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ABSTRACT

We performed high-resolution simulations of a sample of dkagy clusters that span a mass
range from 5x 103~ M, to 2 x 10'%h~1 M, to study the &ects of cosmic rays (CRs) on
thermal cluster observables such as X-ray emission and uhga®ev-Zel'dovich &ect. We
analyse the CRfiects on the intra-cluster medium while simultaneouslyrtgknto account
the cluster’s dynamical state as well as the mass of thestl(dte modelling of the cosmic ray
physics includes adiabatic CR transport processes, iafeby supernovae and cosmological
structure formation shocks, as well as CR thermalizatiol€bylomb interaction and catas-
trophic losses by hadronic interactions. While the relafivessure contained in CRs within
the virial radius is of the order of 2 per cent in our non-rdig&simulations, their contribu-
tion rises to 32 per cent in our simulations with dissipatys physics including radiative
cooling, star formation, and supernova feedback. Theivel&R pressure rises towards the
outer regions due to a combination of the followirfieets: CR acceleration is moréieient

at the peripheral strong accretion shocks compared to weakat flow shocks, adiabatic
compression of a composite of CRs and thermal gas disfatbar€R pressure relative to
the thermal pressure due to the softer equation of state of @Rl CR loss processes are
more important at the dense centres. Interestingly, inddetive simulations the relative CR
pressure reaches high values of the order of equipartitidntive thermal gas in each cluster
galaxy due to the fast thermal cooling of gas which diminsstiee thermal pressure support
relative to that in CRs. This also leads to a lowgeetive adiabatic index of the composite gas
that increases the compressibility of the intra-clustedime. This dfect slightly increases
the central density, thermal pressure and the gas fradfihrle the X-ray luminosity in low
mass cool core clusters is boosted by up to 40 per cent, thgrated Sunyaev-Zel'dovich
effect appears to be remarkably robust and the total flux deereamy slightly reduced by
typically 2 per cent. The resolved Sunyaev-Zel'dovich mé&usvever, show a larger variation
with an increased central flux decrement.

Key words: radiation mechanisms: general — cosmic rays — galaxiestestugeneral — cool-
ing flows — large-scale structure of Universe — X-rays: g@sxclusters

1 INTRODUCTION vided by CRs to the thermal plasma of clusters of galaxiequl s
stantial CR pressure contribution might have a major impadhe
properties of the intra-cluster medium (ICM) and potemiahod-
ify thermal cluster observables such as the X-ray emissimhthe
Sunyaev-Zel'dovich (SZ)féect (Sunyaev & Zeldovich 1972). This
effect arises since photons from the cosmic microwave backgrou
experience inverse Compton up-scattering by thermal relestof
the ICM. CR induced modifications might imprint themselves i
changes of cluster scaling relations or modify their irgiinscat-
ter and thus change thefective mass threshold of X-ray or SZ
surveys. Neglecting such a CR component in reference sfionta
* e-mail: pfrommer@cita.utoronto.ca (CP); ensslin@mpa- might introduce biases in the determination of cosmoldgiagam-

garching.mpg.de  (TAE);  volker@mpa-garching.mpg.de  (VS) eters. Finally, simulating realistic CR distributions kit galaxy

j(ib;)'gas@mpa‘gamhmg'mpg'de (MJ); kdolag@mpa-gagaipg.de clusters enables us to predict the non-thermal clustersionise-

Cosmic ray protons (hereafter referred to as CRs) play asileci
role within the interstellar medium of our own Galaxy. CRglan
magnetic fields each contribute roughly as much energy agest pr
sure to the galactic ISM as the thermal gas does, CRs trate pas
energetic events such as supernovae, and they reveal tbgying
structure of the baryonic matter distribution through theterac-
tions. In contrast, it is unknown how much pressure suppqotd-
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sulting from CR interactions with thermal gas protons. Tésuit-
ing model signatures of the expected radio synchrotronaral/
emission can then be tested with the upcoming new generation
y-ray instruments (e.g. imaging atmosphetierenkov telescopes
and the GLAST satellite) and radio telescopes (e.g. LOFA®d
extended Very Large Arr&y.

A thorough dynamical treatment of CR transport and loss pro-
cesses in numerical simulations of cosmological largdesstauc-
ture formation has not yet been attempted due to the very lexmp
CR physics involved, despite the potential dynamical intgoare of
CRs. There have been pioneeringoets to study the CR acceler-
ation into the intergalactic medium (IGM) on large scalesr(isti
et al. 2001; Kang et al. 2002; Ryu & Kang 2003, 2004; Kang &
Jones 2005). However, these codes were quite limited inaldeip-
tive resolution capability and neglected dissipative gagsfrs in-
cluding radiative cooling, star formation, and superncsedback.
There have also been numerical modelling of discretised &R e
ergy spectra on top of grid-based cosmological simulatfbtisiati
2001), but so far these implementations neglected the dydro
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Figure 1. Overview over the relevant physical processes in galaxg-clu

ters. The right-hand side shows the interplay dfedent physical processes

populations

namic pressure of the CR Component and were unable to reso|veWhi|e the left-hand side shows observables that inform aﬁ‘mjproperties

the observationally accessible, dense central regionsisfers.

First important results underscoring the importance of CR
populations in clusters were obtained in non-radiativentaesg-
ical simulations and predicted relative CR pressure coutions
of Pcr/Pw ~ 20 per cent up to 50 per cent (Miniati et al. 2001),
which also motivated suggestions that CRs may slow-dowsclu
ter cooling flows (Cen 2005). Since the CR acceleration dégpen
crucially on the shock strength of cosmological structwerfa-
tion shocks, there has been a seriesfidrés undertaken to develop

of cluster and their dynamical state. Gain processes arete@nn green
and loss respectively redistribution processes are ddnioted.

There are three main observables associated with thesegzes:
the hot ICM emits thermal bremsstrahlung radiation with an X
ray luminosity that depends on the square of the electronbeum
density. The amplitude of the Sunyaev-Zel'dovidfeet (Sunyaev
& Zeldovich 1972) depends on the pressure of the thermatrelec

schemes that are capable of measuring the Mach numbers-in cospopulation integrated along the line-of-sight throughchsster. Fi-

mological simulations (Miniati et al. 2000; Ryu et al. 2063rom-
mer et al. 2006). To allow studies of the dynamicfieets of CRs
in radiatively cooling galactic and cluster environmems have
developed a CR formalism that is based on smoothed partyele h
drodynamical representation of the equations of motionie-
duced a number of approximations to reduce the complexithief
problem while still being able to capture as many physicappr-
ties and peculiarities of CR populations as possible. Innoodel,
the emphasis is given to the dynamical impact of CRs on hydrod
namics, and not on an accurate spectral representatiore G R#s.
The guiding principles are energy, pressure, and partialaber
conservations, as well as adiabatic invariants. Non-adi@lpro-
cesses are mapped onto modifications of these principldslitEn
et al. 2006; Jubelgas et al. 2006; Pfrommer et al. 2006).

A simplified overview over the relevant physical processes i
galaxy clusters is given in Fig. 1. Thepper central partshows
standard processes which are usually considered in siongat
Radiative cooling of the gas leads eventually to star foiondh the
densest regions that exceed a certain density threshois.hap-
pens in the central cluster regions and within substrustleading
to individual galaxies. Once the nuclear energy has beed uge
massive stars explode in supernovae that drive strong shacks
into the ambient interstellar medium (ISM) which resupigrimal
and turbulent energy. On larger scales, structure formagimock
waves dissipate gravitational energy associated withatggical
clustering into thermal energy of the gas, thus supplyiregitira-
cluster medium (ICM) with entropy and thermal pressure supp

1 Gamma-ray Large Area Space Telescope, fitfiast.gsfc.nasa.gpv
2 LOw Frequency ARray, httpwww.lofar.org
3 httpy/www.aoc.nrao.edevlg

nally, galaxy spectra probe directly the stellar populagiof intra-
cluster galaxies and indirectly the cluster’s potentiabtiyh their
velocity dispersion (for reviews see Sarazin 1988; Voit200

The lower part of Fig. 1 sketches the cosmic ray physics
within clusters. CRs behaveftkrently compared to the thermal
gas. Their equation of state is softer, they are able to temtevely
over macroscopic distances, and their energy loss timeseae
typically larger than the thermal ones. Besides thermtitinacol-
lisionless shocks are also able to accelerate ions of thedmgrgy
tail of the Maxwellian through diusive shock acceleration (for re-
views see Drury 1983; Blandford & Eichler 1987; Malkov & O’'C
Drury 2001). These energetic ions are reflected at magmesigu-
larities through magnetic resonances between the gyriemand
waves in the magnetised plasma and are able to gain energyin m
ing back and forth through the shock front. This accelerafimo-
cess typically yields a cosmic ray proton (CR) populatiothva
power-law distribution of the particle momenta. CRs areetere
ated on galactic scales through supernova shocks while grey
injected by structure formation shock waves on even largeles
up to tens of Mpc.

The ubiquitous cosmic magnetic fields couple the otherwise
dynamically independent ingredients like the ICM plasnmeal the
CR gas into a single, however complex fluid. Magnetic fields pr
vent charged relativistic particles to travel macroscagistances
with their intrinsic velocity close to the speed of light.stead,
the particles gyrate around, and travel slowly along mé&griitd
lines. Occasionally, they get scattered on magnetic itegdies.

On macroscopic scales, the transport can often be descabed
diffusion process if the gyro-radius can be regarded to be small.
Thus, CR difusion redistributes the CR energy density macroscop-
ically. Thermal heat conduction is an analogous procedsréad
locates the thermal energy of the ICM. The CR energy reservoi
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Cosmic rays in clusters of galaxies — If&cts on thermal cluster observables3

sufers two main loss processes: (1) CR energy is transferred int
the thermal energy reservoir through individual electroatgerings

in the Coulomb field of the CR particle as well as by small momen
tum transfers through excitations of quantised plasmdlasons.
We refer to the sum of bothfkects as Coulomb losses. (2) Provided
the CR momentum exceeds the threshpld 0.8 GeV/c for the
hadronic reaction with ambient protons, they produce pighigh
decay into secondary electrons (and neutrinos))aralys:

n_i

ﬂ_O

= WV Vo € Ve/Vet v, +V,

- 2y.

Only CR protons above this kinematic threshold are theesttis-
ible through their decay products via radiative processegking
them directly observationally detectable. These hadedlyigro-
duced relativistic electrons and positrons can emit a haladio
synchrotron emission in the presence of ubiquitous inltuater
magnetic fields. However, there are other processes thatemec
ate relativistic electrons such as resonant and non-resamtarac-
tions of mildly relativistic electrons with magneto-hydymamic
waves or turbulent spectra. Since the distribution of mégrield
strengths with cluster radius is also not well known, radjo-s
chrotron emission alone has limited predictive power. Fejuray
satellites should be able to detect the associated hadittynin-
ducedy-ray emission resulting from neutral pion decay and allow
stronger conclusions on the parent CR population in claster

So far, we have neglected feedback from active galacticucl
(AGN) in our simulations despite its importance (for firstaeds of
the thermal feedback within cosmological simulations, Sgacki
& Springel 2006). Gravitational energy associated with dbere-
tion onto super-massive black holes is converted into lagde
jets and eventually dissipated into thermal and CR energgliA
able model would be required to self-regulate and resporttieo
instantaneous cooling rate.

