced acceleratifiitiency of CRs at
work of strong shock waves in the cluster outskirts. Thisizes an stronger shocks leads to the increased primary radio emissi
irregular radio ‘gischt’ emission in the cluster periphémat repre- radiative simulations compared to the non-radiative cabe.bot-
sents radio synchrotron radiation emitted from shockacated tom right panel again shows the total radio emission at 15 viH
electrons. Our simulated radio emission maps of relaxeticme our non-radiative simulation, however, with a shallowemgmetic
clusters show a significantly reduced level of this primanjssion decline,ag = 0.25 which results ireg « £3°. Although the radial
component such that thefflise radio emission in these systems is decline of this model for the magnetic field might be almost to
solely determined by the secondary radio emission, produsia- shallow, it serves for illustrative purposes demonstrathmat low-

dio mini-hala Note that our simple magnetic model does not take frequency radio arrays in combination with high-resolntsimula-
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Figure 7. The large-scale “radio web” at 150 MHz of the super-cluségian of our Coma-like cluster that experienced a recengerdg72a) in our radiative

simulation (model S2). We show the synchrotron emissiguriofiary CR electron¢hat were accelerated directly at structure formation kbi@op left side) as

well as the radio emission secondary CR electroribat results from hadronic CR proton interactions with anbias protons (top right side). The bottom
left panel shows thgiant radio haloemission of this cluster that is characterised in the ceoyréhe regular smooth morphology of the secondary radio
emission. At larger radii, we observe a transition to theitegularly shaped primary radio “gischt” emission withrminent radio relic to the lower right
of the cluster. The radio spectral index between 150 MHz addsHz (bottom right panel) shows larger variations in thegberal cluster regions. These
are caused by projecting the radio emission from inhomaggsig accelerated primary CR electrons and reflect the gvariation of the Mach numbers of

structure formation shocks at the outer cluster regions.

tions can tightly constrain the large scale behaviour ofitagnetic
field.

3.2.2 Radio emission profiles

Radio synchrotron profiles allow us to confirm and quantifg th

proposed unified model for the cluster radio halo emission.
Primary versus secondary radio emissionThe left side of

Fig. 9 compares the synchrotron emissiompiimary CR electrons
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that were accelerated directly at structure formation kfiagith
that of secondary CR electrorthat result from hadronic CR pro-
ton interactions with ambient gas protons. In cool coretehss
the azimuthally averaged secondary radio emission doesrthe
primary emission component for radii< 3R,;. The smooth sec-
ondary component typically falls of at a radiusx 0.2R,;; which
resembles the characteristics of observed radio mini hedosb-
served e.g. in the Perseus cluster (Pedlar et al. 1990) 0l BX/J5-
1145 (Gitti et al. 2007). Our model predictdidise secondary radio
emission in virtually every cool core cluster.
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Figure 8. Dependence of the primary and secondary radio synchrotriss®n on the observing frequency, the model for the magffietd, as well as
the type of simulated gas physics (radiative versus noiatia€). The top panels show the synchrotron radiation 4tGHz and 15 MHz in our radiative
simulation (S2) assuming a simple scaling of the magne#rgndensity with the thermal energy density, « e. This demonstrates the potential of low-
frequency radio arrays in studying non-thermal propeniethe inter-galactic medium. The bottom left panel shovesttital radio emission at 150 MHz in
our non-radiative simulation (S1) with the same magnetidehdl he bottom right panel again shows the total radio eorisat 150 MHz in our non-radiative
simulation, however, with a shallower magnetic decliag,« sgf. 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.

Interestingly, our post-merging cluster g72a shows a trans the observed size d®nax ~ 1 Mpc/hy of the Coma radio halo at
tion from the secondary to the primary radio emission conepon v = 1.4 GHz (Deiss et al. 1997; Reiprich & Bohringer 2002). We
towards the outer cluster regions triggered by the dyndmiesager verified that the transition from the secondary to the printadio
activity with strong shock waves traversing the cluster rideo to emission in our simulated giant radio halos is independearthe
thermalize the gas. These shock waves steepen as they break ochosen projection and a generic prediction for mergingtehss
the shallower peripheral cluster potential. The assodiaterease Our simple scaling model for the magnetic field of Eqn. (5)sloe
in the primary radio emission comes hand in hand with a sepng clearly not include non-equilibriumfiects related to the growth of
variation of the radio spectral index towards the clusteipbe the magnetic field. The enhancement of the magnetic fieldgtine
ery (cf. Fig. 7). In the particular case of g72a, the resgltia- through turbulent dynamo processes will saturate on a iekath
dio halo profile reaches out to~ 0.45R;; which corresponds to is determined by the strength of the magnetic back-reaggan,
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Primary vs. secondary radio emission:

Influence of sim. jglsy@and magnetic models:
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Figure 9. Azimuthally averaged radio synchrotron brightness prefilier = 1.4 GHz. The left side compares the synchrotron emissigmiofary CR electrons
that were accelerated directly at structure formation kbi¢dotted lines) with that afecondary CR electroribat result from hadronic CR proton interactions
with ambient gas protons (dashed line) while the solid linewss the sum of both emission components. The upper panglares a post-merging cluster
(g72a) with a cool core (CC) cluster (g51) of the same masstanHottom panel compare the radio emission of twiedéntly sized CC clusters (g8a versus
g676). The right side shows the influence dfielient simulation and magnetic field models on the total syiadn emission profiles for the post-merging
cluster g72a (upper panel) and the CC cluster g8a (bottorlpdihe standard model uses radiative gas physics (S2§ bastral magnetic field strength of
Bo = 101G, and scales as; « SIZ;IYB with ag = 0.5. The other lines result from varying each of these assumpteparately leaving the others unchanged.
The radio emission in our non-radiative simulation (S1tetbtines) declines faster. The emission profiles for a lavesitral magnetic field strength (dashed

lines) and with a weaker magnetic decline (dash-dotted)iilestrate the uncertainty in the simulated radio prefile

Subramanian 2003) and is typically a fraction of the turbtien-
ergy density. Thus, in a real cluster, the strong shockseatltister
periphery are expected to drive turbulence and strong shetons
which should in turn lead to a stronger magnetic field amglifan.
Our adopted scaling of the magnetic field with the thermatgne
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 offdient simula-
tions and magnetic field models on the total synchrotron goms
profiles for our massive post-merging cluster and cool ctws-c
ter. The emission profiles for lower central magnetic fietérsgth
(dashed linesB, = 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 duehto t
two distinctive regimes of a synchrotron emitting equiliion dis-
tribution of CR electrons (cf. Fig. 3). Since the secondéegteons
dominate the central radio emission, the synchrotron spléntiex
is given bya, = ap/2 = 1.15 in our simulations. The theoretical
difference for the central radio emission of the factor two among
our models with the dierent central field strengths can be easily
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read df from Fig. 3 by inserting 1QG. At larger radii, the mag-
netic field in both models is weaker than the equivalent magne
field strength of the CMB energy densiBgyg Which puts us into
the IC cooling regime of CR electrons where the synchrotroise
sivity scales ag, o« B+, For stficiently flat synchrotron spectra
(cf. Fig. 7), we obtain the observed modeffdience according to
(10uG/3uG)*+! ~ 10. The emission profile for a weaker mag-
netic decline (dash-dotted linagg = 0.25) is more extended than
our standard model, as expected. Current cosmological MPB S
simulations (e.g., Dolag et al. 2001) may noffsiently resolve
small scale turbulent dynamo processes and large sheaonmsoti
that are thought to amplify the magnetic field in the coarseiy-
pled super-cluster regions beyond the accretion shocksniddel
with the weaker magnetic decline is an attempt to paranedtnisse
uncertainties. Note that despite the uncertainties in Hrarpetri-
sation of the magnetic field and thus the overall radio emisghe
conclusions with respect to thefidirent emission components (pri-
mary versus secondary) and their emission characterisain
unchanged.

