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1

The hierarchical cold dark matter (CDM) model has been estab
lished as the standard model of cosmic structure formatiwh a
its parameters are now tightly constrained by a variety ctoln-
tions (e.g. Komatsu et al. 2008; Springel et al. 2006 andeafes
therein). Within the CDM scenario, galaxy clusters are Hrgédst
gravitationally bound objects in the universe, and theyitdkhich

INTRODUCTION

ABSTRACT

The abundance and structure of dark matter subhalos hashabmzed extensively in recent
studies of dark matter-only simulations, but comparagiligtle is known about the impact of
baryonic physics on halo substructures. We here extendutBeIND algorithm for substruc-
ture identification such that it can be reliably applied tssipative hydrodynamical simula-
tions that include star formation. This allows, in partemithe identification of galaxies as
substructures in simulations of clusters of galaxies, adétarmination of their content of
gravitationally bound stars, dark matter, and hot and cakl g/sing a large set of cosmolog-
ical cluster simulations, we present a detailed analysksatd substructures in hydrodynam-
ical simulations of galaxy clusters, focusing in particuwa the influence both of radiative
and non-radiative gas physics, and of non-standard phygsids as thermal conduction and
feedback by galactic outflows. We also examine the impacuoferical nuisance parameters
such as artificial viscosity parameterizations. We find dlifdise hot gas is efficiently stripped
from subhalos when they enter the highly pressurized alasteosphere. This has the side-
effect of making the remaining dark matter subhalo moreifeaggainst tidal disruption, thus
decreasing the subhalo mass function relative to a cornesipg dark matter-only simulation.
These effects are mitigated in radiative runs, where bargomdense in the central subhalo
regions and form compact stellar cores. However, in allgasely a very small fraction, of
the order of one percent, of subhalos within the clusteaviadii preserve a gravitationally
bound hot gaseous atmosphere. The fraction of mass caetiby gas in subhalos is found
to increase with the cluster-centric distance. Intergfijrthis trend extends well beyond the
virial radii, thus showing that galaxies feel the envirominaf the pressurized cluster gas over
fairly large distances. The compact stellar cores (i.eaxdat) are generally more resistant
against tidal disruption than pure dark matter subhaldl, ®ie fraction of star-dominated
substructures within our simulated clusters is orlyl0 per cent. We expect that the finite
resolution in our simulations makes the galaxies overlgspsble to tidal disruption, hence
the above fraction of star-dominated galaxies should semtea lower limit for the actual
fraction of galaxies surviving the disruption of their hdstrk matter subhalo.

Key words: hydrodynamics, method: numerical, galaxies: clusteregangalaxies: evolu-
tion, cosmology: theory

information about the process of structure formation. Assult,
they attract great interest both from observational andrdteal
points of view. Due to their recent formation, clusters ofagées
also represent the ideal places where the hierarchicainibg®f
structures is ‘caught in the act’. Indeed, the complexityhedir in-
ternal structure reflects the infall of hundreds, if not thands, of
smaller objects and their subsequent destruction or lrwiithin
the cluster potential. The dynamical processes detergnihia fate
of the accreting structures also provide the link betweerirtternal
dynamics of clusters and the properties of their galaxy [zijmn.

* E-mail: kdolag@mpa-garching.mpg.de
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Modern cosmological simulations provide an ideal tool to
study the non-linear dynamics of these processes in a cogmol
ical environment. Thanks to the high resolution reached drk d
matter (DM) only simulations, a consistent picture of theyo
lation of subhalos within galaxy clusters has now emergegl,(e
Moore et al. 1999; Ghigna et al. 2000; Springel et al. 2004eSt
et al. 2002, 2003; Diemand et al. 2004; Gao et al. 2004; Ded_uci
et al. 2004; Kravtsov et al. 2004). Although these simulatigive
a highly detailed description of the evolution of DM substures,
they can not provide information on how gas-dynamical psees
affect the properties and the dynamics of substructurdséh an
understanding is needed to make a more direct link of thegorop
ties of dark matter substructures with those of the galakigsorbit
in clusters. For example, we would like to know the timesoaier
which subhalos can retain their diffuse gas once they iiviédi a
cluster, as this also determines the time interval over wgis can
continue to cool and to refuel ongoing star formation. Bdiigly
pressurized, the intra—cluster medium (ICM) is quite effitiin
stripping gas from merging structures (Gunn & Gott 1972;ase
McCarthy et al. 2008 and references therein), therebyiadtdroth
the mass of the subhalos and their survival time. The stigpplso
governs the timescale over which galaxy morphology andurelo
are modified inside galaxy clusters (Abadi et al. 1999; Kgretal.
2004). Finally, although baryons are expected to only playla
dominant role for the dynamics of substructures due to timsited
mass fraction, they may nevertheless alter the structusaldfalos
in important ways, affecting their survival, mass loss rateun-
dance and radial distribution. Quantifying these diffeesrelative
to dark matter-only simulations is an important challengethe
present generation of cosmological hydrodynamical sitiara.

Thanks to improvements in numerical codes and higher com-
puter performance, cosmological hydrodynamical simaoietiof

several further versions where different physical proessshere
included, such as non-radiative and radiative hydrodyosjrstar
formation, energy feedback, gas viscosity and thermal actimh.
The aim of this analysis is to quantify the numerical robasgof
the measured properties of substructures, and to idehgfgtian-
titative influence of these physical processes on substistatis-
tics in comparison with dark matter only models.

The paper is organized as follows. We describe in Sectioa 2 th
sample of galaxy clusters and the simulations performecti@e3
provides a description of the algorithm used to identifyvigea
tionally bound substructures. This algorithm is a modifiedsion
of SUBFIND (Springel et al. 2001), which we suitably changed
to allow extraction of bound structures from N-Body/SPH lign
tions also in the presence of gas and star particles. In@®edti
we present our results about the properties of the subgtasctin
both DM and hydrodynamical simulations. We summarize our re
sults and outline our main conclusion in Section 5. An Append
is devoted to the presentation of tests of resolution andemiaad
stability of our analysis.

2 SIMULATIONS

In this section we describe our set of simulated clusteesdiffier-
ent physical processes we considered, and the numericalesho
made for the different runs.

2.1 Simulated physics

The simulations were carried out with the TreePM/SPH code
GADGET-2(Springel et al. 2001; Springel 2005), which makes use
of the entropy—conserving formulation of SPH (Springel &rirte

galaxy clusters can now model a number of the most important quist 2002). Some of our non-radiative simulations wergiedr

physical processes in galaxy formation, such as radiabeéing,
star formation, and feedback in energy and metals, whildat t
same time reaching sufficient resolution to treat theseqas®s in
a numerically robust and physically meaningful way (e.gordani
et al. 2008, for a recent review). This allows more realistitic-
ture formation calculations of the coupled system of darktena
and baryonic gas than possible with dark matter only sirrariat
far into the highly non-linear regime. For instance, radetooling
has the effect of letting a significant fraction of the baryaool at
the halo centres, which alters the shape and concentrdtivalas
through the mechanism of adiabatic contraction (e.g., Gretdal.
2004). At the same time, the condensation of cooled barynds a
their subsequent conversion into collisionless stars jeeted to
largely protect them from stripping, reducing the rate sfdption
of substructures and increasing their survival times. éddassum-
ing that galaxies at least survive for a while the disruptidtheir
host DM halos has been shown to be crucial for semi—analytica
models of galaxy formation to provide a successful desoripof
the observed galaxy population in clusters (e.g., Gao €084).
This discussion highlights the importance of understapdin
the properties and the evolution of cluster substructusegra-
dicted by modern cosmological hydrodynamical simulatidbs
idently, an important technical prerequisite for such aalysis is
the availability of suitable numerical algorithms to rélaidentify
substructure in dissipative simulations. To this end wepihice a
modified version of th&UBFIND algorithm, and test its robustness.
We then apply it in a detailed analysis of the properties bssuic-
tures in a large ensemble of galaxy clusters, which have &iesun
lated both at different resolutions in their DM-only vensj@and in

