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ABSTRACT

We carry out an analysis of a set of cosmological SPH hydradyeal simulations of galaxy
clusters and groups aimed at studying the total baryon huidgelusters, and how this
budget is shared between the hot diffuse component and élarstomponent. Using the
TreePM+SPHGADGET- 3 code, we carried out one set of non—radiative simulatioms pa&o
sets of simulations including radiative cooling, star fation and feedback from supernovae
(SN), one of which also accounting for the effect of feedb&okn active galactic nuclei
(AGN). The analysis is carried out with the twofold aim ofdying the implication of stellar
and hot gas content on the relative role played by SN and A@dlfack, and to calibrate
the cluster baryon fraction and its evolution as a cosmokddgool. With respect to previous
similar analysis, the simulations used in this study prewid with a sufficient statistics of
massive objects and including an efficient AGN feedback. We tinat both radiative simu-
lation sets predict a trend of stellar mass fraction wittstdu mass that tends to be weaker
than the observed one. However this tension depends on ttieuter set of observational
data considered. Including the effect of AGN feedback &@les this tension on the stellar
mass and predicts values of the hot gas mass fraction and#sieon fraction to be in closer
agreement with observational results. We further comphgtedtio between the cluster baryon
content and the cosmic baryon fractidf, as a function of cluster-centric radius and redshift.
At R0 we find for massive clusters withlsoq > 2 x 10'* h~1 M, thatY; is nearly indepen-
dent of the physical processes included and characterizednegligible redshift evolution:
Y3500 = 0.85 £ 0.03 with the error accounting for the intrinsic r.m.s. scattethvn the set
of simulated clusters. At smaller radis500, the typical value of; slightly decreases, by
an amount that depends on the physics included in the siimgtwhile its scatter increases
by about a factor of two. These results have interestingigapbns for the cosmological
applications of the baryon fraction in clusters.

Key words: cosmology: miscellaneous — methods: numerical — galaglaster: general —
X-ray: galaxies.

tent is a key ingredient to understand the physics of these ob

jects and their use as cosmological probes eoall ;2

Galaxy clusters, which stem from the collapse of densitytdiuc ; B 120112, for recent reviews). The mostsinas

ations involving comoving scales of tens of Mpc, are thedatg
gravitationally bound structures in the Universe. Sinceytlare
relatively well isolated systems, knowledge of their barymn-
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galaxy clusters are of particular cosmological interesteitheir
baryon content is expected to trace accurately the baryonteb
of the Universe. In the absence of dissipation, the raticojdnic-
to-total mass in clusters should closely match the ratidhefdos-
mological parameters measured from the cosmic microwaske-ba
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ground (CMB) and, thereforé\l, /Mot ~ Q4 /Qm (White et al.
11993 Evrard 1997: Ettori et Al. 2003; Allen eflal. 2008).

should also bear in mind that the methods to identify ICL im-si
ulations and in observations are quite different, the forbwng

However, contrary to expectations, measurements of the often based on criteria of gravitational boundness of statiges,

baryon mass fraction in nearby clusters from optical and X-
ray observations have posed a challenge to this fundamastal
sumption since they have reported smaller values than tegbec
(e.g.| Ettori et dl. 2003; Biviano and Salutci 2006; McCaethal.

) together with a possible intriguing trend with clusteass
(e.g., Lin etal| 2003, 2012) for a broad mass range of systems
With the precise measurement of the universal baryon &racti
fo = Q/Qm = 0.167 £ 0.004, from the Wilkinson Microwave
Anisotropy ProbgWMAP-7;|Komatsu et al. 2011), these discrep-
ancies have gained in physical importance and claim for dif-
ferent explanations: physical processes which lowigrin clus-
ters relative to the universal fraction (see dm;

while the latter being based on criteria of surface brigbsrienits
(e.g [.2006).

The combination of robust measurements of the baryonic mass
fraction in clusters from X-ray observations together vétteter-
mination of 2, from CMB data or big-bang nucleosynthesis cal-
culations and a constraint on the Hubble constant, canftirere
be used to measuf@,, (e.g. . White and Frenk 1991; White et al.
11993;| Evrard 1997 Allen et &l. 2002; Ettori ef al. 2003; Lirak
2003/ Allen et al. 2003, 2004, 2008). This method, remankaiph-
ple and robust in terms of its underlying assumptions, aiye
provides strong constraints dn,,. On the other hand, measure-
ments of the apparent redshift evolution of the cluster Xgas

al.[2006), significant undetected baryon components by mass fraction, hereaftef,, can also be used to constrain the ge-

standard X-ray and/or optical techniques ( €
ILin and Mohr [2004), or a systematic underestnmate&b,t by
WMAP (McCarthy et al. 2007).

In this sense, the correct determination of the gas magsdnac
may be crucial. In fact, studies of the individual baryon paments
have shown that the stellar and gas mass fractions witkj
hibit opposite behaviours as a function of the total systeassn
In particular, clusters have a higher gas mass fraction gnanps
(e.g.,.Vikhlinin et al! 2006; Arnaud et al. 2007), but a lovséellar
mass fraction3). This has been interpreteal @i$-
ference in the star formation efficiency between groups arstars

(e.g./David et 2l. 1990: Lin et Al, 2003; Lagana et al. 2008)

ometry of the Univers96), its accelerafion| @)
and, therefore, the dark energy equation of state .
2003,12009] Allen et al. 2002, 2003, 2004; LaRoque &t al. |2006
Allen et al.| 2008| 2011). This diagnostic exploits the defeste

of the f, measurements (derived from the observed X-ray gas tem-
perature and density profiles) on the assumed distances tutb-
ters,f. oc d*-°, and relies on cluster baryon fractions being roughly
universal and non-evolving over the redshift range wheeg ttan

be observed (typically < 1). Therefore, like Type la supernovae,
massive clusters serve as standard calibration sourcetethidhe
expansion history of the universe.

In this regard, early simulations @HE%S) have

On the other hand, the mass dependence of the gas frac-been used to calibrate the depletion factor, i.e., the t@tiovhich
tion and the discrepancy between the baryon mass fraction inthe baryon fraction measured &bs00 is depleted with respect

groups/clusters and the WMAP value can be understood insterm
of non—gravitational processes. In this regard, AGN heatirhich

can drive the gas outside the potential wells of host halas,ex-
plain the lack of gas withiRs00 in groups. Therefore, groups also
appear as critical systems to assess the universality dighesn
fraction and to understand complex physical processestate
both the gas and the stellar components.

The baryonic mass content of clusters consists of starsi#a cl
ter galaxies (satellite galaxies plus the brightest clugtdaxy or
BCG), intra-cluster light (ICL, stars that are not bound hoster
galaxies), and the hot intra-cluster medium (ICM) whosesweas
ceeds the mass of the former two stellar components by arfacto
of ~ 6. Therefore, to reliably estimate the cosmological param-
eters from the baryonic-to-total mass ratio one should esidall
the baryonic components and not only the gas mass. In faek-to
plain the discrepancy between the observed baryon fraatidrihe
cosmic value, the ICL is suggested to be one of the most impbrt
forms of missing baryons, accounting for 22 per cent of the total
cluster light in the r-band (e.g.. Gonzalez €t al. 2007)yenenore
in cluster mergers (e. MOS). Cosmoldgigaula-
tions report that the ICL accounts for up4060 per cent of the to-
tal of stars (e.gl. Murante etlal. 2004, 2007; Puchwein|@dl0).
However, although this large fraction of ICL is sufficientexplain
the discrepancy with the cosmic value, it seems to be in aentr
diction with observations. On one hand, this suggests ttiaro
mechanisms, like gas expulsion by AGN heating, may also be im
portant to account for the missing baryons. On the other hamel

L R (A=2500, 500, 200) is the radius within which the mass density o
group/cluster is equal té times the critical densityg(.) of the Universe.
Correspondingly, M = A p.(z) (47/3) R is the mass inside R.

to the universal mean (see, for instaZO'DBaese
non-radiative simulations indicate that, within the Viradius, the
baryon fraction in clusters provides a measure of the usaler
mean that is only slightly biased low by 10 per cent. The mag-
nitude of this bias might change if additional physics iduded in
the simulations. Therefore, it is necessary and extremsyulito
deepen in the analysis of how different implementations arf/b
onic physics can affect the value of this bias, its evolutidth red-
shift, its radial dependence within clusters, or some stiasi with
massive galaxy clusters.

Using non-radiative hydrodynamical simulations the expec
tation is that, for the largestk{" > 5keV), dynamically re-
laxed clusters and for measurement radii beyond the inn&rmo
core ¢ > Raso0), fy should be approximately constant with
redshift (e.g.| Eke et al. 1998; Crain efial. 2007). Howepers-
sible systematic variations of, with redshift can be accounted
for in a straightforward manner if the allowed range of suah-v
ations is constrained by numerical simulations or other mlem
mentary data (Eke et al. 1998; Bialek et al. 2 il et
[2002; Borgani et al, 2004: Kay et|al. 2004 Ettori dLJLi 5
Kravtsov et all 2005; Nagai etlal. 2007).

Therefore, it is clear that understanding the baryon mass fr
tion and its mass and redshift dependence is a crucial issue t
understand better astrophysics in galaxy clusters, dg.ptigin
of the ICL (e.g. m-S) star-formation hrstc(e g.,
-1) metal-enrichment history (e
@), the dynamical history of galaxy clusters, and thexﬁﬂeese
systems to constrain the cosmological parameters .
201).

