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ABSTRACT
We present a study of the effect of AGN feedback on metal enrichment and thermal proper-
ties of the intracluster medium (ICM) in hydrodynamical simulations of galaxy clusters. The
simulations are performed using a version of the TreePM-SPHGADGET-2code, which also
follows chemo-dynamical evolution by accounting for metalenrichment contributed by dif-
ferent stellar populations. We carry out cosmological simulations for a set of galaxy clusters,
covering the mass rangeM200 ≃ (0.1− 2.2)× 1015 h−1M⊙. Besides runs not including any
efficient form of energy feedback, we carry out simulations including three different feedback
schemes:(i) kinetic feedback in the form of galactic winds triggered by supernova explosions;
(ii) AGN feedback from gas accretion onto super-massive black holes (BHs);(iii) AGN feed-
back in which a ’radio mode’ is included with an efficient thermal coupling of the extracted
energy, whenever BHs enter in a quiescent accretion phase. Besides investigating the resulting
thermal properties of the ICM, we analyse in detail the effect that these feedback models have
on the ICM metal-enrichment. We find that AGN feedback has thedesired effect of quenching
star formation in the brightest cluster galaxies atz < 4 and provides correct temperature pro-
files in the central regions of galaxy groups. However, its effect is not yet sufficient to create
“cool cores” in massive clusters, while generating an excess of entropy in central regions of
galaxy groups. As for the pattern of metal distribution, AGNfeedback creates a widespread
enrichment in the outskirts of clusters, thanks to its efficiency in displacing enriched gas from
galactic halos to the inter-galactic medium. This turns into profiles of Iron abundance,ZFe ,
which are in better agreement with observational results, and into a more pristine enrichment
of the ICM around and beyond the cluster virial regions. Following the pattern of the relative
abundances of Silicon and Iron, we conclude that a significant fraction of the ICM enrichment
is contributed in simulations by a diffuse population of intra-cluster stars. Our simulations
also predict that profiles of theZSi/ZFe abundance ratio do not increase at increasing radii, at
least out to0.5Rvir. Our results clearly show that different sources of energy feedback leave
distinct imprints in the enrichment pattern of the ICM. Theyfurther demonstrate that such
imprints are more evident when looking at external regions,approaching the cluster virial
boundaries.

Key words: Cosmology: Theory – Methods: Numerical –X–Rays: Galaxies: Clusters –
Galaxies: Abundances – Galaxies: Intergalactic Medium

1 INTRODUCTION

High quality data from the current generation of X–ray satel-
lites (XMM-Newton, Chandra and Suzaku) have now established
a number of observational facts concerning the thermo-dynamical
and chemo-dynamical properties of the intra-cluster medium (ICM)
for statistically representative sets of galaxy clusters:core re-

gions of relaxed clusters show little evidence of gas coolerthan
about a third of the virial temperature (e.g., Peterson et al. 2001;
Böhringer et al. 2002; Sanderson et al. 2006); temperatureprofiles
have negative gradients outside core regions, a trend that ex-
tends out to the largest radii covered so far by observations(e.g.,
De Grandi & Molendi 2002; Vikhlinin et al. 2005; Zhang et al.
2006; Baldi et al. 2007; Pratt et al. 2007; Leccardi & Molendi
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2008b); gas entropy is higher than expected from simple self-
similar scaling properties of the ICM, not only in core regions, but
also out toR500

1 (e.g., Sun et al. 2009, and references therein); ra-
dial profiles of the Iron abundance show negative gradients,more
pronounced for relaxed “cool core” clusters, with central values
of ZFe approaching solar abundance and with a global enrich-
ment at a level of about 1/3–1/2ZF e,⊙ (e.g.,De Grandi et al. 2004;
Vikhlinin et al. 2005; de Plaa et al. 2006; Snowden et al. 2008;
Leccardi & Molendi 2008a; see Mushotzky 2004; Werner et al.
2008 for recent reviews).

Galaxy clusters arise from the collapse of density perturba-
tions over a scale of∼ 10h−1 comoving Mpc. As such, the
above observational properties of the ICM come from a non-trivial
interplay between the underlying cosmological scenario, which
shapes the large-scale structure of the Universe, and a number of
astrophysical processes (e.g., star formation, energy andchemi-
cal feedback from supernovae and AGN) taking place on much
smaller scales. Cosmological hydrodynamical simulationsrepre-
sent the modern instrument with which such complexities canbe
described as the result of hierarchical assembly of cosmic struc-
tures (e.g., Borgani & Kravtsov 2009, for a recent review). Indeed,
simulations of galaxy clusters reach nowadays a high enoughres-
olution, while including a realistic description of the above men-
tioned astrophysical processes, for them to provide a coherent
interpretative framework for X-ray observations. Quite remark-
ably, simulation predictions for the thermodynamical properties
of the ICM are in good agreement with observations, at least
outside the core regions: simulated profiles of gas density and
temperature match the observed ones at cluster-centric distances

∼
> 0.1R500 (e.g., Loken et al. 2002; Borgani et al. 2004; Kay et al.
2004; Roncarelli et al. 2006; Pratt et al. 2007; Nagai et al. 2007;
Croston et al. 2008); the observed entropy level atR500 is well re-
produced by simulations including radiative cooling and star for-
mation (e.g., Nagai et al. 2007; Borgani & Viel 2009). The situa-
tion is quite different within cluster cores, where simulations in-
cluding only stellar feedback generally fail at producing realistic
cool cores. The two clearest manifestations of this failureare rep-
resented by the behaviour of temperature and entropy profiles at
small radii,∼< 0.1R500 . Observations of cool core clusters show
that temperature profiles smoothly decline toward the centre, reach-
ing temperatures of about 1/3–1/2 of the maximum value, while the
entropy level at the smallest sampled scales is generally very low
(e.g., Sun et al. 2009; Sanderson et al. 2009a). On the contrary, ra-
diative simulations including a variety of models of stellar feedback
predict steep negative temperature gradients down to the innermost
resolved radii and central entropy levels much higher than observed
(e.g., Valdarnini 2003; Tornatore et al. 2003; Borgani et al. 2004;
Nagai et al. 2007; cf. also Kay et al. 2007). This failure of simula-
tions is generally interpreted as due to overcooling, whichtakes
place in simulated clusters even when including an efficientsu-
pernova (SN) feedback, and causes an excess of star formation in
the simulated brightest cluster galaxies (BCGs; Romeo et al. 2005;
Saro et al. 2006).

The generally accepted solution to these shortcomings of sim-
ulations is represented by AGN feedback. Indeed, the presence of
cavities in the ICM at the cluster centre is considered as thefinger-

1 Here and in the following we will indicate withR∆ the radius encom-
passing a mean density equal to∆ρcr, beingρcr = 3H2/8πG the critical
cosmic density. In a similar way, we will indicate withM∆ the mass con-
tained withinR∆.

print of the conversion of mechanical energy associated to AGN
jets into thermal energy (and possibly in a non–thermal content
of relativistic particles) through shocks (e.g., Mazzottaet al. 2004;
Fabian et al. 2005; McNamara et al. 2006; Sanders & Fabian 2007;
see McNamara & Nulsen 2007 for a review). Although analytical
arguments convincingly show that the energy radiated from gas ac-
cretion onto a central super-massive black hole (BH) is enough to
suppress gas cooling, it is all but clear how this energy is ther-
malised and distributed in the surrounding medium. A likelysce-
nario is that bubbles of high entropy gas are created at the ter-
mination of jets. Buoyancy of these bubbles in the ICM then dis-
tributes thermal energy over larger scales (e.g., Dalla Vecchia et al.
2004; Cattaneo et al. 2007). Crucial in this process is the stabil-
ity of the bubbles against gas dynamical instabilities which would
tend to destroy them quite rapidly. Indeed, detailed numerical sim-
ulations have demonstrated that gas circulation associated to jets
(e.g., Omma et al. 2004; Brighenti & Mathews 2006; Heinz et al.
2006), gas viscosity, magnetic fields (e.g., Ruszkowski et al. 2007)
and injection of cosmic rays (e.g., Ruszkowski et al. 2008) are all
expected to cooperate in determining the evolution of buoyant bub-
bles. Although highly instructive, all these simulations have been
performed for isolated halos and, as such, they describe neither the
cosmological growth and merging of black holes, nor the hierarchi-
cal assembly of galaxy clusters.

Springel et al. (2005) and Di Matteo et al. (2005) have pre-
sented a model that follows in a cosmological simulation theevolu-
tion of the BH population and the effect of energy feedback result-
ing from gas accretion onto BHs. In this model, BHs are treated as
sink particles which accrete from the surrounding gas according to
a Bondi accretion rate (e.g., Bondi 1952), with an upper limit pro-
vided by the Eddington rate (see also Booth & Schaye 2009). This
model was used by Bhattacharya et al. (2008), who run cosmolog-
ical simulations to study the effect of AGN feedback on galaxy
groups. They found that this feedback is effective in reducing star
formation in central regions and to displace gas towards outer re-
gions. However, the resulting entropy level within clustercores is
higher than observed. In its original version, the energy extracted
from BH accretion is locally distributed to the gas around the BHs
according to a SPH-kernel weighting scheme. This model has been
modified by Sijacki & Springel (2006) who included the possibil-
ity to inflate high-entropy bubbles in the ICM whenever accretion
onto the central BH enters in a quiescent “radio mode”. The under-
lying idea of injecting bubbles with this prescription was to pro-
vide a more realistic description of the effect of jet termination
on the ICM, although the effect of the jet itself was not included.
Puchwein et al. (2008) simulated a set of clusters and groupsto
show that this feedback scheme is able to reproduce the observed
slope of the relation between X–ray luminosity and temperature.
Sijacki et al. (2007) showed in a simulation of a single poor galaxy
cluster that the injection of bubbles is quite effective in suppress-
ing star formation in central regions. However, also in thiscase the
temperature profile in the core regions does not match the observed
slope, while more realistic temperature profiles can be produced if
bubble injection is associated to the injection of a non–thermal pop-
ulation of relativistic particles (Pfrommer et al. 2007; Sijacki et al.
2008). Although these authors presented results concerning the ef-
fect of AGN on the ICM thermodynamics, no detailed analysis has
been so far carried out to study the interplay between AGN and
chemical enrichment, by including a detailed chemo-dynamical de-
scription of the ICM.

Indeed, the amount and distribution of metals in the ICM pro-
vide an important diagnostic to reconstruct the past history of star
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formation and the role of gas-dynamical and feedback processes in
displacing metals from star forming regions (e.g., Mushotzky 2004;
Borgani et al. 2008; Schindler & Diaferio 2008, for reviews). Cos-
mological chemo-dynamical simulations of galaxy clustersgen-
erally show that the predicted profiles of Iron abundance are
steeper than observed (e.g., Valdarnini 2003; Tornatore etal. 2004;
Romeo et al. 2005; Tornatore et al. 2007; Davé et al. 2008), with
an excess of enrichment in the core regions. This is generally inter-
preted as due to the same excess of recent star formation in simu-
lated BCGs. However, Fabjan et al. (2008) showed that an excess
of recent star formation has also the effect of efficiently locking
recently-produced metals into stars, thereby preventing atoo fast
increase of the metallicity of the hot diffuse medium.