out with different implementations of artificial viscositpmpared
with the standard one iBADGET-2, however, which allows us to
investigate the effect of numerical viscosity on the stirigpof gas
from substructures within galaxy clusters. In Dolag et 2005)
it was shown that the amount of turbulence detectable withén
cluster atmosphere is quite sensitive to the numericalnresat of
the artificial viscosity, so one expects that the strippihthe gas
from substructures might also be affected by these nuniatea
tails. In the following, we will label simulations that udeetorigi-
nal parametrisation of the artificial viscosity by Monagl€ain-
gold (1983); Balsara (1995) awisc This was found to be the
scheme with the highest numerical viscosity in the study ofaD
et al. (2005). An alternative formulation with slightly Eeaumeri-
cal viscosity is based on the signal velocity approach of agran
(1997), and is labelled asvisc Finally, we considered a modi-
fied artificial viscosity scheme as originally suggested byriis
& Monaghan (1997), labelled dsisc. In this scheme, every par-
ticle evolves its own time-dependent viscosity parametéh the
goal to only have high viscosity in regions where it is realeded.
In this scheme, shocks are generally as well captured as stam-
dard approach, but regions away from the shocks experieasel-
tificial viscosity, such that an inviscid ideal gas is regrgged more
faithfully. As a result, turbulence driven by fluid instabés can be
better resolved, and simulated galaxy clusters are ableitd bp
a higher level of turbulence generated along the shear flagisg
in the cosmological structure formation process (see Detag.
2005).

GADGET-2also includes, if enabled, radiative cooling, heating
by a uniform redshift—-dependent UV background (Haardt & Mad
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Figure 1. Visualisation of the gas temperature in the non-radiatiewis§ simulations of the ten clusters discussed in the text, car-
ried out with the ray-tracing software SPLOTCH. An animatidlying through one of the simulated clusters can be dowmldadrom
htt p: // ww. npa- gar chi ng. npg. de/ gal f or i dat avi s/ i ndex. sht m #nmovi e9.



4 K. Dolag, S. Borgani, G. Murante, V. Springel

Name Included Physics Reference Used in

dark matter only

dm gravity - Puchwein et al. (2005); Giocoli et al. (2008); Mghetti et al.
(2007, 2008)
(0676 991491542 9334496212 g1, g8,g51, g72andg696

non radiative runs

ovisc usual parametrisation of artificial Dolag et al. (2005) Puchwein et al. (2005); Ettori et al. @0Dolag et al. (2006);
viscosity Bonaldi et al. (2007); Cora et al. (2008); Puchwein & Bartel-
mann (2006, 2007); Meneghetti et al. (2007)
(9676 991491542 9334496212 g1, g8,g51, g72andg696

svisc artificial viscosity based on signal- Dolag et al. (2005)
velocity
(0676 991491542 9334496212 g1, g8,g51landg72)

lvisc  time varying, low artificial viscosity Dolag et al. (2005) Ettori et al. (2006); Vazza et al. (2006)
scheme
(9676 991491542 9334496212 g1, g8,g51landg72)

cooling, star-formation and thermal feedback

csfnw  no winds - Ettori et al. (2006); Borgani et al. (2006)
(g676andg5l)
csf weak winds {¢,, = 340km/h) - Puchwein et al. (2005); Rasia et al. (2005); Etto&le(2006);

Bonaldi et al. (2007); Borgani et al. (2006); Ameglio et al.
(2006, 2007)
(0676 991491542 9334496212 g1, g8,g51, g72andg696

csfsw  strong winds ¢, = 480km/h) - Ettori et al. (2006); Borgani et al. (2006)
(g676andg52
csfc  weak winds ¢, = 340km/h) and Dolag et al. (2004) Ettori et al. (2006); Rasia et al. (20@)naldi et al. (2007)

thermal conductions = 0.3)
(9676 991491542 9334496212 g1, 98,951, g72andg696

Table 1. Symbolic names of the different runs analysed here, togetite a short description of the physical processes inau@ad references to studies
that used the simulations previously or that give speciftaitiefor the physical models used. For each physical medeklso specify for which cluster the
simulations have been carried out.

1996), and a treatment of star formation and feedback pseses tion and overview of the physical and numerical schemesided

Simulations that account for radiative cooling and stamfation in our simulations.

allow us to study the effect of a compact stellar core at tinreeof For some of our cluster simulations we also included theceffe
substructures on subhalo survival and disruption. Thecpp®n of heat conductiondsfq, based on the implementation described
of star formation we use is based on a sub—resolution model to by Jubelgas et al. (2004). In the simulations presented he&ras-
account for the multi-phase structure of the interstell@diom sume an isotropic effective conductivity parameterized dixed

(ISM), where the cold phase of the ISM is the reservoir of star fraction of 1/3 the Spitzer rate. We also account for saturation,
formation (Springel & Hernquist 2003). Supernovae heathbie which can become relevant in low—density gas and at thefauter
phase of the ISM and provide energy for evaporating someeof th between cold and hot media. We refer to Dolag et al. (2004) for
cold clouds, thereby leading to self-regulation of the &iamation more details on the effect of thermal conduction on the tloelym
and an effective equation of state for describing its dyiami namical properties of the intra—cluster medium (ICM).

As a phenomenological extension of this feedback scheme

. . ; ; '2.2 Theset of smulated clust
Springel & Hernquist (2003) also included a simple model for esetof simu clusters

galactic winds, whose velocityy,,, scales with the fractiom of The clusters analyzed in this study are extracted from 10 re-
the SN type-Il feedback energy that contributes to the wifitie simulations of Lagrangian regions selected from a cosnicébg
total energy provided by SN type-Il is computed by assuminag t lower resolution DM-only simulation (Yoshida et al. 200This
they are due to exploding massive stars with massM, from a parent simulation has a box—size 479 h~'Mpc, and assumed

Salpeter (1955) initial mass function (IMF), with each Skasing a flat ACDM cosmology withQ2,, = 0.3 for the matter den-
105! ergs of energy. In our simulations with winds, we will assume sity parameterHy; = 70kms~'Mpc~? for the Hubble constant,
n = 0.5 and 1, yieldingv,, ~ 340 (csf and 480 km s* (csfsw, foar = 0.13 for the baryon fraction anels = 0.9 for the normal-
respectively, while we will also explore the effect of svhiteg off isation of the power spectrum. As such, the valueS)gf andos
galactic winds ¢sfnw). We refer to Table 1 for a schematic descrip- in this model are somewhat higher than the bestfitting watle
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dm ovisc
Cluster Ryiy  Myir R2o0 Maoo Rsoo  Msoo Rvir  Myir  Raoo  Maoo  Rsoo  Msoo

g676.a 1.43 1.60 1.07 1.39 0.71 1.06 1.40 1.53 1.06 1.33 0.71.03 1

g914.a 1.50 1.84 1.09 1.44 0.71 1.06 1.46 1.73 1.09 1.43 0.71.06 1

gl542.a 140 153 1.043 1.29 0.69 0.93 1.40 1.53 1.043 1.3069 0. 0.94

g3344.a 144 1.64 1.07 1.40 0.73 1.10 1.43 1.63 1.07 1.39 0.73.07

g6212.a 143 1.61 1.06 1.33 0.70 1.00 1.43 161 1.06 1.31 0.70.00

g5l.a 3.26 19.21 2.39 15.33 1.56 10.66 3.26 19.03 2.37 15.3057 1 11.16

g72.a 3.29 19.63 240 15.59 1.57 1093 329 19.63 2.37 15.2959 1 11.20
g72.b 1.71 2.81 1.21 2.03 0.71 1.04 1.71 2.79 1.26 2.24 0.74 19 1.