This paper studies the interplay of thermal gas and CRs and
their efect on the observables of the thermal gas such as X-ray
emission and the Sunyaev-Zel'doviclfext. Two companion pa-
pers are studying directly the CR related multi-frequenbgesv-
ables and the systematic bias and scatter of cluster sealtipns
that are associated with CRs and how these modificatiffieste
the determination of cosmological parameters. The outhinthe
paper is as follows. Section 2 describes the general settlpeof
simulations, the dierent physical processes which we simulated,
and our cluster sample. In Sect. 3, we present the resultien t
relative CR pressure integrated over the clusters, and ghewro-
files of thermodynamical and CR-related quantities sephrdibr
non-radiative and radiative simulations. Both types ofidation
models will be concluded by an emerging picture of CR-indlice
changes to the ICM. Section 3.4 analyses physical procesistsd
to CRs in detail and complements the previous section. lyinal
Sect. 3.5 studies the consequences of these processesrioath
observables such as X-ray emission and the Sunyaev-Zglilov
effect.

2 THE SIMULATIONS
2.1 General setup

Simulations were performed using the “concordance” cosgiel
cal cold dark matter model with a cosmological constaxf@PM).
The cosmological parameters of our model &g:= Qpu + Qp =
0.3,9Q,=0.039,Q, =0.7,h=0.7,n= 1, andog = 0.9. Here O,
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denotes the total matter density in units of the criticalsiigrfor ge-
ometrical closure todayses = 3H§/(87TG). Q, andQ, denote the
densities of baryons and the cosmological constant at thsept
day. The Hubble constant at the present day is parametrized a
Ho = 100h km s™*Mpc™t, while n denotes the spectral index of the
primordial power-spectrum, angg is thermslinear mass fluctua-
tion within a sphere of radiust®*Mpc extrapolated ta = 0. This
model yields a reasonable fit to current cosmological cairgs.

Our simulations were carried out with an updated and ex-
tended version of the distributed-memory parallel TreeSieHe
GADGET-2 (Springel 2005; Springel et al. 2001) that inclsidelf-
consistent cosmic ray physics (Enf3lin et al. 2006; Jubetgas.
2006; Pfrommer et al. 2006). Gravitational forces were coreg
using a combination of particle-mesh and tree algorithmsirbt
dynamic forces are computed with a variant of the smootheiit pa
cle hydrodynamics (SPH) algorithm that conserves energyean
tropy where appropriate, i.e. outside of shocked regiomsi(gel
& Hernquist 2002).

We have performed high-resolution hydrodynamic simula-
tions of the formation of 14 galaxy clusters. The clusterarsp
mass range from & 10'*h~1 M, to 2x 10 h~! M, and have orig-
inally been selected from a low-resolution dark-matteM(Eonly
simulation (Yoshida et al. 2001) with box-size 479 Mpc of a
flat ACDM model with the parameters mentioned above. Using the
‘zoomed initial conditions’ technique (Katz & White 1993)fnen
etal. 1997), we then re-simulated the clusters with highessand
force resolution by adding short-wavelength modes withimlta-
grangian regions in the initial conditions that will evoliaer-on
into the structures of interest (using initial conditiomerh Dolag
et al. 2005). In these high-resolution regions, dark matéeticles
of the parent simulation are split into a dark matter and gase
part, with the mass ratio reflecting the value of the cosmiydra
fraction. Force and mass resolution are then graduallyadksgt in
regions larger than at least 3-5 virial radii from the clust® limit
the computational cost while providing a correct represéon of
the large scale tidal gravitational field. Using an iteratimethod,
the size of the cluster region that is re-simulated at hizggolution
was always chosen to be large enough to prevent any conttomina
with heavy dark matter particles.

In high-resolution regions, the dark matter particles had
masses ofnpy = 1.13 x 1P h™1 M, and SPH particlesng,s =
1.7x 10 h~1 M,, so each individual cluster is resolved by 80* to
4 x 10° particles, depending on its final mass. For details of ctuste
properties, see Sect. 2.3. The SPH densities were compuotadiB
neighbours, allowing the SPH smoothing length to drop attriwos
half of the value of the gravitational softening length o thas par-
ticles. This choice of the SPH smoothing length leads to dai-m
mum gas resolution of approximatelk80® h~1 M. For the initial
redshift we chose * z,; = 60. The gravitational force softening
was of a spline form (e.g., Hernquist & Katz 1989) with a Plum-
mer equivalent softening length that is assumed to have staain
comoving scale down ta = 5, and a constant value oh5'kpc in
physical units at later epochs.

2.2 The models

For each galaxy cluster we ran sixfgirent simulations separated
into two sets of three simulations each (cf. Table 1). Onauses
only non-radiative gas physics while the other set consitaree
simulations that include radiative cooling and star foiioat The
first simulation of the non-radiative set is our referencaigation
with non-radiative physics only, i.e. the gas is transpbadiabat-
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Table 1.: DIFFERENT PHYSICAL PROCESSES USED IN OUR SIMULATION MODELS:

Simulated physid® non-radiative simulation modéls:

radiative simulation modefS:

reference mod.  shock-CR mod.  simple shock-CR mod. refersmad.  shock-CR mod.  complete CR mod.

thermal shock heating v v v v v v
radiative cooling v e v
star formation v v v
Coulomb CR losses v v v v
hadronic CR losses v v v v
shock-CRs with’ = const? v

shock-CRs with/(M)@ v v v
supernova-CRs v

Nortes:

(1) This table serves as an overview over our simulated nsodiéle first column shows the simulated physics, the nex¢ ttw&uimns specify our non-radiative
simulation models, while the last three columns show ouiata®@ simulation models.
(2) We employ two dierent CR injection schemes at structure formation shocks:r€alistic one uses a Mach number dependent energy anjegficiency

Z(M) while the simplified scheme uses a constant energy injeefitciency, =
for better visibility. For further details and referencdegse refer to Sec. 2.2.

ically unless it experiences structure formation shock egathat
supply the gas with entropy and thermal pressure suppoet s€h-
ond simulation of the set allows for a simplified model of CRele
eration at structure formation shocks with a constant gnigigc-
tion efficiency of{ = ecrinj/€diss = 0.5, independent of the shock
strength, while reducing at the same time the amount of tAkrm
dissipation to ensure energy conservation at the shocle, Egtiy
denotes the injected CR energy density agid the total dissipated
energy at the shock. This model represents an extreme §irapli
tion that exaggerates the CRfexts for better visibility. All CR
models include Coulomb and hadronic loss processes. The thi
simulation of the non-radiative set uses a more realistidehéor
the CR acceleration at structure formation shocks whichaised
on the thermal leakage model (e.g., Ellison & Eichler 1984n#

& Jones 1995; Enfilin et al. 2006). It employs the fact that the
most energetic ions in the exponential tail of the Maxwaell
the post-shock regime are able to participate in the proakedisfu-
sive shock acceleration and injects a power-law in momerhan
depends on the instantaneous shock strength in the sioml@bir
details, cf. Pfrommer et al. 2006). With this thermal leakagpdel,
we are able to derive a CR energy injectidficency, (M), for the
diffusive shock acceleration process. It depends only on thénMac
number of the shockM = wvs/c; (shock velocityvs divided by
pre-shock sound speed), the post-shock temperatufie, and a
saturation value of the CR energy injectiofigency at high val-
ues of the Mach numbefyax = 0.5 as shown in Fig. 2 (Ryu et al.
2003; EnBlin et al. 2006).

The first simulation of our radiative set is a reference sanul
tion with radiative cooling and star formation, but no CR picg.
The second radiative simulation accounts for CR acceteradi
structure formation shocks and allows for all CR loss preessFi-
nally, the last simulation additionally assumes that a tzoridrac-
tion Zsy = 0.3 of the kinetic energy of a supernova ends up in the
CR population, which is motivated by Te)}ray observations of a
supernova remnant that find an energy fractiodgf ~ 0.1 — 0.3
when extrapolating the CR distribution function (Aharani& et
al. 2006). We choose a maximum value for this supernova gnerg
efficiency owing to the large uncertainties and our aim to bracke
the realistic case with the two radiative CR simulations.

Radiative cooling was computed assuming an optically thin
gas of primordial composition (mass-fraction Xf= 0.76 for hy-
drogen and 1- X 0.24 for helium) in collisional ionisation

const. The latter scheme is a simplification that exaggetthie CR &ects
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Figure 2. CR energy injection feiciency for the dffusive shock accelera-
tion process. Shown is the CR energy injectidiiceency = ecrinj/diss

for the three post-shock temperatukd® /keV = 0.01, 0.3, and 10. For this
illustrative figure, we consider only CRs above the kinematomentum
thresholdgnreshold = Pcr/(Mpc) = 0.83 of the hadronic CR p-p interac-
tion which are able to produce pions that successively dietaysecondary
electrons, neutrinos, andrays. We choose equipartition between injected
CR energy and dissipated thermal non-relativistic enesgglausible satu-
ration value of the CR energy injectiofffieiency, i.e {max = 0.5 (Ryu et al.
2003; Enflin et al. 2006).

equilibrium, following Katz et al. (1996). We have also ingéd
heating by a photo-ionising, time-dependent, uniformavitlet
(UV) background expected from a population of quasars (Htaar
& Madau 1996), which reionizes the Universezat: 6. The ef-
fect of a photo-ionising background is that of preventing tol-
lapse of overdense regions of gas and inhibiting subsectant
formation within halos of sult-, galaxies (e.g., Benson et al. 2002),
thus having a secondaryfect on the resolution of our simulation.
If not counteracted by any feedback process, radiativeirngoh
high-resolution simulations is well known to give rise toentral
cooling flow that overproduces the amount of stars not onth@
groupcluster overdense environment but also in the average envi-
ronment (e.g., Balogh et al. 2001; Borgani et al. 2004, 2606,
references therein). As discussed by Springel & Hernq@izdg),
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their multiphase ISM model with supernovae feedback alaresd
however not fully resolve this problem, despite its abilieyreg-
ulate the consumption of cold gas into stars within the ISMe T
reason for this is because the cooling rates within halosiees-
sentially un&ected in the model, i.e. the supply of gas to the dense
star-forming ISM is largely unchanged, while by constractihe
phases of the ISM remain coupled to each other, preventirypbs

to leave the ISM (except for dynamicafects like gas stripping in
mergers). Being mainly interested in global propertieshef iCM,

we do not include the metallicityfect in the cooling function due
both to the approximate treatment of metal generation affidsitbon
and in order not to exaggerate the cooling problem of thetetus
cores since we also do not follow the AGN feedback that seems t
be essential to reliably model the dense cluster centrgs &jacki

& Springel 2006).

Star formation is treated using the hybrid multiphase model
for the interstellar medium introduced by Springel & Herigju
(2003). In short, the ISM is pictured as a two-phase fluid istimg)
of cold clouds that are embedded at pressure equilibrium emna-
bient hot medium. The clouds form from the cooling of high-den
sity gas, and represent the reservoir of baryons availabietar
formation. When stars form, according to a Salpeter initness
function (IMF) (Salpeter 1955), the energy released by sup@e
heats the ambient hot phase of the ISM, and in addition, slaud
supernova remnants are evaporated. Thésets establish a tightly
self-regulated regime for star formation in the ISM. In piee,
the scheme is numerically implemented as a sub-resolutmtem
i.e. cold clouds are not resolved individually. Insteadydheir to-
tal mass fraction in each element of the ISM is computed ratise
they are treated in a stochastic fashion with their colecdtect
on the ISM dynamics being described by dfeetive equation of
state. The numerical implementation of this multiphase ehde-
scribes each gas particle as composed by a hot componeimighav
its own mass and density, and a cold neutral component. Tae re
tive amount of these two phases is determined by the locaéwafl
gas density and temperature.