Influence of simulated physics on radio emissionThe radio
emission in our non-radiative simulations (S1, dottedd)rie much
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Figure 10. Average profiles for the spherically averaged CR fractigr = ncr/ni, of our sample of all 14 clusters at redstaft 0. The error bars represent
the standard deviation from the sample mean. The increasgrofvith radius is independent of the modelled CR physics (Sllid,s82 — dashed, S3 —
dash-dotted) and continues beyond the virial radius stipgethat 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 comparedit®fiCR protons (cf. Paper I). Note theférent axes scales in both panels.

smoother and declines faster since there is only a very waakit
tion to the primary component due to the weaker shocks inltige ¢
ter periphery compared to the radiative simulations (S2% $ur-
prising that the central radio emission in simulation med&l 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 rtgéa
simulations compared to our non-radiative simulationss Tan be
understood by the self-regulated nature of CR feedback.s€he
ondary synchrotron emission scalesjasc NcrNgas fCRngas ne-
glecting the weak additional density dependence througmthg-
netic field in the synchrotron regime (cf. Fig. 3). The lowersg
density in the radiative simulations (cf. Figs. 3 and 5 in &l
almost exactly balances thisidirence of the CR fraction such that
the resulting secondary synchrotron emission level in émre 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 CRgcou négs is almost an or-
der of magnitude larger in our non-radiative simulationspared
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 includedfmeck
from AGN. This leads to the well-known over-cooling problem
which results in an overproduction of the amount of starsaened
central gas densities, and too small central temperatorepared
to X-ray observations. The density enhancement at the \eriyre
and the associated star formation take place at the expénie o
surrounding ICM which ends up being less dense compared to it
initial stage before cooling set in. This hypotheticalialistage is
realised by our non-radiative simulations that does nat tato ac-
count radiative cooling. We show that the secondary CR éamiss
(radio synchrotron, inverse Compton, and pion decay indiye@y
emission) within the framework of our CR model is almost inde
pendent of those short-comings in the central cluster nsgi®he

difference of the radio emission at larger radii between our leode
S1 and S2 however is a robust finding and primarily caused éy th
difference of the primary radio emission. Thiffeience is due to
the on average stronger shock waves that lead to nthogeat CR
electron acceleration in our radiative simulations.

3.2.3 Discussion of synchrotron polarisation

Primary synchrotron emission is polarised due to a comignat
of two effects. (1) Magnetic fields generated by the Weibel insta-
bility are virtually two-dimensional and confined withinetishock
surface (Spitkovsky 2005). Furthermore, shearing motiotsced
by oblique shocks stretch these field lines which leads tgelar
magnetic coherence lengths of two-dimensional field cordigu
tions (e.g. Schekochihin & Cowley 2006). Thed®eets imply a
preferred intrinsic synchrotron polarisation. (2) The tdmation
of the localised acceleration site of CR electrons at théseks
fronts and the short synchrotron cooling times (cf. Fig. A&gds
to a small synchrotron emission volume. Thus, these pea@bhe-
dio relics are expected to show a preferred synchrotrorrigatéon
with the magnetic field aligned with the shock surface (agolex
e.g. in Abell 3667 by Rottgering et al. 1997). Superposirgnyn
causally unconnected radio relics in projection leads teaehse
of the degree of polarisation.

Hadronically induced synchrotron emission of the smooth ra
dio halo is virtually unpolarised assuming statisticadigtropic dis-
tribution of magnetic field vectors without a preferred dtien.
The large emission volume is filled with magnetised plasnza th
causes the plane of polarisation to Faraday rotate. Hazhibyi
generated CR electrons fill the same cluster volume. Thut) ea
radio emitting volume element along the line-of-sight ttisesep-
arated by more than the magnetic correlation length or thie-Fa
day depth, if shorter, radiates causally unconnectedngitrally
polarised emission that averages out to a net unpolarisessiem,
e.g. radio halos are Faraday depolarised.

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 ictpaa-
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Thermal X-ray emission: Pion decgyray emission (E > 100MeV):

15
10
5 —“m
" 10'5;5 " ;
[=% ‘n [=% <
& T 2o
= w5 8
‘ 10'7:’ ‘ E
_5 5
=
-10
-15
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
x[ h'lMpc ] x[ h'lMpc ]
Total inverse Compton emission,(E 10keV): Total inverse Compton emission, (£ 100MeV):
15
10
5 §
2
2 2 107 %
5 2 0 s <]
= = 7 8
= = =
10° 2
5 g
g
_10 2
-15
-15 -10 -5 0 5 10 15
x[ h'lMpc] x[ h'lMpc]

Figure 11. The top panels compare the thermal X-ray emission ang-tag emission resulting from hadronic CR interaction withkéent gas protons of
the super-cluster region of our Coma-like cluster in oufatae simulation (model S2, cluster g72a). The hadrgniay emission shows a shallow decline
with radius due to the rising CR-to-thermal number densitfile. 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 dominagestmission signal on large scales. Comparing
they-ray emission components (right panels) shows that thegiéoayy-rays exceed the total IC emission at enerdgigs> 100 MeV.

rameters to a small degree of polarisation at the halo pernph 3.3 Hard X-ray and y-ray emission
characterised by the dominating primary emission thererder to

detect this polarisation one might be forced to go out todang- 3.3.1 Projected X-ray ang-ray maps
pact parameters with a small resulting synchrotron surfaicght-
ness where the emission is dominated by very few relics aloag
line-of-sight. Owing to the dferent injection timescales of primary
and secondary CR electrons, we conclude that the secondbry h
emission traces the time integrated non-equilibrium & of a
cluster and is modulated by the recent dynamical activ{fregper
). In contrast, the polarised radio relic emission resamslithe cur-
rent dynamical, non-equilibrium activity of a forming stture and
results in an inhomogeneous and aspherical spatial diitrib

Different non-thermaj-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 1) to that of theray emission re-
sulting from hadronic CR interactions with ambient gas @nstof

our Coma cluster region in our radiative simulation. Altgbuhey
resemble each other, the pion decay indugeady emission de-
clines slower with radius and makes theay halo more extended.
The bremsstrahlung emission of the thermal gas scale ése-
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Figure 12. Azimuthally averaged profiles of the inverse Compton (IGjae brightness for energi& > 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 emissiquriofary CR electrons
that were accelerated directly at structure formation kfi¢dotted lines) with that afecondary CR electroribat result from hadronic CR proton interactions
with ambient gas protons (dashed lines) while the solicslisieows 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 comptredotal hard X-ray ang-ray emission, respectively,
for for the diferent clusters g8a (dotted lines), g72a (solid lines), giklied lines), and g676 (dashed-dotted lines). While trek Xaay/y-ray emission
clearly scales with the cluster mass, the dynamical statieeofluster is equally important and can even reverse the trersd as can be inferred from the IC
emission forE, > 10 keV comparing the top two clusters in the figure legend.

glecting the radial dependence of the cooling function)levttie
hadronically inducegi-ray emission scales agadcr. The discrep-
ancy between the radial behaviour of the thermal and nomvidle
emission can be understood by looking at the right side of Fig
which shows average profiles of the spherically averagedr@d 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 geram-
diction of CR physics is due to the moréieient CR acceleration
at the peripheral strong accretion shocks compared to wezatkat
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 inhomogenedris
alisation process that manifests itself through a filigreb apun by
shocks (cf. Fig. 5). In principle, IC emission is the cleaneay of
probing structure formation shock waves since the inveie® g
ton emission is not weighted by the magnetic energy densiiy a
is the case for synchrotron emission. Visually compariregright

panels of Fig. 11 implies that the pion decay indugedy emis-
sion dominates the total IC emission in the energy rangeighaft
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-
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 gécondary CR electrons
that result from hadronic CR proton interactions with ambigas
protons. The primary and especially the secondary IC earigsi
generally more inhomogeneous compared to both radio emissi
components. Secondly, the IC emission declines less gteaihl
radius and shows almost a power-law profile compared witlgthe
profile in the case of synchrotron emission. Boffeets are due to
the weighting by the magnetic field which in the latter caselsgto
smooth out the inhomogeneous CR electron distribution andes
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a steeper decrease of the radio synchrotron emission &hieaur
model of the magnetic field).