gl.a 3.40 21.86 254 18.86 1.73 1461 337 2116 2.50 17.8069 1. 13.59

glb 231 6.83 1.64 5.07 1.04 3.26 2.26 6.43 1.67 5.36 1.06 3 34
glc 1.67 2.61 1.23 2.09 0.79 1.40 1.69 2.66 1.23 2.09 079 114
gld 1.60 2.29 1.10 1.53 0.63 0.71 1.57 2.14 1.07 1.40 0.61 6 0.6
gle 1.27 1.14 0.94 0.94 0.59 0.56 1.26 1.10 0.93 0.93 0.63 0 0.7
glf 1.14 0.81 0.77 0.53 0.49 0.34 111 0.77 0.77 0.53 0.50 40.3

g8.a 3.90 3270 2.86 26.63 1.90 19.64 394 3387 2.89 27.5693 1. 20.60

g8.b 1.50 1.86 1.09 1.44 0.69 0.93 1.54 2.01 1.14 1.70 074 012
g8.c 1.36 1.37 0.93 0.93 0.60 0.60 1.43 1.61 1.03 1.24 0.61 6 0.6
g8.d 1.34 1.34 0.89 0.80 0.59 0.56 1.40 151 1.00 1.14 0.66 1 0.8
g8.e 1.30 1.23 0.96 1.00 0.60 0.61 1.33 1.30 0.96 1.00 0.63 9 0.6
g8.f 1.14 0.83 0.83 0.66 0.46 0.29 1.20 0.94 0.87 0.76 054 704
98.9 111 0.76 0.77 0.53 0.47 0.31 1.06 0.66 0.76 0.49 0.50 6 0.3

g696.a 3.26 19.07 2.40 15.79 1.56 10.81 3.24 18.94 2.39 15.5157 11.00
g696.b 3.13 17.04 223 12.64 1.43 8.23 3.19 1787 229 13.5147 1 9.10
g696.c 279 1197 2.07 10.04 1.27 5.81 277 11.87 2.07 10.1329 1 6.06
g696.d 2.67 1057 1.83 7.04 1.14 4.30 2.59 9.51 181 6.80 1.14.29

Table 2. General properties of the simulated clusters at 0 for the cases of DM-only runs (left part of the table) and Ferdviscversion of the non-radiative
runs (right part of the table). Column 1: cluster names;.@I\§) and 3 (8): virial radii (in units of Mpc) and virial mass(in units ofl0'* Mg); cols. 5 (10)
and 4 (9): masses contained within the radiifo, encompassing an average densitR@ p..iy and values ofR2qo; cols. 7 (12) and 6 (11): the same as
before, but referring to a mean density500 p,it -

tained from the analysis of the 5-year WMAP data (Dunkleylet a simulations until the target objects were free of any cotitam
2008), but are still consistent with the current cosmolagion- tion by lower—resolution boundary particles out to 3-5aliradii.
straints. The initial unperturbed particle distribution (before inmiing the
Zeldovich displacements) was realized through a relaxaskdike

Five of the regions have been selected to surround low—-mass ) ) -
configuration (White 1996).

clusters fnciuster ~ 1014M@), while four other regions surround

massive {ucuster~ 10'° M) clusters. Besides the central mas- Gas was then added to the high-resolution regions by split-
sive cluster, three of these four regions also contain 12iadell ting each parent particle into a gas and a DM patrticle. Theagds
smaller clusters, all having virial masses abd9&* M, . The tenth the DM particles were displaced by half the original measerint
simulated region surrounds a filamentary structure whichies particle distance, such that the centre-of-mass and theemium

four massive freuster > 10'°Me) clusters (see Dolag et al.  ©f the original particle are conserved. As a further optatien to
2006). Ray—tracing images, obtained with $RLOTCH package save CPU time, the splitting of the DM particles in our latges-

; I ulations (i.e., those of the filamentary structure) was ieppbnly
EeD;Elr?se;g.si%(\)ig,igfpt?geu?:itemperature for the simul er to a subset of the high-resolution particles, selected bydlow-

ing procedure. Instead of defining the high resolution negidth
Using the “Zoomed Initial Conditions” (ZIC) technique (For  the help of a grid, we used a surface around the centre of gie hi

men et al. 1997), these regions were re-simulated with higizess resolution region. For this purpose, we pixelised a fidusjiiere

and force resolution by populating their Lagrangian volaméth around the centre of the high resolution region using 16 pix-

a larger number of particles, while appropriately addinditiohal els, makmg use of theEALPIX tessellfaltion of the full s!<y (Gorski et al.

high—frequency modes drawn from the same power spectrum. To 1998). which has the advantage of offering an equal solitarayered by

optimise the setup of the initial conditions, the high resioh re- each pixel. We then traced back in Lagrangian space all ttielpa in the

. led with 26% arid (for th . t DM-only run which atz = 0 end up within 5 virial radii of the four massive
gion was sampied wi grid (for the more massive systems clusters. All such particles were then projected onto thespal coordinate

even with a64” grid), where only sub-cells are re-sampled at high  gystem, where we recorded the maximum distance within eiaehag our

resolution to allow for nearly arbitrary shapes of the highalu- HEALPIX representation. In a second step, all particleinithe high res-
tion region. The exact shape of each final high—resolutigiore olution region were projected onto the spherical cooreiisgistem and only
was iteratively obtained by repeatedly running dark-nmabtely those with distances smaller than the recorded maximurardistof the
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Figure 2. Visualisation of all the identified galaxies within the wairadius of the g51, g72, g1 and g8 clusters (from top leftdtidmn right), simulated
with cooling and star-formation and galactic windsf(. About 1000 galaxies are identified within the virial regliof each of these massive clusters. Only
the self-bound gas and star particles within substructaresncluded in the visualization, therefore excluding libéatmosphere of the cluster and both the
diffuse intracluster stellar population and the stars eissed with the BCG. The colours of the stars represent gggt using a red to light blue colour-table
for decreasing age. Only a few of these galaxies, about % @lpster, still carries a self-bound hot gas halo, andetians located in the cluster peripheries.
In the visualisation they appears as dark blue, extendex$ haften with a comet—like shape, stretched away from thexigss.

corresponding pixel of our HEALPIX representation werentnearked to
define the region where to add gas. This optimisation praeaduuced the
number of gas particles by about 40 per cent, without sigaitlg reducing
the size of the regions around the target objects where Hydemmics is
correctly computed.

The final mass resolution of the gas particles in our simorati
is mgas = 2.4 x 108 M. Thus, the massive clusters were resolved
with between2 x 106 and 4 x 106 particles. In all simulations, the
gravitational softening length was kept fixed at= 42 kpc comoving
Plummer-equivalent, and was switched to a physical softetength of
e =Th kpcatz = 5.

The high resolution regions around the massive clusterguaie large
and therefore also include other lower mass systems, whicht#l free of
contamination from low—resolution particles. Hence, ¢hegstems can be

included in our analysis. In this way, we end up with a totahpke of 25
clusters having a mass of at led$t'*Mg. The basic characteristics of
these cluster, such as masses and radii at different owtiden both for
the DM—only runs and the non—radiatiggiscruns, are given in Table 2.

To study resolution effects in the substructure mass Histan in the
DM runs, we also performed all these simulations at six tilmgher mass
resolution, with the gravitational softenings decreasmmadingly by a fac-
tor 61/3 ~ 1.8. In the following, we refer to these simulations as our high-
resolution DM runs.

Finally, In Appendix A we will show results of a resolutiorugiy of
one single cluster, taken from a different set of clusterusations (Borgani
et al. 2006), which has been simulated at three differemiwgen. In the
same Appendix we will also discuss the effect of adding gatioes in the
initial conditions in such a way that there are 8 times fewas particles,
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but each having roughly the mass mass as that of the highitiesoDM
particles.