The purpose of the present work is to use a set of hydrody-
namical simulations of galaxy clusters, characterized iffgrént
physical processes, to study how the fraction and spatsédiloli-
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tion of baryons, as contributed both by the stellar compbaed by
the hot X-ray emitting gas, are affected by the physical dants
within clusters and how these results compare with obsensit
We also analyse how the different baryonic depletions deen
redshift, baryonic physics, and cluster radius, detemginthere-
fore, some implications for the constraints on cosmoldgiesam-
eters derived from gas mass fractions within clusters. is ité-
gard, our analysis extends previous analyses of the bargotidn

in cluster simulations which included only non— radlatl\m/;;lcs
(e.g., Evrard 1990:

lLubin et al. L19_9|6LEke_e1_bL_199&_ELenk_eHaL_Jl9b_Q._Mgtht al
[1999:| Bialek et dIl 2001), the processes of cooling and star f
mation (e.g.. Muanwong etlal. 2002; Kay etlal. 2004; Ettoslst
12004 Kravtsov et al. 2005; Ettori etlal. 2006; De Boni et I12;
Sembolini et dl| 2012), and the effect of AGN feedback (e.g.,
IPuchwein et &l. 2008, 2010: Fabjan et al. 2010: Younglet 41120
[Battaglia et all_ 2012). In addition, with respect to pregiimi-
lar analysis, the simulations presented in this work prewid with

a sufficient statistics of massive objects and including féinient
AGN feedback.

The paper is organized as follows: in Section 2, we describe
our dataset of simulated galaxy clusters and the differéysip
cal processes considered in re-simulating them; in Se&jome
present the results obtained from this set of simulationghen
baryon, gas and stellar mass fractions as a function oferlusass
and we compare these results with different observaticaial skets;
in Section 4 we calibrate the different baryonic depletiand anal-
yse their dependences on redshift, baryonic physics astecita-
dius; and finally, in Section 5, we summarize and discuss adr fi
ings.

2 THE SIMULATED CLUSTERS

2.1 Initial conditions

Our sample of simulated clusters and groups are obtained 2&
Lagrangian regions, centred around as many massive haas id
tified within a large-volume, low-resolution N-body cosrogical
simulation (see Bonafede etal. 2011, for details). Themidbark
Matter (DM) simulation followed 024 DM particles within a box
having a comoving side of 1~ Gpc, with h the Hubble con-
stant in units of 100 km s' Mpc~!. The cosmological model
assumed is a flaACDM one, withQ,, = 0.24 for the matter
density parameter, = 0.04 for the contribution of baryons,
Ho = 72 km s! Mpc™! for the present-day Hubble constant,
ns = 0.96 for the primordial spectral index and = 0.8 for the
normalisation of the power spectrum. Within each Lagramgex
gion we increased the mass resolution and added the releiggmt
frequency modes of the power spectrum, following the zoomied
tial condition (ZIC) technique_(Tormen etlal. 1997). Outsttiese
regions, particles of mass increasing with distance froenttr-
get halo are used, so as to keep a correct description of e la
scale tidal field. Each high-resolution Lagrangian regoshaped
in such a way that no low-resolution particle contaminatescen-
tral halo atz = 0 at least out to 5 virial ra(ﬂl As a result, each
region is sufficiently large to contain more than one inténgshalo
with no contaminants within its virial radius.

2 The virial radius,R.;., is defined as the radius encompassing the over-
density of virialization, as predicted by the sphericalajpée model (e.g.,
[1996).

Initial conditions have been generated by adding a gas com-
ponent only in the high-resolution region, by splitting legquar-
ticle into two, one representing DM and another represgritie
gas component, with a mass ratio such to reproduce the cos-
mic baryon fraction. The mass of each DM particlenis)u
8.47 - 10® h™' My and the initial mass of each gas particle is
Mgas = 1.53 - 10% A~ M.

2.2 The simulation models

All the simulations have been carried out with the TreePM—
SPH GADGET-3 code, a more efficient version of the previous
GADGET-2 code 5). In the high—resolution region
gravitational force is computed by adopting a Plummerejant
softening length of = 5h~"! kpc in physical units below = 2,
while being kept fixed in comoving units at higher redshigs

[ 2006, for an analysis of the effect of softgron ra-
diative simulations of galaxy clusters). As for the hydrodsnic
forces, we assume the minimum value attainable by the SPH
smoothing length of the B—spline kernel to be half of the eorr
sponding value of the gravitational softening length.

Besides a set of non-radiative hydrodynamic simulatidis (
hereafter), we carried out two sets of radiative simulation

Radiative cooling rates are computed by following the same
procedure presented by Wiersma ét al. (2009). We account for
the presence of the cosmic microwave background (CMB) and
of UV/X-ray background radiation from quasars and gala>ass
computed by Haardt and Madau (2001). The contributions éb-co
ing from each one of eleven elements (H, He, C, N, O, Ne, Mg,
Si, S, Ca, Fe) have been pre—computed using the publicly-avai
able CLOUDY photo—ionisation cod98) for an
optically thin gas in (photo—)ionisation equilibrium. Bhproce-
dure to compute cooling rates avoids the assumptions of- coll
sional ionisation equilibrium and solar relative abundemavhich
were underlying in the prescription based on cooling ratemf
Sutherland and Doplta (1993), that we adopted in previausisi
tions (e.gl Tornatore et @al. 2007; Fabjan et al. 2010).

A first set of radiative simulations includes star formatioml
the effect of feedback triggered by supernova (SN) expies{OSF
hereafter). As for the star formation model, gas particlesve a
given threshold density are treated as multiphase, so asvtap a
sub—resolution description of the interstellar mediuncoading to
the model originally described by Springel and Herngliso@a).
Within each multiphase gas particle, a cold and a hot-phoseist
in pressure equilibrium, with the cold phase providing tservoir
of star formation. The production of heavy elements is dbsdr
by accounting for the contributions from SN-II, SN-la and/land
intermediate mass stars, as described by Tornatore @_TXZ
Stars of different mass, distributed according to a Chabkt-
(Chabrief 2003), release metals over the time-scale ditedby
the mass-dependent life-times|of Padovani and Mattei@J3)L
Kinetic feedback contributed by SN-II is implemented adiog
to the model by Springel and Hernquist (2003a): a multi-pfsar
particle is assigned a probability to be uploaded in gataatit-
flows, which is proportional to its star formation rate. Ire tBSF
simulation set we assumeg, = 500 kms~! for the wind velocity,
while assuming a mass—upload rate that is two times the lue
the star formation rate of a given particle.

Another set of radiative simulations is carried out by imklu
ing the same physical processes as in@3& case, with a lower
wind velocity ofv,, = 350 km s, but also including the effect of
AGN feedback AGN set, hereafter). The model for AGN feedback
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is based on the original implementation presentm.
M) (SMH), with feedback energy released as a result®aga
cretion onto supermassive black holes (BH). In this AGN nhode
BHs are described as sink particles, which grow their masgasy
accretion and merging with other BHs. Gas accretion prace¢d
a Bondi rate, and is limited by the Eddington rate. Once tloeeac
tion rate is computed for each BH particle, a stochastiegan is
used to select the surrounding gas particles to be accrdteitte
in SMH, in which a selected gas particle contributes to dtmme
with all its mass, we included the possibility for a gas metito
accrete only with a slice of its mass, which corresponds 4001/
its original mass. In this way, each gas particle can couttgilwvith
up to four “generations” of BH accretion events, thus priongda
more continuous description of the accretion process.
Eddington-limited Bondi accretion produces a radiatedgne
which corresponds to a fractian = 0.1 of the rest-mass energy
of the accreted gas, which is determined by the radiatiocieffty
parametek,. The BH mass is correspondingly decreased by this
amount. A fraction of this radiated energy is thermally dedpio
the surrounding gas. We usg = 0.1 for this feedback efficiency,
which increases by a factor of 4 when accretion enters intesg
cent “radio” mode and drops below one-hundredth of the iimgit
Eddington rate (e.g. Sijacki etlal. 2007; Fabjan &t al. 2010)
Additionally, we introduced some technical modificatioris o
the original implementation, which will be briefly describbere.
One difference with respect to the original SMH implementat
concerns the seeding of BH patrticles. In the SMH model, Bkipar
cles are seeded in a halo whenever it first reaches a mininatat)(t
friends-of-friends (FoF) halo mass, such as to guarantethalo
is resolved with at least 50 DM particles. In order to guazarthat
BHs are seeded only in halos where star formation took piace,
our implementation we look for FOF groups in the distribaotiaf
star particles, by grouping them with a linking length of ab0.05
times the mean separation of the DM particles. This linkarmggth
is thus smaller than that, 0.15-0.20, originally used, émtidy viri-
alised halos. In the simulations presented here, a minimassrof
4 % 10" =1 My, is assumed for a FoF group of star particles to be
seeded with a BH particle. Furthermore, we locate seededaHs
the potential minimum of the FoF group, instead of at the ifens
maximum, as originally implemented by SMH. We also enforce a
more strict momentum conservation during gas accretionBithd
mergings. In this way a BH particle remains within the hodagg
when it becomes a satellite of a larger halo. In the origiddHSm-
plementation, BHs were forced to remain within the hostxgalzy
pinning them to the position of the particle found having thia-
imum value of the potential among all the particles lyinghivit
the SPH smoothing length compute at the BH position. We veri-
fied that an aside effect of this criterion is that, due to tatively
large values of SPH smoothing lengths, a BH can be removed fro
the host galaxy whenever it becomes a satellite, and is@lyi
merged into the BH hosted in the central halo galaxy (seedola
et al. 2013 in preparation for a detailed description). THascrip-
tion of BHs provides a realistic description of the obserxeddtion
between stellar mass and BH mass, and of the observed BH-mas
function and luminosity function (see Hirschmann et al. 20
preparation).