At energiesg, > 100 MeV, the pion decay inducegray
emission is the dominant emission component everywherepexc
in the peripheral regions of the post-merging cluster g7Rare/the
primary IC emission is of similar strength (cf. bottom le&rel of
Fig. 12). As a word of caution it should be added, that our &mu
tion assumes a CR proton spectral indexpf 2.3. Lowering this
value would result in a larger secondary IC component (cf. &).
Future work is required to study such a scenario which migiat fi
applications in the outer parts of clusters. However, tlon le-
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 fiedint
power-law spectra produces a concave spectrum and thatikc em
sion atE, > 100 MeV results from CR electrons with a Lorentz
factory > 3 x 10° according to Eqgn. (2). This again stresses the
importance of correctly modelling the peripheral regioha olus-
ter since they show predominantly the conditions for strsimgck
waves that are able to accelerate such flat CR electron pgamda

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

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

ray/y-ray emission clearly scales with the cluster mass, therdyna
ical state of the cluster is equally important and can evearse
the mass trend (cf. the right side of Fig. 12). The reasonHisr t
lies in the enhanced CR pressure in merging clusters (Pajpesr |
well as in the primary IC emission that sensitively tracesamnt
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 comparetwin
radiative simulations. This is due to the CR pressure edjifijoa
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 enassi
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.

3.4 Correlations between thermal and non-thermal emission

Compressing intrinsically non-spherical emission puiatp sur-
face brightness profiles causes loss of information and tyighd
biased results. In addition to emission maps and surfagatmess
profiles, we complete our analysis using pixel-to-pixelretations
of the thermal X-ray surface brightness with non-thermaktr
emission processes. To this end we compare these cornslaifo
our post-merging cluster simulation g72 (Fig. 15) to thel cmoe
cluster simulation g8 (Fig. 16). Each of these figures shdves t
correlation space density of the radio surface brightntegsan-
els) and they-ray surface brightness fd€, > 100 MeV (bottom
panels), as well as that of the hadronically induced nomthé
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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 bottomgbdmat of the
large cool core cluster g8a. Shown are our non-radiativellsitions (dot-
ted lines, model S1), our radiative simulations with CR pnstinjected at
structure formation shocks (solid lines, model S2), andchmplete CR
model where we additionally take CR acceleration at SNelshoto ac-
count (dashed lines, model S3). Despite thedent physics in these simu-
lations, they-ray emission level is similar.

emission (left side, red colour scale) and the non-thermmégsion
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 enoissithe
correlation is much weaker and the scatter is increaseceicdke
of primary non-thermal emission where structures in thestation
space density correspond to individual structure fornmasibock
waves. We can see preferably tangential shocks that areahar
terised by a varying non-thermal emission for a constanaysur-
face brightness and to a smaller extend radial shocks wherele
of thermal and non-thermal emission is interchanged.

3.4.1 Correlations of the synchrotron emission

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

Sx \?
Sv = Sv = 5
’O(SXO)

where the power-law index changes fran= 1.7 toa = 1.3
aboveSy, = 3x 10°° erg cn? s h3;,, with a normalisatiors, o =
0.057 mJy arcmir? hd,. This is due to a combination of the fol-

(6)
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Figure 14. Influence of simulated physics on pion degayay emission maps fdE, > 100 MeV of the large cool core cluster g8a. The peaked enmissio

of each galaxy in the radiative simulation (left panel, mds2) contrasts the
protons injected at structure formation shocks (right,siedel S1).

lowing two dfects. (1) Towards higher X-ray surface brightness,
the radio emission experiences a transition from IC to sgatobn
regime with a weaker dependence on magnetic field that goeg al
with weaker density dependence. (2) The merger displaes=ei-
tral cool core and disturbs the ICM by means of merging shock
waves that dissipate the gravitational binding energy @ated
with the merger. This yields an increased CR proton pressude
number density relative to the thermal gas within the céXra
ray luminous regions and causes the change in the cormlatio
Since the thermal energy distribution is equalifeeted by these
re-distribution of energy, this merger inducefieet can be further-
more amplified by the transition from the IC to synchrotrogimee

as explained above. The change of the power-law index ofdhe c
relation is more pronounced for our post-merging clusterugi-
tion g72 compared to our cool core cluster g8 suggestingrthe i
portance of the secondtfect. 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 correlatichef
hadronically induced non-thermal emission visible thatlie to
the other smaller cluster forming in that simulation.

The correlation of th@rimary synchrotron emissiofop right
side) shows a large scatter especially at large surfacéthegs
such that the correlation of thetal synchrotron brightnesis ex-
pected to broaden and to become flatter towards lower surfac
brightness to yield a roughly linear correlation. The exaetisa-
tion of the correlation at a surface brightness that is sutbitlly
supported by primary synchrotron emission sensitivelyedes on

smoother andfiler y-ray emission of our non-radiative simulation with CR

arguments in favour of our new model for radio halos that khbe
dominated in the centre by secondary emission with a tiansio
the primary synchrotron emission in the cluster periphi@rgccor-
dance with our findings, their radio halo emission is sligimiore
extended compared to the thermal X-ray emission. Varyireg-sp
tral index distributions preferably in the cluster periphé-eretti
et al. 2004) support this picture. In particular, our modedsorts
a strong link between radio halos and cluster mergers fochvhi
there is a strong evidence in the literature (Feretti et@042 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 elegtro
These tight correlations are characterised by a sub-lipeaer-
law relation. This is due to the shallower decay of the CR nemb
densityncg compared to that of the thermal gas leading to an in-
crease of the CR fractioncgr/ny (cf. Fig. 10). Our post-merging
cluster g72a shows a small variation of the power-law indeh®
y-ray to X-ray correlation at high surface brightness albeit as
pronounced as in the case of radio synchrotron emissios.coni-
firms that both the merger induced boost of the CR pressure and
ethe transition from IC to synchrotron regime is responsfbtethe
flattening of the correlation between radio and X-ray swetadgght-
ness. The primary IC emission of the cool core cluster sitiara
g8a (lower right panel of Fig. 16) shows a complete absenaayf

the mass ratio, geometry, and the advanced state of the merge correlation. The influence of the merger activity of a cluste en-

Thus our simulations can only provide quantitative predics for
the statistical behaviour rather than deterministic potéolis for
the correlations. Our correlations are strikingly simtiathe ones
found in observed radio halos (cf. Govoni et al. 2001). Thay fi
a linear relation between the radio and X-ray surface bniggg
that is tight at high surface brightness while it broaderssfiattens
towards dimmer brightness. This behaviour is one of thengtst

hancing the non-thermal cluster emission can thus uncigekbly

be studied with the primary I@-ray emission (lower right panel

of Fig. 15). Comparing this primary I§-ray emission to its coun-
terpart radio emission indicates that a large part of theietation
with the X-ray emission is indeed owed to the merger inducBd C
enhancement and only in parts by the density dependencee of th
magnetic field.
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Figure 15.Pixel-to-pixel correlation of the thermal X-ray surfacéghtness with both the radio surface brightness (top paaatsthey-ray surface brightness
for E, > 100 MeV (bottom panels) for our post-merging cluster siriaag72 using our model S2. Shown is the correlation spansityeof the hadronically
induced non-thermal emission (left side, red colour scaie) the non-thermal emission pfimary CR electronghat were accelerated directly at structure
formation shocks (right side, blue colour scale). The botteft panel includes pion decayray emission as well as IC emission from secondary CR elestr
While the hadronically induced non-thermal emission ibttigcorrelated with the thermal bremsstrahlung emissioa,correlation is much weaker and the
scatter is increased in the case of primary non-thermal ssomsvhere the structures in the correlation space densifyespond to individual structure
formation shock waves. The line in the top left panel is a fiti® correlation where the slope flattens from 1.7 to 1.3 tdahigh luminosities.