All the above analyses are based on different implementa-
tions of SN energy feedback, while only much less detailed anal-
yses of ICM metal enrichment have been so far presented by
also including AGN feedback in cosmological simulations (e.g.,
Sijacki et al. 2007; Moll et al. 2007). For instance, Roediger et al.
(2007) showed from simulations of isolated halos that buoyancy of
bubbles can actually displace a large amount of the central highly
enriched ICM, thus leading to a radical change of the metallicity
profiles, or even to a disruption of the metallicity gradients.

The aim of this paper is to present a detailed analysis of cos-
mological hydrodynamical simulations of galaxy clusters,which
have been carried out with theGADGET-2code (Springel 2005), by
combining the AGN feedback model described by Springel et al.
(2005) with the SPH implementation of chemo-dynamics presented
by Tornatore et al. (2007). Besides showing results on the effect of
combining metallicity–dependent cooling and AGN feedbackon
the ICM thermodynamics, we will focus our discussion on the dif-
ferent effects that SNe and AGN feedback have on the chemical
enrichment of the ICM. Although we will shortly discuss the effect
of different feedback sources on the pattern of star formation in the
BCG, the results presented in this paper will mainly concernthe
enrichment of the hot diffuse intra-cluster gas. We defer toa forth-
coming paper a detailed analysis of the effect of AGN feedback on
the population of cluster galaxies. The scheme of the paper is as
follows. We present in Section 2 the simulated clusters, andbriefly
describe the implementation of the chemical evolution model in
the GADGET-2code along with the SN and AGN feedback mod-
els. In Section 3 we show our results on the thermal properties of
the ICM and their comparison with observational results. Section
4 is devoted to the presentation of the results on the ICM chemi-
cal enrichment from our simulations and their comparison with the
most recent observations. We discuss our results and draw our main
conclusions in Section 5.

2 THE SIMULATIONS

2.1 The set of simulated clusters

Our set of simulated clusters is obtained from nine Lagrangian
regions extracted from a simulation containing only dark matter
(DM) with a box size of 479 h−1 Mpc (Yoshida et al. 2001), per-
formed for a flatΛ cold dark matter (CDM) cosmological model
with relevant parametersΩm = 0.3, h100 = 0.7, σ8 = 0.9.
This set of simulated clusters is described in detail by Dolag et al.
(2008). The regions are centred on nine galaxy clusters: fiveof them
have massesM200 ≃ 1.0×1014 h−1M⊙, while the remaining four
haveM200 ≃ (1.0 − 2.2) × 1015 h−1M⊙. The regions of three
largest objects also contain other clusters, so that we havein total

Table 1.Characteristics of the simulated clusters. Column 1: cluster name.
Column 2: mass contained withinR200 (units of 1014 h−1M⊙). Col-
umn 3: value ofR200 (units of h−1Mpc). Column 4: value of the
spectroscopic-like temperature withinR500, T500. Columns 5 and 6: mass
of the central BH hosted in the BCG for the AGN1 and AGN2 runs (units of
1010 h−1M⊙), respectively. For the g51 cluster, the two additional values
reported for the mass of the central BH refer to the AGN2(0.8)and AGN2W
runs (see text) and are indicated with the† and‡ symbol, respectively.

Cluster M200 R200 T500 MBH

AGN1 AGN2

g1.a 12.69 1.76 9.71 56.22 15.74
g1.b 3.64 1.16 3.39 7.96 2.52
g1.c 1.36 0.84 2.03 4.63 1.32
g1.d 1.04 0.76 1.82 1.59 0.46
g1.e 0.62 0.64 1.44 0.84 0.30

g8.a 18.51 2.00 12.82 113.50 27.73
g8.b 0.65 0.65 1.41 2.58 0.88
g8.c 0.52 0.61 1.42 1.74 0.63

g51 10.95 1.68 7.55 43.38 16.50
6.18†

15.02‡

g72.a 10.57 1.66 8.67 48.74 13.87
g72.b 1.48 0.86 2.18 3.79 1.34

g676 0.87 0.72 1.91 3.03 0.95
g914 0.88 0.72 2.03 2.89 1.13
g1542 0.83 0.71 1.79 2.54 0.79
g3344 0.92 0.74 2.03 3.15 1.29
g6212 0.89 0.73 2.02 2.57 0.99

Table 2.Resolution of the different runs. Column 2-3: mass of the DM par-
ticles and initial mass of the gas particles (units of108 h−1M⊙). Column
4: value of the Plummer-equivalent gravitational force softening atz = 0

(units of h−1kpc). Column 5: clusters simulated at each resolution.

MDM mgas ε Clusters

Low res. 11.0 2.03 5.00 g1, g8, g51, g72, g676
High res. 1.69 0.31 2.75 g676, g914, g1542, g3344,

g6212

18 clusters withM200∼
> 5× 1013 h−1M⊙, whose basic character-

istics are reported in Table 1.
Each region was re-simulated using the zoomed initial condi-

tion (ZIC) technique by Tormen et al. (1997). The relative mass of
the gas and dark matter (DM) particles within the high–resolution
region of each simulation is set so thatΩbar = 0.045 for the den-
sity parameter contributed by baryons. For each Lagrangianregion,
initial conditions have been generated at a basic resolution and at
6.5 times higher mass resolution. At this higher resolution, the mass
of the DM and gas particles aremDM ≃ 1.9 × 108 h−1M⊙ and
mgas = 2.8 × 107 h−1M⊙ respectively, with Plummer equiva-
lent softening length for the computation of the gravitational force
set to ε = 2.75 h−1kpc in physical units belowz = 2 and
to ε = 8.25 h−1kpc in comoving units at higher redshifts. In
the lower resolution runs, these values are rescaled according to
m

−1/3

DM . We decided to simulate the nine Lagrangian regions with
massive clusters at the lower resolution, while we used the higher
resolution for the five low-mass clusters. Only the low-massg676
cluster was simulated at both resolutions. We provide in Table 2 a
description of the parameters for the two different resolutions, also
listing the clusters simulated at each resolution.
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2.2 The simulation code

Our simulations were performed using the TreePM-SPH
GADGET-2 code (Springel 2005). All simulations include a
metallicity-dependent radiative cooling (Sutherland & Dopita
1993), heating from a uniform time-dependent ultraviolet back-
ground (Haardt & Madau 1996) and the effective model by
Springel & Hernquist (2003) for the description of star formation.
In this model, gas particles above a given density are treated as
multiphase, so as to provide a sub–resolution description of the
inter-stellar medium. In the following, we assume the density
threshold for the onset of star formation in multiphase gas particles
to be nH = 0.1cm−3 in terms of number density of hydrogen
atoms. Our simulations also include a detailed model of chemical
evolution by Tornatore et al. (2007, T07 hereafter). We address
the reader to T07 for a more detailed description of this model.
Metals are produced by SNe-II, SNe-Ia and intermediate and
low-mass stars in the asymptotic giant branch (AGB hereafter).
We assume SNe-II to arise from stars having mass above8M⊙.
As for the SNe-Ia, we assume their progenitors to be binary
systems, whose total mass lies in the range (3–16)M⊙. Metals
and energy are released by stars of different mass by properly
accounting for mass–dependent lifetimes. In this work we as-
sume the lifetime function proposed by Padovani & Matteucci
(1993), while we assume the standard stellar initial mass function
(IMF) by Salpeter (1955). We adopt the metallicity–dependent
stellar yields by Woosley & Weaver (1995) for SNe-II, the yields
by van den Hoek & Groenewegen (1997) for the AGB and by
Thielemann et al. (2003) for SNe-Ia. The version of the code used
for the simulations presented here allowed us to follow H, He, C,
O, Mg, S, Si and Fe. Once produced by a star particle, metals are
then spread to the surrounding gas particles by using the B-spline
kernel with weights computed over 64 neighbours and taken tobe
proportional to the volume of each particle (see T07 for detailed
tests on the effect of choosing different weighting schemesto
spread metals).

2.3 Feedback models

In the simulations presented in this paper we model two different
sources of energy feedback. The first one is the kinetic feedback
model implemented by Springel & Hernquist (2003), in which en-
ergy released by SN-II triggers galactic winds, with mass up-
load rate assumed to be proportional to the star formation rate,
ṀW = ηṀ⋆. Therefore, fixing the parameterη and the wind ve-
locity vW amounts to fix the total energy carried by the winds.
In the following, we assumeη = 2 for the mass-upload parameter
andvW = 500 kms−1 for the wind velocity. If each SN-II releases
1051 ergs, the above choice of parameters corresponds to assuming
that SNe-II power galactic outflows with nearly unity efficiency for
a Salpeter IMF (see Springel & Hernquist 2003).

Furthermore, we include in our simulations the effect of
feedback energy released by gas accretion onto super-massive
black holes (BHs), following the scheme originally introduced by
Springel et al. (2005, SDH05 hereafter; see also Di Matteo etal.
2005, 2008; Booth & Schaye 2009). We refer to SDH05 for a more
detailed description. In this model, BHs are represented bycolli-
sionless sink particles of initially very small mass, that are allowed
to subsequently grow via gas accretion and through mergers with
other BHs during close encounters. During the growth of structures,
we seed every new dark matter halo above a certain mass threshold
Mth, identified by a run-time friends-of-friends algorithm, with a

central BH of mass105 h−1M⊙, provided the halo does not con-
tain any BH yet. For the runs at the lower resolution the valueof
the halo mass assumed to seed BHs isMth = 5 × 1010 h−1M⊙,
so that it is resolved with about 40 DM particles. At the higher
resolution the halo mass threshold for BH seeding decreasesto
Mth = 1010 h−1M⊙, so as to resolve it with approximately the
same number of particles. We verified that using in the higher-
resolution runs the same value ofMth as in the low-resolution runs
causes the effect of BH accretion to be shifted toward lower red-
shift, since its onset has to await the formation of more massive
halos, while leaving the final properties of galaxy clustersalmost
unaffected.

Once seeded, each BH can then grow by local gas accretion,
with a rate given by

ṀBH = min
(

ṀB , ṀEdd

)

(1)

or by merging with other BHs. HerėMB is the accretion rate esti-
mated with the Bondi-Hoyle-Lyttleton formula (Hoyle & Lyttleton
1939; Bondi & Hoyle 1944; Bondi 1952), whilėMEdd is the Ed-
dington rate. The latter is inversely proportional to the radiative
efficiencyǫr, which gives the radiated energy in units of the energy
associated to the accreted mass:

ǫr =
Lr

ṀBHc2
. (2)

Following Springel et al. (2005), we useǫr = 0.1 as a reference
value, which is typical for a radiatively efficient accretion onto a
Schwartzschild BH (Shakura & Syunyaev 1973). The model then
assumes that a fractionǫf of the radiated energy is thermally
coupled to the surrounding gas, so thatĖfeed = ǫrǫfṀBHc2

is the rate of provided energy feedback. In standard AGN feed-
back implementation we useǫf = 0.05 following Di Matteo et al.
(2005), who were able with this value to reproduce the observed
MBH − σ relation between bulge velocity dispersion and mass of
the hosted BH (e.g., Magorrian et al. 1998). This choice was also
found to be consistent with the value required in semi-analytical
models to explain the evolution of the number density of quasars
(Wyithe & Loeb 2003).