2.3 Identification of clusters

The identification of clusters proceeds by running first a BbF
gorithm in the high—-resolution regions, which links DM pelets
using a linking length of 0.16 times the mean interpartielpasa-

tion. The center of each halo is then identified with the pasiof
the DM patrticle, belonging to each FoF group, having the mimh
value of the gravitational potential.

Starting from this position, and for each considered retishi
a spherical overdensity algorithm is employed to find theusd
Ra encompassing a mean densityAftimes the critical cosmic
density at that redshiftp.(z). In the present work, we consider
values of the overdenﬁyA = 2500, 500 and 200. For the sake
of completeness, we also consider the virial radius whic¢méds a
sphere enclosing the virial densityyi,(z)p.(z), predicted by the
spherical collapse model\,i; ~ 93 atz = 0 and~ 151 atz = 1
for our cosmological model). In total, we end up with about 70
clusters and groups having,i» > 1 x 10"*h~' Mg atz = 0.

Throughout this work all the quantities of interest will bak
uated at the four different characteristic radii. Therefdor each
cluster, the hot gas, stellar, and baryonic mass fractidtiinva
given radiusRa are defined, respectively, as

Mg(< Ra)

fe(< Ra) = Moot (< Ba) 1
J«(< Ra) = ﬁ 2

3 BARYON CONTENT OF CLUSTERS

Figured1[R, anfl4 show, respectively, the baryon, steltat,gas
mass fractions of our simulated clusters as a function dftetu
massMsoo. Only clusters WithMs5002 3 x 1013 A~ M, within
our NR, CSF, andAGN runs are shown. In order to compare with
observational data, we use some representative obserabsiam-
ples, mainly those from Lin et all_(2003), Gonzalez étlal.0f20
Giodini et al. (2009, Lagana etlal. (2011), and Zhang &ai11).

For all the observational data sets we compare with, we dempi
in Table[d the best fittings obtained for the baryon, gas, &giths
mass fractions.

Before comparing our results with observational data, et u
briefly describe the main properties of the different obatonal
samples (for further details, we refer to their correspogdiapers).
Knowing how the observational data have been derived isiitapb
to understand not only discrepancies between our simaktod
the observations but also the differences between the\aissal
results.

Lagana et al.| (2011) and Zhang et al. (2011) investigate the
baryon mass content for a subsample of 19 clusters of galaxie
tracted from the X-ray flux-limited sample HIFLUGCS. For $ke
clusters, the above authors measure total masses andtehiatac
radii on the basis of a rich optical spectroscopic data etphysi-
cal properties of the intra-cluster medium uskigIM-Newtonand
ROSATX-ray data, and total (galaxy) stellar masses utilizing the
DR-7 SDSS multi-band imaging. Using gas mass measurements
?rom X-ray observations 0 @011) use a scabley
tion between the gas and the total mass to determine thectogal

ter mass. Following a different approach, Zhang bt al. (paetive

cluster masses from measurements of the “harmonic” vgldcst
persion as described by Biviano ef al. (2006). In both st&die

3 The corresponding radii aproximately relate to the viriatius as

(R2500, R500, R200) ~ (0.2,0.5,0.7) Ry, (e.9./Ettori et 8l. 2006).
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obtain the contribution of galaxies to the stellar massy tige the
optical data for selected member galaxies witRisyo to compute
their luminosity function in the i-band, performing an aytadal fit
using two Schechter functions. Then, they adopt differem$srto-
light ratios for ellipticals and spirals, taken fr
M) assumlngt-55) IMF, to compute the stebas
from the optical luminosity. I@I@S) they use thie-
served X-ray mass-temperature relation together with igodd
X-ray emission weighted mean temperatur28lASSsecond in-
cremental release NIR data, and X-ray imaging data to esplor
trends in the NIR and X-ray properties of a sample of 27 nearby
galaxy clusters. The total mass of the clusters in this sauspbs-
timated from an observell/soo — T'x relation. The stellar masses
are obtained from the cluster luminosity function as detifrem
the magnitudes in thé&’; band. Using a Schechter function they
estimate the total cluster luminosity and, finally, theyadbtthe
total stellar masses, as contributed by satellite galaiesBCG,
by multiplying the total luminosity by the average stellaass-to-
light ratio for each cluster which takes into account theyiway
spiral galaxy fraction as a function of the cluster tempeetin
Giodini et al. (2009), 91 candidate X-ray groups/poor @tstat
redshift0.1 < z < 1 are selected from the COSMOS 2 desyr-
vey, based only on their X—ray luminosity and extent. They Xis
ray detection, gravitational lensing signal, optical mmoetric and
spectroscopic data of the clusters and groups identifidteiCOS-
MOS survey. Total cluster masses are derived frofxa— Mso0
relation. The stellar mass of a galaxy is obtained from theven
sion of theK;-band luminosity using an evolving galaxy-type de-
pendent stellar mass-t&-band luminosity ratio. Since this sam-
ple is mostly composed of groups, it is complemented with2he
nearby X-ray selected clusters in the samplé by Lin et al0§p0
where the total and stellar masses are derived in a conisiagam
ner. To reduce systematic effects, they use the scalinaetain
.mg), based on hydrostatic mass estimatefgrize
the total gas fractions in both samples. The total samplel8f 1
groups and clusters with < 1 spans a range in Mo of ~ 10—
10*® M. On the other hand, Gonzalez et al. (2007) use an optical
sample of 24 nearby clusters and groups for which they oloitéin
scan imaging in Gunfiusing the Great Circle Camera on Las Cam-
panas 1 m Swope telescope. This sample is composed of syatems
0.03 < z < 0.13 that contain a dominant BCG. To obtain the total
masses and cluster radii they derive calibrations ofsthe Rs00
and o — M50 relations using the clusters fro al.
) that also have published velocity dispersions. Tdeter-
mine the luminosity of the BC&ICL component by fitting the
surface brightness distribution in each cluster out to aisaof 300
kpc from the BCG. Then, they use the separaté best-fit profiles
of these two components to build a two-dimensional modebena
from which they determine the flux within a given circular ape
ture. On the other hand, the luminosity of the cluster galakiing
within the same aperture is computed by summing the flux of all
galaxies fainter than the BCG and brighter that = 18. Then,
they use a relation for the luminosity dependence of the #teass
light ratio in thel band to convert from total luminosity to total stel-
lar mass. Since they lack measurements of the mass of hat thes i
ICM for this sample, they fit the behaviour of the stellar miaas-
tion with cluster mass and use this relation to derive toga/bn
fractions for clusters with published X-ray gas fractioviée also
compare our results for the gas mass fractions with a sanfiple-o
served groups and clustersza& 0.2 selected from the X-ray sam-
ples ofl Vikhlinin et al. (2006). Arnaud etlal. (2007) and Suale

). These authors computed gas mass fractiongeatfRom

»
P
o NR
A CSF |/l Giodini et al. 2009
x AGN ELin et al. 2003
1014 1015
-1
Msgo (Mg

Figure 1. Baryon mass fraction as a function of cluster ma&&g) . Results
from ourNR, CSF, andAGN runs are represented by black circles, blue tri-
angles, and red stars, respectlvely The observationgllearito

M) anll) are shown as shaded rdgignsen and
orange, respectively, whereas the sample {from Giodinil ) is rep-
resented by a grey-striped area. These regions correspathé best fits
obtained together with their corresponding errors (sedeT@p The hori-
zontal continuos line stands for the cosmic baryon fracissumed in our
simulations.

hydrostatic mass estimates for a combined sample conga#fin
systems within a range of masses of [$1'?,1.1x10°] M.

Due to the different observational methods used to derige th
main cluster properties, some differences are expectedebetthe
baryon census provided by these samples. In addition, #ées
sary to point out that, when comparing the stellar massitnast
only [Gonzalez et al[ (2007) take into account the contrisutf
the ICL component. In our case we also consider the totahxgal
ies+ICL) stellar contribution within clusters. In the folling, after
comparing simulation results to the observed total baryaigbt
in clusters and groups, we will dissect the separate cartioib of
stars and of hot X—ray emitting gas.

