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ABSTRACT

High-resolution (HR) N-body resimulations of 15 massive (10"-10'> M) dark matter (DM)
haloes have been combined with the hybrid galaxy formation model GALICS to study the for-
mation and evolution of galaxies in clusters, within the framework of the hierarchical merging
scenario. This paper describes the HR resimulation technique used to build the DM halo sample
and discusses its reliability. New features incorporated in GALICS include a better description
of galaxy positioning after DM halo merger events, a more reliable computation of the tem-
perature of the intergalactic medium as a function of redshift, which also takes into account
the reionization history of the Universe, and a semi-analytic description of the ram pressure
stripping of cold gas from galactic discs, suffered by galaxies during their motion through the
diffuse hot intracluster medium. Within the multitude of available model results, we choose to
focus here on the luminosity functions (LFs), morphological fractions and colour distributions
of galaxies in clusters and in cluster outskirts, at z = 0. No systematic dependence on cluster
richness is found either for the galaxy LFs, morphological mixes, or colour distributions. Mov-
ing from higher density (cluster cores) to lower density environments (cluster outskirts), we
detect a progressive flattening of the LFs, an increase of the fraction of spirals and a decrease
of that of ellipticals and SOs, and the progressive emergence of a bluer tail in the distributions
of galaxy colours, especially for spirals. As compared with cluster spirals, early-type galaxies
show a flatter LF, and more homogeneous and redder colours. An overall good agreement is
found between our results and the observations, particularly in terms of the cluster LFs and
morphological mixes. However, some discrepancies are also apparent, with too faint magni-
tudes of the brightest cluster members, especially in the B band, and galaxy colours tending
to be too red (or not blue enough) in the model, with respect to the observations. Finally, ram
pressure stripping appears to affect very little our results.

Key words: galaxies: clusters: general — galaxies: formation — galaxies: haloes — cosmology:
theory — dark matter.

1 INTRODUCTION

In the most widely accepted model for structure formation, cold
dark matter (CDM) is the dominant component of the Universe. As
a consequence, the first structures that form are small dark matter
(DM) haloes, whose subsequent hierarchical mergers produce larger
objects. Baryons are mixed in smaller proportions with the DM
particles, and their evolution follows and depends on that of the DM
haloes: gas cools and collapses at the centre of the halo potential
wells, thus forming stars and giving rise to the observable galaxies.
When haloes merge, the galaxies they contain start orbiting in the
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new common potential well, thus mutually interacting before they
merge with one another. Therefore, galaxy formation also proceeds
in a hierarchical fashion and more massive galaxies are the end
products of several mergers of smaller ones. In such a picture, a
galaxy cluster corresponds to a very massive DM halo, assembled
by the hierarchical merger of several smaller objects, and containing
a large number of galaxies that interact with the diffuse intergalactic
medium and among them; field galaxies, instead, are embedded
in much less massive DM haloes that have suffered fewer merger
events. Thus, galaxy properties are expected to depend, to a certain
extent, on the mass and the formation history of their host DM
haloes.

From an observational point of view, cluster and field galaxies do
indeed show different properties. While spirals represent the larger
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fraction of the galactic population in the field, early-type galaxies
prevail in clusters and are mainly localized in the central regions
(e.g. Dressler 1980; Whitmore, Gilmore & Jones 1993; Dressler
etal. 1997). Spirals in clusters are found mainly in the outer regions
and they show a significant deficiency in H1 gas with respect to nor-
mal discs (e.g. Chamaraux, Balkowski & Gérard 1980; Giovanelli,
Chincarini & Haynes 1981). Also the fraction of dwarf galaxies
appears to be larger in clusters than in the field, but the exact depen-
dence of the shape of the galaxy luminosity function (LF) on the
local density of the environment is still unclear (for recent discus-
sion, see, e.g. De Propris et al. 2003; Lin, Mohr & Stanford 2004,
and references therein). It is still a matter of debate whether these
differences reside in the conditions existing at the moment when
galaxies formed (‘nature’ hypothesis), or in their subsequent evo-
lution (‘nurture’ hypothesis). Certainly, dynamical processes like
dynamical friction, direct mergers and ram pressure stripping do
play a role in modifying galaxy properties, and they should be more
efficient in dense environments such as clusters and groups (see
Mamon 1992, 2000). Major mergers are expected to destroy galaxy
discs and cause spirals to transform into ellipticals. Minor merg-
ers and rapid encounters, often collectively termed ‘harassment’,
should heat up the disc of a galaxy, leading to the creation of a bar
that fuels matter from the disc into the bulge (e.g. Moore, Lake &
Katz 1998). Moreover, the ram pressure that the hot intracluster gas
exerts on the galactic interstellar medium can lead to the removal of
substantial amounts of cold gas from discs (Gunn & Gott 1972), thus
contributing to modifying their morphology, star formation rates, lu-
minosities and colours (Biermann & Shapiro 1979; Abadi, Moore &
Bower 1999; Kenney, van Gorkom & Vollmer 2004, and references
therein).

To study galaxy evolution in clusters within the framework of
the hierarchical scenario, and to try to understand how and how
much it differs from that in the field, it is necessary to both follow
the merging history of very massive DM haloes (the hosts of galaxy
clusters) and describe the physical processes that affect galaxy prop-
erties in dense environments. The approach we have chosen employs
the so-called hybrid technique (Roukema et al. 1997; Kauffmann
et al. 1999; Diaferio et al. 2001; Okamoto & Nagashima 2001;
Springel et al. 2001b; Mathis et al. 2002; Hatton et al. 2003, hereafter
GALICS I; Helly et al. 2003; Okamoto & Nagashima 2003; De Lucia,
Kauffmann & White 2004b) that combines N-body simulations
for following the formation and merging history of DM haloes,
and semi-analytical modelling for describing the physics of the
baryonic component (e.g. Kauffmann, White & Guiderdoni 1993;
Somerville & Primack 1999; Cole et al. 2000, and references
therein).