3 DETECTION OF SUBSTRUCTURES

Substructures within halos are usually defined as localgr-dense, self-
bound particle groups identified within a larger parent hid@ur analysis,
the identification of these substructures is performed Ipyyapg the SUB-
FIND algorithm (Springel et al. 2001), which is defined inatsginal form
only for dark matter only simulations. In brief, as a firstpsteve employ
a standard friends-of-friends (FoF) algorithm to identifie parent halos.
In our analysis we have used a FoF linking length of 0.16 tithesmean
DM particle separation. Note that this linking length isahed when scal-
ing the standardlinking length of0.2 by (A./Q)~1/3 according to the
adopted cosmology and leads to groups having the overgatgitacteris-
tic of virialized objects predicted by the spherical coflepmodel (see Eke
et al. 1996). The density of each particle within a FoF grauthen esti-
mated by adaptive kernel-interpolation, using the stah@&#H approach
with a certain number of neighbouring particles. Using atuesion set ap-
proach where a global density threshold is progressiveteted, we find
locally overdense regions within the resulting densitydfiavhich form a
set of substructure candidates. The outer ‘edge’ of thetaudtare candi-
date is determined by a density contour that passes throsticde point of
the density field; here the substructure candidate joins et background
structure. In a final step, all substructure candidatesubjested to a grav-
itational unbinding procedure where only the self-bound faretained.
If the number of bound particles left is larger than a prdsatiminimum
detection threshold, we register the substructure as gesubhalo

For full details on this substructure—finding algorithm aplaed to
dark matter only simulations we refer the reader to the papespringel
et al. (2001). In the following, we briefly describe the magiifions to the
algorithm that we implemented in order to make it applicdablsimulations
which also contain gas and star particles.

Because the dark matter particles and the baryonic partale in
general distributed differently (especially in simulaowith cooling), it
is problematic to apply the FoF algorithm to all particlesoate on an
equal footing. This would not select groups that are bourimed clearly
defined density contour, and produces systematic biashe ielative mass
content of baryons and dark matter. We therefore apply tiedrdy to the
dark matter component of a simulation, using the same Iglength that
would be applied in a corresponding DM-only run. This seldwlos that
are bounded at approximately the same dark matter ovetgeswitour,
independent of the presence or absence of baryonic ph{sch. gas and
star particle is then associated with its nearest DM patticg. if this DM
particle belongs to a FoF group, then the correspondingobéryparticle
is also associated with that group. This effectively eredoall baryonic
material as part of a FOF group that is contained in the azigiark matter
overdensity contour.

We only keep FoF groups containing at least 32 DM particle$uio
ther analysis. Because a significant fraction of such sraall thatter haloes
are spurious, it is better to impose the detection limit grsthe dark matter
particle number, and not on the total number or total FoF grmass, be-
cause the latter would boost the number of spurious sulbstaescdetected
in hydrodynamical runs. Also, this limit ensures that thiolrumber den-
sities detected in DM-only and in hydrodynamic runs shouity aliffer
because of the effects of the baryonic component on the datiendy-
namics, and not because of a change in the group detecticadune.

The second adjustment we made in SUBFIND is the procedure
density estimation in the presence of further componerd&ibe dark mat-
ter. We address this by first estimating the densities darted by DM,
gas particles and star particles at a given point separtielgach of the
components and then adding them up, i.e. the density casieshch of
the three species is computed with the SPH kernel inteiipola¢chnique
for neighbouring particles of the same species only. Agais, is done to
avoid possible systematic biases in the density estimHtésey they are
done with all particles at once, the different particle neasand spatial dis-
tributions of the particle types can introduce comparétil@rge errors, for

for

Cluster Sample N_4 «a

low mass 141 £106 —1.01+0.26
low mass (high resolution) 131 £ 32 —0.97 £ 0.15
high mass 136 =17  —1.00 & 0.07
high mass (high resolution) 142 &+ 22 —0.99 +0.03

Table 3. The bestfit parameters for the cumulative subhalo massidnnc
of Eqg. (1). Reported here are the values for the low— and higiss samples
of DM-only simulations. Results are shown for the simulagiperformed

both at the standard and at the high resolution. Quotedsecarespond

to therms scatter computed among the bestfitting values obtainethéor
individual clusters.

example when a few heavy dark matter particles dominate uhe aver
neighbours that mostly consist of light star particles. Weerthat we have
carried out all the density computations with 32 neighbours

Typically, the density contribution from the gas comporisrdlightly
smoother than that from the DM component (thanks to the gasspre),
whereas star particles generally trace a highly concextrdensity field,
thus making it easier to detect substructures dominatedasypsuticles.
As a net result, we find that the resulting total density fisld ibit more
noisy than the density field in pure DM runs. This led us tohtligmod-
ify SUBFIND’s procedure to detect saddle points in the dgriéeld, and
hence substructure candidates. In the default versionecdldorithm, this
is done by looking at the nearest two particles of a pointithatided to the
density field. We changed this to the nearest three poingdinfirthat this
leads to a significant improvement of the robustness of thetification of
substructures in dissipative simulations while not chagghe behaviour
of the algorithm in pure DM or non—radiative runs.

Finally, as a further refinement in SUBFIND, we take into agtidhe
internal thermal energy of the gas particles in the gravital unbinding
procedure. After unbinding, we keep substructures in ol fist of sub-
halos if they contain a minimum of 20 dark matsend star particles. We
ignore gas particles in this detection threshold in ordemvinid detection
of spurious gravitationally bound gas clumps. In princiglecleaner mass
threshold for detection would be obtained by also ignorimgstar particle
count for this validation, but including them allows us teidify as genuine
self—bound substructures also very low mass systems thapaninated by
the stellar component. Since stars form at the bottom of tenpial wells
and are highly concentrated relative to the other two corapts we find
this does not produce a significant component of spuriousaab.

For each of the FoF groups that correspond to a cluster, waénoiot
this way a catalogue of gravitationally bound subhalos ithgeneral con-
tain a mixture of dark matter, star and gas particles. Theeaf each sub-
halo is identified with the minimum of the gravitational potiel occuring
among the member particles. Similarly, for the cluster ahialey we deter-
mine a suitable centre as the position of the particle thatthe@ minimum
gravitational potential. Around this point, we calculdte wirial radius and
mass with the spherical-overdensity approach, using tee-a@ensity pre-
dicted by the generalized spherical top-hat collapse m(gl Eke et al.
1996). We define as subhalos of a cluster all the substractuhéch are
identified within its spherical virial radius. Note thatshdan sometimes in-
clude subhalos that belong to a FoF group different from difidhe main
halo, due to the aspherical shapes of the FoF groups. Likewi all of the
subhalos in the cluster's FoF group are necessarily ingsderial radius.

4 SUBHALOSIN GALAXY CLUSTERS
4.1 DM-only simulations

As a first step, we characterize the mass distribution ofalolstfor the DM
runs and check the effect of the mass of the parent halo anesofution.
For this purpose, we split our sample of simulated clustersa high mass
sample, containing 8 halos with virial masses abt9& M, and a low
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mass sample, containing 13 halos with masses ranging betweb(0 x
10*Mg and= 3.0 x 10'*M, (see Table 1).

Figure 3 shows the cumulative subhalo mass function, nizetato
the virial mass of the clusters (i.e. subhalo masses areurgghin units
of the virial mass of the parent halo). In the left panel andhia central
panels, the lines are for individual clusters, with grey blatk lines show-
ing the low-mass and high-mass samples, respectively. ddtées among
different clusters is substantial for substructure cobetsw,S 100, which
only includes the most massive structures. However, on@vahtindred
substructures are considered, the abundance per unitmigiss becomes
quite uniform. There appears to be no significant differeincthe scatter
of the high-mass end of the subhalo mass functions betweelowuand
high-mass cluster samples.

In the middle panel, we show the same results as in the leélpbant
now for 6 times higher mass resolution. This allows us to talown to
subhalos that are 6 times smaller in mass, yielding sigmifigdigher total
subhalo counts. There is no clear difference in the clustetuster scatter
relative to the lower resolution simulations, suggestingt the scatter is

not due to numerical noise but rather reflects the genuinatianrs in the
abundance of massive subhalos in different halos.

This is corroborated by the right panel of Fig. 3, where we jgara
the average mass functions for the two subsets of low—makkigh-mass
clusters, and at the two numerical resolutions. The thiely ¢ine marks a
power law with slope of-1, for comparison. Clearly, the average slope of
the subhalo mass function of both cluster samples and atrbstiutions

agree perfectly.