3.1 Baryon mass fraction

As shown in FiglL, in ouNR simulations the baryon mass fractions
within Rso is nearly independent of cluster mass and is systemat-
ically lower than the assumed cosmic value$y0 per cent. This
result is consistent with previous analyses, also basedéhsin-
ulations (e.g. Eke et HI. 1998: Ettori etlal. 2006), whictodtund

a comparable underestimate in the cluster baryon fradtismg a
Eulerian AMR codel,_Kravtsov et al. (2005) also measured s-clu
ter baryon fraction in non-radiative simulations below tiosmic
value, although in their case the underestimate was of dbpet
cent within Rs00. A similar behaviour is also found for our radia-
tive CSF simulations, thus indicating that the processes of star for
mation and galactic winds triggered by SN explosions detegm
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Figure 2. Stellar mass fraction as a function of cluster mass. Results
from our radiative simulationsCSF and AGN, are represented by blue tri-
angles and red stars, respectively. The observationallsariip

) ana@ll) are shown as shaded regigrsén and
orange, respectively, whereas the sample )is rep-
resented by a black-striped area. These regions repréeeiiest fits ob-
tained from each observational sample as compiled in Tdbkhé hori-
zontal continuos line stands for the assumed baryon mastoftan our
simulations.

the fraction of baryons to be converted into stars, withawtéver
changing the overall baryon budget withitzo.

As we include the effect of BH feedback in tA&N simula-
tions, there is a significant baryon depletion in poor clsstnd
groups, whereas results are nearly the same as fotR@d CSF
cases forMsn0= 2 x 10'* h~' M. This result of a decreasing
baryon fraction at low masses is in line with those presebted
Fabjan et dl.[ (2010}, Puchwein et al. (2010), and McCartkaflet

), who also included the effect of BH feedback in thems
lations of galaxy groups and clusters. This effect of bargteple-
tion within groups witnesses the efficiency that BH feedbhak
in displacing gas outside forming halos. This effect takesstiy
place at relatively high redshift; ~ 2 — 3, around the peak of
the BH accretion efficiency. At these epochs, the energyaeted
from BHs increases the gas entropy to levels such to pretent t
gas from being subsequently re-accreted within groupedizéos
(e.g/McCarthy et al. 2011).

As for the comparison of simulation results with observagio
itis quite remarkable that a good agreement is only achiéwetie

3.2 Stellar mass fraction

We show in Fig[R the stellar mass fraction in our radiativestu
As expected, the effect of including AGN feedback is thatesf r
ducing the stellar content of galaxy systems by about 30 @et; ¢
nearly independent of cluster mass. As for the comparisdh wi
previous simulation results, we note that the clusters lsited by
[Puchwein et a1 (2010) with AGN feedback have stellar fai
which are larger by about a factor of 2 than the stellar foani
found in ourAGN simulation. We can understand this difference by
keeping in mind that the amount of stars formed in simulatide-
pends rather sensitively on how the SN feedback is include, (
ISpringel and Hernqul5t 2003b; Borgani ef{al. 2006). In theuta-
tions byl Puchwein et &l. (20110), all the feedback from staméo
tion was injected thermally, without including kinetic Sbkfdback
as we did in our simulations. As these authors also noticesltfeeir
Sect. 3.1), using kinetic feedback, in addition to thernealdback,
can significantly reduce the amount of stars formed in theitk-
tions by a factor of 2, resulting, therefore, in a good cdesisy
with the stellar mass fractions obtained in AA®N runs. Com-
mon to this kind of simulations is that the BH accretion raied
hence of the amount of feedback energy, is directly deriveohf
simulated hydrodynamical quantities by means of a subkréso
accretion model. Following an alternative appro.
(2011) adopted the hybrid descriptiorl of Short and ThomagYp,
which couples a semi-analytic model of galaxy formation tms-
mological N-body/SPH simulation, to analyse the baryontfoms
in clusters of galaxies. In this approach, the energy relb#s the
ICM by SNe and AGN is computed from a semi-analytic model
and injected into the baryonic component of a non-radidtixgro-
dynamical simulation. Given that semi-analytic models tareed
to reproduce the properties of observed galaxies, the nuhiana
tage of this approach is that the energetic feedback isnatigd
from a realistic population of galaxies. As a potential timtion of
this approach, radiative cooling is not included in the datians.
As a resultll) obtain stellar fractions iassive
clusters that agree better with observations than in selfistent
hydrodynamical simulations, but they considerably unstérete
star formation in groups.

As for the comparison with observational results, we find tha
our CSF simulations produce a too large stellar fraction in mas-
sive galaxy clusters, independent of the observational siet we
compare to. While simulations with AGN feedback give result
closer to observations, the level of agreement is quiteitbanso
the observational result we refer to. For instance, a coisqar
with the results by Gonzalez et al. (2007) would imply thahin
case simulations reproduce the steep mass dependelficerode-
pendently of the feedback mechanism included (seel alsoendr
). On the other hand, a closer agreement with obsemngatio
would be obtained from Fid.l 2 by referring instead to the ltasu

bylml). The inclusion of the ICL componarihe
analysis by Gonzalez etlal. (2007) could explain part of ifferd
ence with respect @011), although aptigneot

all of it (see als 11). Clearly, some cautiostrhe
used when comparing observational and simulated samples, o
ing also to the different approaches followed by differemthars

to measure stellar mass fraction from data, the dependédribe o
inferred stellar mass on the choice of the IMF (€.9.. Lacgtrel.

AGN model. This result confirms that a feedback mechanisms only 2011;|Leauthaud et £l. 2012), and systematic uncertaiftti¢ise
based on SN explosions can not be responsible for the demyeas Measurement of the total cluster mass.

trend of the baryon budget within halos of decreasing mass (e

IShort and Thomés 2009).

In order to better understand how much intra—cluster stars ¢
tribute to the total stellar mass budget in our simulatidinis, im-
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Figure 3. Fraction of the stellar mass found in the BCG+ICL component a
a function of cluster mas§/so. The upper panel shows the values obtained
from our radiative runs without AGN feedback, tSF runs, while the
lower panel displays the results obtained from our runsigiolg AGN. We
compare our results with the observed BCG+ICL luminosiagfions from

1L(2007).

portant to distinguish between the stellar content of th&sBCof
the satellite galaxies and of the ICL component. Aside frome
exceptions, the central galaxy in a cluster, which is theedoto the
minimum of the cluster potential well, is typically also thieghtest
cluster galaxy. Therefore, for simplicity, we will use thigbeevia-
tion BCG when referring to the central galaxy of a simulatkrs-c
ter or group. Due to its low surface brightness, observatathe
ICL component, which is a smoothly distributed stellar comgnt
typically peaked around the BCG but extended to larger radé
difficult, resulting in a significant uncertainty in the cemnt obser-
vational constraints of the amount of ICL present in clus(erg.,
Zibetti et al! 2005; Gonzalez etlal. 2007).

While identifying member galaxies within galaxy clustens i

hydrodynamical simulations is a relatively straightfordigask
(e.g., 2), distinguishing between starthendif-
fuse stellar component and in the central galaxy is not sw@lrin
order to do so, we use a modified version of the SUBFIND algo-
rithm (Springel et al. 2001; Dolag etlal. 2009). In its origliver-
sion 1), SUBFIND identifies star paeticthat
are associated with satellite galaxies residing withiruatelr—sized
halo. All the star particles not associated to satellitexjak are as-
signed to the central galaxy of the main halo, without dgatishing
between those associated to the actual BCG and those hajongi
to the surrounding ICL. Dolag etlal. (2009) pointed out th&@®
and ICL stars show different phase—space distributionsrapte-
mented this property in SUBFIND, making it able to distirgjui
among the different stellar components. For more detadsiathis
modified version of SUBFIND we refer the reader to the work by
IDolag et al.[(2010).

An intrinsic difficulty in properly comparing observatioaad
simulation results on the amount of ICL is due to the inticaliy
different procedures usually adopted to identify diffusesin real
and in simulated data. While observations generally uséexion
based on surface brightness limit, ICL analysis in simafediis
generally based on identifying star particles that are retigation-
ally bound to galaxies. In addition, very faint ICL compohean
not be detected in observations while it is present in sitiana.
While we defer to a future paper a homogeneous comparison be-
tween intra-cluster light in observations and simulatjams show
here a comparison between the results by Gonzalez et al7Y200
on the amount of stars present in BCG and ICL, and correspond-
ing simulation results. In fact, considering the total lsietontent
of BCG and ICL overcomes at least the ambiguity in the surface
brightness limit below which the BCG halo has to be considlere
as part of the BCG. This also avoids choosing among the differ
ICL definitions in the literature (e.OBDowing,
therefore, a more straightforward comparison between esults
and other simulations and observational studies. In[Fige 3ot
the fractions of stellar mass found in the BCG+ICL compogent
in our simulated sample of clusters witsoo > 1.5 x 103 M.
Results obtained from our radiative simulations without arith
AGN feedback CSF andAGN runs), are shown in the top and bot-
tom panels, respectively. We compare our data with the ghser
tional constraints on the BCG+ICL fraction frdm Gonzaleakt
), shown as blue triangles with error bars.

Although our results in general confirm a decreasing trend
with cluster mass of the fraction of stars contributed by B&@
ICL, they predict a too large value of this fraction in conipan
with the observational result by Gonzalez etlal. (2007)hiQSF
simulations we obtain BCG+ICL fractions of roughly 60 per
cent for massive clusters, and of abeut90 per cent for groups.
These values are larger than those observe z etal
M), especially for massive clusters. However, we havake
into account that there is some uncertainty in the massressitp
the BCG and ICL components due to the analysis method used for
separating them (see, for instarice, Puchwein|et al. 2010).

In addition, given that the distribution of the BCG+ICL com-
ponent is more concentrated than the distribution of thellgat
galaxies, these values are sensitive to the radius insidshvithey
are measured.