Gas swallowed by the BH is implemented in a stochastic way,
by assigning to each neighbour gas particle a probability ofcon-
tributing to the accretion, which is proportional to the SPHkernel
weight computed at the particle position. Differently fromSDH05,
we assume that each selected gas particle contributes to theaccre-
tion with 1/3 of its mass, instead of being completely swallowed.
In this way, a larger number of particles contribute to the accretion,
which is then followed in a more continuous way. We remind that
in the SDH05 scheme, this stochastic accretion is used only to in-
crease the dynamic mass of the BHs, while their mass enteringin
the computation of the accretion rate is followed in a continuous
way, by using the analytic expression forṀBH . Once the amount
of energy to be thermalised is computed for each BH at a given
time-step, one has to distribute this energy to the surrounding gas
particles. In their original formulation, SDH05 distributed this en-
ergy using the SPH kernel.

Besides following this standard implementation of the AGN
feedback, we also follow an alternative prescription, which differ
from the original one in two aspects.

Firstly, following Sijacki et al. (2007), we assume that a tran-
sition from a “quasar” phase to “radio” mode of the BH feedback
takes place whenever the accretion rate falls below a given limit
(e.g., Churazov et al. 2005, and references therein), corresponding
to ṀBH/ṀEdd < 10−2, which implies an increase of the feed-
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back efficiency toǫf = 0.2. At high redshift BHs are characterised
by high accretion rates and power very luminous quasars, with only
a small fraction of the radiated energy being thermally coupled to
the surrounding gas. On the other hand, BHs hosted within very
massive halos at lower redshift are expected to accrete at a rate
well below the Eddington limit, while the energy is mostly released
in a kinetic form, eventually thermalised in the surrounding gas
through shocks. Secondly, instead of distributing the energy using
a SPH kernel, we distribute it using a top-hat kernel, havingradius
given by the SPH smoothing length. In order to avoid spreading the
energy within a too small sphere, we assume a minimum spread-
ing length of2h−1kpc. The rationale behind the choice of the
top-hat kernel is to provide a more uniform distribution of energy,
thus mimicking the effect of inflating bubbles in correspondence
of the termination of the AGN jets. It is well known that a num-
ber of physical processes need to be adequately included fora fully
self-consistent description of bubble injection and buoyancy: gas-
dynamical effects related to jets, magnetic fields, viscosity, thermal
conduction, injection of relativistic particles.

In particular, a number of studies based on simulations of iso-
lated halos (e.g., Omma et al. 2004; Brighenti & Mathews 2006)
have pointed out that gas circulation generated by jets provides an
important contribution for the stabilization of cooling flows (see
also Heinz et al. 2006, for a cosmological simulation of cluster for-
mation including jets). In its current implementation, themodel of
BH feedback included in our simulations neglects any kinetic feed-
back associated to jets. Based on an analytical model, Pope (2009)
computed the typical scale of transition from kinetic to thermal
feedback regime for AGN in elliptical galaxies and clusters. As
a result, he found that the effect of momentum carried by jetscan
be neglected on scales∼> 20 kpc, the exact value depending on the
local conditions of the gas and on the injection rate of kinetic and
thermal energy. In order to compare such a scale to that actually
resolved in our simulations, we remind the reader that SPH hydro-
dynamics is numerically converged on scales about 6 times larger
than the Plummer–equivalent softening scale for gravitational force
(e.g., Borgani et al. 2002). Owing to the values of the gravitational
softening reported in Table 2, the scales resolved in our simulations
are not in the regime where kinetic feedback is expected to domi-
nate, thus justifying the adoption of a purely thermal feedback. As
a further test, we have computed the radius of the top–hat kernel
within which energy is distributed around the central BHs inour
simulated clusters. As a few examples, we found atz = 0 this ra-
dius to be 21 kpc and 23 kpc for the AGN2 runs of the g72 and g676
clusters, respectively. This implies that we are in fact distributing
thermal energy over scales where kinetic feedback should not be
dominant.

In view of the difficulty of self–consistently including theco-
operative effect of all the physical processes we listed above, we
prefer here to follow a rather simplified approach and see to what
extent [results on] the final results of our simulations are sensitive
to variations in the implementation of the BH feedback model.

In summary, we performed four series of runs, corresponding
to as many prescription for energy feedback.

(a) No feedback (NF hereafter): neither galactic winds nor AGN
feedback is included.
(b) Galactic winds (W hereafter) included by following the model

by Springel & Hernquist (2003), withvw = 500 kms−1 andη = 2
for the wind mass upload.
(c) Standard implementation of AGN feedback from BH accre-

tion (AGN1 hereafter), usingǫf = 0.05 for the feedback efficiency.

(d) Modified version of the AGN feedback (AGN2 hereafter),
with feedback efficiency increasing fromǫf = 0.05 to ǫf = 0.2
whenṀBH/ṀEdd < 10−2, and distribution of energy around the
BH with a top-hat kernel.

In order to further explore the parameter space of the consid-
ered feedback models we also carried out one simulation of the
g51 cluster based on the AGN2 scheme, but with the feedback effi-
ciency increased toǫf = 0.8 (AGN2(0.8) hereafter). We also note
that our simulations include either winds triggered by SN explo-
sions or AGN feedback. While this choice is done with the purpose
of separate the effects of these two feedback sources, we expect in
realistic cases that both AGN and SN feedback should cooperate
in determining the star formation history of galaxies. In order to
verify the effect of combining the two feedback sources, we car-
ried out one simulation of the AGN2 scheme for the g51 cluster,
in which also galactic winds with a velocityvw = 300 kms−1 are
included (AGN2W hereafter).

Before starting the presentation of the results on the thermal
and enrichment properties of the ICM, we briefly comment on the
results concerning the mass of the central black holes in thesimu-
lations including AGN feedback, and the star formation rate(SFR)
history of the brightest cluster galaxies (BCGs).

Looking at Table 1, we note that our simulations predict
rather large masses for the super-massive BHs hosted in the central
galaxies. Quite interestingly, the AGN2 runs generally produce BH
masses which are smaller, by a factor 3–5, than for the AGN1 runs.
This demonstrates that including the more efficient “radio mode”
for the feedback and distributing the energy in a more uniform
way has a significant effect in regulating gas accretion. Although
BCGs are known to host BHs which are more massive than ex-
pected for normal early type galaxies of comparable mass (e.g.,
Lauer et al. 2007), the BH masses from our simulations seem ex-
ceedingly large, also for the AGN2 model. For instance, the BH
mass hosted by M87, within the relatively poor Virgo cluster, is
mBH ≃ (3 − 4) × 109M⊙ (e.g., Rafferty et al. 2006). This is
about a factor 3–5 smaller than found in our AGN2 runs for clus-
ters of comparable mass,M200 ≃ 2 × 1014 h−1M⊙. We note that
increasing the radio-mode feedback efficiency fromǫf = 0.2 to 0.8
(AGN2(0.8) run) reduces the mass of the central black hole inthe
g51 cluster frommBH ≃ 16.5 × 109M⊙ to≃ 6.2 × 109M⊙ (see
Table 1). This suggests that a highly efficient thermalization of the
energy extracted from the BH is required to regulate gas accretion
to the observed level. Quite interestingly, we also note that adding
the effect of galactic winds in the AGN2 scheme (AGN2W run)
only provides a marginal reduction of the final mass of the central
BH. Therefore, although galactic winds can play a significant role
in regulating star formation within relatively small galaxies, they
are not efficient in decreasing gas density around the largest BHs,
so as to suppress their accretion rate.

As for the comparison with previous analyses, Sijacki et al.
(2007) performed a simulation of the same g676 cluster included
in our simulation set at the lower resolution, for their feedback
scheme based on the injection of AGN driven bubbles. They found
that the final mass of the central BH ismBH ≃ 6 × 109 h−1M⊙.
This value is about 30 per cent lower than what we find for the
AGN2 runs of g676. In order to compare more closely with the
result by Sijacki et al. (2007), we repeated the run of the g676
cluster by switching off the metallicity-dependence of thecool-
ing function. As a result, BH accretion proceeds in a less effi-
cient way, and the resulting central BH mass in this case drops to
≃ 3.5 × 109 h−1M⊙.



6 Fabjan et al.

As for the SFR history of the BCG, this is estimated by identi-
fying first all the stars belonging to the BCG atz = 0. This has been
done by running the SKID group-finding algorithm (Stadel 2001),
using the same procedure described by Saro et al. (2006). After tag-
ging all the star particles belonging to the BCG, we reconstruct the
SFR history by using the information on the redshift at whicheach
star particle has been spawned by a parent gas particle, according
to the stochastic algorithm of star formation implemented in the ef-
fective model by Springel & Hernquist (2003). The resultingSFR
histories for the BCG of the g51 clusters are shown in the leftpanel
of Figure 1.

As expected, the run with no efficient feedback (NF) produces
the highest star formation at all epochs: SFR has a peak atz ≃ 4
and then drops as a consequence of the exhaustion of gas with short
cooling time. Despite this fast reduction of the SFR, its level at
z = 0 is still rather large,≃ 400 h−1M⊙ yr−1. As for the run
with winds, it has a reduced SFR since the very beginning, owing
to the efficiency of this feedback scheme in suppressing starfor-
mation within small galaxies which form already at high redshift.
Also in this case, the peak of star formation takes place atz ∼ 4,
but with an amplitude which is about 40 per cent lower than forthe
NF runs and with a more gentle decline afterwards. As for the runs
with AGN feedback, their SFR history is quite similar to thatof the
W run down toz ≃ 5. Star formation is then suddenly quenched
at z∼

< 4. We note in general that SFR for the AGN1 model lies
slightly below that of the AGN2 model, as a consequence of both
the different way of distributing energy and, at low redshift, of the
inclusion of the radio mode assumed in the quiescent BH accretion
phase. Suppression of the SF at relatively low redshift is exactly
the welcome effect of AGN feedback. Atz = 0, the resulting SFR
is of about70M⊙yr−1 for both models, a value which is closer to,
although still higher than the typical values of SFR observed in the
BCGs of clusters of comparable mass. (e.g., Rafferty et al. 2006).
Quite interestingly, increasing the feedback efficiency toǫf = 0.8
in the AGN2(0.8) run does not significantly affect the level of low-
redshift star formation, while it suppresses star formation by only
∼ 10 per cent around the peak of efficiency. Therefore, while a
higher efficiency is indeed effective in suppressing gas accretion
onto the central BH, a further reduction of star formation associ-
ated to the BCG should require a different way of thermalizing the
radiated energy. As for the AGN2W run, its SFR at high redshift is
lower than for the AGN2 run, due to the effect of winds, while no
significant change is observed atz∼

< 3.
In the right panel of Fig.1 we plot the stellar mass found in the

BCG atz = 0 that is formed before a given redshift. According
to this definition, this quantity is the integral of the SFR plotted in
the right panel, computed from a given redshiftz to infinity. This
plot clearly shows the different effect that winds and AGN feed-
back have in making the BGC stellar population older. In the NF
and W runs, the redshift at which 50 per cent of the BCG stellar
mass was already in place isz50 ≃ 2. This indicates that even an
efficient SN feedback is not able to make the stellar population of
the BCG older. On the contrary, the effect of AGN feedback takes
place mostly at relatively low reshift. As a consequence theage of
the BGC stellar population increases, withz50 ≃ 3.0−3.6, almost
independent of the detail of the AGN feedback scheme.