Using N-body simulations for the DM component allows one
to directly follow the highly non-linear dynamics of collapses and
mergers, and thus to derive realistic and reliable halo formation and
merging histories. As a drawback, the mass resolution is usually
limited to unsuitably high values: typically, the particle mass in
cosmological N-body simulations is some 10' M) and only haloes
composed of at least 10 particles can be reliably detected. This
means that a hybrid galaxy formation model applied to a typical
N-body simulation allows one to resolve only galaxies more massive
than a few 10'* M (assuming a dark-to-light mass ratio of about
10). Moreover, the smallest galaxies can only be detected, but no
information about their formation history can be obtained, because
they derive from the hierarchical assembly of smaller systems, not
resolved in the model. To reduce this problem, high-resolution (HR)
resimulation techniques exist that allow an increase, at relatively
small computational cost, of the mass resolution of a given region

(for instance, a massive DM halo) selected in a larger-scale, lower-
resolution N-body simulation.

The semi-analytical modelling uses a set of simplified ‘recipes’
for describing the processes that act on the baryonic component
within the DM haloes: gas cooling, star formation, energy feedback
from supernovae, galaxy interactions, etc. While the physics of these
mechanisms is very complex, the use of simplified prescriptions, for-
mulated on an observationally or a phenomenologically motivated
basis, has the main advantage of allowing one to easily modify or
switch on/off one given process and thus to estimate its role in af-
fecting galaxy properties. For instance, as we have done here, one
can include in the model the description of ram pressure stripping
of cold gas from galactic discs and easily study how results change
when this process is taken into account or not.

In the present paper, we study galaxy formation and evolution in
clusters by resimulating at HR a sample of 15 massive DM haloes
and by using a semi-analytical model to follow the evolution of the
baryonic component. In Section 2, we describe our cluster-size DM
haloes sample and the resimulation technique we have employed to
obtain it. The package we use to analyse these N-body simulations
and to describe the physical and spectrophotometric evolution of
galaxies within the haloes is called GaLics (for Galaxies In Cos-
mological Simulations). It is described in detail and tested against
several observations of the local Universe in the first paper of this
series (GALICS 1), and it has been used to reproduce and predict
many properties of the Lyman break galaxies at z ~ 3 in Blaizot
et al. (2004, hereafter GALICS 11). Here, we apply it to the cluster
environment, after introducing slight modifications required by the
improved mass resolution and taking into account the ram pressure
stripping process. Its main characteristics and the new physical pro-
cesses we have introduced in the model are summarized in Section 3.
The results we find in terms of the galaxy LFs, morphological frac-
tions and colour distributions are presented in Section 4. The anal-
ysis mainly aims at studying if and how these properties vary with
cluster richness, and with the local density of the environment. Dis-
cussions and conclusions are presented in Section 5.

In order to facilitate the comparison to model results, observations
presented here have been rescaled using Hy = 70kms~! Mpc~!.

2 THE CLUSTER-SIZE DM HALO SAMPLE

2.1 Parent simulation

Under our working hypothesis, a cluster of galaxies is hosted by
a very massive (10"-10" M) DM halo. With the aim of study-
ing galaxy formation in clusters with some statistical significance,
a sample of 15 DM haloes in this mass range has been selected
from the dissipationless ‘very large simulations’ (VLS; see Yoshida,
Sheth & Diaferio 2001), where the comoving volume of the Uni-
verse is sufficiently large to contain several high-mass objects: the
box size is 479 h~! Mpc, with Hy =100~ kms~' Mpc~! and & =
0.7. The adopted cosmological model is the ‘standard” ACDM, with
Qn =0.3,Q2, =0.7, spectral shape I' = 0.21 and normalization to
the cluster local abundance, o g = 0.9. The total number of particles
is 5123, of 6.86 x 10'° h~! M mass each.

DM haloes have been detected in these simulations by means of
the spherical overdensity criterion (Lacey & Cole 1994; Tormen,
Bouchet & White 1997), i.e. they are defined as spheres centred
on maximum density peaks in the particle distribution, with mean
density pa as predicted by the spherical top-hat model: for the
adopted ACDM cosmology, pa =~ 97 pei at z = 0 (Eke, Cole &
Frenk 1996), with p; being the critical density of the Universe at

© 2005 RAS, MNRAS 361, 369-384
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Table 1. Characteristics of the 15 DM haloes in our sample. Columns 2 and 3: masses (in sz~ M) and radii (in h~! Mpc) of the
15 DM haloes in the parent VLS simulations, as measured by the spherical overdensity halo finder (A ~ 97 at z = 0 for the adopted
cosmology). Columns 4 and 5: numbers of high-resolution and low-resolution particles used in the resimulation runs. Columns 6 and 7:
halo masses and radii after resimulations. Columns 8 and 9: number of galaxies brighter than Mp = —17 and —19, respectively, found

within the halo virial radius ry;;.