4 DISCUSSION AND FUTURE WORK

4.1 Comparison to previous literature

There have been a series of pioneering papers simulatingptine
thermal emission from clusters by numerically modellinglistre-
tised CR energy spectra on top of Eulerian grid-based casgiol
cal simulations (Miniati 2001; Miniati et al. 2001a,b; Mati 2002,
2003). In contrast to our approach, these models neglelotehiyt
drodynamic pressure of the CR component, were quite limited
their adaptive resolution capability, and they neglectisdipative
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gas physics including radiative cooling, star formatiomd super-
nova feedback. Comparing the non-thermal emission cleisct
tics of primary CR electrons, hadronically generated séapnCR
electrons, and pion decayrays, we confirm the general picture
put forward by these authors while we find importarnftetiences
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 simigais both
agree that the predicted level of hard X-ray inverse Comptuis-
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Secondary synchrotron emission (1.4 GHz): Primary syrtobimoemission (1.4 GHz):

CC,2 10° k' Mg:

CC,2 10° k' Mg:

10°

= =

2 2

— 2~ g
g g g E]
< £ £ £
o & o &
2 z z
] 2 F Z
S £ 3 10" g
£ 8 a8 8
> o > 153
8 8

E R |
o B o B

— @« — @«
=1 s 4 g
= =

[ [

=] =]

(=} (=}

8 8

107 10° 10° 107 10° 10° 10" 10° 107 10° 10° 107 10° 10° 10" 10°
Sylergem™s™ iy’ 1 Sylergem™s™ iy’ 1
Pion decay¢ secondary IC emission (E> 100MeV): Primary IC emission (E> 100MeV):

10* i 10° 10*

CC.2 10° 1! Mg:

CC,2 10° ' Mg:

107

z z
b 0'E & g
£ 10 1 £ 10 >
o g g
o £ 2
B & g g
s g = z
= 10° g = 10 2
S 8 5 3
2 g & 8
= g = g
g 0t g 3
= g = 2
A 10° z & 107 k5
e g o £

g g

3 3

10 10
10°
10710 10710
10" 10° 10* 107 0*  10° 10" 10" 10° 10* 107 0°  10° 10"
Sylergem™s™ hyg' Sylergem™s™ hyg'

Figure 16. Same as Fig. 15 but for our cool core cluster simulation g8eltze absence of any correlation in the bottom right panedistg the primary IC
surface brightness fdg, > 100 MeV which suggests that the correlation of the primadya@mission (top right panel) is solely due to our assumedeho
of the magnetic fieldsg « &y.

sion falls short of the claimed detection in Coma and Perakagst the estimates given in Miniati et al. (2001a). As worked ouPa-
the discrepancy is more dramatic in our simulations. We oonfi  per lll, this has important implications for the number ofetgable
that the high-energy-ray emission g, > 100 MeV) from clus- v-ray clusters by GLAST.

ter cores is dominated by pion decays while at lower energies

IC emission of secondary CR electrons takes over (Minia®320

— at least for non-merging clusters. We reproduce theirrignthat
the y-ray emission in the virial regions of clusters and beyond in
super-cluster regions stems from IC emission of primargklaa-
celerated electrons. Contrarily to these authors, we fiatthte sur-
face brightness of this emission component remains subirdorn

in projection compared to the hadronically induced emissiom-
ponents in the cluster core and that the pion decay comypleah-
inates the high-energy-ray emission of clusters. We note that our
v-ray fluxes from clusters are typically a factor of two smellean

All the discrepancies can be understood by two mdiaocts
that lead to an overestimation of the CR pressure insideltie ¢
ters simulated by Miniati et al. (2001a) and thus overpreduthe
resulting non-thermal emission: (1) Miniati et al. (2008¢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, thifiésp
a more dicient CR injection in the simulations by Miniati et al.
(2001a). (2) The grid-based cosmological simulations Hzaen
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performed in a cosmological box of side-length50 Mpc with

a spatial resolution of 200 kpc, assuming an Einstein-de Sitter
cosmological model (Miniati et al. 2001a). The lack of resian

in the observationally accessible, dense central regibokisters

in the grid-based approach underestimates CR cooling gsese
such as Coulomb and hadronic losses. Secondly, these siongla
are unable to resolve the adiabatic compression of a cotepafsi
CRs and thermal gas, affect that disfavours the CR pressure rela-
tive to the thermal pressure. To summarise, their modestutésn

in non-radiative simulations anticipates some of the tegbht we
obtained using high-resolution simulations wittdiative hydrody-
namics and star formatigrhowever for diferent reasons.

4.2 Limitations and future work

An accurate description of CRs should follow the evolutidhe
spectral energy distribution of CRs as a function of time sypake,
and keep track of their dynamical, non-linear coupling wfité hy-
drodynamics. We made several simplifying assumptions é&blen
the task of following CR physics self-consistently in cosogd-
cal simulations of smoothed particle hydrodynamics (SPjhe
following, we outline the possibly most severe limitatiasfsour
approach for computing the non-thermal emission procetbsts
will be addressed in future work (cf. Enf3lin et al. 2006, fonare
complete list of the assumption of our CR formalism).

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

(i) We neglected the population of re-accelerated electro
throughout this work: strong merger shocks and shear netion
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 turbulenti@s could
partly smooth the very inhomogeneous primary emission @emp
nent predominantly in the virial regions of clusters whereusa-
tions indicate a higher energy density in random motionsvHo
ever, to study theseffects, high-resolution AMR simulations are
required that refine not only on the mass but also on somertrace
for turbulence such as the dimensionless vorticity paramet

(i) In our model, the emphasis is given to the dynamical im-

sivity can be rewritten into a dominant macroscopic adesacterm
that we resolve in our simulations and a microscopifudivity that
is very uncertain.

(v) Our model of the dfusive shock acceleration mechanism
assumes a featureless power-law for both, the proton arelebe
tron acceleration. Future work will be dedicated on impngvihis
model to incorporate more elaborate plasma physical madels
to study the uncertainty of our results with respect to tharated
value of our CR acceleratiorffieiency (e.g., Kang & Jones 2007,
Edmon et al. 2007). Varying the physics in our simulatiorsn(n
radiative versus radiative) results in a verffeiient Mach number
distribution and changes the injectioffieiency dramatically (Pa-
per I). However, the resulting non-thermal emission is ahiede-
pendent of the simulated physics. For this reason, we aifideon
that our model produces reliable results due to the selfta¢ed
nature of CR proton feedback.

5 CONCLUSIONS

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

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

is due to the dferent cooling time scales of CR electrons and pro-
tons and reflects their large masfeience. Hence, the radio syn-
chrotron and inverse Compton emission of primary electpos
vides a snapshot of violent non-equilibrium processesdhate-
sponsible for dissipating gravitational energy assodiati¢h struc-
ture formation such as merger shock waves. Signaturessaéiis-
sion component are irregular morphologies, large spevtaah-
tions, and a high degree of synchrotron polarisation. Orother
hand, non-thermal emission processes of pions and segoGtar
electrons produced in hadronic CR proton interactionsetthe
comparably smooth CR proton distribution centred on thstelu
that the CR protons accumulate over the Hubble time.

5.1 Radio synchrotron emission

Unified model: We propose ainified model for the generation of
giant radio halos radio mini-halos andradio relicsthat naturally
arises from our simulated radio synchrotron maps and eomissi
profiles. It predicts that the fluse radio emission from a cluster
varies with its dynamical stage as follows:

(i) Once a cluster relaxes and develops cool comadé mini-
halo develops due to synchrotron emission of hadronically pro-
duced CR electrons. Adiabatic compression of magneticsfiglni-

pact of CRs on hydrodynamics, and not on an accurate spectraling the formation of the cool core should confine the obsdevets

representation of the CRs. The pion decay emission is almest
dependent on the spectral CR properties. However, the daopn
CR component starts to b&ected by this simplification since the
dimensionless CR momentumn= 16y.me/m, =~ 100, that gives
rise to synchrotrofiC emitting electrons with a Lorentz factor of
ve ~ 10% is already quite high. Improving the spectral description
of CR physics will not only allow us to study the spectral aions
of the CR proton component but also enable reliable prextisti
for the TeVy-ray emission. This is of great interest for imaging air
Cerenkov telescopes.

(iv) We neglected CR diusion in our simulations. The filu-
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dio synchrotron emission to the cooling region of the cluSece
the cooling gas accretes onto the central black hole, tlyigers the
radio mode feedback of the AGN. Radio emission from the jait ty
cally outshines the fliuse 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 challeqgi

(i) 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 peripheraéclps-
tential. Relativistic electrons ardheiently accelerated by means
of diffusive shock acceleration and magnetic fields are amplified at
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these shocks. Due to the short cooling times of 10 yrs, the
synchrotron radiating electrons are confined to a narrovesion
volume around the shock wave. In combination with the preter
magnetic field direction in the shock surface, this implidsigh
degree of synchrotron polarisation. The observer will¢ggy ob-
serve one or two large-scaladio relics depending on the merger
characteristics such as the relative cluster masses, mwatens,
and gas fractions, the merger geometry with respect to tieedf-
sight, as well as the time dependent merger stage. Our coginol
cal simulations supports the picture put forward in isaatkister
merging simulations (Roettiger et al. 1996).

(iii) 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 regionse Tjected
MHD turbulence amplifies magnetic fields through strong shea
motions and turbulent dynamo processes. The induced rgdio s
chrotron emission traces these non-equilibrium procesisatarly
as the water ‘gischt’ traces breaking non-linear wavegiaht ra-
dio halo develops due to (1) boost of the hadronically generated
radio emission in the centre and a transition to the (2) ulagy
radio ‘gischt’ emission in the cluster outskirts that regenets ra-
dio synchrotron radiation emitted from primary, shockedecated
electrons.