Cosmic ray physics was computed by using a new formula-
tion that follows the most important injection and loss @sses
self-consistently while accounting for the CR pressuréaequa-
tions of motion (EnRlin et al. 2006; Jubelgas et al. 20060iRAfr
mer et al. 2006). We refer to these papers for a detailed iescr
tion of the formalism, providing here only a short summantof
model. In our methodology, the non-thermal cosmic ray patoh
of each gaseous fluid element is approximated by a simple powe
law spectrum in particle momentum, characterised by an iampl
tude, a low-momentum cutf) and a fixed slope = 2.3. Adia-
batic CR transport processes such as compression andctayefa
and a number of physical source and sink terms which moddy th
cosmic ray pressure of each particle are modelled. The ngxir-
tant sources considered are injection by supernovae (imaalia-
tive simulations) and diusive shock acceleration at cosmological
structure formation shocks, while the primary sinks arertiadiza-
tion by Coulomb interactions, and catastrophic losses loydrac
interactions.

2.3 Simulated clusters

We chose our sample of 14 galaxy clusters such that they span a

wide range in mass (& 10'*h™! M,, to 2x 10'°h~* M,) and show
a variety of dynamical states ranging from relaxed cool ¢Q€)
clusters to violent merging clusters (cf. Table 2). Sinece @R in-
jection crucially depends on the strength of shock wavesxpeat
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Table 2.: CLUSTER SAMPLE

Cluster sim’s dyn.stafd M %)0 @ kT,

[h*Mg]  [h*Mpc] [keV]
1 g8a cc 18x 10° 20 131
2 gla ccC 13 % 1015 1.8 106
3 g72a  PostM 1x 101 1.7 9.4
4 g51 cc 11 x 105 1.7 9.4
5 glb M 37x 10" 1.2 4.7
6 g72b M 15 x 10 0.87 2.4
7 glc M 14 x 104 0.84 2.3
8 g8b M 10x 10* 0.76 1.9
9 gld M 92 x 1013 0.73 1.7
10 g676 CC 8 x 103 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 10'3 0.63 1.3
14 gsd PreM % x 103 0.61 1.2
NortEs:

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

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

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

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

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

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

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

denotes the mean molecular weight.

the impact of CR ffects to depend on both, the cluster size and its
dynamical state. To investigate this dependence, we ralaied
three isolated clusters (cluster 4, 10, and 11) and threerstipster
regions which are each dominated by a large cluster (cldstgr
and 3) and surrounded by satellite clusters (cluster 5 tad9l2rto
14).

We analysed the clusters with a halo-finder based on spherica
overdensity followed by a merger tree analysis in order totige
mass accretion history of the main progenitor. We also predu
projections of the X-ray emissivity at redshiét= 0 in order to
get a visual impression of the cluster morphology. The dyinam
state of a cluster is defined by a combined criterion: (i) & thus-
ter did not experience a major merger with a progenitor mase r
1:3 or larger afterz = 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 coretetus
The merging clusters are subdivided into currently mergihg-
ters, pre-mergers that show a merging sub-cluster alreathinv
the virial radius, and post-mergers with slightly elongaberay
contours in combination with a weak cool core region devielpp
While this classification may not always be unambiguous @i-in
vidual cases, it provides robust samples of clusters iretlagger-
ent dynamical states. Interestingly, we note that eachlisatgus-
ter within our three super-cluster regions shows signs afging
activity, presumably triggered by the high ambient dentiigt is
necessary for the development of a super-cluster region.

The spherical overdensity definition of the virial mass a th
cluster is given by the material lying within a sphere cethva a lo-
cal density maximum, whose radial exteRglis defined by the en-
closed threshold density conditidvi(< RA)/(47TR2/3) = Dthres WE
chose the threshold densjyyd2) = A per(2) to be a multipleA =
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Table 3.: VoLUME AVERAGED VALUES FOR {XcR) = (PcRr)/{Pth) AND Ecr/Eth WITHIN THE VIRIAL RADIUS:

relative CR quantity sampie radiative, radiative, non-radiative, non-radiative,
shock-CR®)  shock- & SNe-CR®)  shock-CR®)  shock-CRs with! = const?)

(Xcr) = (Pcr)/(Pny small CC 0.045 0.216 0.022 0.321

large CC 0.034 0.068 0.015 0.369

merger 0.161 0.414 0.022 0.249

all 0.120 0.321 0.021 0.272
Ecr/Ein small CC 0.083 0.358 0.037 0.541

large CC 0.057 0.114 0.025 0.609

merger 0.266 0.684 0.036 0.410

all 0.199 0.531 0.034 0.449

NortEs:

(1) The diferent cluster samples consist of small cool core (CC) dlsigtduster 10, 11), large cool core clusters (cluster 1,)2n¥erging clusters (other

clusters), and all 14 clusters.

(2) The third column derives from our radiative simulatidhat account only for structure formation CRs while the ealof the forth column correspond to
the radiative simulations that take additionally supeen®Rs into account. The values in the fifth column derive fram-rediative simulations that accelerate
CRs at structure formation shocks using a Mach number demerhergy injection feiciency (M), while the last column derives from the scheme with a

constant energy injectiorfiiciency, = const.

200 of the critical density of the univergg,(z) = 3H(2)?/(87G).

For a better comparison with observations and reasons laid o
in detail by Evrard (2004), we assume a constant 200 al-
though some treatments employ a time-varyingn cosmologies
with Qn, # 1 (Eke et al. 1996). In the reminder of the paper, we use
the terminologyR;; instead ofRxqo.

3 RESULTS
3.1 Relative CR pressure

Which galaxy clusters are mostlyfacted by CRs? And does cool-
ing and star formation change the generic picture of CRsus-cl
ters? To answer these two questions it is instructive toidenshe
CR pressur@cg, relative to the thermal pressuRg, integrated over
the cluster. This is a good measure of the importance of dic@m

effects of CRs on the ICM. Table 3 shows the volume averaged val-

ues for(Xcr) = (Pcr)/{Pw) within the virial radiusR,;; and the
ratio of the CR-to-thermal energy within the galaxy cluster

The main findings are the following. (1) Among the non-
radiative simulations{Xcr) is much smaller{Xcr) ~ 2 per cent)
in our improved scheme where CRs are accelerated at steufctur
mation shocks using Mach number dependent energy injeefion
ficiency (M) compared to the simplified scheme where CRs have
been injected with a high constant energy injectidiiciEency of
¢ = 0.5. This shows the importance of a Mach number depen-
dent CR injection scheme to study CHeets within the ICM.
(2) Neglecting for the moment the simplified scheme, we motic
that(Xcgr) is much larger in our radiative simulations compared to
our non-radiative simulations for reasons that will be gsadl in
the next sections. (3) Among our radiative simulations, ¢bm-
plete model that accounts for CRs from structure formattucks
on large scales and supernova shocks within the ISM of iddivi
ual galaxies shows a larger relative CR pressure comparéueto
model that only accounts for structure formation CRs. Notat t
the complete model opens simply another channel for CRtinjec
(4) Comparing dierent dynamical states of clusters, the relative
CR pressure contribution is largest in merging clusterbpiced
by small cool core clusters, and large cool core clustenangt
merger shock wavesfliciently inject CRs at the external cluster

regions and mix the highly CR-enriched intergalactic medaut-
side clusters with the ICM. Anfeect that boosts the relative CR
pressure during a merger. Weak virialisation shocks tsaagrthe
cluster after the merger thermalize random gas motions &id &
decrease ofXcr). (5) The volume averages fiicr are dominated
by the outer regions due to the rising profile Xér with increas-
ing radius. In other words, the absolute valugX¢r) depends on
the definition of the virial radius. A larger virial radi& oo > Rxo0
would thus lead to an increase @fcr).

The low level of(Xcgr) in our non-radiative simulations dis-
agrees with the substantially larger predictiongX¢g) ~ 20 per
cent to 50 per cent by Miniati et al. (2001). This could be due t
a number of reasons. Miniati et al. (2000) identified shocks w
Mach numbers in the ranged4 M < 5 as the most important in
thermalizing the plasma. In contrast, Ryu et al. (2003) afndnf>
mer et al. (2006) found that the Mach number distributiorkgea
the range 1< M < 3. Since difusive shock acceleration of CRs
depends sensitively on the Mach number (cf. Fig. 2), thisliesp
a more dicient CR injection in the simulations by Miniati et al.
(2001). Secondly, CR injection according to the “thermakige”
model in the implementation of Miniati (2001) has no injeati
limiter for the saturated stage of non-linear CR acceleratihich
might have led to an overestimate of the CR injection forrgiro
shocks. Finally, the grid-based cosmological simulatiuemse been
performed in a cosmological box of side-lengthts® Mpc with
a spatial resolution of 208 kpc, assuming an Einstein-de Sitter
cosmological model (Miniati et al. 2001). The lack of resmn
inside the clusters in the grid-based approach does not alie
to properly resolve the adiabatic compression of the coftgas
CRs and thermal gas. As a result, on one hand the disfavoafing
the CR pressure relative to the thermal pressure upon casipre
is not accounted for, and on the other hand, this underesszR
loss processes at the dense cluster centres due the lagohiftien
there.

While our simulations have much higher spatial resolution i
side clusters and can therefore be expected to be more & cnme
has to be aware of resolution limitations in them as well sTdy-
plies especially to the radiative simulations, which are adde to
resolve faint cluster galaxies, and are not guaranteed/éoegieady
a converged value for the total amount of stars forming inclis-
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ters. Also, we know that simulated clusters exhibit coolfloyvs
that are much stronger than observed in nature, which catifgmp
effects related to the CR compression and slow infall of ICM gas i
the simulated clusters. However, our main purpose in thigepes

to study the principle changes in cluster structure broadpaut by
the inclusion of CRs, and our resolution is high enough taans
this question reliably.

Taking into account that the two radiative CR simulatiores ar
chosen to bracket the realistic case, we roughly predidiaoéthe
CR-to-thermal energy dtcr/Emn = 9, 20, and 50 per cent for small
CC, large CC, and merging clusters. These predictions agead
agreement with CR constraints from gamma-ray and radiorebse
vations (Pfrommer & EnRlin 2003, 2004), considering thasth
authors assumed a constant CR energy density relative thehe
mal gas.

3.2 Profiles of non-radiative simulations

Results for the appropriately scaled average profiles ofnmun-
radiative simulations are shown in Fig. 3 only for our sampie
small cool core clusters. The main conclusions drawn froma th
sample are representative for our complete sample, whilleida
ing the remaining clusters would only increase the clusiends-
ter variance of the profiles, primarily due to the non-sptigri(for
merging clusters) and the fEérent concentrations (for large cool
core clusters). The radial coordinate has been scaled Ryjtto
allow comparison betweenfterently sized objects. In all plots of
the profiles, the error bars represent the standard demiatiom
the sample mean of the indicated subsample of clusters.dlberc
scheme for the non-radiative profilesickfor our reference sim-
ulations without CRsted for simulations where CRs are injected
only through shock acceleration using Mach number dependen
scheme (realistic CR model), abtle for simulations where CRs
are accelerated at structure formation shocks with a cohstgec-
tion efficiency = 0.5 (simplified CR model). One should bare in
mind that the latter model represents an extreme simpiificahat
exaggerates the CRtects for better visibility.