This result is good in agreement with previous findings (Gaale
2004; De Lucia et al. 2004,e.g.). However, unlike Gao et28l04), we here
do not find a significant trend of the amplitude of the subhakssrfunc-
tion as a function of halo mass. a results which is in line liga findings
by De Lucia et al. (2004). However, it may simply be the reklti small
range of halo masses probed by our simulations that preustitsm seeing
the weak mass trend, despite the good resolution reachag mast mas-
sive systems. We note that in the high-resolution versibttsechigh-mass
clusters, each main halo is resolved with more than 10 milliark matter
particles withinR,;,, allowing several thousand subhalos to be identified
within each main halo.
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A good quantitative fit to our measured subhalo mass funeitam be
obtained with a power-law of the form

msub/JV[Vir ) @
10~4Mg '

We obtain values of the slopeand of the normalizatiotV_ 4 for each clus-
ter by performing a fit to the numerical data above a lowertlwhil00 DM
particles (to be insensitive to the resolution limit) and fog,1, /Myir <
0.01 (in order to reduce sensitivity to the scatter in the higtssnand of
the subhalo mass function). The resulting fitting paramsetee reported in
Table 3, along with mean values over our cluster sample anértors due
to the object-by-object scatter. The results of this tableficm that at high
resolution we obtain rather stable results for both theeskomd the normal-
isation of the subhalo mass functions. Furthermore, we fdignificant
differences between the mass functions of high and low mastecs, both
in slope and in normalization.

Nm =N_4 ( (1)

4.2 Hydrodynamical runs

We now turn to an analysis of the subhalo mass functions inhgdro-
dynamical simulations. As described in Section 3, we havelifieal the
subhalo detection algorithm SUBFIND such that it can priypkke into
account the presence of gas and star particles, besidearthendtter par-
ticles. Our modifications have been guided by the desire ¢didgwossible
systematic biases due to the presence of multiple pariictgoonents, such
that the final subhalo catalogues can be directly comparddthose of a
DM-only simulation, except that the subhalos can now alstdaio gas and
star particles.

Figure 4 shows a comparison of the cumulative subhalo mass fu
tions for the different runs we carried out for the high-mg54.acluster.
The left panel compares the total subhalo mass functionhfoDtM-only
run with three non-radiative hydrodynamic runs that usdfdmint treat-
ments for the numerical viscosity (see Section 2.1 for BgtaClearly, in-
troducing non-radiative hydrodynamics causes a decrdadbe total sub-
halo mass function by a sizable amount, and this is almosipiexddent of
the detailed scheme used for the artificial viscosity. [&ipteted in terms
of a shift in mass, the difference between the subhalo mabeiBM-only
and in the gas runs can not be entirely explained by a highiesftig of
gas removal during the infall of subhalos into the clustedeled, besides
removing gas, stripping of gas also has the effect of makidpalos easier
to disrupt, and is also changes their orbits due to the sfigfafjas pressure
(see also Tormen et al. 2004; Puchwein et al. 2005; Saro 2068).

The central panel of Figure 4 shows the cumulative subhalssma
functions for the same cluster, but here comparing the DMwith the
different radiative runs, which differ in the efficiency dfe kinetic feed-
back (i.e.csfnw csf andcsfsy, or in the presence of thermal conduction
(i.e., csfg. The bulk of gas cooling and subsequent star formationimvith
subhalos takes place before the galaxies are falling irdhihh—pressure
environment of the ICM. Cooling has the effect of concemitptold gas
and therefore also collisionless stars forming out of the @fathe centres
of these subhalos. This increases the concentration of&ss distribution,
and protects part of the baryonic mass from ram—pressupgisiy. As a re-
sult, the subhalo mass functions in these radiative rumsase when com-
pared to the non-radiative cases and become quite simithose of the
DM-only runs, with only a marginal sensitivity to the adaptatensity of
the feedback. Only in the run without any kinetic feedbac¥fr{w}, the re-
sulting total subhalo masses are even slightly larger tbathe DM runs.
This is probably the consequence of the adiabatic contracif the DM
halos, in response to the rather strong cooling taking plewen galactic
winds are turned off (e.g., Gnedin et al. 2004).

For the radiative runs, we note that a small but sizable dioul of
small subhalos exist that are dominated by star particleswarose DM
component was lost during the subhalo’s evolution. Thesésing com-
pact cores of star particles are still recognised by SUBF#s3elf-bound
structures, and give rise to the low—-mass extension of théada mass
functions. The flattening of the mass function in these regirshows that
the number of DM—poor galaxies is affected by the finite nuca¢resolu-
tion.

The right panel of Figure 4 shows the subhalo mass functibpsb
the stellar component, for the different radiative runs.eXpected, the ef-
fect of changing the feedback strength is now clearly vs#nhd can lead
to nearly a factor of ten in stellar mass between simulatigitisout kinetic
feedback ¢sfnw and with strong kinetic feedbaclkcgfsw see also Saro
et al. 2006). This comparison highlights the existing ipl@y between the
feedback, which regulates the star-formation within sid#hand its pro-
genitor halos, and the stripping due to the highly presedrianvironment
of the intra—cluster medium. Although thermal conductisrexpected to
alter the efficiency of gas stripping (e.g., Price 2007)|ats efficiency in
the low—temperature subhalos results only in a marginahghpn the re-
sulting stellar mass function. In Appendix A, we will furthexamine the
numerical convergence of the stellar mass function of thstef galaxies.

In Figure 5, we consider the time evolution of the subhalosiasc-
tions by showing averages for the main progenitors of thetdiggh—mass
clusters at different redshifts. For the DM-only simulasowe do not see
any significant evolution over the considered redshift earighis is not di-
rectly in contrast to findings by Gao et al. (2004), as theyngefhe virial
mass with respect to 200 times the critical density. If weksto the same
definition of virial mass and radius we also get a evolutigrteend in the
same direction than found in Gao et al. (2004). The analydiseoaverage
subhalo mass function over the full sample of massive alsistenfirms
the effect of the gas stripping in the non-radiative runsaaly discussed
for the g51 cluster atz = 0, and the counteracting effects by cooling and
star-formation in the radiative runs.

Furthermore, the rightmost upper and lower panels showebelts
atz = 0 andz = 1, respectively. At intermediate subhalo mass (between
1011 Mg and10'2Mg), the effects of cooling and star formation are that
of slightly increasing the subhalo mass function comparét the pure
DM run. This is especially true at high redshift, when stigpis less ef-
ficient. There are indications that, at the high mass enihpstig can be
still efficient enough to suppress the subhalo mass funcéiso in the runs
with cooling and star formation. Again, a measurable effeseen from star
dominated substructures for the low mass subhalos, inniicétiat clumps
of star particles, being more compact than DM subhalos, ane mesis-
tant against tidal destruction. However, even the radiasivnulations do
not predict that a significant fraction of galaxies withoatldmatter halos
survive down toz = 0.

Figure 6 shows the evolution of the parameters of the poawrfit to
the total subhalo mass function, where we have as usuacttedtthe fitting
range to halos with at least 100 dark matter particlesangy, /Myir <
0.01, which gives a reasonable fit over the whole considered itdahge.
To guarantee robust fits, we here excluded those halos fatvihere are
less than 20 data-points in the estimate of the cumulativesriianction
over this range. The slope of the total subhalo mass fundi@s not show
a significant evolution in all the runs. As for the normalisat(right panel
of Fig. 6), its value for the non-radiative\(isq gas run is always below that
of the DM and of the radiativesfgas runs. There is also an indication that
the radiative run at high redshift has a normalization $ljghigher than
the DM run. The stripping of the gas in the non-radiative rsimelatively
independent of the halo mass, thus leading to a slope sitnildrat of the
DM case. We note that there is a tentative indication thattmlensation
of baryonic matter at the centre of the substructures iratadi runs leads
to a small systematic trend with redshift, leading to a shigftatter subhalo
mass function at early redshift in tiesfruns.