Name M ra FHR nLR M N N7 Nyg
o8 2.29 x 101 2.72 3700120 191733 2.34 x 101 2.75 1642 374
gl 1.39 x 1015 2.30 2574717 202301 1.40 x 10%5 231 1139 263
2696 1.30 x 10%5 2.26 4870197 184314 1.14 x 10% 2.16 901 235
251 1.20 x 10%° 2.20 1677364 213477 1.08 x 1015 2.12 884 191
g72 1.16 x 101 2.17 3299 865 194277 1.18 x 10% 2.18 908 229
9245 7.08 x 10'4 1.84 3437317 215269 6.50 x 10'* 1.79 487 103
2689 5.95 x 104 1.74 3252085 215809 6.08 x 104 1.75 613 126
2564 498 x 10 1.64 2068981 227187 491 x 10" 1.63 433 94
g1777 4.02 x 10 1.52 3094123 219047 3.83 x 104 1.50 342 64
24478 2.99 x 10'4 1.38 2293433 225706 2.92 x 104 1.37 205 41
26212 1.01 x 10™ 0.95 271228 246780 1.12 x 10 1.00 92 23
23344 1.01 x 10™ 0.96 206 140 248756 1.09 x 10 0.99 84 24
2914 1.00 x 10 0.96 250605 247091 1.45 x 10 1.09 52 10
2676 1.00 x 10 0.96 210958 248817 1.05 x 104 0.98 94 17
21542 1.00 x 10 0.96 207202 248948 8.22 x 1013 0.99 78 15
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that redshift. The radius r 5 of such spheres thus defines the boundary
of DM haloes, to be distinguished from the virial radius r.;,, which
we estimate from the measured potential and kinetic energies. Out
of all these objects, we have selected a sample of 15 haloes with
total masses M , ranging between 10 and 2.3 x 10" 2~' M) (see
second and third columns of Table 1 for the values of M, and r 5
in our sample). They span a variety of shapes, from nearly round
to more elongated. The richness of their environment also changes
from case to case, with the less isolated haloes usually surrounded
by pronounced filamentary structures, containing massive (up to
20 per cent of the selected halo mass) neighbours.

Given the particle mass of the VLS, only haloes of at least ~7 x
10" M@ (10 particles) can be detected and no information about
the formation history of the smallest can be obtained. This clearly
limits the reliability of any galaxy formation model based on such
simulations, because all galaxies fainter than about L., which are an
important fraction of the overall galactic population and the building
blocks of brighter galaxies, cannot be resolved. For that reason, we
have resimulated the 15 haloes of our sample and increased their
mass resolution by a factor ~33 or more, as described below (see
also Lanzoni, Cappi & Ciotti 2003; De Lucia et al. 2004a,b; Lanzoni
et al. 2004).

2.2 High-resolution resimulations

The technique we use (Tormen et al. 1997) consists of selecting a
halo in a given cosmological simulation and ‘zooming in’ on it. The
first step is to draw a spherical region around the selected halo in the
parent simulation. The radius of such a region (7 4) is of a few 7 A,
so that it contains all the particles comprising the halo, plus those in a
boundary layer around it. The number of particles contained within
this region (which is called the HR region) in the initial conditions
of the simulation is then increased, until the desired mass resolution
is achieved. As a consequence, the mean interparticle separation
decreases and it becomes necessary to add the corresponding high-
frequency modes of the fluctuation spectrum to the waves on larger
scales that are used in the initial set-up of the parent simulation. The
displacement field corresponding to these high-frequency modes is
also computed and added to that of the original parent simulation.
The distribution of particles surrounding the central HR region is

© 2005 RAS, MNRAS 361, 369-384

smoothed by means of a spherical grid, whose spacing increases with
the distance from the centre: in such a way, the original surround-
ing particles are replaced by a smaller number of macroparticles,
whose mass grows with the distance from the HR region. Thanks to
this method, the total number of particles to be evolved in the sim-
ulation remains small enough to require reasonable computational
resources. At the same time, the tidal field that the overall particle
distribution exerts on the HR region is kept very close to the origi-
nal one and the boundary layer of HR particles around the selected
halo prevents its ‘contamination’ by lower-resolution macroparti-
cles during the simulation. This implies that the boundary layer
has to become larger when the mass of the selected halo decreases,
and/or the local density around it increases, and/or the mass resolu-
tion one wants to attain increases. The resulting particle distribution
in the new initial conditions is spherical, with a diameter equal to the
box size of the parent simulation and with vacuum boundary condi-
tions (i.e. a vanishing density fluctuation field outside the sphere).
An N-body simulation is then run starting from these new initial
conditions and the properties of the selected halo are recomputed at
the desired higher resolution.

We have applied such a technique to the 15 massive DM haloes
selected in the VLS. To run the resimulations, we have used the
parallel dissipationless tree-code GADGET (Springel, Yoshida &
White 2001a), on the IBM SP2 of the Centre Informatique de
I’Enseignement Supérieur (CINES) (Montpellier, France), and the
Cray T3E of the Rechenzentrum Garching (RZG) Computing Cen-
tre (Munich, Germany). The resolution in mass has been increased
by a factor ~33 for the five most and the five least massive haloes,
using HR particles of ~2 x 10° h~! M each, while a further fac-
tor of 2 in mass resolution was achieved for the five intermediate
mass haloes (leading to a particle mass of 10° 1~' M in this case).
As a consequence, DM haloes with masses down to 2 and 1 x
10" 2! M can now be resolved in our resimulations. The Plum-
mer equivalent gravitational softening used for the HR region is
€ = 5h~'kpc, corresponding to about 0.2 and 0.5 per cent of the
radius r o for the most and the least massive haloes, respectively.
This scalelength, which is a fair estimate of our spatial resolution,
is to be compared with that of 30 2~! kpc in the original VLS. To
prevent low-resolution macroparticles from ending within the final
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resimulated halo, a radius 7 4, of about 3 to 5, was necessary for
the most and the least massive haloes. The resulting numbers of
high- and low-resolution particles used for the resimulation runs are
listed in Table 1 (columns 4 and 5); note that, to get the same mass
resolution in the entire volume of the parent simulation, about 1650°
particles would have been required. Results have been dumped in

files for 100 temporal outputs, logarithmically spaced in the expan-
sion factor of the Universe between z = 20 and 0, yielding a time
resolution of about 400 Myr in the worst case, i.e. around z = 0.
Images of the 15 haloes after resimulations are shown in Fig. 1.
Their masses and radii are listed in columns 6 and 7 of Table 1.
They differ by a few per cent from the original values (columns 2

Figure 1. Images of the 15 DM haloes in the high-resolution resimulations at z = 0. Panels show the projection along the z-axis of a cubic region of about
2r 5 side centred on each halo. Particle density increases from black to white. Haloes are ordered from left to right, then top to bottom as listed in Table 1

(decreasing order of mass in the low-resolution simulations).