3.2.1 Density and temperature profiles

The gas density has been scaled witho. while the temper-
ature has been scaled by its virial quantity that is defined by
KTuir = GMyir u my/(2Ryir), Wwhereu = 4/(3Xy+1+4 Xy X) denotes
the mean molecular weighXy = 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.
Both the average density and the temperature profile of alisre
tic CR model shows only very smallfiéérences to our reference
simulations. The tendency of the enhanced density and theeel
temperature in our CR simulations is clearly enhanced insour
plified CR model. While the density enhancement is largegén
centre, the decrease of the cluster temperature is largjes atuster
outskirts for reasons that are described below (cf. Se2t58.

3.2.2 Pressure and relative CR pressure profiles

The lines without symbols denote the thermal pressure, tigs o
with symbols the CR pressure. The CR and thermal pressuee hav
been scaled witlPy;; = KTyir 2009, pcrit/ (1 Mp). Again, there is
only a very small dference visible between the thermal pressure
of our realistic CR model and our reference simulations. fféed
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of a reduced thermal pressure at cluster outskirts and ofrthe
creased central pressure is enhanced in our simplified CReimod
In the outer regions, the reduced thermal pressure addstapive
CR pressure to the total (thermal) pressure in our refersime-
lation while the central pressure enhancement reflects ¢hsity
enhancement. The CR pressure shows a flat central platealeand
creases at > 0.1R;; outwards less steeply compared to the thermal
pressure.

This yields a rising profile for the relative CR pressure
throughout the clusteXcg = Pcr/Pyw due to a combination of the
following effects: CR acceleration is mordieient at the periph-
eral strong accretion shocks compared to weak central flosksh
adiabatic compression of a composite of CRs and thermaligas d
favours the CR pressure relative to the thermal pressureaite
softer equation of state of CRs, and CR loss processes are mor
important at the dense centres.

3.2.3 Baryon fraction

In our self-consistent CR model (with varying(M)), the
central baryon fraction scaled with the universal valoe =
fran(< X) Qm/€p is increased by~ 10 per cent and reaches the
same value at the virial radius bf = 0.9 compared to our refer-
ence simulation. Note that the baryon fraction is increasin a
function of radius which can be traced back to th@edent nature
of dark matter and gas. The inner slope of the density profit®ls
lisionless dark matter does not show any sign of flattenireyéxro

et al. 2004) while the gas profile is cored due to the isotrdyic
drodynamic pressure. This yields to an decreasing banamiifm
towards the centre, arffect that has been observed in many works
(e.g. Ettori et al. 2006, and references therein).

Remarkably, the baryon fraction in our simplified CR model
(with ¢ = 0.5) even exceeds unity at intermediate radii and reaches
a value at the virial radius df = 0.95. This is mostly due to the
enhanced gas compressibility which boosts the densityimitte
central regions.

3.2.4 Hjective adiabatic index

When studying the hydrodynamics of a composite of thermel an
CR gas, itis appropriate to define afieetive microscopic adiabatic
index by

_ dlog(Pu + Per)| _

7T T dlogp | I+ Xer

whereyy, = 5/3 is the ideal gas value of the ratio of specific heats
and the adiabatic exponent of the CR population is defined by

_ Y+ ¥crXcr

@)

_ d |Og PCR
YCR = —dlogp

while the derivative has to be taken at constant ent®gnflin
et al. 2006). Depending on the CR momentum distribution func
tion, ycgr can vary betweencr — 4/3 (in the ultra-relativistic
limit) to ycr — 5/3 (in the non-relativistic limit). One should not
confuse this ffective microscopicadiabatic index of our compos-
ite fluid that enters the hydrodynamic equations and govtras
compressibility of the medium with thdfectivemacroscopi@dia-
batic index one can derive from cluster density and pregzuafdes
by means ofy = dlogP/(dlogr)[dlogp/(dlogr)]~ . If one com-
pressed gas with such affectivemacroscopi@diabatic index into
a spherical cluster that has the appropriate density pr@fittaout

, @)
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Figure 3. Average profiles of our sample of small cool core clustenss@rs 10, 11) in our non-radiative simulations at redgh#t0. Here and in the following
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considering shocks and cooling), one would obtain the satedl
pressure profiles.

The dfective adiabatic indexye; is shown with a solid line
while ycr is shown with a dashed line. As expected; reflects
the profile of Xcgr and is only diferent from the adiabatic index
vin = 5/3 of the thermal gas in the external cluster regions where
CRs make up a larger fraction of the pressure support (irigpart
ular in our simplified model). Interestinglycr shows a dferent
behaviour with a slightly softer value in the central clusegions.
This is due to enhanced Coulomb cooling in denser core region
which efectively re-thermalizes low-energetic CRs and increases
the low momentum cutd of the CR distribution function. This
leads to a more relativistic CR population with a lower CRspre
sure and thus to the observed behaviour of the adiabaticdadi

3.2.5 Discussion of CRs profiles in non-radiative simulagio

Structure formation shock waves propagate through the icasem-
uous gas, which is compressed at the transition layer oflibeks
while a part of the kinetic energy of the incoming gas is ¢iatéd
into internal energy of the post-shock gas according to #ekite-
Hugoniot jump conditions. Considering CR injection at $t®c
through difusive shock acceleration, a part of the energy that has
been otherwise completely thermalized is now transfercethée

CR energy reservoir while employing energy conservatidms €f-
fect lowers the amount of thermalized energy and thus th@éem
ature which is observed at the periphery in clusters (cft.3e2.1)
where it is most pronounced due to strong shock waves that tak
place there and injectiéciently CRs (Miniati et al. 2000; Ryu et al.
2003; Pfrommer et al. 2006).

The successive build-up of a cluster profile of thermodymrami
variables (such as entropy or pressure) through mergersnass
accretion can be thought of as a combination of tfieats. (1)
Merger shock waves violently increase the cluster’s entrapd
(2) permanent accretion of new shells of mass at the pe@dpher
cluster regions exert a pressure that adiabatically cosspethe
central gas. These twdfects have important consequences for the
resulting thermal profiles that are modulated by CR presSiree
CR acceleration is mordiecient at the peripheral strong accretion
shocks compared to weak central flow shocks, this yieldsadi-str
fication of the relative CR pressure profile which is incregsiut-
wards. Adiabatic compression of a composite of CRs and thlerm
gas disfavours the CR pressure relative to the thermal preskie
to the softer equation of state of CRs. Roughly, one expbetsa-
tio of Xcr = Pcr/Py after adiabatic compression (denoted with a
prime) to that before compression to scale as

X&R B (p_/)'YCR"Yth
0

— = ~ 0.05
Xcr

®)

for a compression ratio gf /p ~ 10*. Additionally, CR loss pro-
cesses are more important at the dense cluster centres. fhisus
central density has to increase dynamically in our CR sitiara
compared to our reference simulations in order to balanegtav-
itational pressure and make up for the initially ‘missingetmal
pressure. Shock heating and adiabatic compression heatket
mal gas in the cluster centre with a higher rate comparedaexh
ternal regions. Thus, the thermal pressBie= ny kT is increased
in the cluster centre in our simulations with CRs comparedun
reference simulations without CRs.

© 2006 RAS, MNRASD0Q, 1-25

T T T T T T T T T TITT

n=0.01cn?

T T T
L1

10.00

LR
NIRRT |

1.00

Teool [GYr]

T
Ll

0.10

T T
Ll

Ll
10.00

Ll
1.00
q

L/l
0.10

0.01 Lo

100.00

o
o
=

LA L) B L) B B L1 B B R ALLL B R R

TT

T
1)

10.0000

LRI
|

1.0000

T
|

0.1000

Toool [GYT]
T
|

0.0100

T
ol

0.0010

n=0.01cn?

Ll
10°

T
ol

coovvonl vl vl

10°

i
10*

0.0001 L

10°

Figure 4. The top panel shows the cooling times due to Coulomb losies (r
ing solid line) and hadronic dissipation (nearly horizdtitee) as a function

of the spectral cutfb q = pmin/(MpC). The dot-dashed line gives the total
cooling time, while the vertical dashed lines marks the gstgtic equilib-
rium cut-df reached by the CR spectrum when no sources are present. The
bottom panel shows the cooling time of ordinary thermal gas tb radia-
tive cooling (for primordial metallicity), as a function ¢émperature. The
horizontal dashed line marks the cooling time of CRs withghthomen-
tum cut-df (g > 1), for comparison. In both panels, the times have been
computed for a number density nf= 0.01 cnT3, a typical number density

in the centres of galaxy clusters. Note however that theirgdimes all
scale agx « 1/n, i.e. for different densities, only the vertical scale would
change but the relative position of the lines would remaialtened.

3.3 Profiles of radiative simulations

The larger CR pressure support in our radiative simulatioakes
CR related phenomena more pronounced compared to the non-
radiative simulations. This crucially depends on the smatio

of the thermal to the comparatively long CR cooling time in re
gions where the temperature drops beldws 10’ K. Here, the
CR cooling time of an aged CR population with an equipanitio
value for the lower momentum cufog ~ 1 remains almost con-
stant, but it decreases for the thermal gas as it is coolihdrig. 4)
and becomes progressively shorter than the CR cooling fiis.
equipartition value foq results from a balance of Coulomb cool-
ing that increaseg and leaves the normalisation of the CR dis-
tribution function almost unchanged and CR cooling by hairo
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interactions which decreases the lower momentum fEwtand
the normalisation of the CR distribution function (Jubelgs al.
2006). Current cosmological radiative simulations thatndo in-
clude feedback from AGN bubbles (Sijacki & Springel 2006yda
an over-cooling problem in the cluster centre where theymree
duce the amount of stars. This problem is larger in cool cars-c
ters which did not recently experience a major merger. Coatpa
to X-ray observations, the simulated clusters show entthnee-
tral gas densities, too small central temperatures, temgtcentral
entropy plateaus, and an enhanced baryon fraction thaivisndoy
the large stellar mass fraction towards the cluster cemtrese are
all manifestations of the cooling flow problem of simulatddse
ters, an issue that universally occursA®DM simulations, inde-
pendent of the employed numerical method (e.g., Borgani.et a
2004; Kravtsov et al. 2005; Ettori et al. 2006).

In our plots of cluster profiles, the error bars represent the
standard deviationr from the sample mean of the indicated sub-
sample of clusters. The error on the mean can easily be @otain
by means ot/ VN - 1, whereN is the number of clusters in the
sample, i.eN = 2 (small CC),N = 3 (large CC),N = 5 (all
CC), N = 9 (merging cluster). The colour scheme for the profiles
of our radiative simulations iblack for our reference simulations
without CRs,red for simulations where CRs are injected only at
structure formation shocks using Mach number dependeinseh
(CR-shock modgl andblue for the complete modethat accounts
for CR injection from structure formation shocks on largalss

3.3.2 Pressure profiles

Figures 6 and 7 compare profiles of our sample of all cool core
clusters (CC clusters, on the left-hand side) to our samiphessg-

ing clusters (on the right-hand side). Our samples of srmallarge

CC clusters dfer only marginally for these profiles. While the ther-
mal pressure profile of the CC clusters follows a cogeplrofile,

the pressure profile of merging clusters almost shows a figlesi
power-law behaviour that is due to the ongoing merging &

(cf. Fig. 6, top panels). The thermal pressure of the CC elast

in our CR-shock model exceeds the one in our reference simula
tion, while the thermal pressure in the merging clustersashino
significant diference among our fierent models apart from the in-
nermost central region where we observe an excess in botarof o
CR models.