4.3 Thecomposition of subhalos

In DM-only simulations, it is known that tidal stripping indes strong ra-
dial dependences in the properties of substructures (eg.eBal. 2004;
De Lucia et al. 2004). For example, the substructure abuwsdanantibi-

ased relative to the mass distribution of the cluster, aedatrerage con-
centration of subhalos increases towards the clustereceftre efficiency
of gas stripping from substructures also depends stronghluster-centric
distance (see Gunn & Gott 1972; McCarthy et al. 2008), hereexpect

radial variations in the relative content of baryons in slbh, which we
analyse in this section.
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The problem is made especially interesting by the complexiimear
interplay between the condensation of baryons due to ieglieboling, the
gas—dynamical stripping processes, and the resultingabrbiolution of
affected subhalos. Indeed, while gas stripping in the hpgbssure ICM
makes subhalos more fragile, the formation of a compact cbmoled
gas and stars makes subhalos more resistant to disruptioa.résult, we
expect that the relative stellar content of a subhalo ar@hjtability to retain
a gaseous halo will depend both on the details of the physébsded in the
simulation and on its cluster-centric distance.

In order to investigate this in more detail, we show in Figidréhe
radial dependence of the fraction of subhalo masses catedbby stars
for the radiative runs including the reference kinetic femck €sf, at three
different epochs{ = 0,1, 2 from left to right). In each panel, the differ-
ent lines indicate different limits for the total mass of #edected subhalos.
Quite clearly, the stellar component becomes progregsivelre important
in subhalos found at a smaller cluster-centric distanceés Ehconsistent
with the expectation that the strong tidal interactionshia tluster central
regions are efficient in removing the dark matter componéthe subha-
los, while the gravitationally more tightly bound clumps sifr particles
are more resistant. Fig. 7 also shows that the radial depeadsf the sub-
halo mass fraction in stars extends well beyond the clustetal radius
Ryir, thus indicating that the cluster environment affects tfaperties of
the galaxy stellar population over a region much larger thanvirial one
(see also Saro et al. 2006). Note that many of these subhatesteld at
r > Rvir may have already been in the cluster earlier, but their ddst
(temporarily) brought them into the outer parts again. Swilleeven leave
(see Ludlow et al. 2008).

Towards the centre of the clusters, the star fraction withihhalos
reaches values higher than the cosmic baryon fraction. gttdlance, this
result lends support to the assumption made by many sentyianbmod-
els (SAMs) of galaxy formation that galaxies can presered tlentity for
a while even after their host DM-halos is destroyed by thal tidterac-
tion within clusters (Gao et al. 2004). However, in semi-bgieal models
(like De Lucia & Blaizot 2007) based on DM simulations of coangble
resolution (like theMillennium RunSpringel et al. 2005) about half of the
galaxies within the virial radius of the parent cluster axpexted to have
lost their DM halos at = 0, while in our hydrodynamical simulations we

find that onlya 20 per cent of the galaxies have a star component which

exceeds the mean cosmic baryon fraction (i€, > 0.13 mgyy), while
only 2 per cent of the galaxies have their mass dominated by stéclpar

(i.e.,m?,, > 0.5mg,p). A precise comparison requires however a care-

fully matched magnitude selection, which is outside thepsaaf the present
paper. Future, yet higher resolution hydrodynamical satiws should in
principle allow an accurate calibration of the SAM assummgi about the
relative survival time of satellite galaxies once theirgardark matter halo
cannot be tracked any more.

A related question concerns the ability of infalling sulaisao retain a
gravitationally bound component of diffuse gas during tluster evolution.
We show in Figure 8 the cluster-centric dependence of thbaalmass
fraction associated with gravitationally bound gas (intsiif the cosmic
baryon fraction) from the set of eight massive clusters; at 0, 1 and
2. In each panel, we compare results for thwsc non-radiative run with
those for the radiativesfrun. Furthermore, the solid lines indicate the radial
dependence of the average subhalo gas mass fraction, wltiemputed by
including also those subhalos which do not have any grawitally bound
gas component. We indicate with the thin lines the Poissaemtsinties
in the estimate of the average gas mass fraction, by assuimeng to be
proportional to the square-root of the number of galaxieganh radial

bin. At 2 = 0 we note that, whenever a subhalo retains a gas component,

the associated mass fraction is higher in the non-radiativehan in the
radiative one. This is related to the fact that a significeattfon of this gas
is converted into stars in the radiative case.

On the other hand, the central concentration of star pestiti sub-
halos in the radiative runs makes them more resistant agaims-pressure
stripping. As a consequence, a larger number of subhaleewe a gas
component, thus explaining the higher average gas fraettoall radii.
Within the virial radius, we find at = 0 that about~ 1 per cent of the
resolved subhalos still have some self-bound gas, botheiowiscand in

the csfruns, with a marginal indication for a smaller amount of gashie
csfclusters, due to its conversion into stars. As expectedight tedshift
ram—pressure stripping has not yet been as effective, tkplaieing the
larger fraction of self-bound gas, which4s 4 per cent and~ 6 per cent
for the oviscand thecsfruns, respectively. Again, we note that the radial
dependence of the gas fraction extends well beyond thd varibus, thus
confirming that the overdense cluster environment affémstructure and
evolution of subhalos over a fairly large region surrougdime clusters (see
also Dolag et al. 2006). Also note that at very high redshit ¢ollapse of
the gas due to efficient cooling inside the subhalos can esaxh o gas
fractions larger than the cosmic values in the radiativesrun

An important question for hydrodynamical simulations oficic
structure formation is how faithfully they are able to déserthe gas—
dynamical processes which determine the stripping of tlseirgaubstruc-
tures moving in a high density environment. In these prasdsydrody-
namical fluid instabilities that are difficult to resolve galay an important
role. In general, the faithfulness of the simulation depeath on the hy-
drodynamical scheme adopted (i.e., Eulerian or Lagrangmplementa-
tion of gas viscosity, etc.) and on the numerical resolutichieved (e.g.,
Dolag et al. 2005; Sijacki & Springel 2006; Agertz et al. 2pGpichino
& Niemeyer 2008). Although a detailed study of these nunatraspects
is beyond the scope of this paper, it is interesting to exarttie impact of
the adopted artificial viscosity parameterization on the gfaipping from
subhalos.

Figure 9 shows the subhalo gas mass fraction as a functidosiéc
centric distance for the four clusters of our high-mass $ejfpr which
runs with different artificial viscosities have been cairmut (i.e., simu-
lations gl.g ¢g8.a g5l.aandg72.3 see Table 2. Similarly to the results
obtained by Dolag et al. (2005) for the predicted ICM turbake theovisc
andsviscimplementations give quite similar results, whereashtse low—
viscosity scheme leads to smaller gas-mass fractionseiribigl halos and
slightly higher gas-mass fractions outside the virial wadiThis is a clear
indication that numerical viscosity has a measurable effache stripping
of gas from the subhalos, as the latter depends on the envinn

The different behaviour of the lower—viscosity scheme camifder-
stood by recalling that this approach provides less efficistous strip-
ping, which explains the larger gas fraction associatet sithalos found
in the cluster outskirts. On the other hand, as subhalos thesvirial radius
and enter in a progressively more pressurised environrtieyt,should ex-
perience hydrodynamical instabilities in the shear-flosuad the subhalo’s
gas, such as the Kelvin—Helmholtz instability. The low wisity scheme
provides less damping for these instabilities, such thastibhalo gas can
be dissolving and dispersed over a relatively short tinedes@s shown by
Agertz et al. (2007), SPH with a standard implementationrtifi@al vis-
cosity tends to suppress these instabilities, therebfjcaatiy increasing the
survival time of relatively cold gas clumps moving in a hot¢mosphere.
The Ivisc scheme with a reduced artificial viscosity in regions owtsid
shocks behaves better in this respect.