3 THERMAL PROPERTIES OF THE ICM

Galaxy clusters are identified in each simulation box by running
first a friends-of-friends (FOF) algorithm over the high resolution

DM particles, using a linking length of0.15 in terms of the mean
inter-particle separation. Within each FOF group, we identify the
DM particle having the minimum value of the gravitational poten-
tial and take its position to correspond to the centre of the cluster.
All profiles are then computed starting from this centre. Thesmall-
est radius that we use to compute profiles encompasses a minimum
number of100 SPH particles, a criterion that gives numerically
converged results for profiles of gas density and temperature in
non–radiative simulations (e.g., Borgani et al. 2002). As we shall
see in the following, profiles computed with this criterion will ex-
tend to smaller radii for those runs which have a higher gas density
at the centre, while stopping at relatively larger radii forthe runs in-
cluding AGN feedback, which are characterised by a lower central
gas density.

3.1 The luminosity-temperature relation

The relation between bolometric X–ray luminosity,LX and ICM
temperature,T , provided one of the first evidences that non–
gravitational effects determine the thermo-dynamical properties of
the ICM (e.g., Voit 2005, for a review). Its slope at the scaleof
clusters is observed to beLX ∝ T α with α ≃ 2.5–3 (e.g., Horner
2001; Pratt et al. 2009), and possibly even steeper or with a larger
scatter at the scale of galaxy groups (e.g., Osmond & Ponman
2004). These results are at variance with respect to the prediction,
α = 2, of self-similar models based only on the effect of gravita-
tional gas accretion (e.g., Kaiser 1986). Attempts to reproduce the
observedLX–T relation with hydrodynamic simulations of clus-
ters have been pursued by several groups (see Borgani et al. 2008,
for a recent review). Simulations of galaxy clusters including the ef-
fect of star formation and SN feedback in the form of energy–driven
galactic winds produce results which are close to observations
at the scale of clusters, while generally producing too luminous
galaxy groups (e.g., Borgani et al. 2004). Although a closeragree-
ment with observations at the scale of groups can be obtainedby
using SN–triggered momentum–driven winds (Davé et al. 2008),
there is a general consensus that stellar feedback can not reproduce
at the same time both the observedLX–T relation and the low star
formation rate observed in central cluster galaxies. Puchwein et al.
(2008) presented results on theLX–T relation for simulations of
galaxy clusters which included the bubble–driven AGN feedback
scheme introduced by Sijacki et al. (2007). They concluded that,
while simulations not including any efficient feedback (in fact,
quite similar to our NF runs) produce overluminous objects,their
mechanism for AGN feedback is efficient in suppressing the X–ray
luminosity of clusters and groups at the observed level.

We present here our results on theLX–T relation, keeping
in mind that our simulations differ from those by Puchwein etal.
(2008) both in the details of the implementation of the AGN feed-
back scheme and in the treatment of the metallicity dependence of
the cooling function. In the left panel of Figure 2 we show there-
sults for our runs based on SN galactic winds (W runs) and for the
runs not including any efficient feedback (NF runs). Filled sym-
bols refer to the main halo of each simulated Lagrangian region,
while open circles are for the “satellites”. Although we findsev-
eral satellites having a temperature comparable to those ofthe low-
mass main halos (see also Table 1), we remind that these satellites
are described with a mass resolution six times lower than that of the
low-mass main halos. We note that the NF runs provide aLX–T re-
lation which is not far from the observed one, especially at the scale
of groups. The reason for this closer agreement, with respect to the
result by Puchwein et al. (2008) lies in the fact that these authors
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Figure 1. Left panel: the history of star formation rate of the brightest cluster galaxy (BCG) in the g51 cluster for the runs with nofeedback (NF, blue short-
dashed), with galactic winds (W, green dashed), with standard AGN feedback (AGN1, red dot-dashed) and with modified AGN feedback (AGN2, light-blue
solid). Also shown are the results for the AGN2 run with higher radio-mode BH feedback efficiency (AGN2(0.8), purple long-dashed) and for the AGN2 run
also including galactic winds (AGN2W, magenta dotted). Right panel: the stellar mass found in the BCG atz = 0 that was formed before a given redshift.

adopted a cooling function computed for zero metallicity. Includ-
ing the contribution of metal lines to the radiative losses increases
cooling efficiency and, therefore, gas removal from the hot X–ray
emitting phase. However, the price to pay for this reductionof X–
ray luminosity is that a far too large baryon fraction is converted
into stars within clusters (see below). Quite paradoxically, we also
note than including an efficient feedback in the form of galactic
winds turns into an increase of X–ray luminosity. This is dueto the
fact that this feedback prevents a substantial amount of gasfrom
cooling, without displacing it from the central cluster regions, thus
increasing the amount of X-ray emitting ICM.

In order to asses the effect of the different resolution usedfor
large and small clusters, we carried out runs of g676 at the same
lower resolution of the massive clusters. The results are shown in
Fig. 2 with black diamonds connected with arrows to the corre-
sponding higher resolution result. We note that resolutioneffects
go in opposite directions for the NF and W runs. In fact, in the
absence of winds, the runaway of cooling with resolution removes
from the hot phase a larger amount of gas, thus decreasing X–ray
luminosity. On the contrary, higher resolution allows a more ac-
curate description of kinetic feedback, which starts heating gas at
higher redshift. As a consequence, radiative losses are compensated
at higher resolution for a larger amount of diffuse baryons,which
remain in the hot phase, thereby increasing the X–ray luminosity.

As for the runs with AGN feedback, it is quite efficient in
decreasing X–ray luminosity at the scale of galaxy groups, thus
well recovering the observedLX–T relation. This conclusion holds
for both implementations of the AGN feedback, which have rather
small differences. Therefore, although the AGN2 scheme is more
efficient in regulating the growth of the central BHs hosted within
the BCGs, it has a marginal effect on the X–ray luminosity. These
results are in line with those found by Puchwein et al. (2008), who
however used the injection of heated bubbles to distribute the en-
ergy extracted from the BH accretion. This witnesses that the feed-
back energy associated to gas accretion onto super-massiveBHs is

indeed able to produce a realisticLX–T relation, almost indepen-
dent of the detail of how the energy is thermalised in the surround-
ing medium.

3.2 The entropy of the ICM

Entropy level in central regions of clusters and groups is consid-
ered another fingerprint of the mechanisms which determine the
thermodynamical history of the ICM. Early observational results
on the presence of entropy cores (e.g., Ponman et al. 1999) have
been more recently revised, in the light of higher quality data
from Chandra (e.g., Cavagnolo et al. 2009) and XMM–Newton
(e.g., Johnson et al. 2009) observations. These more recentanaly-
ses show that entropy level of clusters and groups atR500 is higher
than predicted by non–radiative simulations, with entropyprofiles
for relaxed systems continuously decreasing down to the smallest
resolved radii (see also Sun et al. 2009).

While radiative simulations of galaxy clusters have been gen-
erally shown to reproduce observationalr results atR500 (e.g.,
Nagai et al. 2007; Davé et al. 2008), they generally predicttoo low
entropy levels at smaller radii. For instance, Borgani & Viel (2009)
have shown that the entropy atR2500 can be reproduced by re-
sorting to a fairly strong pre-heating atz = 4. However, this pre-
heating must target only relatively overdense regions, to prevent the
creation of too large voids in the structure of the Lyman-α forest at
z ∼ 2 (see also Shang et al. 2007).

In the following we use the standard definition of entropy,
which is usually adopted in X–ray studies of galaxy clusters(e.g.,
Sun et al. 2009):

K∆ =
T∆

n
2/3

e,∆

, (3)

whereT∆ andne,∆ are the values of gas temperature and electron
number density computed atR∆. As for the temperature, it is com-
puted by following the prescription of spectroscopic like temper-
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Figure 2. Relation between X–ray luminosity and temperature for simulated (coloured symbols) and observed (grey points with errorbars) clusters and groups.
Observational data points are from Arnaud & Evrard (1999) (grey diamonds) and Pratt et al. (2009) (grey squares) for clusters, from Osmond & Ponman (2004)
(grey circles) for groups and from Horner (2001) (grey triangles). Data from simulations were computed insideR500. Left panel: results for the no feedback
case (NF, blue triangles) and for the case with galactic winds (W, green squares). Right panel: results for the runs with standard AGN feedback (AGN1, red
circles) and with the modified AGN feedback scheme, where also a radio-mode regime is included (see text, AGN2; cyan circles). For each series of runs,
filled and open symbols refer to the main halo within each resimulated Lagrangian region and to “satellite” halos respectively. Black diamonds refer to the
runs at1× resolution, with arrows pointing to results at6× higher resolution for the g676 cluster.

ature introduced by Mazzotta et al. (2004). This definition of tem-
perature has been shown to accurately reproduce, within fewper-
cents, the actual spectroscopic temperature obtained by fitting spec-
tra of simulated clusters with a single–temperature plasmamodel,
within the typical energy bands where detectors on-board ofpresent
X–ray satellites are typically sensitive.

We show in Figure 3 the comparison between our simulations
and observational data on groups (Sun et al. 2009) and on clusters
(Vikhlinin et al. 2009) for the relation between entropy andtem-
perature atR500 andR2500 (upper and lower panels, respectively).
In order to reproduce the procedure adopted by Sun et al. (2009),
we compute the spectroscopic–like temperature of simulated clus-
ters by excluding the core regions within0.15R500 . As for the runs
with no efficient feedback (NF) we note that they produce entropy
levels, at bothR500 andR2500, which are close to the observed
ones. This result can be explained in the same way as that found
for the LX–T relation: overcooling, not balanced by an efficient
feedback mechanism, removes a large amount of gas from the X–
ray emitting phase, while leaving in this hot phase only relatively
high entropy gas, which flows in from larger radii as a consequence
of lack of central pressure support.