In contrast, the CR pressure profiles do not show a core; their
profile increases inwards roughly &g o r~! up to the exter-
nal regions of the ISM of the cD galaxy ate 0.04R,, where
their profile steepens considerably and scaleBasc r=2 in our
CC clusters. The error bars of the CR pressure profiles hase be
suppressed for clarity. The CR pressure profiles in both ofGR
models are similar to each other: the profile in the CR-shoceh
shows a smoother behaviour while the one in our complete mode
has a larger radial variation and a higher pressure leveltaltiee
additionally injected CR pressure from supernovae witlilagies.
The hypothesis that the supernova CRs are irrelevant forotla¢

(with the Mach number dependent scheme) and supernovasshock PTeSSuré budget is however inadmissible because simusatiat

within the ISM of individual galaxies with a constant eneigjec-
tion eficiency of sy = 0.3. Although our complete model might
seem to be more relevant astrophysically, both CR modelshare
sen to represent extreme cases that are bracketing thstieatie-
nario in between for the following reasons. The CR-shock @hod
approaches the realistic case from below because it doesket

into account CRs from supernova shock waves. Our complete CR

model brackets the model from above because it assumes €Righ
injection dficiency from supernovae in addition to the too large star
formation rate of current radiative simulations. This pblsover-
estimates the CR energy injection into the ICM in the congplet
model. After describing the simulated profiles, we syntbesiur
results in Sect. 3.3.7 and provide further support for oterpreta-
tion by considering CR related physical processes in maialde
Sect. 3.4.

3.3.1 Density and temperature profiles

Results for the appropriately scaled average density angdea-
ture profiles of our radiative simulations are shown in FigCbm-
paring both CR simulations to our reference simulation, riuest
striking feature is the density enhancement in the cerggibns at
r < 0.04R;;. Our CR-shock model shows a density enhancement
at larger radii which is strongest in small cool core clustend vis-
ible up to radii as large as = 0.5R;. In contrast, our complete
model shows a density decrement at intermediate radii thadst
disappears in small cool core clusters.

Similarly, the temperature in the central regions is reduice
our CR simulations while it almost coincides at larger radiih
our reference simulation. The cluster-to-cluster vareisclargest
in our merger simulation due to ongoing virialisation preses me-
diated by structure formation shock waves.

consider only CRs from supernovae shocks show very simits-p
sure profiles (Jubelgas et al. 2006). The reason lies rattibeifact
that any CR population is processed by adiabatic loss andpoat
processes in a comparable fashion.

3.3.3 Relative CR pressure profiles

It is very instructive to study the relative CR pressure pesfi
Xcr(r) = Pcr(r)/Pw(r) in Fig. 6, middle panels. Generall¥{cr(r)
is larger in merging clusters compared to CC clusters ang doe
not adopt values belowcr = 0.1 at any radius for the complete
CR model in merging clusters. As already mentioned in Sett. 3
strong merger shock wavedtfieiently inject CRs at the exter-
nal cluster regions and mix the highly CR-enriched inteagtit
medium outside clusters with the ICM, thus boosting thetireda
CR pressure during a merger. This also results in large etiet
cluster variations at some given radius. Note that the draos of
the relative CR pressure profiles have been suppressedsfitycl
Compared to the very smooth, dynamically unimportant pro-
file of our non-radiative simulation¥cg(r) shows a steep increase
towards the cluster centre within the ISM of the cD galaxy and
much larger radial variation in these radiative simulasiohhis is
due to the short thermal cooling time scales within densaagal
environments compared to the comparatively long CR codiing
scales (cf. Fig. 4). There, the thermal gas cools on a smadidtale
of T = 10’ yr, diminishes pressure support, condenses out of the
gaseous phase and eventually forms stars. In the proces§€Rh
pressure reaches values that exceed the equipartitiortiveitther-
mal pressure. In the outer parts of the clus&sg(r) is a rising
function with increasing radius due to the same reasonsiomat
above in our non-radiative simulations.
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3.3.4 Hjective adiabatic index

In our CC cluster sample, thefective adiabatic index.; departs
from its canonical valuegy, = 5/3 (in the absence of CRs) strongly
in the cluster centre inside the ISM of the cD galaxy and at the
external regions of the cluster where the relative CR pregsiofile
is dynamically important (cf. Fig. 6, bottom panels). Thexpmsite
of CRs and thermal gas acquires there a higher compreggiidit
requires a larger overdensity in order to exert the samespres
that balances the gravitational pressure from the comibimaif
dark matter and gas. The value @f; in our sample of merging
clusters is everywhere softer compared to the canonicabatic
index although there is a large variation amonffedent clusters.
This again reflects the higher CR pressure level in mergiagtets
due to the high CR injectionfigciency of merger shock waves.

Interestingly, the adiabatic index of the CR populatjer in
our radiative simulations is harder compared to our noratad
simulations. This can be traced back to the smaller oveityeims
radiative simulations and thus the smaller CR cooling rate &
Coulomb interactions that re-thermalize the low-energy pbthe
CR momentum distribution function and eventually yield dtnad
relativistic CR population. The lower overdensity in oudigtive
simulations basically stems from the fact that gas mass fnoen-
mediate cluster scales is removed since it replenishedaihdens-
ing star forming material inside galaxies and most impatyaof
the central cD galaxy.

3.3.5 Baryon fraction

Figure 7 shows the baryon fraction scaled with the univerahle,
b = fpan(< X) Qm/Qy, that reaches values of unity at the virial ra-
dius independent of the adopted model and dynamical stateof
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cluster. The profile ob rises steeply towards the centre, which is
mostly due to the increase of the stellar mass fractioniveléd the
dark matter. Additionally, Fig. 7 shows the gas fractionledavith
the universal valuefg{< X) Qm/Qy. Its profile is decreasing in-
wards in contrast to the scaled baryon fraction. This shdearky
that the stellar mass fraction as well as the stellar magmsdrac-
tion is not constant as a function of radius but strongly éasing
inwards. As a word of caution, a fraction of the inward inceaf

b is caused by the over-cooling problem in the cluster centrerey
we form too many stars that are too blue compared to obsensti
We note that this is a result of the well-known cooling flowlgiem

in simulated clusters, which is independent of the emplayeder-
ical method (e.g., Borgani et al. 2004; Kravtsov et al. 2(0ori

et al. 2006, and references therein). CR physics with CRcsour
terms studied in this paper such as structure formationlsivages
and supernovae shocks on galactic scales seems to reirfisce
problem instead of solving it. Eventually, self-regulgtiheating
sources related to AGNs at cluster centres might be requoed
solve this problem.

The value ofb in our sample of merging clusters is increased
by roughly 10 per cent in our CR models compared to our refaren
simulation while the enhancement is smaller in the CC chsstm-
ple. The simulations show a decreasing gas mass fracticardsw
the centre for reasons that have been explained in Se@. 3.2.

3.3.6 Cumulative stellar mass

The profile of the cumulative stellar mass normalised by thialv
mass of the cluster is shown in Fig. 7. One notes that there is a
higher fraction of stellar mass formed relativeN&;, in our small
CC clusters compared to the larger ones. This might be pdutty
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Figure 6. Average profiles of our sample of all cool core clusters {fefhd side) and merging clusters (right-hand side) in odiat&ve simulations at redshift
z= 0. Shown are the appropriately scaled profiles of the theamdICR pressureP(, andPcr, the latter with symbols), relative CR pressiier = Pcr/Pin,
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supernovae.

© 2006 RAS, MNRASDO00Q, 1-25



Cosmic rays in clusters of galaxies — Iff&cts on thermal cluster observables13

Cool core clusters:

radiative simulation

N

fbary(<X)Qm/Qb

N

w
R R R RN RN RN R AR R AR RN RN

b

scaled gas fraction

o
r
f
tk

0.10
x= R/R/ir

o
o
=
=
o
ls]

0.0

<~

radiative simulation

0.06

\ T

M
o ¢
o

°
o
=

g
=}
s}

Merging clusters:

—_———
radiative simulation

(<2
™

N

fbary(<X)Qm/Qb

N

w
AR RN AR R RN R R RN AR AR

b

scaled baryon fraction

T
i
-
L
|

scaled gas fraction |
oo T . . e
0.10
x=R/ I%/ir

o
o
=
=
o
s]

o
o
~

o
Q
]
P T T T T ] S T T
\
\

R
radiative simulation

0.01i

Lo |
0.10
x=R/Ry

o
o
=
g
o
S
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including CR injection from supernovae.

to the above mentioned over-cooling problem which has aemigh
relative impact in smaller systems. There are more starnddr
in our complete CR model on scales: 0.3R;; irrespective of the
dynamical state of the cluster while our CR-shock model shegas
formed stellar mass in the outer cluster regions in our CGtehs.
This shows again that the CR physics studied here aggratrates
cooling flow problem in contemporary simulations.

3.3.7 Discussion of CRs profiles in radiative simulations

The CR distribution in the dilute outer cluster regions isnileated

by the CR injection characteristics with its strong struetiorma-
tion shocks that féiciently accelerate CRs into the IGM. The rel-
ative CR pressur&cr decreases as we move inwards due to the
same reasons that apply in the case of non-radiative siiongat
(1) weak central flow shocks are fifieient in accelerating CRs, (2)
adiabatic compression of a composite of CRs and thermaligas d
favours the CR pressure relative to the thermal pressureaitie
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softer equation of state of CRs, and (3) CR loss processanae
important at the dense centres.

Rather than becoming dynamically unimportant as it is the
case in our non-radiative simulations, the relative CR suesin-
creases strongly towards dense substructures if we carsidia-
tive losses of the thermal gas due to the long CR cooling toakes
compared to those of the thermal gas. The thermal gas coall mu
faster radiatively and diminishes its pressure supportenibicon-
denses out and forms stars. The high fraction of pressungosup
provided by CRs yields a higher compressibility of the cosifm
fluid that requires a larger overdensity in order to balameegrav-
itational pressure from the dark matter and gas. This irragdhe
density of each galactic substructure as well as in the elstn-
tre and leads to a pressure enhancement, provided the kgfitos
equation is applicable,RI(dr) = pgasG M(< r)r=2. This higher
density leads to a higher rate of star formation and thuseases
the central baryon fraction since gas from larger scalesthas-
plenish the condensed gas in order to maintain hydrostatitile-
rium.
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In the case of ongoing merger activity, the relative CR press
is boosted due to a combination of twiexts: (1) a merger event
triggers large random motions and merger shock waves tapeh
considerably while they are running into the shallower @ugo-
tential where they fciently inject CRs. (2) These large random
motions mix the highly CR-enriched intergalactic mediuntsale
clusters with the ICM. Weak virialisation shocks travegsithe
cluster after the merger thermalize random gas motions i
crease the thermal energy and yield a decreade@fCR loss pro-
cesses and adiabatic compression furthermore decrXggés in-
termediate cluster regions with a comparatively long thedroool-
ing time scale.

3.4 Cosmic ray related physical processes

In the following sections we study the physical processéxtead
to CRs in more detail, which complements the previous sestio
In particular, we will consider projected maps of physichister
properties, and analyse the Mach number statistics dutliugr ¢
ter formation. Finally, Sect. 3.5 studies the consequenfe3Rs
for thermal observables such as X-ray emission and the ®unya
Zel'dovich dfect.