When AGN feedback is included, we find an even larger frac-
tion of stars in the BCG+ICL component, a result that is cetesit
with that presented by Puchwein el al. (2010). The reasothfsr
resultis that, although the stellar mass of the BCG+ICL conemt
decreases when including AGN feedback, the total stellasnda-
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Figure 4. Gas mass fraction as a function of cluster massyo. Results
from ourNR, CSF, andAGN runs are represented by black circles, blue tri-
angles and red stars, respectively. We compare our resitttswo differ-
ent observational samples: a combined sample of 41 cluatetggroups

from [Vikhlinin et all {2006)[Araud et &1 (2007) and Sun £t(2009)

(VO6+APPO#A-S09), shown as the orange region, and the sample obtained

from the combination of the data mt MOH) land Sl
) (Z11-S09), shown as the green area (see Table 1). The horizontal
continuos line marks the cosmic value of the baryon mastidraassumed

in our simulations.

creases even more (see Fih. 2). A relative increase of st&6&C
and ICL is the consequence of the combination of two diffeeén
fects. On the one hand, the effect of AGN feedback is mairdyah
truncating the star formation of clusters at high redshif,3 (e.g.
[Fabjan et al. 2010; McCarthy et al. 2011). On the other hardt m
of the dynamical origin of the ICL is associated with the asisky
of the BGC (e.gO?). Since mergers continue
take place after star formation is quenched by AGN feedbthely;,
keep unbounding stars from galaxies into the diffuse irtitester
components. Since this process is not compensated by ftash s
formation in the presence of AGN feedback, the net effedtas of
increasing the fraction of stars that end up in the ICL. Intark
analysis (Cui et al., in preparation) we will carry out a mdees
tailed comparison of ICL inventory and properties in sintiolas,
by reproducing in their analysis the same criteria to idgh@L as

in observational data.

3.3 Gas mass fraction

As shown in Fig[}, including radiative physics in the sintigdias

has the expected effect of decreasing the gas fractionrwitbio

(see als®_Kravtsov etlal, 2005; Fabjan et al. 2010; Puchvieih e
2010; | McCarthy et al._2011: Young et al. 2011; Sembolini et al
), by an amount which is more pronounced in poor clusters
and groups. As for the effect of including different feedbatech-
anisms, a comparison between our simulations with and witho

AGN feedback shows that the two feedback schemes predngtrrat
similar values of the gas fraction at the mass scale of gradnile
simulations including AGN feedback predicts slightly mayas
within large clusters. Clearly, the similar valuesfgfin groups do
not imply that feedback does not have any effect on such mgste
In fact, a comparison with Figsl 1 abt 2 highlights that AGKde
back tends to remove baryons from the potential wells ofxyala
groups. At the same time, suppression of star formatiorighigrt
prevents removal of gas from the hot diffuse phase witRino,
thereby acting as a compensating effect such that the irepglas
fraction turns out to be similar for the two feedback schendes
for higher—mass halos, AGN feedback becomes less efficient i
moving baryons from halos (see also . 1), so that supipres$
star formation causes a slightly larger fraction of barylmn®main

in the diffuse phase, so th#} in this case increases as a result of a
more efficient feedback. This differential effect of AGN dback
in low— and high-mass halos is generally quite weak, althatg
goes in the direction of better reproducing the observeutitoé f,
with halo mass.

From the analysis of Fi§l]4 we conclude that, in general, our
results on the values gf;, especially at the scale of rich clusters,
are in better agreement with the observational resultsroddaby
Vikhlinin et all (2006)| Arnaud et al. (2007), Sun et al. (29and
I.1) when AGN feedback is included.

4 CALIBRATION OF THE BARYONIC BIAS

After having compared simulation results on the differeantyonic
components with observational data, in this Section we uses
sults to calibrate the different baryonic depletions andnalyse
their dependences on redshift, baryonic physics and cleetéus.

For the sake of comparison with previous works, we de-
fine the gas, stellar and baryon depletion factors (from now o
Ye, Y., and Yy, respectively) as the ratios betwegn, f. and
fo = f¢ + f«, and the cosmic value adopted in the present
simulations,, /2, = 0.167. Accordingly, we should measure
Yy, = 1 within clusters as long as they are fair containers of cos-
mic baryons. Any deviation from this value has to be inteigute
as due to the presence of a “baryonic bias”, whose origin ean b
due either to gas dynamical effects at play during the hi@ieal
assembly of clusters, or to star formation and feedbaclksftbat
causes sinking or expulsion, respectively, of baryons fitoerclus-
ter potential wells. The non-radiative simulations of hogssive
clusters published Hy Eke efldl. (1598) (see 20817)
give Yy,0 = 0.83 & 0.04 at R2500, and are consistent with no red-
shift evolution ofY;, for z < 1. Nevertheless, simulations including
different models of baryonic physids (Kay etlal. 2004; Ftetrall
2006; Crain et al. 2007: Nagai et al. 2007: Short ét al. 2016va
for a range of evolutions. We note, however, that these pusvi
analyses either lack sufficient statistics of massive systevhich
are relevant for cosmological applications, or the indosdf an
efficient feedback mechanism, like that provided by AGN, ahhi
provides a realistic description of star formation in thatcal re-
gions of galaxy clusters.

The results that we will present in the following are reldvan
to test the robustness of the calibration through simulatiaf the
baryon bias, i.e. of the deviation of the baryon content o$igrs
from the cosmic value, that one needs to correct for in thences
logical application of the gas mass fraction.
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Figure 5. Mass dependence of the gas depletion fatfo(upper row), and total baryon depletion facidy (lower row), computed aks00 and R2500 (left
and right columns, respectively). Results are shown fos#tef simulated clusters with/5002, 1 x 1013 h~1 Mg identified atz = 0 within our NR, CSF,
andAGN runs. Clusters are binned in five linearly spaced mass biifferént line types represent the mean values obtainedméthch mass bin for each of
our simulations, while error bars stand far $tandard deviations computed within the subset of clustétén each mass bin. For reasons of clarity, lines
corresponding to the different physical models have bdghtkt displaced along the x-axis.

4.1 Radial dependence of the baryonic bias

We show in Fig.[b the mass dependence Y3f and V;, at

z = 0 (up and bottom row, respectively) within the two
characteristic radiiRso0 (left column) and Ras00 (right col-
umn). As for Rso0, it typically corresponds to the most exter-
nal radius out to which detailed X-ray observations, pdgsib
in combination with Sunyaev—Zeldovich (SZ) observatioag(
[Planck Collaboration et kl. 2011), allow one to trace theogasent
within clusters, whileRz2500 is the typical radius within which gas
content is traced for distant clusters, when using the éeolwof
the gas fraction in clusters as a cosmological probe.
). Therefore, for these two radii, we show the mean gatifie
the gas and baryon depletion factors obtained for our sawofple
simulated clusters binned in five linearly equi-spaced bing/sqo.

All clusters withMs002, 1 x 10'® A= M, have been considered.
The mean values within each mass bin are shown along with erro
bars representing one standard deviation within the qooreting
mass interval.

The left panel of this figure summarizes the simulations re-
sults shown in Figgl1 amd 4. Using the mass binning, it is n@nem
clear that the depletion in baryon content wittitgy, is more pro-
nounced and with a stronger mass dependence for the siondati
including AGN feedback, at least for low—mass systems. Peaaly

discussed, the larger baryon depletion in clusters siredlatith
AGN feedback is the result of the efficiency of this feedbadch:
anism in removing baryons from the potential wells of forgin
groups at redshift ~ 2-3, around the peak of gas accretion onto
SMBHSs. On the other hand, for masse&02, 2 x 10" A~ Mo,

we find that the baryon fraction withi®soo underestimates the
cosmic value by about 15 per cent, nearly independent of mass
and of the physics included in the simulations. The r.m spet-
sion around this values is of about 3 per cent for Mreand CSF
simulations, which increases to about 5 per cent forAGN sim-
ulations. This result folt;, is different from the behaviour of gas
depletion, which shows no flattening for high—mass systéius.
thermore, values df, for the AGN simulations are systematically
larger than for the radiative simulations including only $d-
back, as a result of the suppressed star formation in thesfocase.

These results suggest that a mass—independent correation ¢
be calibrated from simulations to infer the cosmic baryattion
from the corresponding quantity derived for massive chssgecor-
rection that is likely independent of the uncertain knowleof the
physical processes at play in the ICM. However, these iealsgb
highlight that accurately recovering the baryon fractioonf gas
mass measurements involves accurately accounting forraceor
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tion associated to stellar mass, which generally dependafuster
total mass.

other. However, we note that while the baryon and stellatedep
tions atz = 1 are higher in the&CSF simulations, this is inverted at

Results on gas and baryon depletions are somewhat differentz = 0. The reason for this lies in the stronger feedback assatiate

within Ras00 (right column of Fig[h). In this case, bott, and

to galactic winds in th€SF model. In fact, the effect of AGN feed-

Y, show as steady increase with cluster mass, with no evidenceback atz = 1 is still sub-dominant. As a result, at this redshift the

for a flattening at high masses, and a larger intrinsic Scatte
their values. Furthermore, a small but sizeable dependehtg

on the physics included in the simulations exists even fetilgh-
est mass systems. Quite interestingly, the largest valué$ are
obtained for theCSF simulations, as a result of the strong over-
cooling, not efficiently counteracted by the SN feedbackictvh
causes a large amount of baryons to condense in the centoal ha
regions. On the other hand, the smallgsvalue is obtained in the
presence of AGN feedback, which is quite efficient in displgc
gas from central regions even for the most massive cludtegen-
eral, these results indicate that the baryon depletioninviftysoo

is more sensitive to the detailed description of the feeklpaccess
which regulates the cooling—heating cycle. As a resulte cauost
be taken in the use of simulations to exactly calibrate theece
tion for baryon depletion to observations providing gas bagon
fractions at such smaller cluster—centric radii.