Predictions: The observational consequences of our unified model
can be summarised as follows:

(i) Clusters undergoing major mergers are expected to hgive a
ant radio halo with an extended radio synchrotron emissgion
(Rnaio = 0.5Ryq0) while relaxed cool core clusters should host a
smaller radio-mini halo.

(ii) Our simulated radio luminosities reproduce observadit
nosities of halggelics for magnetic fields derived from Faraday
rotation measurements (cf. Paper Ill).

(iif) The regular morphology of the central parts of giandia
halos is a consequence of the dominant contribution of imachitly
produced electrons.

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

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

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

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

netic energy density to scale with the thermal energy. Tha#tion
of a cool core is expected to compress the magnetic field atiiab
cally and should be responsible for the peaked central mradic
halo emission profile. Thisfiect should reinforce our observed dif-
ference in emission size between giant radio halos and iailais.
The observed correlation between radio halos and merging
clusters implies a departure of these systems from hydiosigui-
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 buildingdas
on azimuthally averaged quantities questionable if notassgble
since it causes loss of information and might yield biasedlts.
For this reason, we analygéxel-to-pixel correlationof the ther-
mal X-ray surface brightness with non-thermal cluster siois
processes. We find that the hadronically induced non-tHexmizs-
sion is tightly correlated with the thermal bremsstrahlengssion
with the slope depending on the realisation of the magnetid.fin
contrast, the correlation is much weaker and the scattecisased
in the case of primary non-thermal emission where strusture
the correlation space density correspond to individuakstire for-
mation shock waves. This implies that in general, simufetiwill
only be able to provide quantitative predictions for theistzal
behaviour rather than deterministic predictions for thealations.
Our new radio halo model matches qualitatively the obsetiggd
correlation at high surface brightness which broadens atigifis
towards dimmer brightness (cf. Govoni et al. 2001). Howewar
correlation is slightly steeper than observed ones. Takit@ac-
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 dynamicalbrg:
ing clusters and indicate a departure of these systems fyoinoh
static equilibrium and spherical symmetry. This has to kenidnto
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 thernhaster
observables such as X-ray emission and Sunyaev-Zel'deffiett,
will help us in constructing a ‘gold cluster sample’ for caslogy.

(iii) The property of the spatially confined radio relic esitn
from shock accelerated electrons might be employed to shkve
inversion problem of reconstructing the course of a mergente
given the thermal and radio synchrotron observables.

(iv) Combining high-resolution X-ray, Sunyaev-Zel'dokiand
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 &drom
shock waves as well as time integrated non-equilibriumtehuesc-
tivity. This is because these non-thermal emission commutsrere
not weighted with the magnetic energy density as it is the das
synchrotron emission. Our main findings can be summaristal-as
lows.

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

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

© 2003 RAS, MNRASD00Q, 1-31



Cosmic rays in clusters of galaxies — IIl. Radio halos, relasdy-ray emission 23

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
sion. Only in merging clusters, the situation may be revkifee
theouter cluster regionsvhere the primary IC emission can attain
a similar flux level as the pion decay emission and even exiteed
secondary IC emission at lower energies.

(iii) While the total high-energy-ray emission is always domi-
nated by the pion decay component irrespective of the chisie
namical state, the total hard X-ray IC emission can be domiha
by either primary or secondary emission components, dépgnd

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 arsgak-
lation of non-thermal emission and the cluster mass. Inrastt
the hard X-ray emission of even massive clusters is sulijdatdge
flux variations that depend sensitively on the dynamicakstathe
cluster.

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

(vi) The morphology of the pion decay as well as the secondary
IC component resemble the thermal X-ray emission albejt tee
crease less steeply with growing radius and extend furthietis
is due to the increasing CR number fractifyg = ncgr/nm with in-
creasing radius and reflects the mofcéent CR acceleration at
stronger shocks in the cluster periphery. The morphologshef
primary IC emission is irregularly shaped and traces ctimen-
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 |CEor>
10 keV and pion decay-rays forg, > 100 MeV) depends only
weakly on whether radiative or non-radiative gas physicsnau-
lated provided we consider in both cases only CRs from stract
formation shocks. This is mainly due to self-regulatirffpets 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 nagitms
of radio halos (such that we can use them in addition to therma
observables to characterise clusters), the contributficheopion
decay emission as well as the primary and secondary IC rauiat
to they-ray background.

(ix) Detecting the non-thermal spectrum ranging from Xsr&y
v-rays will enable us to probe fundamental physics on largstet
scales such as inferring the energy conversifficiency of difu-
sive shock acceleration of protons and electrons as welldsmy
the large scale magnetic fields.
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APPENDIX A: RELATIVISTIC ELECTRON
POPULATIONS

Al Definitions

Throughout the paper we use the following definitions fordie
ferential source functioq(r, E), the emissivityj(r, E) and the vol-
ume integrated quantities, respectively:
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&N
q(r’ E) = dt dV dE 4 J(r’ E) = E q(r, E) > (Al)
QE) = de qr.E), 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 fluxr can

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

A = deq(r,E), Ar) = deEc(r,E),(AB)

L = fdv/l(r), L = deA(r), (A4)
L L

T F = oo (45)

A2 Timescales

This section presents general considerations for deriviagchar-
acteristic electron momentum scales of the distributiorcfion. To
this end, we compare the energy loss timescalgs = —E/Ejpss
to the acceleration timescales as a function of particletidren-
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 kinetergyn
E/(me?) = y—1 = (1-p%)Y2 -1 is defined in terms of the Lorentz
factory and the velocity of the electrogc. Energy loss processes
due to Coulomb interactions (Gould 1972b), inverse Comfih
and synchrotron emission (Rybicki & Lightman 1979) are dafin
as follows:

- 307 MeC® Ne mc? B4y — 1
_ECouI 2,8 In hew I
p
8 1 1 (y-1\
+(2+7)In2+2+( 47) , (A6)
. 4
_EIC.synch = § orC (Eph + SB) 72ﬁ2~ (A7)

Hereor = 8nr2/3 is the Thomson cross sectian, = €/(mec?)
the classical electron radiugy = +/4me’n/me is the plasma
frequency, andn. is the number density of free electrons. IC
losses of electrons depend on the energy density of the casimi
crowave background (CMB) and the starlight photon fiejg, =
ecmB + Estars Where we neglect the latter one for simplicity and ex-
pressecvs = B%MB/(Sﬂ) by an equivalent field strengtBcys =
3.24 (1+ 2)?uG. Synchrotron losses of an isotropic pitch angle dis-
tribution of electrons depend on the energy density of tlwallo
magnetic fieldgg = (B2)/(8m), whereB = \/@ is therms of
the magnetic vector fiel8. Comparing these two loss processes,
we obtain a synchrotron dominated cooling regimeBas Bcus
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 giyen b
~Epp = ECappn, (A8)
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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 thrsolid lines
from the bottom to the top denote the total loss timescaleefectrons,
the timescale due to hadronic injection of secondary east(pp), and the
combined inverse Compton (I8ynchrotron cooling timescale. The dotted
line shows the Coulomb timescale, the long dashed one thehmytmon
timescale, and the dashed one the Hubble time. Note thaektve nor-
malisation of the hadronic injection timescale comparethttotal loss
timescale is subject to fierent density dependencies and the shock accel-
eration timescale depends crucially on the propertiesrotsire formation
shocks.

whereop, = 32 mbarn is the average inelastic cross section for
proton-proton interactionsy = Ny + 4nye = p/ M, is the number
density of target nucleons.