5 CONCLUSIONS

In this study, we presented an analysis of the basic sulisteuproperties in
high-resolution hydrodynamical simulations of galaxystéus carried out
with the TreePM-SPH code GADGET. We used a fairly large s@baflus-
ters, with virial masses in the range- 33 x 10'4 h=1 Mg, out of which
eight clusters have masses abdgé® h =1 M. The identification of the
substructures has been carried out with the SUBFIND algorigSpringel
et al. 2001), which we suitably modified to account for thespree of gas
and star particles in hydrodynamical simulations. The prymaim of our
analysis was to quantify the impact that gas physics has eprtbperties
of subhalos, especially on their abundance. Note that@uewvork has so
far almost exclusively analyzed substructures in dark enathly simula-
tions, so that our study is one of the first attempts to diyembmpare the
DM-only results to those of hydrodynamical simulationstthiso account
for baryonic physics.

We analyzed non-radiative hydrodynamical simulations elsag ra-
diative simulations, including star formation and differefficiencies for
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respectively. The heavy continuous lines show the radigéddence of the gas fraction after averaging over all sobhaicluding those not retaining any gas,
while the light lines indicate the uncertainties arisingnfrthe small number statistics of the involved subhalost, lcehtral and right panels are fer= 0, 1

and 2, respectively.
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Figure 9. The same as in Figure 8, but comparing results for the différaplementation of artificial viscosity. Results are shdar the four clusters of the
high—mass sample for which runs with the different visgosihemes have been carried out.

energy feedback associated with galactic outflows. Alsoexamined the
sensitivity of our results with respect to different paraenizations for the
artificial viscosity needed in SPH. The main results of owlgsis can be
summarized as follows.

e Consistent with previous studies (Springel et al. 2001; Deid et al.
2004), we find that the subhalo mass function in DM-only rumsverges
well for different numerical resolution over the mass randnere substruc-

tures are resolved with at least 30 gravitationally bound DM particles.

We extend this result to show that the same convergence alds tvell
for the total subhalo mass function in hydrodynamical rumespective of
whether cooling and star formation are included in the satiohs.

e In non-radiative hydrodynamical simulations, the preseota gas
component leads to a reduction of the total subhalo massidmnwith re-
spect to DM-only runs. On average, the reduction in masse§tibstruc-
tures is larger than expected from the complete strippinthefbaryonic
component. Indeed, it is due to a combination of the modiéioadf the
subhalo orbits arising from the pressure force exerted byirttra—cluster
medium, and of the increased susceptibility of the surgvdM halos to
tidal disruption.

e In general we find that only a very small fraction of subhatdigrder
of one percent, within the cluster virial radii maintain df$®und atmo-
sphere of hot gas. This indicates a high efficiency for thipgitrg of the

hot gas component in our simulations. The radial dependehtiee mean
gas fraction within subhalos indicates that gas strippitegts already at
large cluster—centric distances, beyond the virial radilsing a scheme
for reduced artificial viscosity has the effect of reducingceus stripping
in the cluster periphery, while increasing the strippinghini the virialized

high-density region.

e In radiative runs that include star formation, some of theybas are
protected from stripping due to their concentration at #rgies of the sub-
halos. In this case, substructures have masses which amacaiie to, or
are slightly larger than in the DM-only runs. The stellar mésction is
also found to strongly increase for subhalos close to th&&ehhis con-
firms that compact clumps of star particles are indeed maisteat against
tidal destruction than DM subhalos. Despite this, we find tmdy a small
fraction of subhalos are dominated by their stellar comptngs a result,
the number of star—dominated galaxies is smaller than éxgecehen, like
usually assumed in semi—analytical models of galaxy faonathey are
allowed to survive for a dynamical friction time after theuiption of their
DM halo. This suggests that our hydrodynamical simulatetrtkeir current
resolution may not be able yet to accurately follow the siaivdf galaxies
within clusters after the destruction of their DM subhalos.

Our study shows that the technical improvements we impléaden
in SUBFIND allow a reliable identification of substructuries hydrody-
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Figure 7. The evolution of the radial profiles of the stellar mass foact

within subhalos for the radiativesfrun. Each curve is obtained by aver-

aging over the 8 clusters belonging to the high—mass sar®plly. subha-

los with masses< 2 x 10'2Mg have been included in this analysis. The

horizontal dashed line marks the cosmic baryon fractiomrassl in our
simulations.

namical simulations that include radiative cooling and &iamation. This
allows a direct identification of satellite galaxies notyoim clusters of
galaxies, but also in future high-resolution hydrodynah&mulations of
galaxy-sized halos. This is essential to make direct contéitb observa-
tional data, and also allows studies of the structural irhjpédaryonic
physics on substructure. As our result show here, gas physies alter
substructure statistics in interesting ways, but the &ffdepend on physical
processes such as radiative cooling and feedback. Thisradaas that the
approximate self-similarity of substructure propertieatthas been found in
DM-only simulations of clusters and galaxy-size object®vk et al. 1999)
is not expected to hold nearly as well in simulations withiatide cooling.
For example, in galaxy-size halos, many subhalos will benzalighat they
do not experience atomic cooling; as a result their behagbould be close
to our non-radiative results, and we would here expect actexfuof their
abundance relative to the DM-only case.

In future work, it will be important to further improve the mer-
ical description and resolution of our simulations, in ortte be able to
more accurately follow in particular the star—dominatetsswctures (i.e.,
galaxies) within galaxy clusters. This will then also paeimportant input
for the semi—analytical models of galaxy formation, allogvia check and
calibration of their dynamical friction and gas strippinggcriptions.
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APPENDIX A: NUMERICAL STABILITY

This Appendix is devoted to a discussion of the numericdlilita of the
results presented for the properties of the substructaregriulated clus-
ters. In the first part, we will discuss the robustness of éiselts against the
choice of the subhalo finding algorithm. In the second partvillediscuss
the stability of the subhalos mass functions against nuraleresolution,
choice of the minimum SPH smoothing length and scheme to adgar-
ticles to initial conditions.

Al Substructuredetection

In Section 3 we described our modification of the SUBFIND &t

(Springel et al. 2001) to allow a clear detection of substmas with vari-
ous compositions in hydrodynamical simulations includingling and star
formation. To verify our method, we reanalyzed some of thstelrs studied
in Murante et al. (2007) with the new method and compareddastified

stellar components of the individual galaxies. Note thatitlentification of
galaxies in Murante et al. (2007) was based on a completelgpendent

method, namely SKID (Stadel 2001). Note that SKID works lfegpplied

only on the distribution of star particles. Therefore, fbe tsake of com-
parison, we excluded from our SUBFIND galaxies those haviogtellar
component.

Figure Al shows a comparison for tR8run of the positions, individ-
ual masses and stellar subhalo mass functions. We find aliestcagree-
ment between the stellar masses inferred from both algusitiin fact, the
majority are identical for both algorithms. Only for the ydoosely bound
star particles at the periphery of the substructures sofferefices occur.
However, it is worth mentioning that there is no indicatidraoy systematic
offset between the results, and most of the scatter arisesibe sometimes
merging substructures get split into two parts only by ontheftwo algo-
rithms. In this respect, we find that SUBFIND is marginally nmefficient
in separating two merging substructures. As a generaltre$aur com-
parison, we conclude that our modifications of the SUBFIN@&thm are
able to reliably identify the stellar parts of subhalos etferugh we apply
the substructure finder to all the particles in the simutatio

A2 Resolution and convergence

To test our results we performed several DM-only runs by angimg a
number of parameters defining the numerical setup. Amonggtte carried
out, we mention the following(a) use only the Tree-based gravity solver
and compare with the Tree-PM schenfig) increase the accuracy of time
integration and force computation far beyond the usualesahssumed in
our runs(c) change fromz = 5 to z = 2 the redshift at which the grav-
itational softening switches from physical to comovingtsnin all these
tests we verified that the subhalo mass functions do not sippneaiable
variations down to the mass corresponding to 20 self-bouvdoBrticles.

As already discussed in Section 4.1, increasing resolitidhe DM
runs produces numerically stable results in the subhalcs exction, at
least as long as only structures with at least 20 gravitaliprbound DM
particles are selected. The situation is expected to berdiff when con-
sidering instead hydrodynamical simulations, which idelyphysical pro-
cesses that are expected to be much more resolution dependerlearest
example is radiative cooling, whose efficiency is known tpete on the
mass resolution in cosmological simulations. In a simishion, hydro-
dynamical processes, such as ram—pressure and viscqsrggridepend
quite sensitively on the resolution adopted.