As shown in Fig[h, the population of the most massive clus-
ters is characterized, especially withRy00, both by a remark-
ably small intrinsic scatter in their baryon budget, and stadbil-
ity against the different physical descriptions of the ICA. such
these massive clusters are those which can be more relially c
brated for cosmological applications of the cosmic baryawatfon
test. Therefore, in the following we will restrict the ansilyof these
radial distributions only to clusters with/so0 > 2x 10" A= M.
Within our simulations we identify about 40 of such objects a
z = 0, a number that reduces to 10zat 1.

The effect of the different physical models considered in ou
simulations on the distribution of baryons can be betteeustdod
from the analysis of the radial distribution of the differé&aryonic
components within clusters. Figurk 6 shows the mean ragitl-d
bution out to4 x Rs00 Of the baryonic, gas and stellar depletions
atz = 0 (left column) and: = 1 (right column) for our subsample
of massive clusters within each of the physical schemestadop
our simulations.

Regardless of the baryonic processes included in our re-

simulations, the baryonic depletion at= 0 for radii /Rso0 >
0.4 approaches a value of 85 per cent of the cosmic value,
showing similar values at = 1 but with larger scatter. This
baryonic depletion starts to converge to the expected vatue
r ~ 3 X Rspo, consistent with results found in previous simu-
lations (e.g.,_Eke et al. 1998; Ettori ef al. 2006). In thesepre-
gions of clusters, the gas mass dominates the baryon budget.
general, the gas depletion increases from inner to outéongeg
and shows slightly higher values at low redshifts. On thetreop,
the stellar depletion decreases when moving towards mdeg-ex
nal regions and, therefore, if we move towards more interaudii
(r/Rso00 < 0.1) the stellar mass clearly dominates the baryon con-
tent in the radiative runs. In these central regions, themadiative
simulations produce lower values of the baryonic depletitan
the radiative runs which are, indeed, characterised byepste
ner slope. When cooling and star formation are included gt
can cool and form stars and, therefore, it sinks deep intpoiten-
tial wells of the clusters. If AGN feedback is also added niisin
effect is that of heating the surrounding gas producingetioee,
smaller baryon mass fractions in the cluster center. In gnthe
different baryonic depletions obtained in the inner regiohclus-
ters from theCSF and AGN simulations are comparable with each

higher wind efficiency o€SF with respect ttAGN model turns into
a reduced effect of cooling, which manifests itself bothhie total
amount of baryons sinking in the cluster potential wells emthe
amount of stars produced. It is only at< 1 that AGN feedback
prevails, thereby reverting these trends.

In Fig.[4 we show the comparison between the cumulative
gas mass fraction profilef, (< ), in our simulations and from
the observational results al. (2010). The cutivelgas
profiles within each of our physical models have been conpate
z = 0 outto4 x Rsqo for our subsample of massive clusters, which
lay in the temperature range— 10 keV. I.O) exam-
ine the radial entropy and gas distributions of 31 nearbygal
clusters from the Representati¥dMM-NewtonCluster Structure
Survey (REXCESS, Bohringer etlal. 2007). This sample, tvhie
cludes clusters with temperature in the range 2-9 keV, has be-
lected in X-ray luminosity only, with no bias towards anytpaular
morphological type. According to their central densiti@asters in
this sample have been classified in cool core systems (CCinand
morphologically disturbed or non-cool core (NCC) sysﬂms

As we can infer from Fid.]7, our radiative simulations aregeui
successful in reproducing the observed gas profiles for € N
population out to the limit of the observations. Howeverasady
reported by other authors (see, for insta)Z(Da—
diative simulations fail in matching the profiles assodatéth the
CC clusters, which show flatter gas mass fraction profileséir t
inner regions.

4.2 Redshift evolution of the baryonic bias

Besides assessing the stability of the baryon and gas depett
z = 0, measuring the evolution of such quantities is also require
for measurements of the gas fraction over a large redsrsélive
to be used to recover the redshift—distance relation. A eoispn
of the profiles of baryon and gas depletion computed at 0
andz = 1 (see Fig[h) shows that outside the central regions this
evolution is generally rather mild.

To quantify this evolution, we compute the values of the de-
pletion factors at different redshifts, = 0, 0.3, 0.7, 0.8 and 1.
At each redshift, the analysis is done only on those clustaving
massMso0 > 2 x 10'* b1 M. We show the redshift evolution
of these quantities aso0 and Rzs00 in the left and right panels
of Fig.[g, respectively, along with their respective insimscatters,
given by the error bars. A compilation of these values, ferdi-
ferent redshifts and simulation sets, are also reportedle[2.

In order to parameterize a possible evolution of the valdes o
the depletion factors, we use the expression

Yi(2) = Yo (14 ay, 2), (4)

where the subscriptis equal tob or g when referring to the total
baryon or gas content, respectively. The values of the paties
Yy anday, are computed through @ minimization procedure,

4 More especifically, this sample of 31 clusters contains 10a0@ 12
NCC systems. The rest of systems, which have not been magibally
classified, are shown in Figl 7 as NCC clusters.
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Figure 6. The mean radial profiles out tbx Rso of the baryonic, gas and stellar depletions (from top todmtpanels) at = 0 (left column) andz = 1
(right column) for the subsample of massive clusters WifBog > 2 x 10'* k=1 M. In each panel, mean profiles for th, CSF and AGN simulated
clusters are shown with the continuous black, dashed-det lbind long-dashed red lines, respectively. For each maolgéd lines around the mean profiles
indicate the region correspondingte standard deviation around the mean. Within each panel andl&ft to right, dotted vertical lines indicate the positio
of the mean value oR2500, R200 and R, (in units of Rs0p) for the sample of clusters for which the profiles are comgute

with the weights of the data points reported in Tdllle 2 prestity The results displayed in Fi@l 8 show that, independently of
their corresponding intrinsic scatter. the considered radius or physics, the baryon depletionifatties

In Table3 we report the bestfitting values of these paramete not evolve significantly with redshift, at least sinee= 1. Within
obtained for each simulation set, within different radiiioferest, Ras00 (right panel) the dissipative action of radiative coolingtie
from Ra500 out to the virial radiusR.;, . CSF runs slightly increases the average valu&’pfvith respect to
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Figure 8. The redshift dependence of the mean values of gas deple}idiriangles) and baryon depletidr}, (circles), computed aRso0 (left panel) and
Ra500 (right panel), for all clusters that at each redshift havessiddsoo > 2 x 10'* h~1 Mg . In each panel, continuous black, dashed-dot blue, and long
dashed red lines stand for thi®, CSF, andAGN simulation sets, respectively. These lines have beentlsliglsplaced along the x-axis to avoid overlapping
among them. Error bars represéat intrinsic scatter computed over all simulated clusters.

z=0
0.20 —

0.15
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0.00L 7 e
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1Rs00

Figure 7. Comparison at = 0 between the cumulative gas mass frac-
tion profiles, f¢ (< r), for the clusters within each of the physical schemes
adopted in our simulations and the observational data froatt Bt al.
). The simulated radial profiles are computed out o R50¢ for the
subsample of massive clusters witlisoo > 2 x 10 h~1 M. Profiles
for the NR, CSF andAGN simulations are shown with the continuous black,
dashed-dot blue, and long-dashed red lines, respectivetyeach model,
dotted lines around the mean profiles indicate the regioresponding to
1o standard deviation around the mean. Dashed lines in oramygraen
stand for the sample of NCC and CC systems O'he
horizontal dotted line marks the cosmic value of the bary@ssifraction
assumed in our simulations.

the AGN simulations, bringing it very close or even above to that
of the non—radiative simulations, witfj, ~ 0.85, constant across
the considered redshift range. On the other hand, the presehn
AGN feedback is effective in preventing gas from accretingpo
the central regions, thus decreasing the baryons fractidn t~
0.80, also independent of redshift.

As for results atRso0, we find a smaller scatter and much
better agreement among the different physical models, ifgls
lighting that the different physical descriptions of theMChave
a negligible impact on the total amount of baryons at suahelar
cluster—centric radii. At such radii, we firid, ~ 0.85 virtually in-
dependent of redshift, with some departure forAB simulations
atz = 1, probably due to the limited statistics of massive clusters
at the highest considered redshift. Therefore, a sizeadiecdse
in the baryon fraction when moving inwards 500 is detected
when including the more realistic feedback scheme basedhen t
effect of AGN.