Including winds (W runs) has the effect of increasing the
amount of low-entropy gas, which is now allowed to remain in the
hot phase despite its formally short cooling time, thanks tothe con-
tinuous heating provided by winds. As a result, entropy decreases
at both radii, for the same reason for which X–ray luminosityin-
creases. As for the runs with AGN feedback, its effect is almost
negligible for massive clusters. On the other hand, AGN feedback
provides a significant increase of the entropy level in poor systems,
an effect which is larger at smaller cluster-centric radii.The result-
ing entropy is higher than indicated by observational data.Together

with the result on theLX–T relation, this result shows that a rather
tuned energy injection is required, which must be able to suppress
X–ray luminosity by decreasing gas density, while at the same time
reproducing the low entropy level measured at small radii.

3.3 Temperature profiles

A number of comparisons between observed and simulated temper-
ature profiles of galaxy clusters have clearly demomnstrated that a
remarkable agreement exists at relatively large radii,R∼

> 0.2R180 ,
where the effect of cooling is relatively unimportant. While this re-
sult, which holds almost independently of the physical processes
included in the simulations (e.g., Loken et al. 2002; Borgani et al.
2004; Kay et al. 2007; Pratt et al. 2007; Nagai et al. 2007), should
be regarded as a success of cosmological simulations of galaxy
clusters, the same simulations have much harder time to predict
realistic profiles within cool-core regions (e.g., Borganiet al. 2008,
for a recent review). In this regime, radiative simulationssystem-
atically produce steep negative temperature profiles, at variance
with observations, as a consequence of the lack of pressure sup-
port caused by overcooling. This further demonstrates thata suit-
able feedback mechanisms is required to pressurise the gas,so as
to prevent overcooling and turning the temperature gradients from
negative to positive in the core regions. While feedback associated
to SNe has been proved not to be successful, AGN feedback is gen-
erally considered as a likely solution for simulations to produce re-
alistic cool cores. Based on simulations of one relatively low–mass
cluster, Sijacki et al. (2008) found that AGN feedback can provide
reasonable temperature profiles only if a population of relativistic
particles is injected along with thermal energy in inflated bubbles.

We present in Figure 4 the comparison between simulated and
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Figure 3. Relation between entropy and temperature for our simulatedclusters (coloured circles and squares) and for the observational data points atR500

(upper panels) andR2500 (lower panels) from Sun et al. (2009) (black filled diamonds)and Vikhlinin et al. (2009) (black open diamonds). Left and right
panels show results for the nine central clusters for the runs without (NF: blue squares; W: green circles) and with AGN feedback (AGN1: red squares; AGN2:
cyan circles), respectively. For a fair comparison with observations, spectroscopic-like temperatures of the simulated clusters are computed by excluding the
regions within0.15R500 .

observed temperature profiles for galaxy clusters withT∼
> 3 keV

(left panel) and for poorer clusters and groups withT∼
< 3 keV (right

panel). Observational results are taken from Leccardi & Molendi
(2008b) and Sun et al. (2009) for rich and poor systems, respec-
tively. As for rich clusters, none of the implemented feedback
scheme is capable to prevent the temperature spike at small radii,
while all models provide a temperature profile quite similarto the
observed one atR∼

> 0.3R180 . The situation is different for groups.
In this case, both schemes of AGN feedback provide results which
go in the right direction. While galactic winds are not able to signif-
icantly change the steep negative temperature gradients, the AGN1

and the AGN2 feedback schemes pressurise the ICM in the central
regions, thus preventing adiabatic compression in inflowing gas.
From the one hand, this result confirms that a feedback scheme
not related to star formation goes indeed in the right direction of
regulating the thermal properties of the ICM in cool core regions.
On the other hand, it also demonstrates that the schemes of AGN
feedback implemented in our simulations do an excellent jobat the
scale of galaxy groups, while they are not efficient enough atthe
scale of massive clusters.
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Figure 6. Comparison of the star fraction withinR500 in simulations (coloured circles) and observations (squares with errorbars). Left panel: results for the
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3.4 The gas and star mass fractions

The inventory of baryons within galaxy clusters representsan im-
portant test to understand both the efficiency of star formation and
how the gas content is affected by feedback mechanisms. In gen-
eral, the difficulty of regulating gas cooling in cluster simulations
causes a too large stellar mass fraction (e.g., Borgani et al. 2004;
Kay et al. 2007; Nagai et al. 2007; Davé et al. 2008), which inturn
should correspond to a too low fraction of gas in the diffuse ICM.

We show in Figure 5 the comparison between simulation re-
sults and observational data on the mass fraction of hot gas as a
function of temperature from Vikhlinin et al. (2006). Gas insimu-
lated clusters is assigned to the hot phase if it is not associated to
multi-phase gas particles and if its temperature exceeds3 × 104K.
A comparison between the runs with no feedback (NF) and with
galactic winds (W) shows that the latter are characterised in general
by largerfgas values. This is in line with the results on theLX–T
relation and confirms that winds are effective in suppressing cool-
ing, thus increasing the hot baryon fraction. While there isa rea-
sonable agreement at the scale of poor clusters, simulations show a
weak trend with temperature, withfgas for the hotter systems hav-
ing values well below the observed ones. As for AGN feedback,
it has the effect of increasingfgas for the most massive clusters,
although the resulting gas fraction is still below the observational
level by about 30 per cent. On the contrary, at the scale of poor clus-
ters the effect of AGN feedback is that of decreasingfgas below the
observational limit. Indeed, while in rich systems the effect of AGN
feedback is that of reducing overcooling, thereby leaving alarger
amount of gas in the hot phase, in poor systems it is so efficient as
to displace a large amount of gas outside the cluster potential wells.

Our result on the low value offgas at the scale of rich clusters,
even in the presence of AGN feedback, is in line with the some-
what low value ofLX seen in Fig. 2. However, this result is in
disagreement with that presented by Puchwein et al. (2008),who

showed instead a good agreement at all temperatures betweentheir
simulations including AGN feedback and observational data. There
may be two reasons for this difference. Firstly, the scheme to inject
AGN-driven high-entropy bubbles used by Puchwein et al. (2008)
could provide a more efficient means of stopping cooling in central
cluster regions, at the same time preventing excessive gas removal
in low-mass systems. Secondly, unlike Puchwein et al. (2008) we
include the dependence of metallicity in the cooling function. As al-
ready discussed, this significantly enhances cooling efficiency and,
therefore, the removal of gas from the hot phase. In order to verify
the impact of this effect, we repeated the AGN2 run of g51, by as-
suming zero metallicity in the computation of the cooling function.
As a result, we find thatfgas increases from 0.09 to 010. From the
one hand, this result implies that the more efficient gas accretion
onto BHs, due to metal-cooling, provides a stronger energy feed-
back which, in turn, balances the higher cooling efficiency.On the
other hand, it also implies that the main reason for the difference
with respect to Puchwein et al. (2008) should be rather ascribed to
the different way in which energy associated to BH accretionis
thermalised in the surrounding medium.

As for the behaviour of the mass fraction in stars, we show in
Figure 6 the comparison between our simulations and observational
results from Gonzalez et al. (2007), who also included in thestel-
lar budget the contribution from diffuse intra-cluster stars (see also
Giodini et al. 2009). These results confirm that none of our simula-
tions are able to reproduce the observed decrease offstar with in-
creasing temperature. Overcooling is indeed partially prevented in
the presence of winds and, even more, with AGN feedback. How-
ever, while simulation results for poor clusters are ratherclose to
observations, overcooling in massive clusters is only partially al-
leviated by AGN feedback, with values offstar which are larger
than the observed ones by a factor 2–3.

In summary, the results presented in this section demonstrated
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that AGN feedback has indeed a significant effect in bringingthe
LX–T relation and the entropy level of the ICM closer to observa-
tional results, while regulating cooling in the central regions. How-
ever, the effect is not yet large enough to produce the correct tem-
perature structure in the cool core of massive clusters and,corre-
spondingly, the correct share of baryons between the stellar and the
hot gas phase.

4 METAL ENRICHMENT OF THE ICM

The X-ray spectroscopic studies of the content and distribution of
metals in the intra-cluster plasma provides important information
on the connection between the process of star formation, taking
place on small scales within galaxies, and the processes which de-
termine the thermal properties of the ICM. The former affects the
quantity of metals that are produced by different stellar popula-
tions, while the latter gives us insights on gas-dynamical processes,
related both to the gravitational assembly of clusters and to the
feedback mechanisms that displace metal-enriched gas fromstar
forming regions.

The detailed model of chemical evolution included in the
GADGET-2 code by T07 allows us to follow the production of
heavy elements and to study how their distribution is affected by
the adopted feedback schemes. The analysis presented in this sec-
tion is aimed at quantifying the different effects that galactic out-
flows triggered by SN explosions and AGN feedback have on the
enrichment pattern of the ICM. We present results on the Fe dis-
tribution and the corresponding abundance profiles, the enrichment
age within clusters and groups, the relation between globalmetal-
licity and ICM temperature, and the relative abundance of Siwith
respect to Fe. Results from simulations will be compared to the
most recent observational data from the Chandra, XMM-Newton
and Suzaku satellites. All the abundance values will be scaled to
the the solar abundances provided by Grevesse & Sauval (1998).

To qualitatively appreciate the effect of different feedback
mechanisms on the ICM enrichment pattern, we show in Figure
7 the maps of the emission–weighted Fe abundance for the dif-
ferent runs of the g51 massive cluster. Here and in the following,
we will rely on emission–weighted estimates of metal abundances.
Rasia et al. (2008) have shown that this emission–weighted estima-
tor actually reproduces quite closely the values obtained by fitting
the X–ray spectra of simulated clusters, for both Iron and Silicon.
As for Oxygen, the emission–weighted estimator has been shown
to seriously overestimate the corresponding abundance, especially
for hot (T∼

> 3 keV) systems.
In the run with no AGN feedback (upper panels of Fig.7), we

clearly note that including galactic winds produces a levelof en-
richment which is lower than that in the NF run outside the core re-
gion, as a consequence of the lower level of star formation. There-
fore, although galactic ejecta are known to be rather efficient in
spreading metals in the intergalactic medium at high redshift (z∼

> 2;
e.g., Oppenheimer & Davé 2008; Tescari et al. 2009, Tornatore et
al. 2009, in preparation), their effect is not strong enoughto com-
pensate the reduction of star formation within cluster regions. In the
NF run we note the presence of highly enriched gas clumps which
coincide with the halos of galaxies where intense star formation
takes place.

A rather different enrichment pattern is provided by AGN
feedback (lower panels of Fig.7). Despite the total amount of stars
produced in these two runs is smaller than for the run including
galactic winds, AGN feedback is highly efficient in spreading met-

als at high redshift, mostly in correspondence of the peak ofBH
accretion activity. This demonstrates that AGN feedback provides
a rather high level of diffuse enrichment in the outskirts ofgalaxy
clusters and in the inter-galactic medium surrounding themat low
redshift.

4.1 Profiles of Iron abundance

We show in Figure 8 the emission-weighted Iron abundance pro-
files obtained by averaging over the four simulated clusterswith
Tsl > 3 keV (left panel) and the five galaxy groups withTsl < 3
keV (right panel), compared with observational results. Each panel
reports the results for the four adopted feedback schemes. For rea-
sons of clarity we report the1σ scatter computed over the ensemble
of simulated clusters only for the AGN1 runs.