© 2005 RAS, MNRAS 361, 369-384
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and 3 of the same table), because the overall gravitational field
in the resimulations is not exactly identical to the original one in
the VLS. These differences are smaller than 10 per cent in mass
and 4 per cent in radius for the 10 most massive haloes, while
they are slightly larger for the lighter objects. Halo g914 represents
an extreme case: its HR mass and radius are respectively 45 and
13 per cent larger than its low-resolution values. This can be ex-
plained by noticing that, in the parent simulation, g914 had a neigh-
bouring halo with a mass of ~2 x 10" A~ M) (equal to 20 per cent
of its mass), at a distance of about 2.5 r . This object is not found
anymore in the resimulation, where, instead, two haloes of 1.5 and
4.5 x 10 h~' M are found at 374, and another one of 1.5 x
10" 1~ M is at a distance of 3.5r 5. It is therefore possible that,
due to the lack of a massive neighbour in the resimulation, g914
has been able to accrete more matter, resulting in a mass and radius
increase by an important fraction.

In summary, we can assess that the HR resimulation technique is
reliable, in the sense that it reproduces quite accurately the selected
halo properties (and those of a number of other objects within the
boundary layer around them) at increased mass resolution (see also
Gao et al. 2004). Thanks to our 15 resimulations, we are therefore
able to describe galaxy formation and evolution in clusters and in
their outskirts in much more detail than we would if we were using
the VLS alone.

3 THE GALICS GALAXY FORMATION MODEL

3.1 General overview

Once the N-body simulations for the DM component have been
run, we have used the GALICS hybrid galaxy formation model to
study galaxy formation and evolution within the haloes. The model
consists in three main steps: (i) detecting DM haloes in the outputs of
the N-body simulation; (ii) constructing their merging history trees;
and (iii) describing the physics of the baryonic component within
the haloes by means of a semi-analytical technique (e.g. White &
Frenk 1991; Kauffmann et al. 1993; Cole et al. 1994; Somerville &
Primack 1999). Its main features are described below, but we refer
to GALICS I for full details.

To identify DM haloes in the outputs of our HR resimulations,
we use a friends-of-friends algorithm (Davis et al. 1985), with
linking-length parameter » = 0.2, in units of the mean interpar-
ticle separation. Only haloes with at least 10 particles (i.e. ~1-2 x
10" 2~ M) are detected, because smaller groups are usually dy-
namically unstable (Kauffmann et al. 1999).

Haloes of each time-step are then linked to those in the preceding
and in the successive outputs, by following the DM particles they
have in common. A sort of genealogical tree is therefore built, where
parents and descendants are recorded. Events of diffuse matter ac-
cretion and halo fragmentation can also take place and contribute to
increase/decrease the mass of the resulting halo.

Galaxy properties are then computed and evolved through the
DM halo merging tree, by means of simplified ‘recipes’, physically
or phenomenologically motivated, which are able to describe the
processes acting on gas and stars. The overall scheme of our semi-
analytical model is similar to that of others, as follows.

(i) Gas cools and forms stars in an exponential, rotationally sup-
ported disc at the centre of newly detected DM haloes, provided that
they are bound and that their spin parameter A < 0.5.

(i1) Supernovae explosions reheat the gas and possibly eject it out
from the disc or the halo, thus inhibiting future star formation and
spreading metals into the interstellar medium.

© 2005 RAS, MNRAS 361, 369-384
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(iii)) When haloes merge, the galaxies they contain start orbiting
in one common potential well and dynamical interactions take place:
orbital decay, due to dynamical friction against the background DM
particles, makes galaxies sink towards the centre of the halo where
they eventually merge with the central galaxy; direct mergers can
also take place between satellite (non-central) galaxies.

Within this scheme, morphological transformations from discs to
spheroids are driven by merger events, with an efficiency that de-
pends on the initial mass ratio of the interacting galaxies. Note
that disc instabilities are also taken into account as possible mecha-
nisms for feeding central spheroidal components. New discs of cold
star-forming gas can be later accreted by the spheroids, and spiral
galaxies, with a more or less prominent bulge, thus form. Stellar
spectra are computed along the full merging history of galaxies
by means of a spectrophotometric model, so that galaxy lumi-
nosities and colours are obtained at every time-step. For this pur-
pose, we use STARDUST (Devriendt, Guiderdoni & Sadat 1999),
which also takes into account the effects of dust absorption and
emission.

As in GALICS 1, galaxies are morphologically classified by their
bulge-to-disc luminosity ratio in the B band. Following Simien
& de Vaucouleurs (1986), we define a morphological index I =
exp(—Lg/Lp), so that I = 1 for a pure disc, / = 0 for a pure bulge,
and the different morphological types correspond to the following
intervals of it: 7 < 0.219 for elliptical galaxies (corresponding to
a bulge blue light fraction, with respect to the total, >60 per cent);
0.219 < I < 0.507 for lenticulars (bulge fraction between 40 and
60 per cent); I > 0.507 for spirals (bulge fraction smaller than
40 per cent). The values adopted for the free parameters are also the
same as those used in GALICS I (see their table 2).

3.2 New elements in the GALICS model

With respect to the original version of the model as presented in
GALICS 1, several modifications have been introduced in the present
work.