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

1/2
Im«?n, C2(y1/2
Ocoulic/synch M€ e [h’l ( MeC (y >) + 0.216] (A9)
8 (E,‘ph + 83) hawp
Ne 1/2
- 300( 1&3cm-3) :

In the last step and the following numerical examples, werass
the IC cooling regime for simplicity. This energy scale pd®ss a
bottleneck through which high-energy electrons have ts pd®n
they age and one expects a characteristic pile-up at thigyseale
in their distribution function for an integration over theezgy in-
jection history of diferent CR electron populations (Sarazin 1999).
The timescale for diusive shock acceleration of electrons at
cosmological shock waves is much shorter than cosmoldgics!
evant timescaleStspock < 1 Gyr. This implies thatrspock inter-
sects the total loss timescale in the low-energy Coulombmeg
Tcou, @S Well as in the high-energy j§ynchrotron regimerc/synch
(cf. Fig. Al). We can thus identify two characteristic mortzenf
the primary population of electronthat are obtained by equating
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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),ldBaw cool-
ing, and I@synchrotron cooling yields characteristic momentum sctiat
are responsible for spectral breaks or €iston the CR electron distribu-
tion function. The solid red line denotes thffeetive spectral cuté for

ne < 1072 cm3, it denotes the lower cufbof the power-law distribution
function. At higher densities, it denotes the lower ¢bitgq,c and the
spectral breakdypc) of the broken power-law spectrum. The dotted lines
include synchrotron losses and assume a scaling of the rtiadiedd of

&g « &y With a saturation value foB at Bmax = 10 uG.

Tshock With the Coulomb and the IBynchrotron timescale,

3m.c
4o1Tinj (€8 + £ph)

1/2
In(mac2 (%)

hawy

At high energies, we expect to have aridghchrotron cooled elec-
tron spectrum that joins at lower energies into the shoakctign
spectrum of CR electrons that have had no time to cool radisti
yet. The low momentum cufbof the CR electron distribution func-
tion is determined by Coulomb losses.

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

My

(A10)

qinj,IC/synch

oT1C Tinj
2 Trblnj

qmj,CouI

) + 0.216] . (A11)

Cthreshold = m 70, (A12)
OppiC/synch = 430(-):pr();eh”+]e::) ~70 (10:§m3 ), (A13)
Oppcoul = 23 ;; :\Z [In (me‘:;:)zlm)) n 0.216] (A14)

~ 1300 In (ﬁ)”2 .

Greshod Feflects the threshold momentum for the inelastic proton-
proton reaction. The shortest equipartition timescale hatsé
characteristic momenta dominates the resulting electorilile-
rium distribution. In the case of a double-valued soluti@n f
g, i.e. when we obtain two equipartition cd® with a similar
timescale, we choose the larger one which is in equilibriuith w
the IGsynchrotron 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 aNdepcou have an associated timescale that
is much longer than the timescalegabuyic/synch as can be readily
inferred from Fig. Al. This implies that the equilibrium ttibu-
tion function of secondary CR electrons has a low-energgftat
QCOULIC/synch-

The situation is reversed for the dense ICM or the intetastel
medium with electron densitiegs > 1072 cm3 (assuming the IC
dominated cooling regime), and the momentum scgalgyc/synch
drops out of the problem due to its long timescale. The eujitim
distribution function of secondary CR electrons developssak at
Oppic/synch @above 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 casbeo
primary CR electron population). The lower cfitof the distribu-
tion function is given bygp,cou, Provided it exceeds the threshold
GreshoidfOr the hadronic reaction and provided the CR proton dis-
tribution extends down to these low energies. THeative spec-
tral cutdf ger Of the electron distribution function is visualised in
Fig. A2 as asolid red line Forne < 1072 cm 3, we have a simple
power-law with a lower cuth given by ge. At higher densities,
the lower solid red line denotes again the ¢biaf the distribu-
tion function, while the upper red line (that coincides Wi c)
denotes the spectral break above which the hadronic iojeetd
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 includiyig-
chrotron cooling is however only slightly changed due tofiile
lowing line of arguments. Assuming a simple scaling modetlie
magnetic energy densitgg « ne, in Eqns. (A9) and (A13) will
cause these momentum scales to become independent ofydensit
as modelled in Fig. A2 witllotted lines Eventually, the enhance-
ment of the magnetic field strength through turbulent dyngnee
cesses will saturate on a level which is determined by thlegth
of the magnetic back-reaction (e.g., Subramanian 2003).il+o
lustrative purposes in Fig. A2, we model such a saturatibece
with a simple modelgg = &g, (1 — exp(e/ne,)), Where we chose
Bmax = 101G andng, = 1072 cm3. This causes the transition to
the broken power-law CR electron spectrum to occur at thiednig
critical electron density

whereeg,,, = BZ,/(87) and we assumed a plasma of primor-
dial composition with a hydrogen mass fraction X§f = 0.76
and full ionisation. These modifications due to synchrofasses
cause a curvature of the straight lines in the log-log repredion

in Fig. A2 of the original power-law dependenciesranAs before,
shown in red is the spectral cilit@nd spectral break, respectively,
above which the hadronic injection and/$@nchrotron cooling es-
tablished a steady state spectrum.

EBmax T €CMB

Necrit = 1072 cm™3 ( (A15)

£cmB

A3 Shock-accelerated electron population

A3.1 Injection spectrum

In this section, we discuss electron acceleration prosessshock
waves due to gas accretion and galaxy mergers, using thefram
work of diffusive shock acceleratioOur description follows the
approach of Enf3lin et al. (2006) for the acceleration of C&Rqrs.
The shock surface separates two regionsuistream regimele-
fines the region in front of the shock which is causally unemted
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for super sonic shock waves, whereas the wake of the shook wav
defines thalownstream regimerhe shock front itself is the region

in which the mean plasma velocity changes rapidly on a sdale o
the order of the plasma skin depth. In the rest frame of thelsho
particles are impinging onto the shock surface at a rateieatea

of pov, = prvg. Herev; andu, give the plasma velocities (relative
to the shock’s rest frame) in the upstream and downstreaimesg

of the shock, respectively. The corresponding mass deasitie
denoted by, andp,.

r+2
r-1 pr
denotes the shock compression ratio (Bell 1978a,b; Drugaap
In combination with the slope,;, the value ofxy; regulates the
amount of kinetic energy which is transferred to the CR eters.
Theoretical studies of shock acceleration of CR protonsktogic
supernova remnants suggest a range-pf 3.3 to 36, implying a
particle injection iciency ofnj, ~ 10~ to 1073 (Drury et al. 1989;
Jones & Kang 1993; Berezhko et al. 1994; Kang & Jones 1995;

p2 _ 11

where r = (A19)

v2

We assume that after passing though the shock front most of Malkov & Vélk 1995). In the linear regime, the number depsit

the electron gas thermalizes to a Maxwell-Boltzmann distion
with characteristic post-shock temperatdieand the dimension-
less electron momentum= Pe (Mec)*:
3/2 >
mec? ) mec? p
fe(p) = 4mtne | —— expl-—— Al16
=4 (| wexs(- Tl . (a16)

where the number density of electrons of the thermal digtioh

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 relativistit-p
cles and thermal constituents. Note that we usefBetve one-
dimensional distribution functiori(p) = 4mp?f®(p). In our sim-
ulations, we follow the spatial and temporal evolution o thy-
drodynamic quantities such as temperature and densityo(ajh
for brevity we suppress this in our notation). For cosmaiabap-
plications, we have to consider the primordial compositibrthe
cosmological fluid, i.e. the ionised electron number dgrisigiven

by ne = Xuxep/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 eiquee
stochastic shock acceleration byfdsing back and forth over the
shock front, the test particle theory offidisive shock acceleration
predicts a resulting CR power-law distribution in momentpace.
Within our model, this CR injection mechanism can be trea=d
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 effective 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 “trappingepso
by Alfvén waves that are generated in the downstream tearioal
(Malkov & Volk 1995; Malkov & Volk 1998). Thus, only parti-
cles of the high-energy tail of the distribution are able ¢turn
to the upstream shock regime in order to become accelerBited.
complicated detailed physical processes of the specifienlyidg
acceleration mechanism are conveniently compressed iféov a
parameters (Jones & Kang 1993; Berezhko et al. 1994; Kang &
Jones 1995), one of which defines the momentum thresholtidor t
particles of the thermal distribution to be accelerated,

(A17)
In the linear regime of CR electron acceleration, the thérma
distribution joins in a smooth manner into the resulting Gé&ce

tron power-law distribution atj,; so thatx,; represents the only
parameter in our simplified ffusive shock acceleration model,

—Qinj
fIin(p) = fe(qinj) (qi) Q(p - qmj)~ (A18)
inj
The slope of the injected CR electron spectrum is given by
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injected electrons is given by

Anj, = fo dp fin(p) = fe(Qlinj)

This enables us to infer the particle injectioffi@ency which is a
measure of the fraction of downstream thermal gas partictesh
experience dfusive shock acceleration,

4

4 )ﬁ]j
ﬁ inj — 1
The particle injection &iciency is independent of the downstream

post-shock temperatufe. These considerations allow us to infer
the injected electron energy density in the linear regime:

(A22)

Clinj

. A20
ainj — 1 (A20)

S Anjin
lin = Ne

2
e inj

(A21)

Agiin = 1in ES (@inj Giny) Ne(T2).