As for the gas mass fraction, the inclusion of radiative jds/s
decreases its value with respect to the non—radiative atinak,
both at Ra500 and at Rso0. As expected, this decrease is more
pronounced at smaller radii and for the simulations onlyjude
ing the effect of SN feedback. As for tH&N simulations, we find
Y, ~ 0.5-0.6 within R2500, quite independent of redshift, with a
significant scattergy, ~ 0.1, over the whole range of redshift.
This value increases 9, ~ 0.6—-0.7 within Rs00, also nearly con-
stant in redshift, but with a reduced intrinsic scattesof ~ 0.05.
The behaviour obtained for tHeSF simulations is pretty similar
but with lower values for the gas fraction: withibs00, Yy =~ 0.5,
whereas it ist; ~ 0.6-0.7 atRs00. Quite remarkably, in all cases
such values are nearly independent of redshift.

In general, our results for theR case are in agreement with
those from non-radiative simulations presente@@)
anl.6), both based on SPH simulations,enthidy
are slightly, but systematically, lower by about 5 per cdmnt

those obtained by Kravtsov et al. (2005) from AMR simulagion
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Although this difference is quite small, it is still comphta to,

or larger than, the difference induced by the presence tdrdift
physical processes in simulations. Although it remainseséen
whether such a difference between predictions of SPH and AMR
codes persists when including radiative physics, its pres&varns
on the need of understanding in detail the performancedfefelint
hydrodynamical methods in the calibration of the gas masgion
test through simulations. In general, our results on nafiatize
simulations including only SN feedback are in line with thgse-
sented by other authors (e.g. Muanwong ét al. 2002; Krawsat:
12005 Ettori et al. 2006; Sembolini et/al. 2012). Howeverijlethe
comparison between results from different non—radiativeuta-
tions is relatively straightforward, when extra-physisdricluded
the results on the distribution of the different baryonionpmnents
are sensitive not only to the nature of the feedback sounohsded
(i.e. SNe vs. AGN), but also to the details of the numericgllan
mentation (i.e. thermal vs. kinetic feedback, dependehceaing
rates on local gas metallicity, numerical resolution). éhaspects
have to be taken into account when performing such a congparis
between results from different authors.

In principle, the results of our analysis can be used to set
priors on the parameters which determine the amount of gas de
pletion within a given aperture radius and its redshift atioh,
when deriving cosmological parameters from observatidrnhie
baryon fraction in massive clusters. Overall, the resulesented
in Fig.[8 (see also Tablgl 3) allow us to set a rather strong prio
on the parameter describing the evolutionYgf(see Eq[}), with
—0.02 < ay, < 0.07, for a conservative range of variation hold-
ing both atRs00 and Ra500, accounting for the difference between
different physical models and for the uncertainties in tteeate of
the mean associated to the measured intrinsic scatterr #sfaor-
malization, a conservative allowed range of variation canaben
to beYy,, = 0.81 £ 0.06 at Ras00, With a slightly larger normal-
ization and narrower uncertaint§.85 & 0.03) at Rs00.

M), we carried out re-simulations of 29 Lagrangian negjiex-
tracted around as many galaxy clusters identified withinve-lo
resolution N-body parent simulation. These cluster reuations
have been performed using different prescriptions for #mydmnic
physics: without including any radiative processBR funs), in-
cluding the effect of cooling, star formation, SN feedbaCiSk
runs), and including also an additional contribution fronsM
feedback AGN runs).

The final sample of objects obtained within each one of these
set of re-simulations consists i1 160 galaxy clusters and groups
with M, > 3 x 10"® h=' My at = = 0. Using these three sets
of simulated galaxy clusters, we have analysed how therdiffe
physical conditions within them affect their baryon, gad atellar
mass fractions and how these results compare with obsangati
We have also examined which are the implications of our tesul
the systematics that affect the constraints on the cosriualloga-
rameters obtained through the evolution of the clusterdrargass
fraction. In order to do so we have calibrated the differeatyb
onic depletion factors and we have analysed their depeedent
redshift, baryon physics, and cluster radius.

Our main results can be summarised as follows.

e In theNR simulations the baryon mass fractions wittigoo
appear flat as a function of the total mass and differ by leas th
~ 10 per cent from the assumed cosmic baryon fraction. This
result is consistent with previous non-radiative simaiasi (e.g.,
[Eke et all 1998; Kravtsov etlal. 2005; Ettori etlal. 2006). Véhs
the CSF simulations present a similar behaviour, when AGN feed-
back is included there is a significant baryon depletion inrpo
clusters and groups, whereas the cosmic value holds onlhéor
most massive clusters. This result, which is in agreemetit thie
trend displayed by the observational samples M@)
\Giodini et al. (2009), and Lagana ef al. (2011), highlights effi-

ciency of the AGN heating in displacing large amounts of gas o

In order to go one step further, we analyse the dependences ofside the potential wells of small clusters and groups.

the gas and baryonic depletions as a function of any comnibimat
of the parameter$z, M, A} using the following expression:

Yi(2) = Yo.i(1 + o, 2) (M/Mo)™i (A Do) ™, (5)

whereM, = 5.0 x 10" h™' My, Ao = 500, and the subscript

1 stands fotb or g when referring to the baryon or gas depletions,
respectively. To obtain the values of the different pararsefs ;,

ay;, By,, Vy;), the least- squares fit has been performed with the
IDL routine MPFIT -8) For each fit we have also
considered the case in whiehy, is fixed to 0, i.e., no evolution.

In Table[4 we report the best-fitting values of these paramets
tained for each simulation set. In order to obtain these nidgrces

we have considered the baryon content of our sample of neassiv
clusters forA = 2500, 500, 200.

e The stellar mass fractions obtained in our radiative ruoth b
CSF andAGN, decreases smoothly with increasing cluster mass and
shows a flattening in the low-mass efid 10" M(,)) of our sam-
ple. When comparing with observational data, the obtainelths
mass fractions in oUESF runs is quite large, especially for massive
clusters (e.g._Lin et al. 2003; Gonzalez étlal. 2007; Lagred.
[2011). When AGN feedback is included, the stellar massitmast
within Rs00 are lowered by about one third, thus alleviating the ten-
sion with observations, especially at the scale of inteiateemass
clusters. However, the level of agreement with observatide-
pends on the observational sample we compare with. Wheoeas n
of our runs is able to reproduce the observed strong trenteof t
stellar mass fraction with cluster mass reporte.
), our results for the AGN runs are in closer agreemeft w

In general, we note that no significant dependences upon other observational samples (elg.. Laganalet al]2011).

{z, M, A} are detected. All the fitted parameters far,, By ]
have values< 0.07, whereasyy, is in the rangg0.0, —0.04] for
Y, and[0.0, —0.13] for Y.

5 SUMMARY AND DISCUSSION

In the present study, we have analysed a set of cosmologided-h
dynamical simulations of galaxy clusters paying specieidion to
the effects that different implementations of the barygstigsics

e When analysing the different stellar components separatel
we find that the fraction of stars withilRso0 found in the
BCG+ICL components is, in th€SF runs, of abouts0 per cent
for massive clusters, and of abdlit per cent for groups. Paradox-
ically, when AGN feedback is included we find a slightly large
fraction of stars in the BCG+ICL component. The reason fa th
is that, although the stellar mass of the BCG+ICL componéats
creases, the total stellar mass decreases more stronggdy.ebalt,

in agreement with the AGN simulations by Puchwein ét al. (901

is due to the combination of two different effects: while théN

have on the baryon content of these systems. Using the newestheating truncates the star formation at high redshift, ersrgeep

version of the parallel Tree—-PM SPH coGADGET- 3 MI

taking place and unbinding stars from galaxies into theidéfcom-
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ponent, then resulting in a net increase of the fractionafssthat
end up in the ICL component.

As for the comparison with observational data, our resuts c
firm a decreasing trend with cluster mass of the fraction afsst
contributed by BCG and ICL, although they predict values of
this fraction that are larger than those reporte.
M), especially for massive clusters.

e Both of our radiative simulations show that the gas mass
fraction within clusters increases with increasing clusteass,
(see alsd_Kravtsov etlal. 2005; Fabjan et al. 2010; Puchvieih e
M) Our results on the values ¢f at the scale of rich and
poor clusters, especially in the presence of AGN feedbaekima
line with some observational data sets (.g., Vikhlininl22806;
Arnaud et all 2007; Sun etlal, 2009; Zhang ét al. 2011) suigest
that low-mass systems have proportionally less gas thdnrhags
systems.

proves previous results on the baryon census within clusted
brings closer simulations and observations.

In general our results highlight that a robust calibratibthe
baryon bias can be defined from simulation&ado, which is quite
constant within the range of physical models for the ICM uield
in our simulations. This result does not extend at the smididius
R2500, Which is the typical radius within which precise measure-
ments for the gas mass fraction have been carried out sorfdisfo
tant clusters using Chandra dOll, andeebtes
therein). While being beyond the reach of the current geioera
of X-ray telescopes, tracing the gas content of galaxy etesiut
to large radii requires the next generation of X—ray telpssoto
be characterized at the same time by a large collecting aictara
excellent control of the background.

e The results of our analysis can be used to set priors on the A\ckKNOWLEDGEMENTS

parameters which determine the amount of gas depletion d&en
riving cosmological parameters from observations of theydra
fraction in massive clusters. The baryon depletiBy, regardless

of the considered radius or physics, is nearly constantreikhift,

at least since redshift = 1. However, whereas the obtained evo-
lution for Y3 within Rso0 is virtually independent of the physics
included, it shows some dependence on such physical pexess
when looking into inner cluster region&4{s00).

e Our results allow us to set a rather strong prior on the parame
ter describing the evolution &f, (see EqH), with-0.02 < ay, <
0.07, for a conservative range of variation holding bothRabo
and R2500, accounting for the difference between different phys-
ical models and for the uncertainties in the estimate of tlearm
associated to the measured intrinsic scatter. As for thenalaza-
tion, a conservative allowed range of variation can be takeme
Yo, = 0.81 £ 0.06 at Ras00, With a slightly larger normalization
and narrower uncertaint§,85 + 0.03, at Rs00.