The first change concerns galaxy positioning: by using equa-
tion (5.1) of GALICS I to place galaxies within the new common poten-
tial well after DM halo merger events, we noticed that many of our
most massive clusters did not have any central galaxy, at odds with
observations. We have therefore slightly modified that prescription
by weighting the original ‘jumping’ distance R; of GALICS 1 by the
mass contribution of the progenitor halo to its son: Rj ey = Rj(1 —
M o5/ M o). In this way, if the progenitor contributes to most of
the mass of the son, its position (and that of its central galaxy) re-
mains practically unperturbed by the merger event, while if it is
negligible, the new position of its central galaxy is determined as
in GALICS 1. It has been shown (Springel et al. 2001b) that correctly
following the spatial distribution of galaxies within DM haloes and
thus also their merging rate is quite important for getting the right
galaxy properties, like the bright end of the LF, or the morphology—
clustercentric relation. Whereas a substantial improvement in this
direction will be implemented in the next version of GALICS, the
method we adopt here is still simplistic and approximate, and
we therefore do not attempt to reproduce in detail those observa-
tions that strongly depend on galaxy radial positions within the
clusters.

Secondly, given the improved mass resolution of our resimula-
tions with respect to GALICS I (thus, also a large number of low-mass
haloes that were not resolved there), a more accurate description
of the reionization history of the Universe is necessary to avoid
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an unobserved excess of galaxies at the faint end of the LF (see
thin solid lines in Fig. 3). For that purpose, here we compute the
temperature of the intergalactic medium as a function of redshift
following Valageas & Silk (1999), and we use it as a threshold to
determine whether the gas can cool and form galaxies within DM
haloes. More specifically, we require that the temperature of the in-
falling gas (taking into account adiabatic heating as it falls in the
DM potential well) be smaller than the virial temperature of the DM
halo if the gas is to cool and form a central galaxy (e.g. Blanchard,
Valls-Gabaud & Mamon 1992).

Finally, we include in this work the description of ram pressure
stripping of cold gas from galactic discs, as they orbit through the
hot intracluster medium. This process is thought to be responsible
for the neutral hydrogen deficiency observed in cluster spirals with
respect to those in the field (Gunn & Gott 1972) and has also been
considered as a possible mechanism to turn disc galaxies into lentic-
ulars (e.g. Melnick & Sargent 1977; Solanes & Salvador-Solé 1992).
Despite its potential importance, such a process has only been im-
plemented once in a hybrid model for galaxy formation (Okamoto
& Nagashima 2003). This previous implementation led to the con-
clusion that ram pressure stripping produces negligible changes in
galaxy colours, star formation rates and morphological fractions
within the cluster core. These results, however, were obtained only
for bright galaxies (L > L.,) in one single cluster, while the present
work allows us to extend the investigation to fainter galaxies and a
larger number of clusters of different masses.

We have modelled gas stripping from discs following the orig-
inal idea of Gunn & Gott (1972), who use a simple argument of
equilibrium between static forces to estimate its efficiency: if the
dynamical pressure due to the intracluster medium is larger than the
gravitational force per unit surface of the disc, all cold gas beyond
a given radius Ry, on the disc is stripped out. For an exponential
density profile, such a radius is given by

Ry — _In Piem(r) Ui . )
RD 2nG Z()*g E()g

where: Rp is the characteristic radius of the gas and of the gas-
plus-stars exponential distributions in the disc, with central surface
brightness X, and X,,, respectively; picm(r) is the intracluster
medium density at the orbital position r of the galaxy within the clus-
ter at the beginning of each time-step; and v is the component of
the galaxy velocity perpendicular to the disc. Further assuming that
the distribution of galaxy orbital velocities is Maxwellian, with an
rms velocity equal to the halo velocity dispersion (i.e. o = V./~/2,
for a singular isothermal sphere of circular velocity V), one can
randomly select the module of v, . One then multiplies it by the
sine of the angle between the velocity vector and the disc plane,
this time randomly selected from a uniform distribution between 0
and 1, to finally determine Ry,. The mass of cold gas beyond this
stripping radius is then removed from the disc and added to the hot
intracluster medium.

3.3 Practical considerations

We have applied the (slightly modified) GALICS model to the 15 HR
resimulations of massive haloes presented above. Because the halo
masses span 1 order of magnitude, from 10" to 10'> h~' M@, we
have studied the dependence of galaxy properties on cluster richness
(mass). Moreover, not only the main clusters, but also their outskirts
were available at HR in every simulation; therefore, we also inves-
tigated the dependence of galaxy properties on the local environ-

ment. In particular, we distinguish between: the ‘whole cluster’, i.e.
the entire DM halo and its baryonic content within a sphere of ra-
dius ry;; the ‘cluster core’, i.e. DM and baryons contained within a
sphere of radius r ;. /3; the ‘cluster envelope’, i.e. the region between
rvir/2 and ry;,; and the ‘cluster outskirts’, i.e. all HR DM haloes less
massive than 10" 2~' M around the main cluster (within the HR
boundary layer) and their baryonic content. Note however that, our
definitions of cluster ‘core’ and ‘envelope’ do not exactly match the
observed ones, because they refer to three-dimensional volumes,
while observations always deal with projections along the line of
sight.

Random realizations are used in some part of the semi-analytical
code to determine various galaxy properties. Besides those used for
the ram pressure stripping (see previous section), we use random
numbers also for assigning galaxy positions within the new common
potential well after DM halo mergers and for selecting the satellite
galaxies involved in direct collisions. To check how much results are
sensitive to random realizations, we have run the model 10 times on
the same simulation, only changing the value of random seeds. We
find that results are in general very robust, with a small dispersion
about the mean values.