As for rich clusters, simulation predictions are compared with
the observational results by Leccardi & Molendi (2008a). These
authors analysed about 50 clusters withT∼

> 3 keV, that were se-
lected from the XMM-Newton archive in the redshift range0.1 6

z 6 0.3. After carrying out a detailed modelling of the background
emission, they recovered metallicity profiles out to≃ 0.4R180 .
The results of this analysis show a central peak ofZF e, followed
by a decline out to0.2R180, while beyond that radius profiles are
consistent with being flat, withZF e ≃ 0.3ZF e,⊙ using the solar
abundance value by Grevesse & Sauval (1998) (≃ 0.2 in units of
the solar abundance by Anders & Grevesse (1989), as reportedby
Leccardi & Molendi 2008a).

All our simulations predict the presence of abundance gradi-
ents in the central regions, whose shape is in reasonable agreement
with the observed one, at least forR∼

< 0.1R180 . The lowest enrich-
ment level is actually found for the NF run, despite the fact that this
model produces the most massive BCGs. The reason for this lies
in the highly efficient cooling that selectively removes themost en-
riched gas, which has the shortest cooling time, thus leaving metal
poorer gas in the diffuse phase. Runs with galactic winds (W)and
AGN feedback (AGN1 and AGN2) are instead able to better reg-
ulate gas cooling in central region, thus allowing more metal-rich
gas to survive in the hot phase. For this reason, W and AGN runs
predict profiles ofZFe which are steeper than for the NF runs in
the central regions,∼< 0.1R180 . Quite interestingly, the effect that
different feedback mechanisms have in displacing enrichedgas and
regulating star formation almost balance each other in the central
cluster regions, thus producing similar profiles. However,the dif-
ferent nature of SN-powered winds and AGN feedback leaves a
clear imprint at larger radii.

As for the runs with no feedback (NF), they produce a rather
high level of enrichment out to∼ 0.3R180 , while rapidly declin-
ing at larger radii. In this model, the high level of star formation
provides a strong enrichment of the gas in the halo of galaxies
which will merge in the clusters. During merging, this gas isram–
pressure stripped, thus contributing to enhance the enrichment level
of the ICM. The situation is different for the runs with winds. As
already mentioned, galactic outflows are efficient in displacing gas
from galactic halos at relatively high redshift,z∼

> 2, when they
provide an important contribution to the enrichment of the inter-
galactic medium (IGM; e.g., Oppenheimer & Davé 2008). At the
same time, this feedback is not efficient to quench cooling ofen-
riched gas at low redshift. As a consequence, no much enriched
gas is left to be stripped by the hot cluster atmosphere from the ha-
los of merging galaxies, thus explaining the lower enrichment level
beyond0.1R180 .

As for the runs with AGN feedback, they produce a shape on
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Figure 7. Maps of emission weighted Fe abundance in the g51 cluster forthe runs without feedback (NF, top left), with winds (W, top right) and with AGNs
(AGN1 and AGN2, bottom left and bottom right, respectively). Each map has a side of2Rvir . Abundance values are expressed in units of the solar value,as
reported by Grevesse & Sauval (1998), with color coding specified in the right bar.
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the abundance profiles quite close to the observed ones, witha flat-
tening beyond≃ 0.2R180 . In this case, the effect of AGN feedback
is that of displacing large amounts of enriched gas from starform-
ing regions at high redshift (see also Bhattacharya et al. 2008) and,
at the same time, to efficiently suppress cooling at low redshift. The
fact that the level ofZF e is almost constant out toR180 and beyond,
witnesses that the main mechanism responsible for enrichment in
this case is not ram–pressure stripping, whose efficiency should de-
cline with cluster-centric radius. Instead, enrichment isthis case is
dominated by the diffuse accretion of pre-enriched IGM. We note
that the AGN2 scheme tends to predict slightly higherZF e values
that AGN1. This is due to the effect of the more efficient radio-
mode feedback, included in the former scheme, which provides a
more efficient removal of gas from the halos of massive galaxies.

Although models with AGN feedback produce the correct
shape of the Iron abundance profiles, their normalisation isgen-
erally higher than for the observed ones. This overproduction of
Iron could be due to the uncertain knowledge of a number of in-
gredients entering in the chemical evolution model implemented
in the simulation code. For instance, differences between differ-
ent sets of stellar yields turn into significant differencesin the re-
sulting enrichment level (e.g., Tornatore et al. 2007; Wiersma et al.
2009). Furthermore, a reduction of the Iron abundance can also be
achieved by decreasing the fraction of binary systems, which are
the progenitors of SNe-Ia (e.g., Fabjan et al. 2008). For these rea-
sons, we believe that the shape of the abundance profiles, instead of
their amplitude, should be considered as the relevant observational
information to be used to study the impact that different feedback
mechanisms have on the ICM enrichment pattern.

In the right panel of Fig. 8 we compare the average
ZFe profiles of the five simulated galaxy groups with observational
results from the analysis of15 nearby galaxy groups observed with
Chandra (Rasmussen & Ponman 2007). Also in this case, the pro-
files from simulations have a slope quite similar to the observed
one out toR ≃ 0.3R500 , although with a higher normalisation. At
larger radii, the effect of AGN feedback is again that of providing
rather flat profiles. This result is at variance with the observed pro-
files in the outermost radii. Indeed, differently from rich clusters,
galaxy groups apparently show a negative gradient of Iron abun-
dance out to the largest radii covered by observations, withno ev-
idence of flattening. This result further demonstrates the relevance
of pushing observational determinations of the ICM enrichment out
to the large radii, which it is mostly sensitive to the natureof the
feedback mechanism. If confirmed by future observations, this re-
sult may indicate that AGN feedback needs to be mitigated at the
scale of galaxy groups, for it not to displace too large amounts of
enriched gas.

As pointed out by Rebusco et al. (2005), the centralZF e peak
in cool-core (CC) clusters (see also De Grandi et al. 2004) should
be closely related to the star (light) distribution of the BCG. On
the other hand, differences between the stellar mass profileand the
metal abundance profile should be the signature of dynamic pro-
cesses which mix and transport metals outside the BCG. In this
way, Rebusco et al. (2005) derived the amount of diffusion, to be
ascribed to stochastic gas motions, which is required to explain
the shallower profiles ofZF e with respect to the BCG luminosity
profiles. Roediger et al. (2007) carried out simulations of isolated
cluster–sized halos in which bubbles of high-entropy gas are in-
jected to mimic the effect of AGN feedback. They showed that the
gas diffusion associated to the buoyancy of such bubbles is indeed
able to considerably soften an initially steep metallicityprofile.

In order to verify to what extent gas dynamical processes, as-

sociated either to the hierarchical cluster build-up or to feedback
energy release, are able to diffuse metals, we compare in Figure 9
the averageZFe profiles and the stellar mass profiles for the mas-
sive clusters. As for the NF and W runs, we clearly see a central
peak in the stellar mass density profile, related to the BCG, fol-
lowed by a more gentle decline, which traces a diffuse halo ofintra-
cluster stars surrounding the BCG (e.g., Murante et al. 2007). Quite
clearly, theZFe profiles are flatter than the distribution of stars at
R∼

< 0.1Rvir . Since no feedback processes are at work in the NF
runs, the flatterZFe profile is due to the effect of selective cooling
of highly enriched gas, rather than to stochastic gas motions. The
same argument can be applied also to the runs including galactic
winds (W), for which the kinetic energy provided galactic ejecta is
not enough to fully regulate star formation in central cluster regions
(see also Fig. 5). At intermediate radii,R ≃ (0.1 − 0.5)Rvir , pro-
files of Iron abundance and stellar mass have quite similar slopes
in both the NF and W runs. At even larger radii, instead, the
ZFe profile becomes again shallower than the stellar mass profile,
a trend which persists even beyond the virial radius. At suchlarge
radii the shallower slope ofZFe can not be explained by the effect
of gas cooling. It is rather due to the effect of gas dynamicalpro-
cesses which help mixing the enriched gas.

As for AGN feedback, its effect is instead that of providing a
similar slope forZFe and stellar mass profiles atR∼

< 0.2Rvir . This
similarity is due to two concurrent effects. The first one is the sup-
pression of star formation, which allows now central enriched gas
to be pressurised by the AGN feedback, so as to leave a relatively
larger amount of metal-enriched gas in the hot phase. The second
one is the shape of the stellar mass profile, which is less concen-
trated in the presence of AGN feedback. While the two profilesare
similar in the central regions, theZFe profile is instead much shal-
lower at larger radii,R∼

> 0.3Rvir . Even an efficient AGN feedback
can not be able to displace at low redshift significant amounts of
enriched gas from the central regions of massive clusters beyond
Rvir. Therefore, the flatter abundance profiles in the outskirts of
rich clusters can only be justified by the action played by AGN
feedback at high redshift. In fact, atZ∼

> 2 AGN efficiently removed
enriched gas from galaxies and quenched star formation, thus pre-
venting metals from being locked back in the stellar phase.

4.2 When was the ICM enriched?

In this section we discuss how the different feedback mechanisms
change the cosmic epoch at which ICM was enriched. To this pur-
pose, we define the average age of enrichment of a gas particleat
redshiftz as

t̄(z) =

∑

i
∆mZ,iti

mZ(z)
, (4)

where the sum is taken over all time-steps performed by the simu-
lation until redshiftz, ∆mZ,i is the mass in metals received by the
particle at thei-th time-step,ti is the cosmic time of that time-step
andmZ(z) is the total metal mass received by the particle before
z. According to this definition, a large value of enrichment age,
at a given redshift, corresponds to more recent enrichment,while
smaller values of̄t(z) indicate more pristine enrichment. In the
limit in which all the metals are received by a particle at theconsid-
ered redshiftz, then the enrichment age coincides with the cosmic
age atz. Once computed for each gas particle, we then compute the
mass-weighted mean of these ages of enrichment taken over all the
particles having non–vanishing metallicity.
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Figure 10 shows how the enrichment age of the ICM changes
with the cluster-centric distance for the different feedback mod-
els, for both rich clusters (top panel) and for poor clusters(bottom
panel). In all cases, we note a decline towards small radii, although
with different slopes. This demonstrates that gas in central regions
has been generally enriched more recently than in the outskirts. In
the innermost regions, the typical age of enrichment correspond to
a look-back time of about 2–3 Gyr, while increasing to 5–8 Gyr
around the virial radius. This confirms that metal enrichment in the
central cluster regions receives a relatively larger contribution by
star formation taking place in the BCG, and by stripping of en-
riched gas from infalling galaxies, whose star formation has been
“strangulated” only recently by the action of the hot cluster atmo-
sphere. On the contrary, enrichment in the outskirts has a relatively
larger contribution from high–z star formation, which provides a
more widespread IGM enrichment.

As for massive clusters, we note that the effect of galactic
winds (W runs) is that of providing an earlier enrichment with re-
spect to the model with no efficient feedback (NF runs), with a
difference of about 1 Gyr, at all radii. This is quite expected, ow-
ing to the efficient action that winds play in displacing metals from
star forming regions at high redshift. The difference between W
and NF runs is larger for the less massive clusters, consistent with
the expectation that winds are more efficient in transporting metals
outside shallower potential wells.