The authors would like to thank Volker Springel for makingiv
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isa Bonafede for her help with generating the initial coodi

for the simulations, Weiguang Cui for useful discussionabigel
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o We have analysed the dependences of the gas and baryoniccducation, Science and Technology. This work has been siggpo

depletions as a function of any combination of redshjftluster
massM and overdensity\, according to the functional form of
Eq.[8. In general, we find no significant dependences of thamgs
baryonic depletions on the above quantities. However, virg poit
that caution must be taken when using these results for dogimo
cal applications, given that our simulated models may nahgpe
entire range of models allowed by our current understandiriige
intra-cluster medium.

In general, our results show that the star formation in our ra
diative runs without AGN heating, even in the presence diaat
strong galactic winds, is still too efficient, especially small
clusters and groups. The situation is significantly impcowéen
AGN feedback is included, being able to partly prevent ovelc
ing in central cluster regions. However, a number of disanefes
between simulated and observed baryonic mass fractiorsnwit
clusters still exist, especially when comparing stellass&ac-
tions. Nevertheless, as already reported by other authegs, (
IO), we can infer from our results that a faeekib
source associated to gas accretion onto super-massive déiss
to go in the right direction to conciliate simulations withserva-
tions.

Overall, even when the real picture is far more complicated,
with a number of complex physical processes cooperatingaiem
AGN feedback a self-regulated process, we point out tha@GH
feedback prescription used in the present work signifigaimt-
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Table 1. Bestit functional forms for the baryoryfy), gas (fy) and stellar £.) mass fractions as a function of the total cluster magsyo, for different
analyses of observational data.

Sample Best fit

Lin et al. (2003) fo,500 = 0.148T000% (M500 /(3 x 1014 M])(0-14840.040)

Giodini et al. (2009)  fi, 500 = (0.123 £ 0.003)(Ms00/[2 x 1014 Mg])(0-09+0.03)

Laganaetal. (2011)  fi, 500 = 0.11770:0%0 (M500 /104 M) (0-136:£0.028)

Z114-S09 fe,500 = (0.085 £ 0-004)(Msoo/[1014M@})(0‘30i0'07)
V06+-APPO7-S09 fe,500 = (0.093 = 0.002)(Ms00/[2 x 101 M 5])(0-2140.03)

Lin et al. (2003) fe,500 = 0.0164 705000 (M50 /[3 x 1014 Mg)])~(0-2620.09)

Gonzalez et al. (2007) f. 500 = (0.009 % 0.002) Msqq ~(0-6440-13)

Laganaetal. (2011)  f. 500 = 0.0297 0008 (Ms00/[10145 M])(—0:36+0-17)

Table 2. Values of the gas, stellar and baryonic depletion factvs ¥ andY}, respectively) for our set of simulated clusters, for theéhdifferent physical
models (R, CSF, and AGN), computed atR2500 and Rs00. In each case, values computed at redshifts 0,0.3,0.5,0.8 and 1 are reported. We show
within brackets the values of the intrinsic scatters corgutithin the ensamble of simulated clusters. Results aesifor the subset of clusters that, at each
redshift, are more massive tharisoo = 2 x 101 h=1 M.

Simulation =z Ras00 Rs00
Ye Y Yy Ye Y Yy
NR 0.0 0.80(0.09) — 0.80(0.09) 0.84(0.04) -— 0.84 (0.04)
NR 0.3 0.81(0.08) - 0.81(0.08) 0.85(0.03) — 0.85 (0.03)
NR 0.5 0.78(0.09) - 0.78(0.09) 0.86(0.03) — 0.86 (0.03)
NR 0.8 0.84 (0.05) — 0.84 (0.05) 0.87(0.03) — 0.87 (0.03)
NR 1.0 0.84(0.06) - 0.84 (0.06) 0.86(0.03) — 0.86 (0.03)

CSF 0.0 0.49(0.08) 0.34(0.07) 0.85(0.06) 0.63(0.04) 0.214p.0.85 (0.02)
CSF 0.3 0.48(0.08) 0.34(0.06) 0.84(0.05) 0.63(0.04) 0.2130.0.86 (0.03)
CSF 0.5 0.48(0.06) 0.32(0.05) 0.83(0.04) 0.64 (0.03) 0.202p.0.86 (0.02)
CSF 0.8 0.51(0.06) 0.31(0.05) 0.86(0.05) 0.64(0.03) 0.192p.0.86 (0.02)
CSF 1.0 0.45(0.06) 0.33(0.06) 0.82(0.05) 0.63(0.04) 0.1930.0.85 (0.02)

AGN 0.0 0.55(0.10) 0.21(0.03) 0.77 (0.09) 0.70 (0.05) 0.132D.0.85 (0.04)
AGN 0.3 0.54(0.08) 0.21(0.04) 0.77 (0.07) 0.70 (0.04) 0.13%D.0.85 (0.04)
AGN 0.5 0.55(0.07) 0.22(0.04) 0.80(0.08) 0.70(0.03) 0.131(D.0.86 (0.02)
AGN 0.8 0.55(0.06) 0.21(0.02) 0.79 (0.06) 0.70 (0.03) 0.131(.0.85 (0.03)
AGN 1.0 0.51(0.07) 0.21(0.05) 0.77 (0.09) 0.68 (0.03) 0.13%D.0.84 (0.04)

Table 3. Best-fit values of the parameters describing the evolutfidheogas and baryonic depletions, according to[Eq. 4. Fdr smeulation setR, CSF,
andAGN) and radius of interesi{2500, Rs00, R200, andRy;.), we show the normalizatiort ;) and slope ¢y, ) of the relation, along with their respective
standard deviations within brackets, as obtained fromytheninimization procedure.

Simulation  Radius Yo,g ay, You ay,
NR Ryir 0.87(0.02) 0.00(0.04) 0.87(0.02) 0.00(0.04)
NR Rz00  0.86(0.02) 0.00(0.04) 0.86(0.02) 0.00(0.04)
NR Rsoo  0.85(0.03) 0.02(0.05) 0.85(0.03) 0.02(0.05)
NR Ras00 0.79(0.07) 0.07(0.12) 0.79(0.07) 0.07(0.12)
CSF Ryir  0.70(0.03) -0.03(0.06) 0.87(0.02) -0.01(0.03)
CSF Rago  0.68(0.03) 0.00(0.06) 0.86(0.02) -0.01(0.03)
CSF Rs00 0.63(0.03) 0.01(0.08) 0.86(0.02) 0.00(0.03)
CSF Ras00 0.49(0.06) -0.04(0.18) 0.85(0.05) -0.02(0.08)
AGN Ryir  0.76(0.03) -0.04(0.05) 0.87(0.02) -0.01(0.04)
AGN Rao0 0.75(0.03) -0.03(0.05) 0.87(0.03) -0.01(0.04)
AGN Rs00  0.71(0.03) -0.03(0.06) 0.85(0.03) 0.00 (0.05)

AGN Rasoo  0.55(0.07) -0.04(0.18) 0.78(0.07) 0.01(0.14)
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Table 4.Best-fit values of the parameters describing the evolutidheogas and baryonic depletions according tdEq. 5. For siachlation setR, CSF, and
AGN) and using the data within different radii of intere&a00, Rs00 and R200), we show the best-fit values for the different parametessriging all the
dependences of the gas and baryonic depleti®pg (ay;, By;, 7y;), along with their respective uncertainties within braek&he quoted uncertainties on
the best-fit parameters are obtained from the un-weightesi-Eguares fit rescaled by?/DOF)!/2 under the assumption that the value of the true reduced

x?2 is unity. For each fit we have also considered the case in whiate is no redshift evolution, i.evy; is fixed to 0. This case is shown in the second row
for each simulation.

Simulation YO,g Qay, ﬁyg e YO,b Qy, ﬁyb Y
NR 0.84(0.01) 0.03(0.01) 0.01(0.01) -0.03(0.01) 0.84(0.010.03 (0.01) 0.01(0.01) -0.03(0.01)
NR 0.84 (0.01) 0.00 0.00 (0.01) -0.03(0.01) 0.84(0.01) 0.00 00@0.01) -0.03(0.01)

CSF 0.60(0.01) 0.06 (0.02) 0.07(0.01) -0.13(0.01) 0.85(0.01).00 (0.01) 0.01(0.01) -0.01 (0.01)
CSF 0.61 (0.01) 0.00 0.05(0.01) -0.13(0.01) 0.85(0.01) 0.00 0140.01) -0.01(0.01)

AGN 0.67(0.01) 0.02(0.02) 0.06(0.01) -0.12(0.01) 0.83(0.010.03(0.01) 0.03(0.01) -0.04 (0.01)
AGN 0.68 (0.01) 0.00 0.06 (0.01) -0.12(0.01) 0.84 (0.01) 0.00 03@0.01) -0.04(0.01)
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