Asdiscussed in GALICS I, the existence of a cut-off mass for the DM
haloes (10 particles, in our case) introduces an effective resolution
limit on our results. We therefore take as a ‘completeness limit’ for
the baryonic mass of our galaxy sample the smallest halo mass times
the baryonic fraction of the Universe, i.e. the galactic mass my;, =
2 x 10" x Q4,/Qm >~ 4 x 10° Mo, where the value Qy, = 0.02/h>
is assumed (Tytler, Fan & Burles 1996). The tight correlation that
is found between galaxy baryonic mass and magnitudes, gives in
turn the following magnitude limits in the B, V and K bands: Mg =~
—16.75,My >~ —17.5 and Mg ~ —20.75. Galaxies fainter than these
limiting magnitudes are never considered in the following.

4 RESULTS

4.1 Luminosity functions

The individual B-band galaxy LFs of the 15 simulated clusters are
plotted in Fig. 2. The shape of the LF appears to vary from cluster
to cluster (which is reminiscent of, e.g. the observations of Yagi
et al. 2002), but no systematic trend is detected as the halo masses
change.

The self-similarity of the cluster LF is even clearer when normal-
izing to the number of galaxies brighter than a given magnitude, as
in Figs 3(a) and (b), for My < —18.5 and for Mg < —23: the 15
dotted lines are quite closely superimposed and minor deviations
from the average LF are independent of cluster mass. Also the LFs
of the most massive cluster in GALICS 1 (3.9 x 10" h~! M) is well
superimposed on those of the present 15 clusters, both in B and in
K, above the completeness limits of that work (marked with arrows
in the figure). We therefore conclude that, at least in the considered
cluster mass range (10'*-10"> M), and for My < —17 and Mg <
—21, the galaxy LF in clusters is universal. This is also the conclu-
sion of several observational studies in different photometric bands
(e.g. Trentham 1998; Trentham & Mobasher 1998; Paolillo et al.
2001; De Propris et al. 2003), even if a general consensus still lacks
(see, e.g. Lumsden et al. 1992; Lopez-Cruz et al. 1997; Valotto et al.
1997; Trentham & Hodgkin 2002; Lin et al. 2004). In particular,
Trentham & Hodgkin (2002) detect a steepening of the faint end of
the LF for increasing cluster richness, but this trend is clear only
at magnitudes fainter than Mz = —17, where our simulations start
to become incomplete. In the K band, a (mild) steepening of the
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Figure 2. Dependence of the galaxy luminosity function on cluster mass.
The B-band LFs of our 15 simulated clusters are plotted in units of the number
of galaxies per magnitude bin. Curves are labelled with halo names, the halo
mass approximately increasing along the y-axis (compare to Table 1).

faint-end LF for decreasing cluster richness is found both by Lin
etal. (2004) and in our model, but the statistical significance is poor.
A more robust difference between rich and poor clusters seems to
be the observed fainter luminosity of the brightest galaxies in lower
mass clusters, compared with the most massive ones (De Propris
et al. 2003; Lin et al. 2004), a trend that we also find in our model.

Given its apparent universality, we can compare our results to the
observed composite LFs, obtained by combining together clusters
of different richness. Fig. 3(a) shows that a remarkable agreement
is found between the model B-band LF and that obtained from 60
clusters in the Two-degree Field Galaxy Redshift Survey (2dFGRS;
De Propris et al. 2003), which very well follows, in turn, the one
derived by Trentham (1998) for nine clusters of different richness
at 7 < 0.2. Also in K (Fig. 3b), model results agree well with the
composite LF of Trentham & Mobasher (1998) derived for five
X-ray luminous clusters at different redshifts, that of Balogh et al.
(2001) from the 2-Micron All Sky Survey (2MASS) and the Las
Campanas Redshift Survey, and that of Lin et al. (2004) obtained
for clusters and groups from the 2MASS survey. Actually, in both
bands a discrepancy is also apparent: galaxies brighter than Mp =~
—22 and My >~ —26 are absent in the model, but are found in the
observations. Note, however, that these very bright objects are also
the rarest and we might miss them because of insufficient statistics.

The model LFs in cluster outskirts are shown in Figs 3(c) and
(d). The LFs of GALICs I for the average field, both in B and in K
bands, are in rather good agreement with those of our cluster out-
skirts, except at the faint end, where the effects of the lower mass
resolution of GALICS 1 rapidly become apparent. With respect to the
observations (Marinoni et al. 1999; Norberg et al. 2002, for the B
band; Cole et al. 2001, in K), the overall agreement is less satis-
factory than for clusters. Also in this case, the brightest observed
galaxies are missed in our simulations. However, they are found in
GALICS 1, where the model is run on a scale supposedly representa-
tive of the ‘average field’ of the Universe. This suggests that such a
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discrepancy is not a drawback of the model itself, but it is due to the
fact that we are not comparing exactly the same kinds of environ-
ment here, because only the immediate outskirts of clusters, not the
average field, are available in our resimulations. This same reason
might also account, at least in part, for the too bright characteristic
magnitude M , of our LFs, with respect to the observations: because
M, is typically fainter in clusters, than in the field (see below), and
because observational samples of the field also include data from
galaxies residing in clusters, a fainter M, for the field, than for the
immediate cluster outskirts, has to be expected. In addition, as appar-
ent from Fig. 3(c), the entity of such a disagreement also depends on
the data sample we compare with, because inconsistencies are still
present among different observational works (for example, those be-
tween Marinoni et al. 1999 and Norberg et al. 2002, which cannot be
solely attributable to uncertain transformations between their photo-
metric systems; see, e.g. Liske et al. 2003 for an extensive discussion
of disagreements among different LFs).