Quite interestingly, AGN feedback provides a steeper radial
dependence of the enrichment age, with rather similar results for
the two alternative schemes of implementation (AGN1 and AGN2).
In the central regions it is comparable to that of the NF runs,
while becoming larger than that of the W runs forR∼

> 0.3Rvir

(∼> 0.6Rvir) for rich (poor) clusters. The relatively recent enrich-
ment age in central regions may look like a paradox, owing to the
effect that AGN feedback has in suppressing low redshift star for-
mation within the BCG (see Fig.1). However, we should remind
that an aside effect of suppressing star formation is also that of
preventing recently enriched gas from being locked back in stars.
Therefore, although metal production in central regions issup-
pressed in the presence of AGN feedback, this effect is compen-
sated by the suppression of cooling of recently enriched gas. The
effect of AGN feedback in providing a more pristine metal en-
richment becomes apparent in the outskirts of clusters. Indeed, the
IGM in these regions has been efficiently enriched at high redshift,
z ≃ 3–4, when BH accretion reached its maximum activity level
and displaced enriched gas from star forming galaxies. After this
epoch, little enrichment took place as a consequence of the rapidly
declining star formation, thus justifying the older enrichment age.
Consistently with this picture, we also note that the increase of
enrichment age with radius is more apparent for poorer clusters,
where AGN feedback acted in a more efficient way.
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4.3 The metallicity - temperature relation

In Figure 11 we present results on the abundance of Iron as a func-
tion of cluster temperature, by comparing simulation results for
the different feedback schemes with observational resultsfrom the
analysis of the ASCA Cluster Catalogue (ACC; Horner 2001) car-
ried out by Baumgartner et al. (2005). Due to the relatively poor
angular resolution of the ASCA satellite, the extraction region for
each cluster was selected to contain as much flux as possible.Since
a unique extraction radius is not defined for the observed catalogue,
we adoptR500 as a common extraction radius to compute Iron
abundances and temperatures of simulated clusters. We verified
that adopting instead a larger extraction radius (e.g.Rvir) slightly
lowers the spectroscopic-like temperatures without changing sub-
stantially the results onZFe . In their analysis, Baumgartner et al.
(2005) partitioned their large sample of clusters in temperature
bins. Then, a global value ofZFe was computed by combining all
the clusters belonging to the same temperature bin. In this way, er-
rorbars associated to the observational data points shown in Fig.
11 only account for the statistical uncertainties in the spectral fit-
ting procedure after combining all clusters belonging to the same
temperature bin, while they do not include any intrinsic scatter
(i.e., cluster-by-cluster variation) in theZFe –T relation. This has
to be taken in mind when comparing them to simulation results, for
which we did not make any binning in temperature.

In both panels we see that simulations of hot (T > 6 keV) sys-
tems produce values ofZFe which are above the enrichment level
found in observations,∼ 0.3Z⊙. This result is consistent with
the fact thatZFe profiles for simulated clusters have a larger nor-
malisation than the observed ones (see Fig. 8). NF and W runs
predict ZF e ≃ (0.5 − 0.6)ZF e,⊙, with a slightly lower value,
ZF e ≃ (0.4 − 0.5)ZF e,⊙ for the runs with AGN feedback.
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As for the simulations of the poorer systems, withT ≃ (1−3)
keV, they have instead a larger scatter. This indicates morediver-
sity in the impact that gas-dynamical and feedback processes have
in determining the enrichment pattern within smaller systems. The
effect of AGN feedback for these systems is that of decreasing the
value ofZFe by about0.1ZF e,⊙. The rather large spread of abun-
dance values and the limited number of simulated systems do not
allow to establish whether simulations reproduce the increase of
ZFe with ICM temperature for systems in the rangeT ≃ (1 − 3)
keV.

Observations suggests thatZFe is almost independent of tem-
perature above 6 keV, a trend which is in fact reproduced by simula-
tion results. However, between 3 and 6 keV observed clustersshow
a drop in metallicity by about a factor two. Although simulations
predict somewhat higher metallicity values at low temperatures,
still it is not clear whether they reproduce the decrease, bymore
than a factor 2, suggested by observations. A potential complica-
tions in comparing observational and simulation results for systems
with T ∼ 3 keV is that the spectroscopic value ofZFe for these sys-
tems is contributed by both K and L lines. As originally notedby
Buote (2000) in the analysis of ASCA data, fitting with a single-
temperature model a plasma characterised by a multi-temperature
structure, with the colder component below 1 keV, leads to anun-
derestimate of the Iron abundance (the so-called iron-bias; see also
Molendi & Gastaldello 2001; Buote et al. 2003). In this case,a sim-
ple emission–weighted definition ofZFe from simulations may not
be fully adequate. A correct procedure would require extracting a
mock X–ray spectrum from simulated clusters, to be fitted with
a multi–temperature (and multi–metallicity) plasma model(e.g.,
Rasia et al. 2008). Finally, one should also note that more recent
determinations of theZFe –T relation from XMM–Newton data,
although based on a much smaller number of clusters, suggests
a less pronounced decrease for systems hotter than 3 keV (e.g.,
Werner et al. 2008). There is no doubt that a systematic analysis
of nearby clusters within the Chandra and XMM-Newton archives
would help to confirm or disprove the metallicity–temperature re-
lation based on ASCA observations.

4.4 TheZSi/ZFe relative abundance

The relative abundance of elements produced in different pro-
portions by different SN types is directly related to the shape
and possible evolution of the initial mass function. Furthermore,
studying how relative abundances change with cluster-centric dis-
tance provides insights on the different timing of enrichment
and on how different metals, produced over different time-scales,
are mixed by gas-dynamical processes. ASCA data analysed
by Loewenstein & Mushotzky (1996), Fukazawa et al. (1998) and
Finoguenov et al. (2000) originally suggested that clusteroutskirts
are predominantly enriched by SNe-II. A similar result was found
more recently also by Rasmussen & Ponman (2007), who anal-
ysed XMM data for poor clusters withT∼

< 3 keV. On the other
hand, Suzaku observations of low temperature clusters and groups
(Sato et al. 2008, 2009a, 2009b) show instead a rather flat profile of
ZSi/ZF e out to large radii,≃ 0.3Rvir , thus implying that SNe-Ia
and SNe-II should contribute in similar proportions to the enrich-
ment at different radii.

In this section, we focus our attention on theZSi/ZFe ratio
for low temperature clusters. We show in Figure 12 the emission-
weighted map of theZSi/ZFe ratio for the four different feedback
schemes applied to the g676 cluster. For the run with no feedback
(NF), we note thatZSi/ZFe is generally quite patchy. It reaches

higher values in correspondence of high–density star forming re-
gions, a feature which is also shared in different proportions by the
other runs. Indeed, the products of SNe-II are released overa short
time scale, since they are synthesised by massive stars. As aresult,
their distribution tends to trace preferentially the distribution of
star-forming regions. On the other hand, SNe-Ia release metals over
a longer time-scale. In fact, these stars have time to leave star form-
ing regions, as a consequence of the same dynamical effects which
generate a population of inter-galactic stars (e.g., Murante et al.
2007; Zibetti et al. 2005), thereby providing a more widespread
enrichment pattern. Therefore, our simulations predict that diffuse
intra-cluster stars provide a significant contribution to the enrich-
ment of the intra-cluster medium (see also Tornatore et al. 2007).

A comparison of the maps for the NF and W runs shows that
they have comparable levels ofZSi/ZFe within the central regions.
In these regions we expect that ram–pressure stripping is the dom-
inant process in removing gas from merging galaxies (see also
Kapferer et al. 2007) and, therefore, in efficiently mixing in the
ICM the nucleosynthetic products of different stellar populations.
On the contrary, in the cluster outskirts winds have been much
more efficient in removing freshly produced metals from galaxies
during the cluster assembly, therefore providing a relatively more
widespread Si distribution, with respect to the NF case in which no
galactic outflows are included.

The runs with AGN feedback exhibit a behaviour in the clus-
ter outskirts which is qualitatively similar to that of the Wrun, al-
though with slightly higher values ofZSi/ZFe . This indicates that
AGN feedback has a higher efficiency in mixing SN-Ia and SN-II
products. As for the central regions, the truncation of recent star
formation by AGN feedback would lead to the naive expectation
that a relatively higher value of Iron abundance with respect to Sil-
icon should be found. The results shown in the bottom panels of
Fig.12 lead in fact to the opposite conclusion, with a markedin-
crease ofZSi/ZFe in the core regions. The reason for this lies again
in the effect of selective removal of metal-enriched gas associated
to cooling. Total metallicity of the gas around the BCG is domi-
nated by SNe-II products. Therefore, gas more enriched by SNe-II
has a relatively shorter cooling time. As a consequence, suppression
of cooling in the core regions by AGN feedback tends to increase
the amount of SN-II products in the ICM, thereby justifying the
increase ofZSi/ZFe with respect to the runs not including AGN.

This qualitative picture is also confirmed by the profiles of
ZSi/ZFe , that are plotted in Figure 13. In each panel, simula-
tion results show the average profile, computed over the 5 main
relatively poor clusters, for each feedback model. In the left
panel simulation results are compared with observational results
by Rasmussen & Ponman (2007) from the analysis of15 nearby
galaxy groups observed with Chandra. Also shown with the two
horizontal lines are the values ofZSi/ZFe produced by SNe-Ia and
SNe-II for a simple stellar population of initial solar metallicity,
having a Salpeter IMF, using the same sets of yields adopted in our
simulations.

Observational data show a rather flat profile ofZSi/ZFe with
a value close to solar at small radii, followed by a sudden in-
crease beyond≃ 0.2R500 . Taken at face value, this result would
imply that at∼ 0.5R500 the enrichment is mostly contributed by
SNe-II, while a mix of different stellar populations is required in
the cluster centre. Although this result is qualitatively similar to
that suggested by the visual inspection of theZSi/ZFe maps of
Fig.12, simulation results are quantitatively different from those by
Rasmussen & Ponman (2007). Indeed, in no case simulations pre-
dict an increase ofZSi/ZF e beyond0.2R500 . While the maps sug-
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Figure 12. Maps of the emission–weightedZSi/ZFe distribution for the runs of the g676 cluster without feedback (NF, top left), with winds (W, top right),
with AGNs (AGN1 and AGN2, bottom left and right, respectively). The side of each map is2Rvir . Abundance values are expressed in units of the solar value,
as reported by Grevesse & Sauval (1998), with color coding specified in the right bar.

gest that such an increase is also expected in simulations, it takes
place only forR > R500, with the largest values reaching at most
the solar one. Within the radial range covered by Chandra obser-
vations, both NF and W runs show rather flat profiles. Also in this
case, we are more interested in the slope of theZSi/ZFe profile,
rather than in its normalisation. Indeed, too low values ofZSi/ZF e

in simulations by about 0.3 (in solar units) can be be either due to
the choice of the IMF or to adopted stellar yields.