3.4.1 Maps of physical quantities

We produced projected maps of the density, the mass-weighte
temperature, CR related quantities, and thermal clustrohbles.
Generally, a three-dimensional scalar field) along any ray was
calculated by distributing the product afr) and the specific vol-
ume M, /p, of the gas particles over a grid comoving with the cos-
mic expansion. This yields the projected quansty, ):

1 M,

ACLi) = 5 ) 8= Woii(rLij = o), )
LpiX a Pa

whereW, j; is the value of the projected smoothing kernel (nor-

malised to unity for the pixels covered) of an SPH partielat

comoving grid positiorr, ;;, and LSix is the comoving area of the

pixel.

shocks at dferent radii from the cluster centre. Two distinct accre-
tion shocks at distances of 2 anti'3 Mpc to the cluster centre are
visible, followed by shells of stronger shocks further ocatds.
Finally, the mass-weighted CR pressure relative to thd tota
pressur@?cg = Pcr/Piot Was obtained by projecting, = p, )"(CRQ
divided by the mass projection (lower panel on the rightehside
of Fig. 8). The projections of the relative CR pressure suptiee
picture inferred from our profiles. Whil&cg acquires compara-
tively high values within the WHIM that are hydrodynamigall
important, their importance diminishes (on average) witbach
galaxy cluster for reasons laid out above (cf. Sect. 3.3M)hin
each individual galaxy, the CR pressure reaches equipartir
dominates the thermal pressure as can be seen by the nurgetous
low points sprinkled over the map, each corresponding tdaxga
The time evolution of the relative CR pressure fram= 1 until
today and the comparison N for a large and a small CC clus-
ter can be studied in more detail in Fig. 9, that shows theraknt
regions of the galaxy cluster 1 and 10. A& 0, the iso-contour
of Xecg = 0.1 (the transition from green to red for our colour
scale) roughly coincides with the virial radius in our sndlister
Rir =~ 0.7h™! Mpc while it approximately lies at a scale of twice
the virial radius in the large clusteRg, ~ 2h~* Mpc). This already
hints that weaker shocks are responsible for thermal diisip in
high mass halos compared to low mass halos. We will study this
effect in more detail in the next section. The second strikingeob
vation is that at high redshifts the warmer colours domirater
the cooler ones, indicating a higher level of relative CRsptee
at high redshift. This is because in the hierarchical modstroic-
ture formation, the characteristic halo mass and thus thecas
ated characteristic temperature grow with cosmic time. Aibber
sound speeds of theftlise gas at later times decreases the charac-
teristic Mach numbers of the shocks responsible for tharatibn
and thus decreases the acceleratidiciency of CRs.

3.4.2 Mach number statistics

Earlier work on this subject (Miniati et al. 2000; Ryu et aD(3;
Pfrommer et al. 2006) classified structure formation shdoks

The surface mass density map was produced by projecting two broad populations which are labellediaternal andexternal

the quantitya, = p./(Qb o) and the mass-weighted temperature
map by settingp, = T, p, divided by the mass projection. Fig-
ure 8 shows the radiative simulation of a super-clusterre@ivith

the identifier g8) which is dominated by a large cool core <lus
ter and surrounded by smaller satellite clusters. While @

of the central massive cluster reaches a temperature of the o
der of its virial temperature okT,;; = 13.1 keV, the surrounding
warm-hot intergalactic medium (WHIM) acquires temperasuof

KT ~ (102 -10") keV. The spatial distribution of shock strengths

shocks. These categories have been distinguished on wioethet
the associated pre-shock gas was previously shocked irotimic
history. Since we are also interested in assessing the piepef
shock waves in radiative simulations, it turns out to be tamble
not to use a thermodynamical criterion such as the temperatut

a criterion based on the overdensdiyss = pgas/ (b por ad-1in
order not to confuse the shock definition in the presencediéra
tively cooling gas in galaxies (herpgas denotes the physical gas
mass density and is the cosmic scale factor). In practice, we use

can be studied best by looking at the Mach numbers weighted by the criterion of a critical pre-shock overdensify,s > 10 or the

the energy dissipation rate at shocks. The colour hue ofaerl
panel on the left-hand side of Fig. 8 has been chosen to esgres
the projected quantitg, = M, &diss. divided by the projected en-
ergy dissipation ratéegisehos, WhereM, denotes the Mach number
of the SPH patrticle. The brightness scales logarithmicaltih the
projected dissipation rakgqiss)ios. Within this super-cluster region
most of the energy is dissipated in weak internal shocks Mabh
numbersM < 2 which are predominantly central flow shocks or
merger shock waves traversing the cluster centre. Colthpss-
mological structures are surrounded by several shells tefreal
shocks with successively higher Mach numbers, but they qufdy

a minor role in the energy balance of thermalization as caimbe
ferred by its dim brightness. Clearly visible are spherigfaglls of

physical gas densitygss > 7.5x 10724 g cnt? for the classification
of an internal shock. With this criteriorgxternalshock surfaces
surround filaments, sheets, and haloes where the pristinbatd
cally cooling gas is shocked for the first time whiléernal shocks
are located within the regions bound by external shocks aed a
created by flow motions accompanying hierarchical strgcfor-
mation. Their population includes accretion shocks preduby
infalling material along the filaments into clusters, mergleocks
resulting from infalling haloes, and flow shocks inside rmoahr
structures which are excited by supersonic motions of subpkb.
The thermal gas of the warm-hot intergalactic medium hasaa lo
sound velocityc = +/ywP/p = /ynKT/(ump) owing to the low
temperature, so once theflise gas breaks on mildly nonlinear
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Figure 8. Environment of the largest galaxy cluster in our sample (@l core cluster) in the radiative simulation including CRenfi structure formation
shocks only. Shown are the projected density, mass-weldaiteperature, the Mach number of shocks weighted by thegissipation rate in colour (while
the brightness displays the logarithm of the dissipatide)raand the mass weighted CR pressure relative to the tatabpre. We performed line-of-sight
averages to obtain the projected quantities.

structures, strong shock waves develop that are charseteby The lower right-hand panel shows again the integrated Mach-n
high Mach numbers\l = vg/c. Nevertheless, the energy dissipa- ber distribution. This time, however, the shock populatisub-

tion rate of internal shocks is always higher compared terewt divided into two categories that are separated by the owsite
shocks within the WHIM because the mean shock speed and pre-thresholddgas > 10* to study the origin of the flat horizontal tail of
shock gas densities are significantly larger for internakss. the Mach number distribution extending to very high Mach Aum

) ) ) o bers in our simulation with radiative gas physics.
To quantify these considerations, we compute tliEegintial

Mach number distribution weighted by the shock-dissipatad Several important points are apparent. (1) The non-radiati
ergy PEgss(a, M)/(dlogadlogM) at different redshifts charac-  simulation shows a smooth distribution that is skewed td&ar
terised by scale fact@. The top left-hand panel of Fig. 10 shows lower values of the Mach number. The mean of the Mach number

this Mach number distribution in our non-radiative simidatof distribution weighted by the dissipated energy decreasessmic
a super-cluster region (g8), while the top right-hand paheiws time evolves, i.e. the average shock becomes weaker atitates.
this distribution for the radiative simulation using tharsinitial (2) In contrast, the radiative simulation shows a broad sginia
conditions. The lower left-hand panel shows both distidng in- distribution in logM at early times and develops later on a peak
tegrated over the scale factoEghy(M)/(d log M). Internal shocks at low Mach numbers that resembles that in the non-radiatge
are shown with dotted lines and external shocks with dashed.| followed by a significant disturbed tail towards higher Mazm-
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bers of M = 10. Due to this tail, the mean of the distribution is not
a monotonic function of time any more and achieves high \saie
(M dEgiss/(d log M))/{dEgiss/(d log M)y ~ 100 already az = 10.
This reflects the merging history of the clusters forming hatt
simulation in combination with the ongoing development efise
cooling regions that permit the formation of strong shoclsrd
merger events. (3) The time integrated Mach number didtabu
weighted by the dissipated energ¥s(M)/(dlogM), peaks at
Mach numbersM < 2. Compared to full-size cosmological sim-
ulations, the peak position remains unchanged while theoimo
tail in our non-radiative super-cluster simulation is sif towards
lower values (cf. Pfrommer et al. 2006, Fig. 6). In non-réde
simulations, the peak of the Mach number distribution orges
from weak flow shocks internal to dense halo regions, whike th
smooth tail towards strong shocks results from externaktlsho

where the difuse gas breaks on mildly nonlinear structures. These
under-dense regions are under-represented in our supseCkim-
ulation and thus we miss a subsample of this shock populetion
pared to the cosmic mean. (4) The horizontal tail extendimgtds
high Mach numbers in radiative simulations can unambiglydoes
attributed to internal shocks within cooled high-densigions of
Sqas > 10%. Part of this result is due to the over-cooling of these
dense regions in our radiative simulation, which yields aero
estimate of the Mach numbers due to the too small sound speeds
However, the main contribution in terms of energy dissipatrig-
inates from internal shocks that occur in regions with agiteek
overdensity 10< §qas < 10*. This is because most of the ICM that
is being virialised lies simply at overdensitiggs < 10%. (5) In both
types of simulations, there is an increasing amount of gneigsi-
pated at shock waves per logarithmic interval in the scaltofaas
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Figure 10. Influence of radiative cooling and star formation on the Maamber statistics of high-resolution cluster simulati¢@®). Thetop left-hand panel
shows the dferential Mach number distributior?Bgiss(a, M)/(d logadlog M) for our non-radiative simulation while thep right-hand panekhows this
distribution for the radiative simulation. THewer left-hand paneshows both distributions integrated over the scale faclBgiss(M)/(d log M). External
shocks (occurring in overdensitiégas = pgas/ (Qb per a3) — 1 < 10) are shown with dashed lines and internal shoéks & 10) with dotted lines. Theower
right-hand panekhows again the integrated Mach number distributidgy(M)/(d log M). Here, the shock populations are subdivided into two categ
that are separated by the overdensity threshiglg= 10*. This shows unambiguously that the flat tail of the Mach nundisgribution in radiative simulations
originates from internal shocks within cooled high-denségions that are almost absent in non-radiative simuiatio

the universe evolves because the mean shock speed is sigtiific
growing when the characteristic mass becomes larger witle.ti

This trend starts to levelfbat
are in place.

redshiftz ~ 1 when galaxy clusters

nitude largerEqgiss = 2.4 x 10°* erg. Normalising the Mach number
distribution Egiss(M)/(d log M) with Egss, We observe in our ra-
diative as well as in our non-radiative simulation that tharacter-
istic Mach number which is responsible for the energy destsgm
decreases with cluster mass due to the increasing sound Bpee

Figure 11 compares the shock strengths of our super-cluster more massive systems. In other words, weaker shocks arerresp

region (g8) with that of an
While the dissipated energ

isolated small cluster region g6
y integrated over the cosmic &érm

tion history in our simulation of the isolated small clus{g676)

amounts tEgiss = 2.4x 10f2 e

tion (g8) the amount of dissipated energy was two orders @-ma
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rg, in our large super-cluster simula-

sible for the energy dissipation in larger systems. Appdyethe
characteristic shock speed in these large systems doesanease
accordingly to make up for the increase in sound speed. Tms ¢
firms the suggestion of Jubelgas et al. (2006) that viribggpro-
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cesses in more massive systems is mediated by shocks willesma
Mach numbers. Since strong shocks are mdrective in acceler-
ating CRs, the relative CR pressure level is increased innass
halos as shown in Table 3 and Fig. 9.