For a more quantitative comparison, we have fitted our LFs with
the Schechter (1976) function. For magnitudes above the complete-
ness limits, binned by half-magnitude, the Schechter parameters
obtained by minimizing the x? of the joint fits to the 15 cluster LFs
are given in Table 2, where we also list those derived by some obser-
vational works. Within the uncertainties, the Schechter parameters
of the model and the observed cluster LFs agree well. Instead, with
respect to the B-band observations in the field, M, is 0.13-0.78 mag
too bright (depending on the observational sample of comparison)
and the slope is too flat in our simulations. The ‘correct’ slope is
found with respect to the observed field LF in K, but an excess of
0.2 mag in M, is also apparent. In any case, it is worth noticing that
the values of the best-fitting parameters are quite dependent on sev-
eral factors, like whether the brightest cluster members are included
(as in our case) or not in the analysis (e.g. Lin et al. 2004) and the
considered range of magnitudes (for instance, if we restrict the fits
to galaxies 0.5 mag brighter than the limiting magnitudes, we find
steeper faint-end slopes). Moreover, a single Schechter function of-
ten provides a poor fit to the observed LFs (e.g. Popesso et al. 2005,
and references therein) and no firm agreement is yet found among
different observational studies.

The dependence of the LF on environment is further studied in
Fig. 4, which reveals a gradual flattening of the faint end, when
moving from denser (cluster cores) to less dense regions (cluster
outskirts), a trend that we find both in K and in B bands.

Observationally, a steeper faint-end slope of the LF in clusters
and particularly in cluster cores, with respect to the field, is reported
by several authors, in different photometric bands (e.g. Balogh et al.
2001; Yagi et al. 2002; De Propris et al. 2003), even if a general con-
sensus still lacks (Lobo et al. 1997; Phillipps et al. 1998; Trentham
1998; Beijersbergen et al. 2002; Christlein & Zabludoff 2003;
Mobasher et al. 2003; Lin et al. 2004) and conclusions also depend
on the considered range of magnitudes.

The model predicts that while the most luminous ‘red’ galaxies
reside in clusters cores, the brightest ‘blue’ galaxies (Mp < —22)
populate the field, but are not seen in clusters (compare Figs 3a
and c). This latter finding is in agreement with the observations of
Trentham (1998), but in contrast with De Propris et al. (2003); in
both cases, however, observational evidences are not very strong. De
Propris et al. also report on an excess of very bright ‘blue’ galaxies
in cluster cores with respect to the envelopes, which we do not detect
in our simulations. This might be an effect of the too rough way we
assign positions to galaxies within DM haloes (see Section 3.2) and
not a real problem of how galaxy formation is modelled, and we
plan to investigate this issue in more detail later.
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Figure 3. Comparison of the model LF to observations, for galaxies in clusters and in cluster outskirts, in the B and K bands. All LFs are normalized to
the number of galaxies brighter than Mp = —18.5 or Mx = —23. In all panels, dotted lines show the model LFs for each individual cluster. Thin solid lines
mark the average LF of the 15 clusters when the reionization history of the Universe is not taken into account. Empty squares trace the LF determined from
GALICS 1 (error bars are omitted for sake of clarity), for the galaxies populating the most massive DM halo (a and b) and the average field (c and d); the magnitude
resolution limits of GALICS 1 are marked with the arrows. (a) B-band LFs of cluster galaxies. Solid circles represent the composite B-band LF of 60 clusters from
the 2dFGRS (De Propris et al. 2003; the conversion from bj to Johnson B is done as described in Table 2). (b) K-band LFs of cluster galaxies. Solid circles
represent the composite LF of five X-ray luminous clusters at various redshifts, as determined by Trentham & Mobasher (1998). The dashed and the solid lines
are, respectively, the Schechter best fits to the composite K-band LF of clusters and groups from the 2MASS survey by Lin et al. (2004), and from the 2MASS
and LCRS surveys, as determined by Balogh et al. (2001). (c) B-band LF of galaxies in cluster outskirts and in the field. Solid circles represent the field LF
from 2dFGRS (Norberg et al. 2002), after the conversion from b; to Johnson B magnitudes. The solid line traces the B-band LF of Marinoni et al. (1999). (d)
K-band LF of galaxies in cluster outskirts and in the field. Solid circles represent the field LF from the 2dFGRS (Cole et al. 2001). See Table 2 for the values

of the best-fitting Schechter parameters.

In agreement with the observations (Balogh et al. 2001; Yagi
et al. 2002; De Propris et al. 2003), we find that the LF of early-type
galaxies has a flatter faint-end slope and a brighter characteristic
magnitude, with respect to that of spirals, both in clusters and in
the field. This can be seen in Fig. 5 for cluster environment and the
K band, with model results for early- and late-type galaxies com-
pared with the best-fitting Schechter functions for non-emission-line
and emission-line galaxies, as determined by Balogh et al. (2001)
on the basis of the measured equivalent width of the [O 1] emis-
sion line. We emphasize that the normalization is not arbitrary in
Fig. 5: both model and observed LFs are normalized to the toral
number of cluster galaxies with My < —21. A similar agreement is
found with the data of De Propris et al. (2003) in the b; band, for
galaxies types split following their spectral properties (Madgwick
etal. 2002). This should be interpreted as a non-trivial success of the
model, particularly if one considers that our definition of morpho-

logical types (based on the bulge-to-disc luminosity in the B band)
does not exactly correspond to those adopted in the observational
studies.

4.2 Morphological fractions

The dependence of the mix of morphological types on cluster mass
for our simulations is studied in Fig. 6, for galaxies brighter than
Mp = —17 and Mg = —19, and for morphologies modelled by the
bulge-to-disc blue luminosity ratio (Section 3.1). The total number
of galaxies brighter than these magnitude limits in each cluster is
given in Table 1 (columns 8 and 9). From Fig. 6, we conclude that
the fractions of different morphological types do not show any clear
systematic dependence on cluster richness. The only trend is for a
larger fraction, on average, of bright (Mp < —19) spiral galaxies in
low-mass clusters, but the significance is marginal.
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Table 2. Values of the best-fitting Schechter parameters and their 1o error bars for the model and the observed LFs, in B
and K bands. The upper part of the table refers to cluster environment, the lower part to the cluster outskirts for the model

and to the ‘average field” of the Universe for the observations.