The average kinetic energy ﬁienj(a’inj,qinj) of an injection
power-law spectrum with CR electron spectral indgxand lower
momentum cutfy gy is given by

inj Einj — -
el = 2 - [ pmE
inj 0
-1 — —
- rnecz[OI B (—“ 2,3—Q)+ \/1+q2—1]»(A23)
2 1+qZ 2 2

where E(p) = (4/1+ p? - 1)mec? is the kinetic energy of an
electron with momentunp, the electron distribution functioff;

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

,  where Aggiss = o2 — €e1l”. (A24)
The dissipated energy density in the downstream regikagss,
is given by the dference of the thermal energy densities in the
pre- and post-shock regimes, corrected for the contributfothe
adiabatic part of the energy increase due to the compree$ite
gas over the shock.

In order to obey energy conservation as well as the sataratio

effect for strong shocks, we propose the following modificatbn
the electron injectionféciency at high values of the Mach number:

ginj = [1 - eXp(—g—m)] gmax-
(:max
Keshet et al. (2003) suggest a valuelpfx ~ 0.05 for the limit-
ing case of the electron energy injectiofii@ency. One can then
infer the injected CR electron energy density in terms ofthergy
injection dficiency of difusive shock acceleration processes,

(A26)

(A25)

Aginj = linjAcdiss
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Putting these considerations together, one arrives ahjbe-i
tion spectrum for the electrons,

finj(p)dp = C:inj pinmj O(p - qinj)dpa (A27)
Coj = (1-€) 6™ fo(tn) s (A28)
P Asein __ Melin E¢ (inj» Ging) (A29)
gmax A&giss Lmax EdissTshock ’
4 2.
fe(inj) = p Ne X‘%j qﬂ.}e ", (A30)

whereEgiss = Ediss spnMp/(Mspn X Xe) denotes the dissipated en-
ergy per timestep and per electron anghs = fuh/v is the time

it takes the particle to pass through the broadened shonk ffbe
front has a characteristic length scale that is a multipldhefSPH
smoothing lengtln (with f, = 2), and one may approximaiewith
the pre-shock velocity; = M;Cs;-

A3.2 Equilibrium spectrum of shock accelerated electrons

This section describes the steady-state approximatiotihéoequi-
librium CR electron spectrum. This is only justified if thendyni-

cal and dffusive timescales are long compared to the shock injec-

tion or ICG/synchrotron timescale. This may well be the case in clus-
ters of galaxies, however, probably not in our own GalaxyréAo
over, this section neglects possible re-accelerationgsses of CR
electrons like continuous in-situ acceleration via resopitch 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 functsgnand their cooling pro-
cesses so that it can be described by the continuity equation

0 ..
p [p(P) fe(P)] = se(P) - (A31)
For p(p) < 0, this equation is solved by
1 “ / /
p) = oo f,, dps(p). (A32)

For the energy range of interest, the cooling of the radiot-emi
ting CR electrons is dominated by synchrotron and inversejgo
ton lossesvplb,synch = EIC,synCh/(rneCZ) where EIC,synch is given by
Eqn. (A7). The source function of the shock-accelerated [ER-e
trons for the energy range of interest is given by

finj(p)

Tinj

se(p) = (A33)

In our formalism, we setinj = MiN(Tshock THubble) USING Tshock OF
Eqn. (A29) due to the following line of arguments: the frgshl
accelerated relativistic electron population in posteshcegions
cools and finally diminishes as a result of loss processebelim-
teresting observational bands such as inverse Comptony{t&ys
and radio synchrotron emission the electron populatiorirdgihes
on such a short timescale that we could describe this byritesta
neous cooling. In this approximation, there is no steadjestlec-
tron population and we would have to convert the energy frioen t
electrons to IC and synchrotron radiation. However, we cam
duce a virtual electron population that lives in the SPH teveed
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 distritpfitiaction
of relativistic electrons and we assume no relativistictetas in
the post-shock volume where there is no energy dissipafions,

the cooled CR electron equilibrium spectrum can be derivenh f
Eqn. (A32) yielding

fe(p)dp =
Ce =

Cep e dp,
3Cinj mMeC
4 (ae—2)oT Tinj (s + 3ph)

(A34)

(A35)

Here,a. = ain + 1 is the spectral index of the equilibrium electron
spectrum. The normalisation scales linearly with the gassitie
Ce « p which we evolve dynamically in our simulations and de-
pends indirectly oy and Eqiss 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 radiatiwey.
The low-energy regime of the CR electron distribution fimrctis
determined by Coulomb losses. It turns out that the timeszsgo-
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 (AZ2Kes
place at the characteristic momentum

3meC
-2) O TTinj (e + 8ph).

Qoreakprim = 4 (ae (ASG)
The injection spectrum extends down to the lower S prim =
max(qinja qinj,CouI) Whereqinj and Cinj,coul Are given by Ean. (A17)
and (A11), respectively.

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

(‘,2 00
Por = 3 [ dpf@sp (A37)
Cmé a-2 3-a\|™
e (a39)

wheregB = v/c = p/+/1+ p? is the dimensionless velocity of
the CR particle. The CR population can hydrodynamically e d
scribed by an isotropic pressure component as long as theeRs
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 time-d
inant CR species, it is convenient to introduce the dimeness
proton momentunp, = P,/(m, c). We assume that theftirential
particle momentum spectrum per volume element can be approx
mated by a single power-law:

dN

WP = G =
whered(x) denotes the Heaviside step functi@y, = Cy(x,t) de-
notes the normalisatiom, = gy(x, t) is the lower cuté of the dis-
tribution function, and, is the CR spectral index that is taken
to be constant in space and time for simplicity. In our sirtiaig
we dynamically evolve the quantiti€$, and g, 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 cosmolodicaitsre
formation shocks, as well as CR thermalization by Coulontérin
action and catastrophic losses by hadronic interactiosalfeady

CoPp"* 0(Pp — %) (A39)
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laid out in the introduction, the hadronic reaction of CRtprs
with ambient thermal protons produces pions which decaysat-
ondary electrons, positrons, neutrinos andys.

There are two analytical models in the literature that dbscr
the hadronic proton-proton reaction while assuming isosgim-
metry. Fermi (1950) proposed tfieeball modelwhich assumes a
state of hot quark-gluon plasma in thermal equilibrium rafte
hadronic interaction that subsequently ablates pions eiitérgy
dependent multiplicities. Since this model is only validhie high-
energy limit for CR protons, we use the analytic formalism by
Pfrommer & EnBlin (2004a) that parametrises importafias
near the pion threshold and is based on an approximate pgsuori
developed by Dermer (1986a,b), which combines isobar&c{@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 general con
siderations including branching ratios and multiplicitief the
hadronic reaction (Stecker 1971). The pion production tspet
describes the produced number of pions per unit time, volanae
momentum intervals,N/(dt dV dp, dp,), and reads in this context

Se(Pr> Pp) = CNE(Pp) o pp(Pp)In(Pr — Px))8(Pp — Poth), (A40)

whereny = ny + 4nye = p/m, is the target density of nucleons in a
fluid of primordial element compositionr;, the inelastic p-p cross
sectionyp,) the average momentum of a single produced pion, and
Ppth = 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(PIS (P Py, (Ad1)
where the CR proton population is given by Eqn. (A39). Thé-sca
ing behaviour in the high-energy limit of Dermer’s model da:
described by a constant pion multiplicigfp,) ~ ¢ = 2 and the
dependence of the mean pion momentum is giver(finy) =
my,py/(2m,=£). The weak energy dependencies of the pion multi-
plicity and the inelastic cross section can be absorbed ena-s
analytical parametrisation of the cross sectiof),(ap) (for details

4 2-ae
Cinipp = 3 1627%CTPD oppn Cp (ﬁ) ) (A46)

andrpp = MiN[(Coppn) ™, THubble], 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 elent above
a GeV due to IC and synchrotron cooling,

fe(p)dp = Cep*edp (A4T)
16%ae C,m.c? o2
C, - Opp MNCp Me (ﬁ) , (A48)
(e = 2) o1 (8 + £pn) \ Me

where the #ective CR-proton cross sectiomy, is given by
Eqn. (A44), andny Ny + 4nye = 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 second@gtrens
looks diferent depending on the ambient electron density relative
to the critical electron density (A15). At average ICM deiesi be-

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

Omin;sec = maX(QCouLIC/synch Gthreshold qpp)’ (A49)

wheregp, = Qpim,/(16m) is the lower cutéf of the injected elec-
tron population that is inherited from the lower proton dbiig,
while Ocoutic/synch andqthresholdare given by Ean. (A9) and (AlZ),
respectively.