3.4.3 Cosmic ray phase space distributions

Figure 12 compares the phase space distribution of the CR-pop
lation atz = O of a radiative simulation to a non-radiative simula-
tion. Specifically, we present the CR pressure relative ¢otlier-
mal pressureXcg, versus the overdensity of the gégs+ 1 =
Pyas/ (o per a®). Thus, this figure shows the variance Xar at

a given overdensityg,s in our simulations of cluster 10. At low
densities, both phase space distributions resemble eheh bbw
density regions are characterised by strong shocks thateatly
accelerate CRs and yield a high value Xdgz. As we move in-
wards the cluster, the density increases and the chastatesfiock
strength decreases which makes CR acceleration tBe®st; an
effect that reduceXcr. Adiabatic compression of a composite of
CRs and thermal gas disfavours the CR pressure relative thén-
mal pressure due to the softer equation of state of CRs. $his i
sualised by the black line which shows a track of constarrbpgt
Xcr o« 6ye8 "™ of a composite of CRs and thermal gas during adi-
abatic compression. Finally, CR loss processes are morertar

in denser regions, a third process that reduXgs While the story
ends here for the non-radiative simulations, it goes an napo
step beyond in radiative simulations. There, the thermalamls
on a small timescale, diminishes pressure support, coedenst
of the gaseous phase and eventually forms stars at the tdrdsac
tic density threshold as indicated by the white dashed lhean-
while, the relative CR pressure increases due to the cortiyelya
long CR cooling time leading to a CR pressure that dominates o
the thermal one at densitiég.s > 10*. Finally, at the star formation
threshold, we obtain a very broad distributionXefz.
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3.4.4 CR buoyancy —the generalised Schwarzschild criterio

Figure 13 shows the generalised Schwarzschild criteriorcdo-
vective instability of our sample of all clusters. The cribe for
convective stability is given by

AInA
(0} 5
AT ®)
where the fective entropic function is denoted = (Py, +

Pcr) p 7o (cf. EQn. (A8)). The ICM of our non-radiative and radia-
tive simulations is overall convectively stable. This is swrprise
since in any convective unstable region, the dynamics oirtsta-
bility will quickly restore a stable configuration, thus tabilities
are self-erasing. The radiative simulations show a largester-
to-cluster variation with respect to individual radial sjrprefer-
ably in merging clusters that are formally convectively tate.
Infalling clumps of matter distort the spherically averdg®ofile
such that the Schwarzschild criterion classifies them asemn
tively unstable. The simulations including CR physics dbstmw
significantly diferent behaviour compared to our reference simula-
tions. CRs from supernovae shocks that are injected neahtster
centre could have triggered convective instabilities appsed by
Chandran (2004), but this is not really seen in our simufetidhe
situation might be dferent and more unstable if one included an
additional central source in the form of CRs that auding out

of AGN bubbles at cluster centres.

3.5 Thermal cluster observables
3.5.1 Enhanced X-ray emission

Our map of the bolometric X-ray surface brightness in the
bremsstrahlung regime was produced by means of Eqn. (4), pro
jecting the quantity

1/2 2
a = o) (2]
keV umy

(6)
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Small cool core cluster: Large cool core cluster:
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Figure 14. Difference of the X-ray surface brightness in a radiative sitrorlavith CRs and the corresponding reference simulatidhaut CRs. Left-hand
side: small cool core cluster with a virial mass o8& 103 h~1 Mpc atz = 0, right-hand side: large cool core cluster with a virial ma$18 x 10'°h=1 Mpc.
Upper panels: simulations only account for CR acceleraimstructure formation shocks, lower panels: CRs from sup&re are also considered. The relative
difference of the integrated X-ray luminosity (excluding thetca over-cooling region of < 5h~1kpc) is given in the inlay.

_ [2nkeV\"? B7éb _ Ty, Lt X . in a radiative simulation with CRs and the correspondingneice
Ao = ( 3me ) 3hmc3 Ge(Ta) 2 ™ simulation without CRs. The small blue and yellow circlepree
1.78x 10 ergcm® s L. ®) sent individual galaxies in_ each of th_e simulati_ons whogitedid
not match up when one includesffdirent physical CR processes
such that small changes in the energy budget modify the tialac
orbits, accumulate and eventually lead to macroscopicratpa
of equivalent galaxies in the final spatial distribution Tlaft-hand
side shows a small cool core cluster with a virial mass today o
8.8 x 10 h~* Mpc (cluster 10) and the right-hand side a large cool
core cluster with a virial mass today of8lx 10'°h~* Mpc (clus-
ter 1). While the upper panels show the simulation that oty a
counts for CR acceleration at structure formation shodiesstmu-
lations displayed in the lower panels take also CRs fromsugyae
into account. The relative fierence of the integrated X-ray lumi-

Here, T, denotes the temperature of the SPH particle (labelled
with @), h denotes the Planck constaetthe elementary charge,
Xy = 0.76 is the primordial hydrogen mass fractign= 4/(5X4 +

3) = 0.588 is the mean molecular weight of fully ionised gas, and
Os =~ 1.2 is the frequency- and velocity-averaged Gaunt factor (Ry-
bicki & Lightman 1979; Spitzer 1978). To be self-consisteithin

the bremsstrahlung assumption, we assume a fully ionisedfja
primordial element composition which consists of hydrogernl
helium only.

Figure 14 shows the fierence of the X-ray surface brightness

© 2006 RAS, MNRASDO00Q, 1-25
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Table 4.: CRINDUCED RELATIVE DIFFERENCES OF THE X-RAY LUMINOSITY AND THE INTEGRATED COMPTON'y PARAMETER IN A REPRESENTATIVE CROSS SECTION OF OUR CLUSTER

SAMPLE.

T

Cl. sim’s dyn. stat® o ALy/LY ALy/LY AY/Y AY)Y AYo/Yo AYo/Yo Yo

[keV] shock-CRS) compl. CR§)  shock-CRS)  compl. CR®)  shock-CR®) compl. CR®) [1079]
1 g8a CcC 13.1 +23% +22% +0.1% -0.6% + 8% + 0% 26.7
2 gla CcC 10.6 +18% +14% +1.1% -0.1% + 8% - 4% 15.4
3 g72a PostM 9.4 + 9% +15% -1.6% -0.1% - 7% - 7% 14.6
5 glb M 4.7 +16% +69% -1.5% +1.1% + 7% - 4% 2.73
9 gld M 1.7 -10% + 8% -4.5% -2.2% -12% - 1% 0.475
10 g676 CcC 1.7 +29% +52% -0.8% -4.5% +23% +41% 0.960
11 g914 cC 1.6 +36% +23% -0.1% -3.7% +25% + 5% 1.01
NortEs:

(1) The definitions for the dynamical state of the cluster #nedvirial temperature is given in Table 2.

(2) The relative dierence of the integrated X-ray luminosity has been compwitibut taking into account the central over-cooling regis r < 5h~ kpc.
Positive values for the relative fiérence indicate an enhancement of the thermal clustervatiderwhen taking CRs into account.

(3) The shock-CR model is represented by our radiative sitimnls that account only for structure formation CRs while tomplete model is based on our

radiative simulations that take additionally supernoves@Ro account.

nosity (without the central over-cooling region of< 5h~*kpc)

is given in the inlay, appropriately colour-coded such ttat in-
tegrated CR #ect on the X-ray luminosity can be easily reafll o
from the colour bar. All these simulations show an enhancgme
of the central and integrated X-ray luminosity in our CR mlede
compared to our reference models without CRs. THisot derives
from the softer &ective adiabatic index in the CR simulations due
to the large ratio of the CR-to-thermal cooling time in thaster
centre, leading to a more compressible gas with an assdaare
sity increase that is required to balance the gravitatipmessure
of the dark matter. The resulting enhancement of the X-ray su
face brightness is more pronounced in small CC clustersalthest
higher level of relative CR pressure in combination with E&xed
spherically symmetric structure.

Our previous considerations are confirmed by analysinga rep
resentative subsample of our cluster simulations with eespo
mass and dynamical state in Table 4. Positive values foetaéve
difference indicate an enhancement of the thermal clusterwabser
able when taking CRs into account. While théfeliences of the
cool core cluster simulations yield a consistent pictureun runs
which account for CRs from structure formation shocks otiig
sign and the magnitude of the CR-inducedtkets in merging sys-
tems do not follow a uniform trend due to the merger inducéabin
mogeneities in the ICM. In our complete CR model, the clutier
cluster variation of the CR enhancement of equally sizestelhs is
larger due the CR injection by supernovae, which tracesubrewot
star formation rate rather than being an integrated measnethe
past clusterore activity like in our CR-shock runs.

We can get a quantitative idea of the approximate size of this
CR dfect by employing a toy model of cluster formation in the
presence of a CR component which we compare to a model with-
out CRs. Consider at some early stage araurd@— 3 a composite
of thermal gas and CRs that has been shock heated for thérfiest t
while it was collapsing into mildly non-linear structurekoday’s
analogue for such a state of the gas might be given by the WHIM
which is characterised by a comparatively high relative G&sp
sure contribution of roughlXcg ~ 0.3 — 0.5. Let us assume that
the initial thermal pressure in our reference model withG&s is
equivalent to the initial total pressure in our compositedelavith
CRS,P;‘MJ = Pio + Pcro = Pio (1 + Xcro), Where our reference
quantities are denoted by a star. Neglecting radiativeicgand
CR diffusion for simplicity, further accretion of new shells of reas
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onto the dark matter halo exerts a pressure that adialgtoxah-
presses the gas internal to the halo, yielding

Pt = PinoC™" and Pcr = Pcro C7R.

©)

While the gas in our reference model is compressed by therfact
C*, the compression factor in the CR model is given@yRe-
quiring that the final pressure after adiabatic compressidioth
models is equivalent to each other, we obtain the condition

C Yth C YCR
(C_) + Xcro (C) CrreR — (14 Xcro) = 0.

This equation can be solved for the combinat@fC*. Assuming
an initial relative CR pressure ofcro ~ 0.3, a compression factor
in the reference model @&* ~ 10, and equivalent initial densities
in both models, we obtain a density enhancement for our testet

in our CR model ofAp/p* ~ 15 per cent relative to the reference
model. The associated X-ray emission would be enhancedein th
presence of CRs by a factor aflLx/L} ~ 32 per cent compared
to the model without CRs. This result should be taken withaargr
of salt since we did not consider shock heating, radiativaing,
nor any CR transport and loss processes. It merely illetrétie
important éfect of the softer equation of state of CRs.

(10)

3.5.2 Modified Sunyaev-Zel'dovicffert

The amplitude of the thermal Sunyaev-Zel'dovicffieet is given
by the Comptony parameter and is proportional to the line-of-sight
integral of the thermal pressure which is obtained by réptae in
Eqgn. (4) by

o1
me ¢?
whereXy = 0.76 is the primordial hydrogen mass fractioq,, is
the ratio of electron and hydrogen number densities of the |[&&-
ticle (labelled witha)) which we dynamically track in our radiative
simulationsyu = 4/(3Xy + 1 + 4 Xy Xe,) denotes the mean molec-
ular weight of partly ionised gas, is the internal energy per unit
mass, ang, is the physical mass density of the SPH particle.

Figure 15 shows the flerence between the Comptgrpa-

rameter in a radiative simulation with CRs and the corredpun
reference simulation without CRs. The left-hand side sheamall
cool core cluster with a virial mass today of88< 10" h~* Mpc

a, = (yth - 1) XH Xe,rr/l Uy Pas (11)
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Figure 15.Difference of the Comptopparameter in a radiative simulation with CRs and the comadmg reference simulation without CRs. Left-hand side:
small cool core cluster with a virial mass aB& 103 h~1 Mpc atz = 0, right-hand side: large cool core cluster with a virial mas18x 10> h~1 Mpc. Upper
panels: simulations only account for CR acceleration atstre formation shocks, lower panels: additionally, CRsadso injected by supernova shocks. The

relative diterence of the integrated Comptgrparameter is given in the inlay.