In order to assess the effect of resolution on the subhals faastion,
we carried out several simulations of a moderately poortetashaving a
virial massM;; ~ 2.3 x 10'* M. The set-up of the initial conditions of
this cluster have been described by Borgani et al. (200€p(iesponds to
the CL4 cluster of that paper). The cosmological model agslimthis case
is the same as that for the sample of clusters analysed ipdipisr, except
that a lower normalisatiors = 0.8 of the power spectrum was assumed
(Borgani et al. 2004). Radiative simulations of this clusteve been carried
out by varying the effective resolution in three differerdays:

e Increase the mass resolution by a factor 4 and by a factor itb wi
respect to a reference resolution. The corresponding f@selutions are
decreased by a factart/3 and15/3, respectively (runs R1, R2 and R3 in
Table Al).

e Change the criterion to assign gas particles in the initiaiditions.
Instead of using the same number of gas and DM particles, avithass
ratio reflecting the cosmic baryon fraction, we assignedgageparticle to
every group of eight DM particles. In this way, the mass ohegaarent DM
particle is decreased by an amount such to reproduce theic@smyon
fraction. Given the standard values of the cosmic baryoctitm, this pro-
cedure gives comparable masses to DM and gas particlestetiusing a
possible spurious numerical heating of the gas particldaded by two—
body encounters with DM particles. This scheme of addingtgaaitial
conditions can be seen as a way of increasing the accurate @ravity
part (i.e. increasing the number of DM particles) for a fixeslalution in the
hydrodynamics. This prescription was originally suggedte Steinmetz &
White (1997) as a computationally efficient way of suppmgsivo—body
heating in cooling flows.

e Use different values for the minimum SPH kernel smoothimgtk,
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Figure Al. Comparison of the galaxies detected by SKID and by SUBFINCtHe R3 run atz: = 0. The left panel shows the position of the individual
substructures, with different symbols/colours for gadaxtentified with the two algorithms, as specified in thelltiRed diamonds and black crosses indicate
galaxies identified by SUBFIND and by SKID, respectively,emtthe positions provided by the two algorithms differs tssléhan the half mass radius of
the galaxy in the SUBFIND identification. Blue diamonds amelem crosses are for the galaxies identified by SUBFIND an8HND, respectively, when
they do not have a counterpart identified by the other algoritin the results from SUBFIND, we do not include identifiedbstructures which do not have a
stellar component. The middle panel shows a one-to-one aosgm between the stellar masses assigned by the twothlgsrto the identified galaxies. The
symbols lining up vertically/horizontally are those idéetl by one algorithm, but with no match in the galaxy sampterf the other algorithm. The dashed
lines mark the stellar mass limit applied to the SKID detaetiThe right panel shows the cumulative stellar subhalsrhaection from the two identification
schemes. We also plot the mass functions for the galaxiedifiéel from one algorithm and having a match in the galaxy glanderived from the other

algorithm.

Run  mgm  mgas s Mgup Tcpu  System [GHZ]
R1  2.2e9 3.3e8 1.7e8 lell 55 Opteron 2.8
R2 6.6e8  9.9e7  4.9e7 5el0 173 Opteron 2.8
R3 1.5e8 2.2¢e7 1.1e7 < 1lel0 6126 Power4 1.3
R2-8 6.6e8 7.9e8  4.0e8 7el0 63 Opteron 2.8
R3-8 1.5e8 1.8e8 8.8e7 2el0 257 Opteron 2.8

Table A1l. The masses of the different particle species for the run#-at d
ferent resolution. Column 1: run name. Columns 2-4: masééseoDM,
gas and star particles, respectively (in units\éf)). Column 5: estimate of
the stellar subhalo mass at which the simulations is numgriconverged
(since no higher resolution that R3 is achieved, we give anlypper limit

in this case). Column 6: the CPU time (in hours) needed tmparthe run.

in units of the gravitational softenind,sm. The choice of this smoothing
length is somewhat arbitrary. In radiative simulationsplc® causes gas
to collapse and form high density cores at the centre of h#los causing
the SPH smoothing length of cooled gas particles to fallelwe gravita-
tional softening. One therefore often restricts the SPHathing length to
a certain fraction of the gravitational softening, rangb®ween zero (no
restriction) and one (restricted to the gravitational esaiftg). While the ref-
erence value adopted for our simulationgis, = 0.1, we have tested the
effect of increasing it up to a value of unity.

To separate the effects of numerics from those related tphigsics
included in the simulations, we decided to perform our stofigumerical
stability for the simplest version of the radiative runse, by not using the
kinetic feedback associated with galactic windsfwruns).

In the left panel of Figure A2, we show the results of our resoh
study. They confirm that the mass range over which the totialo mass
function is reliably described widens from the R1 to the R3. fa general,
runs at varying resolution provide similar results at magseresponding to
at least 20 DM particles, thus confirming the result shownign &for DM-
only runs. Quite interestingly, the R2-8 and R3-8 runs, baseusing equal
masses for DM and gas particles, provide results virtualljstinguishable
from the corresponding R2 and R3 runs over the whole mas® nahgre
the results are stable against resolution. This confirmisttigatotal mass

function is determined by the DM mass resolution and thatraarically

converged total mass function can be obtained with theratime way of
“gasifying” initial conditions at a lower computational sto(see Column 6
in Table Al).

The results are different for the stellar mass functionwsha the
right panel of Fig. A2. Since these simulations are not idicig an effec-
tive feedback scheme able to regulate star formation, ibtssarprising
that the subhalo mass function progressively increasd®utitany sign of
convergence with resolution. A more interesting resultceons instead the
behaviour of the R2-8 and R3-8 runs. Despite the fact thakthens have
a poorer gas mass resolution than the R1 and R2 runs, resghgcthey
produce a higher stellar subhalo mass function. For instahe R3-8 run
is consistent with the R3 run down 105 x 10'° M, whereas the R2 run
converges on the R3 run only @tx 10'° M. This result is achieved with
an acceptable increase of the computational cost. Thidigiigh that in-
creasing the DM mass resolution is indeed an efficient wayafeising
the accuracy in the description of cooling in small subhalithout overly
increasing the CPU time requirements.

Finally, Figure A3 shows the effect of changing the minimuatue
of the SPH smoothing lengtlh,., . As for the total subhalo mass function
(right panel), it has only a mild effect at the smallest reedlmasses. We
note that no differences exist fak, < 0.5, while a significant reduction
of the mass function takes place flos,, = 1. The effect is more apparent
for the stellar mass function (left panel). This result destmates that not al-
lowing the SPH smoothing length to become smaller than theitgtional
softening makes the star clumps more fragile within thengtriidal field
of the cluster. We note that using a snmall,, is computationally cheaper,
since it prevents the occurrence of computationally exper8PH compu-
tations for a large number of neighbours in the highly deegéns of cold
gas.

APPENDIX B: DATABASE

The results of our substructure analysis for dne oviscandcsfversion of
all our simulated clusters (with the exceptiongf96 are publicly avail-
able within the German Virtual Observatory (GAVO). The a&sc¢o the
data is realized by a VO-oriented, SQL-queryable databmsias to the
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Figure A3. The total (left panel) and stellar (right panel) subhalo srfasctions at different resolutions and using, at eachluéea, different values for the

minimum of the SPH smoothing lengthg, .

one described in Lemson & Virgo Consortium (2006). The welliegtion
that allows users to query the cluster database (cdliett) is located at
http://ww. g-vo. or g/ Hydr od ust er s. Together with this pub-
lication, the data structures are made available to allsusére interface
provides a full documentation of the available data and giges different
examples for scientifiSQL-queries, returning data which can be used to
produce similar plots than presented in this paper. In thedywe plan to
allow users to register and to build up their own databasestai@ inter-
mediate results from the queries to allow more complex amlAlso, we
plan to extend the underlying database with further simaratthat are not

discussed in this study.