In the high ICM densitig$SM-regime abovee, the equi-
librium spectrum is given by the injection spectrum (A45)at
energies between secand

qppIC/synch

— (A50)

Obreaksec =

Above Oyreaksec the equipartition spectrum steepens and and joins
continuously into the I&ynchrotron cooled spectrum (A47).

APPENDIX B: RADIATIVE PROCESSES

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

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

secondary electrong{ — e* + 3v) in the laboratory frame is given
by (Ee) = %(E,,i). Employing the transformation law for distribu-
tion functions and using the mean value of the electron maounen
in the relativistic limit allows us to approximate the elect source
function by

4me

dp-
—— S
My

dp

s(Mdp = selp(p] P dp-= (%p)dp (A42)

4 N Me 1-ap N

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

opp = 32-(0.96+ €4~ 24%7) mbam (A44)

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

finj.pp AP Cinj.ppp " dp (A45)
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of Eqns. (A34) and (A47) to the energy scale of a GeV,

_ ée Ee —ae
WEJE = ooo(omy) OB (81)
N rrbcz ae—1
Ce = Ce|l=— B2
. - olgs) ®2)

andC, is given by Eqgn. (A35) respectively (A48), depending on
the electron population.

B1 Cluster magnetic fields

In principle, cosmological structure formation calcubais with
SPH are capable of following magneto-hydrodynamics (Dolag
et al. 1999, 2005; Price & Monaghan 2004, 2005), although thi
is presently still fraught with numerical and physicaffiduulties.
Secondly, the origin of cluster magnetic fields is still aropues-
tion (Widrow 2002, and references therein). There are studf
the Faraday rotation measure (RM) as a function of clustpaagn
parameter using the position of a sample of radio lobesfiierdint
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clusters (Clarke et al. 2001) which hints at a magnetic prafin-
tred on the cluster with G field strengths. Field reversals along the
line-of-sight lead to cancellations in RM, sin&&M o fneB -dl.
The unknown behaviour of the characteristic length scalthef
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 amgaifion

of magnetic fields in the process of structure formation \acatill
require scanning the parameter space of the field strengttiei
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 emissio
to future work. We chose the following simple model for thegna
netic energy density (as motivated by non-radiative coegiohl
simulations of Dolag et al. 1999, 2001):

2ap
]

whereego and ag are free parameters in our model. Rather than
applying a scaling with the gas density as above authorsestigg
using non-radiative simulations, we chose the energy tleokihe
thermal gas. This quantity is well behaved in the centredus-c
ters where current cosmological radiative simulationat tho not
include feedback from AGN, have an over-cooling problemaluhi
results in an overproduction of the amount of stars, enlthnea-
tral gas densities, too small central temperatures, andtiomg
central entropy plateaus compared to X-ray observationsofet-
ically, the growth of magnetic field strength is determinletgh
turbulent dynamo processes that will saturate on a levedinikide-
termined by the strength of the magnetic back-reaction,(8gp-
ramanian 2003) and is typically a fraction of the turbuleme¢rgy
density that itself should be related to the thermal enemgysity,
thus motivating our model theoretically.

Eth

&th0

&g = 83,0( (B3)

B2 Synchrotron radiation

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

B

. (ay+1)/2
jv AEsynch(ae) Ce [_] & ECRe B(YV+1V_(YVa (B4)
B

2nmecy v
B, = +Bres = Lk 31(—) G, B5
¢ %~ 3eGe? GHz) " (B5)
n VBt ITCEITCEN(S)
Esynch - 327_[ rrbcz e + 1 r(%) 5 ( )

wherel'(a) denotes th&-function (Abramowitz & Stegun 1965),
@, = (2e—1)/2 = ainj/2, C.is given by Eqn. (B2), an8, denotes a
(frequency dependent) characteristic magnetic field gthewhich
implies a characteristic magnetic energy densiy Line-of-sight
integration of the radio emissivity, yields the surface brightness
of the radio emissios,,.

B3 Inverse Compton radiation

Inverse Compton (IC) scattering of cosmic microwave baokgd
(CMB) photons @ ultra-relativistic electrons with Lorentz factors

of y. ~ 10* redistributes these photons into the hard X-ray regime
according to Eqgn. (2). The integrated IC source dengiyfor an
isotropic power law distribution of CR electrons as dessdlitby
Eqn. (A34) or (A47), can be obtained by integrating the ICreeu
function s,(E,) in Eqn. (43) of Pfrommer & EnRlin (2004a) (in
the case of Thomson scattering) over an energy intervaldmtw
observed photon energi& andE; yielding

=)

Ac(Er, BE2) = dEic sc(Eic) (B7)
E1
~ 5 n_bcz 1-ae E|C —ay1E1
= Ao fic(ae) (@) [( kTCMB) LZ , (B8)
203 (02 + A e + 11)
fic(ae) = >
(ae + 3)? (@e + 5) (@e + 1)
e +5 e+ 5
><F( . )g( ; ) (89)
. 1672r2Cq (KTome)®
andi, = 7 Te Ce (KTows) ) (B10)

(@ -1

wherea, = (ee—1)/2 denotes the spectral index,= €/(m. ¢?) the
classical electron radiug(a) the Riemani-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
47t D?

Here D denotes the luminosity distance and the additional factors
of 1+ zaccount for the cosmological redshift of the photons.

ﬁ(El, E2) = de l|c[(l + Z)El, (l + Z)Ez]. (Bll)

B4 ~-ray emission from decaying pions

Provided the CR population has a power-law spectrum, the int
gratedy-ray source density, for pion decay inducegl-rays can be
obtained by integrating the-ray source functiors,(E,) (cf. EnR3lin

et al. 2006),

=)
yo= aEE) - [ sE) (B12)
1
4C, MpoCoppy [ My \° a+1 a-1\]"
T 3a5, m, (2—m,,o) [BX( 26, 26, )L’(Bl?’)
26,7
X = [1+(";”—‘I’E°2) ] for i e {1,2), (B14)

where we used the abbreviation= «,. C, is the normalisation
of the proton distribution function which we follow dynanaity
in our simulations (cf. Egn. (A39)), and the rest mass of ana¢u
pion ism,c? ~ 135 MeV. The shape parameterdepends on the
spectral index of the-ray spectrumy according to

6, = 0.140;'° + 0.44 (B15)

There is a detailed discussion in Pfrommer & EnRlin (2004&) 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 relatian) = « (Dermer 1986a,b).
The formalism underlying Eqns. (B12) and (B13) includesdbe
tailed physical processes at the threshold of pion prodndtke
the velocity distribution of CRs, momentum dependent istita
CR-proton cross section, and kaon decay chanrfglss derived
by Eqn. (B11) substitutingic by 4,.
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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, amdy
regime. Generally, a three-dimensional scalar f&lj 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 quartfty):

A1) = T D Woy(ray =), (B16)

piX a @
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, j;, and L2 is the comoving area
of the pixel. In order to obtain a line-of-sight average ofmso
mass-weighted quantity, say temperature, we project thetdy
a, = T, p, divided each pixel by the mass projection (e.g. setting
[ :pa)-

Combining primary and secondary non-thermal emissivities
requires the knowledge of the scaling with the Hubble carista
It turns out that the primary synchrotid@ emissivities scale as
jvicprim o h® leading to a scaling of the surface brightness of
S,/icpim © K. In contrast, the secondary synchrofit@py-ray
emissivities scale a,icsec o« h* which results in a scaling of
the surface brightness &, icprim o« h®. The diferent scaling of
the primary and secondary non-thermal emission compomeétits
the Hubble constant is the reason why we choose to show all non
thermal luminosities in units of the currently favoured Bidcon-
stant,hyo, whereHo = 70hy0 km st Mpc™.

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