(cluster 10) and the right-hand side displays a large co@ clus- mass. As analysed in Sect. 3.3, the high fraction of pressupe
ter with a virial mass today of.&x 10> h-* Mpc (cluster 1). While port provided by CRs in the central regions results in a higen-
the upper panels show the simulations that only account Poa& pressibility of the composite fluid, which in turn requiresaager
celeration at structure formation shocks, the simulatidisplayed overdensity in order to balance the gravitational presfuam the
in the lower panels take also CRs from supernovae into a¢coun dark matter and gas. This increases the central densityeafltts-
The relative diference of the integrated Comptgrparameter is ter and leads to a pressure enhancement, provided the kgtitos

given in the inlay, appropriately colour-coded such that@R ef- equation is applicable,Rf(dr) = pgasG M(< r)r=2. Hence, the

fect on the integrated Comptgnparameter can easily be reaff o Comptony parameter in our CR simulations shows a profile that is
from the colour bar. In the small cluster simulation, CR fesck more peaked compared to our reference case. The increased ce
leads to an enhancement of the central Comptparameter fol- tral Comptony parameter comprises a larger area in our CR-shock

lowed by a ring of a (much weaker) decrement. The more massive model compared to the complete CR model. This is due to thie add
system shows a more asymmetrifeiience map with a larger con-  tional CR injection from SN in our complete CR model that reeku
trast at the centre that is roughly one order of magnitudgelar  the amount of thermal SN feedback and thus reduces the Campto

compared to the smaller system, as expected for the largat vi y parameter.
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Table 4 confirms this finding in a representative cross sectio
of our clusters by showing the central Comptpparameter, as
well as the relative dierence ofyy. In practice, this quantity will
be smoothed by the experimental beam which we did not try to
model here. The behaviour afy,/y, is much more regular in our
shock-CR model since the CR¥ects are integrated over a longer
timescale. In contrast, there is a larger variatiomgg/yo in our
complete CR model, even among nearly similarly evolvings€lu
ters (cluster 10 and cluster 11), due to the central CR iigediy
supernovae which reflects the current central star formatte.

The total Comptory parametelY of a galaxy cluster is given
by the Comptorny parameter integrated over the solid angle element
subtended by the cluster,

o1 Ep
‘Lclustgg y(e) ‘[A‘Clusle?zx y(XL) yth - 1 rnecz '
whereD,,g is the angular diameter distance to the cluster. Interest-
ingly, the total Comptory parameter seems to be robust with re-
spect to CR feedback because it reflects the cluster’s totainal
energyEy. We confirm this finding by looking at a representative
cross section of clusters in our sample in Table 4. In largeclDE-
ters, CR feedback has a negligiblffeet on the total Comptoy-
while in merging clusters, the total Comptgrparameter can ei-
ther be slightly enhanced or decreased, depending on thgemer
virialisation progress of the induced shock waves leadintetn-
porary inhomogeneities in the ICM. In small CC clusters, ualeie
of Y is only slightly decreased in our CR-shock model while this
effect is more pronounced in our complete CR model whéie
systematically decreased by 4 per cent due to the additioRal
injection from SN that reduces the Comptpparameter.

Y = D?

ang

(12)

4 SUMMARY

We performed high-resolution simulations of a sample of 14
galaxy clusters that span a mass range from 503ht M, to

2 x 10'°h~1 M,, to study the &ects of cosmic rays (CRs) on ther-
mal cluster observables such as X-ray emission and the Bunya
Zeldovich dfect. In a systematic study, we analyse the @Rats

on the intra-cluster medium while simultaneously takingpiac-
count the cluster's dynamical state as well as the mass afitise
ter. The modelling of the cosmic ray physics includes adiaba
CR transport processes such as compression and rarefantida
number of physical source and sink terms which modify thergos
ray pressure of each particle. The most important sourcesid¢o
ered are injection by supernovae (in our radiative simafes) and
diffusive shock acceleration at cosmological structure faomat
shocks, while the primary sinks are thermalization by Cobdan-
teractions, and catastrophic losses by hadronic inter&tiWhile
the relative pressure contained in CRs within the viriaiwads of
the order of 2 per cent averaged over our cluster sample i non
radiative simulations, their average contribution rige32 per cent

in our simulations with dissipative gas physics includiagiative
cooling, star formation, and supernova feedback.

Our main findings for the CR pressure relative to the thermal
pressureXcg = Pcr/Piw can be summarised as follows. The CR
distribution in the dilute outskirts of cluster is domindtey the ef-
fective CR acceleration at strong structure formation Eaauch
as accretion and merger shocks. The relative CR presé&rele-
creases as we move inwards to smaller cluster radii thatteae c
acterised by an increase of the sound speed and the dengiity of
intracluster medium (ICM): (1) weak central flow shocks awefi-
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cientin accelerating CRs, (2) adiabatic compression ofhgpasite
of CRs and thermal gas disfavours the CR pressure relatitieeto
thermal pressure due to the softer equation of state of QRis(3)
CR loss processes are more important at the dense centres.
Interestingly, if we include radiative losses of the therges,
the relative CR pressure increases strongly towards ttstezlaen-
tre and inside dense galactic substructures within the I@ause
of the long CR cooling times compared to those of the therraal g
in these cooling environments. The thermal gas cools musterfa
radiatively and diminishes its pressure support while iadenses
out and forms stars that do not participate in the pressuenbe.
In contrast, at a fixed density, the CR cooling time of an aged C
population remains almost constant as the thermal gas i;goo
High fraction of pressure support provided by CRs yieldsghear
compressibility of the composite fluid that requires a largeer-
density in order to balance the gravitational pressure filoendark
matter and gas. This increases the density of each galabistrac-
ture as well as in the cluster centre where it leads to a pressu
hancement, provided the hydrostatic equation is appkcablit is
the case in cool core clusters. This higher density leadshigteer
rate of star formation and thus increases the central banaotion
strongly because gas from larger scales has to replenisbotie
densed gas in order to maintain hydrostatic equilibrium. note
that in real galaxy clusters thigfect is expected to be somewhat
weaker, because here strong cooling flows are suppressexhisy s
non-gravitational heating source. Nevertheless, thisvshitbat CR
populations injected from supernovae shocks on galactiesand
by structure formation shocks reinforce the cooling flowtpeon in
contemporary simulations rather than solving it. CRs frampes-
novae shocks that are injected near the cluster centre bawklin
principle triggered convective instabilities in the lightelativistic
CR component, but thiskect is not really seen in our simulations.
The dynamical state of the cluster crucially determines¢he
ative CR pressur&Xcg: (1) In the case of ongoing merger activ-
ity, the relative CR pressure is boosted due to strong mestyeck
waves that fectively inject CRs and mix the highly CR-enriched
intergalactic medium outside clusters with the ICM. (2) Ipast-
merger state, weak virialisation shocks traversing thsteluafter
the merger thermalize random gas motions, thereby inargake
thermal energy and yielding a decreaseXgk. CR loss processes
and adiabatic compression furthermore decre&ggn intermedi-
ate cluster regions with a comparatively long thermal euptime
scale. (3) Small cool core clusters are characterised byglehi
value of Xcg than more massive clusters, albeit the integratesl
is significantly reduced compared to our merging systemss ish
mainly due to the nature of the virialisation process wheeaker
shocks are responsible for the energy dissipation in lssgstiems.
This leads to a morefigcient CR energy injection in small sys-
tems and hence to a smaller valueXgk. Altogether, we observe a
strong correlation between merging activity and the leveXgk.
How does a CR componenfact thermal cluster observables?
We found out that central cluster regions of low-mass clssaee
most strongly ffected by the CR component which leads to an
enhanced central density and thermal pressure. Since ttay X-
emission scales as the square of the gas density, the X-ray Iu
minosity in low mass clusters of our CR simulations is bodste
by up toALx/Lx =~ 40 per cent. The amplitude of the thermal
Sunyaev-Zel'dovich fect is also modified by CR feedback. While
the central Comptol-parameter in these systems is increased by
AYo/Yo = 25 per cent, the integrated Sunyaev-Zel'dovitieet ap-
pears to be remarkably robust and the total flux decremernt onl
slightly reduced by typically 2 per cent. In merging clustethe
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sign and the magnitude of the CR-inducefkets are quite irregu-
lar due to the merger induced inhomogeneities in the ICM.
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APPENDIX A: SCHWARZSCHILD CRITERION FOR
CONVECTIVE STABILITY

This section follows the derivation by Chandran (2004) aexivés
a dimensionless criterion for convective stability in thegence
of a composite fluid of thermal gas and CRs. Consider a parcel
of thermal gas and CRs initially at a distance= rq from the
cluster centre. The parcel is displaced by a radial distayrce
r =ry = ro + Ar. For simplicity thermal conduction and CRfTdi-
sion into and out of the parcel are neglected so that the pexee
pands adiabatically from the gas dengitto p’. At the final stage,
the parcel is mixed with its surroundings. The volume ocedgy
the thermal gas and that occupied by the CRs expands by the sam
amount, implying

P _ P
Po  PCRO
The values op, Py,, andPcg in the parcel initially at the same av-
erage values at = ro which are denoted byg, P, and Pcro.
After the parcel is displaced radially outward, the new flgichn-
tities within the parcel are denoted, P,, andP.. The average
fluid quantities (outside the parcel) mat r; are denoteg;, P,

and Pcr;. The total pressure is given by the sum of the partial
pressures and denoted without any subscRpt Py, + Pcr. The
difference between the thermal gas density in the displaceélparc
and its surroundings at = r; is denoted by\p = p’ — p;. Other

=1+6. (A1)
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fluid quantities such as the thermal pressure are denotathdim
APy, = Py — Py, etc. Since the parcel expands adiabatically, we
have

P;h = Pth,O (1 + (5)71h and P/CR = PCR,O (1 + 6)7CR' (AZ)

Assuming that the turbulent velocities are subsonic, tte fwes-
sure inside the parcel approximately matches the averdge vat-
side the parcelP; = P’. We assume a small displacemégit] < r
and expand the average values of the density and the preagure
side the parcel at = r; into their Taylor series,

do dp

o Ar and Pr~P+ o Ar. (A3)

Employing adiabatic expansion of the total pressure withépar-
cel (Egn. A2), to lowest order inr /r we arrive at the following set
of equations,

1 dpP

pr=p+

N BN A4
6 ’yerf P dr r’ ( )

Ap 1 dP 1dp

e ('Yeff Pd p dr) Ar (43)

AA - (1dP yedp

A (P a o dr) AT (A6)

Here, we introduced for convenience thieetive adiabatic index
of the composite fluid,

_ dlog(Pw + Pcr) _ YthPin + ycr Per
Yer = d |ng P + Pcr

(A7)

and the &ective entropic functiolA = (Py, + Pcr) p 7. Since
we kept only the lowest orders, it is not necessary to spenify
Eqgns. (A4) to (A6) whether the hydrodynamic quantities asa-e
uated atro or ry, and hence we dropped the subscriptsporP,
etc. Since the displacemedit is a signed quantity, the criterion for
convective stability is

AlnA
Ar
For negligible CR pressure contribution, this criteriorgivalent

to the classical Schwarzschild criterion
Aln A
Ar

Interestingly, the ICM can be convectively unstable eveenvtihe
specific entropy of the thermal gas increases outward, ag dsn
dPcr/dr is negative and its absolute value iststiently large!

> 0. (A8)

> 0. (A9)

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