As for the runs with AGN feedback the profiles ofZSi/ZF e

confirm the expectation gained from the maps of Fig.12 for a rel-
ative increase of the Si abundance in the central regions. Asfor
the behaviour at large radii,R∼

> 0.2R500 , also AGN feedback does
not predict the pronounced increase see in the Chandra data by
Rasmussen & Ponman (2007).

As already mentioned, this observational evidence for an en-
hancement of SN-II products in the outskirts of groups is notcon-
firmed by Suzaku data (Sato et al. 2008, 2009a,2009b) and XMM-
Newton (Silvano Molendi, private communication). As shownin
the left panel of Fig.12, Suzaku observations of Abell 262, NGC
507 and AWM 7 indicate a profile ofZSi/ZFe which is consistent
with being flat out to0.3Rvir (corresponding to about0.5R500).
While it is not the purpose of this work to address the reason for
the different results coming from different satellites, wewant to
stress the great relevance of tracing the pattern of ICM enrichment
out to the largest possible radii. Indeed, this is the regimewhere
gas-dynamical processes related to the cosmological build-up of
clusters, past history of star formation and nature of feedback pro-

cesses regulating star formation, all play a role in determining the
distribution of metals.

In summary, the analysis of chemical enrichment in our sim-
ulations of galaxy clusters confirms that the resulting metallicity
distribution in the ICM is given by the interplay between gascool-
ing, which tends to preferentially remove more enriched gasfrom
the hot phase, feedback processes, which displace gas from star
forming regions and regulate star formation, and gas dynamical
processes associated to the hierarchical build-up of galaxy clusters.
In particular, feedback implemented through the action of galactic
winds powered by SN explosions or through energy extracted from
gas accretion onto super-massive BHs, leave distinct features on the
resulting pattern and timing of ICM enrichment.

5 CONCLUSIONS

We presented the analysis of an extended set of cosmologicalhy-
drodynamical simulations of galaxy clusters aimed at studying the
different effects that stellar and AGN feedback have on the ther-
mal and chemo-dynamical properties of the intra-cluster medium
(ICM). Using a version of the Tree-SPHGADGET-2code (Springel
2005), which also includes a detailed description of chemical en-
richment (Tornatore et al. 2007), we carried out simulations of 16
clusters identified within 9 Lagrangian regions extracted from a
lower-resolution parent cosmological box (Dolag et al. 2008). All
cluster simulations of this set have been run using different pre-
scriptions for the feedback: without including any efficient feed-
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Figure 13.Comparison between observed and the simulated profiles of Silicon abundance relative to Iron,ZSi/ZFe . In each panel, different lines correspond
to the average profiles computed over clusters havingT500 < 3 keV for the different sets of runs: no feedback (NF, blue short dashed), galactic winds
(W, green long dashed), standard AGN feedback (AGN1, red dot-dashed), modified AGN feedback (AGN2, cyan solid). For reasons of clarity, we show
with errorbars the r.m.s. scatter over the ensemble of simulated clusters only for the AGN1 runs. Observational points refer to the Chandra data analysed by
Rasmussen & Ponman (2007) (left panel) and to the Suzaku dataanalysed by Sato et al. (2008, 2009a, 2009b) (right panel). The two horizontal lines show
the relative abundance from SNe-Ia and SNe-II, computed fora simple stellar population (SSP) having solar initial metallicity and based on the same Salpeter
IMF and set of yields as used in our simulations.

back (NF runs), including only the effect of galactic winds pow-
ered by supernova (SN) feedback (W runs), and including two dif-
ferent prescriptions of AGN feedback (AGN1 and AGN2) based on
modelling gas accretion on super-massive black holes (BHs)hosted
within resolved galaxy halos (Springel et al. 2005; Di Matteo et al.
2005). The AGN1 scheme exactly reproduces the original model by
(Springel et al. 2005) for the choice of the parameters determining
the feedback efficiency and the way in which energy is distributed.
As for the AGN2 scheme, it assumes the presence of a radiatively
efficient “radio mode” phase when BH accretion is in a quiescent
stage (e.g., Sijacki et al. 2007), also distributing energyto the gas
particles surrounding BHs in a more uniform way.

The main results of our analysis can be summarised as fol-
lows.

(a) AGN feedback significantly quenches star formation rate
(SFR) associated to the brightest cluster galaxies (BCGs) at z∼

< 4.
At z = 0 the SFR in the AGN1 and AGN2 models is reduced by
about a factor six. For a massive cluster withM200 ≃ 1015 h−1M⊙

we findSFR(z = 0) ≃ 70M⊙yr−1, thus not far from current ob-
servational estimates (e.g. Rafferty et al. 2006). Although the two
variants of AGN feedback produce similar results on the starfor-
mation rate, the AGN2 model is more efficient is reducing gas ac-
cretion onto BHs. For this scheme, the resulting masses of the BHs
sitting at the centre of the BCGs atz = 0 are reduced by a fac-
tor 3–5 with respect to the AGN1 scheme. Furthermore, increasing
the radio-mode feedback efficiency fromǫf = 0.2 to 0.8 further
reduces the mass of the central BH by about a factor 2.5, while
leaving the level of low-z star formation rate almost unaffected.
(b) AGN feedback brings theLX–T relation in closer agreement

with observational results at the scale of poor clusters andgroups,
thus confirming results from previous simulations based on AGN

feedback (Puchwein et al. 2008). However, this is obtained at the
expense of increasing the ICM entropy in central regions of groups
above the level indicated by observational results (e.g., Sun et al.
2009; Sanderson et al. 2009b). This entropy excess generated in
central group regions corresponds in turn to a too low value of the
gas fraction.

(c) AGN feedback reduces by 30–50 per cent the fraction of
baryons converted into stars,fstar, within R500. Simulation re-
sults agree well with the observed value offstar at the scale of
groups. However, for rich clusters the fraction of stars within R500

from simulation (≃ 30–40 per cent) is larger than the observed one
(≃ 10 per cent).

(d) AGN feedback is quite efficient in pressurising gas in thecen-
tral regions of galaxy groups, thereby generating temperature pro-
files which are in reasonable agreement with the observed ones.
Despite this success at the scale of groups, temperature profiles in
the core regions of massive clusters are still too steep, even after
including AGN feedback.

(e) The presence of AGN feedback generates a rather uniform and
widespread pattern of metal enrichment in the outskirts of clusters.
This is the consequence of the improved efficiency, with respect
to the runs without BH feedback, to extract at high redshift highly
enriched gas from star forming regions, and, therefore, to enhance
metal circulation in the inter-galactic medium.

(f) Radial profiles of Fe abundance are predicted to be too steep
at R∼

> 0.1R180 in runs including stellar feedback. Their shape is
in much better agreement with the observed ones when includ-
ing AGN feedback. The overall emission–weighted level of enrich-
ment within massive clusters isZF e ≃ 0.5 and 0.6 for runs with
and without AGN feedback, respectively. Such values are generally
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larger than those,ZF e ≃ 0.3, reported from ASCA observations
(Baumgartner et al. 2005).
(g) The distribution of elements mostly produced by SNe-II over

a relatively short time-scale is more clumpy than the Iron distri-
bution, which has a larger contribution from SNe-Ia, that release
metals over a long time-scale. This is interpreted as due to the ef-
fect of enrichment from stars belonging to a diffuse intra-cluster
population. Therefore, simulations predict that a sizablefraction of
the ICM enrichment is produced by intra-cluster stars, in line with
observational evidences (Sivanandam et al. 2009).
(h) The runs with no feedback (NF) and with galactic winds (W)

predict similar patterns ofZSi/ZFe within R500. Silicon abundance
is enhanced in the outer regions by the action of galactic winds,
thanks to their efficiency in transporting gas enriched byα elements
from star forming regions. AGN feedback has the effect of increas-
ing ZSi/ZFe as a consequence of the suppression of star formation,
which would lock back in stars gas surrounding star forming re-
gions, and of the efficient removal of enriched gas from galactic
halos.
(i) In no case we find that profiles ofZSi/ZFe have a rising

trend beyond≃ 0.2R500 . No strong conclusion can be drawn
from a comparison with data, owing to discrepant indications
from different observational results on the radial dependence of
ZSi/ZFe . Suppression of star formation with AGN feedback
causesZSi/ZFe to increase at small radii,∼

< 0.1R500, a feature
which is not seen in observational data. This suggests that the im-
plementation of AGN feedback in our simulations may not provide
enough gas mixing the central regions of clusters and groups.

Our analysis lend further support to the idea that a feed-
back source associated to gas accretion onto super-massiveBHs
is required by the observational properties of the ICM (e.g.
McNamara & Nulsen 2007). However, our results also show that
a number of discrepancies between observations and predictions of
simulations still exist, especially within the core regions of mas-
sive clusters. This requires that a more efficient way of extracting
and/or thermalising energy released by AGN should be introduced
in richer systems. A number of observational evidences exists that
AGN should represent the engine which regulates the structure of
core regions of clusters and groups. However, observationsalso
provide circumstantial evidences that a number of complex physi-
cal processes, such as injection of relativistic particlesand of tur-
bulence associated to jets, buoyancy of bubbles stabilisedby mag-
netic fields, viscous dissipation of their mechanical energy, thermal
conduction, should all cooperate to make AGN feedback a self-
regulated process. In view of this complexity, we consider it as
quite encouraging that the relatively simple prescriptions for en-
ergy thermalisation adopted in our simulations provide a significant
improvement in reconciling numerical and observational results on
the ICM thermo- and chemo-dynamical properties.

Clearly, increasing numerical resolution thanks to the ever in-
creasing supercomputing power would require including a proper
description of the above processes. For instance, the current imple-
mentation of AGN feedback neglects the effect of kinetic energy
associated to jets. The typical scales of∼ 20 kpc at which kinetic
feedback is expected to dominate within clusters (e.g. Pope2009)
are only marginally resolved by hydrodynamics in our simulations,
thus making the assumption of a purely thermal feedback a reason-
able one. However, the improved numerical resolution expected to
be reached in simulations of the next generation needs to be ac-
companied by a suitable description of injection of jets, for them

to provide a physically meaningful description of the interplay be-
tween BH accretion and ICM properties.

The results presented in this paper further demonstrate that
different astrophysical feedback sources leave distinct signatures
on the pattern of chemical enrichment of the ICM. These differ-
ences are much more evident in the outskirts of galaxy clusters,
which retain memory of the past efficiency that energy feedback
had in displacing enriched gas from star-forming regions and in
regulating star formation itself. However, characterisation of ther-
mal and chemical properties in cluster external regions requires X–
ray telescopes with large collecting area and an excellent control of
the background. While Chandra, XMM and Suzaku will be pushed
to their limits in these studies in the next few years, there is no
doubt that a detailed knowledge of the ICM out the cluster virial
boundaries has to await for the advent of the next generationof
X–ray telescopes (e.g., Giacconi et al. 2009; Arnaud et al. 2009).
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