Band Envmt Input Ref. M, o

B Cluster Simulations 66 —20.56+0:9 —1.341001

K Cluster Simulations G6 —24.75%007 —1.391001

B Cluster APM + 2dFGRS DPO3 —20.58 £ 0.07 —1.28 £0.03
K Cluster 2MASS + LCRS BO1 —24.58 £ 0.40 —1.30 £ 0.43
K Cluster 2MASS + 2dFGRS L04 —24.34 £ 0.01 ~11

B Outskirts Simulations 66 —20.95100! —0.981501

K Outskirts Simulations G6 2441702 —0.98+0:2

B Field NOG M99 —20.82 £ 0.08 —1.1£0.06
B Field APM + 2dFGRS NO2 —20.17 £0.07 —1.2140.03
K Field 2MASS + 2dFGRS Co01 —2421+0.03 —0.96 = 0.05

Notes. Envmt = environment. Refs. = references: G6 = GALICS VI (this paper); DP03 = De Propris et al. (2003); BO1 = Balogh
et al. (2001); LO4 =Lin et al. (2004), obtained by fixing @ = —1.1; M99 =Marinoni et al. (1999); NO2 = Norberg et al.
(2002); Co01 = Cole et al. (2001). The value of M, of DP03 and NO2 is corrected for the conversion from by to Johnson B,
by making use of by — B = —0.28 (B — V) (Blair & Gilmore 1982) and (B — V) 2~ 0.94 (Norberg et al. 2002).
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Figure 4. Dependence of the K-band LF on environment. Curves and error
bars represent the average LFs of the 15 simulations and their rms dispersion
about the mean, for three types of environment: cluster cores (thick solid
line), cluster envelopes (dashed line) and cluster outskirts (dotted line). The
thin solid line traces the average LF for cluster cores when ram pressure
stripping is neglected. Analogous trends are found in the B band. LFs are
normalized to the number of galaxies with Mg < —23.

On the other hand, the dependence on the luminosity cut is
stronger: with respect to the global population, the brighter sub-
sample shows a higher fraction of ellipticals and a lower fraction of
spirals, independent of cluster mass. This is particularly significant
in high-density environments, as apparent from Fig. 7, where the
cores, envelopes and outskirts of the 15 simulated clusters are con-
sidered separately: outside of clusters, the percentage of different
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morphological types is fairly independent of the considered cut in
absolute magnitude, whereas changes in the luminosity selection
limit lead to increasingly different morphological mixes when one
moves towards the cluster cores. In other words, the relative mor-
phological mix in the inner regions shows larger variations from
cluster to cluster and strongly depends on the magnitude limit, with
spiral galaxies dominating for Mg < —17, and ellipticals and SOs
catching up at Mg < —19. In comparison, in the outskirts of clus-
ters, the prevalence of spirals is overwhelming for any luminosity
cut with the percentage of early-type galaxies never in excess of
20 per cent. In the intermediate density environment of cluster en-
velopes, late-type galaxies tend to dominate the overall population,
even if their median fraction systematically decreases for increasing
luminosity cut.

Our spiral fraction in cluster outskirts appears too high, in compar-
ison to the morphological mix derived from the Stromlo automated
plate measurement (Stromlo-APM) redshift survey (Loveday et al.
1996), for galaxies brighter than My = —18.8 (E:S0:Sp = 13:11:76,
see GALICS 1). However, such a disagreement is most probably not
due to the model itself, but rather to the different kind of environ-
ment considered in the present paper (the immediate outskirts of
galaxy clusters) and in the Stromlo-APM redshift survey (the av-
erage field, which also includes clusters and superclusters, where
the early-type fraction is higher). In fact, the Stromlo-APM mix is
better reproduced by our model when applied to large-scale cosmo-
logical simulations, where both high- and low-density environments
are represented (see GALICS I).

Moreover, the comparison with observations in clusters is very
satisfactory, as apparent from Fig. 8. The data are from Vogt et al.
(2004), for all galaxies with measured position and redshift, and
within a distance of 2 2! Mpc from the centres of a set of local
clusters. According to the authors, the sample ‘starts to become sig-
nificantly incomplete at B-band magnitudes ranging from —18.5 to
—19.5". For a consistent comparison, we have therefore selected in
our 15 simulations all galaxies with the same distance from cluster
centres and with Mp < —18.8. The left panel of Fig. 8 indicates
that the distribution of morphological mixes found in the simula-
tions is in good agreement with that of the observed sample, with a
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Figure 5. Dependence of the cluster K-band LF on morphological types.
Dotted lines show the 15 individual LFs for model ellipticals and lenticulars
(a), and for model spirals (b), normalized to the total number of cluster
galaxies with Mg < —21. Solid lines are the observed best-fitting Schechter
functions, with the same normalization, as determined by Balogh et al. (2001)
for non-emission-line and emission-line galaxies, respectively.

large scatter from cluster to cluster and similar median values. The
right panel of Fig. 8 shows that model results also reproduce the ob-
served anticorrelation between the global fraction of spirals and that
of lenticulars, with the global fraction of ellipticals staying almost
constant around 15 per cent. Note that a radial distance 2 h~! Mpc
is larger than the DM halo virial radius for 10 of our 15 clusters and
it corresponds to at least 0.7 x r; for the five most massive ones.
In Fig. 8, we are therefore considering the overall cluster population
(brighter than My = —18.8), not only the most central one, which
explains why the spiral fraction is comparable to or larger than that
of early-type galaxies.

4.3 Galaxy colours

It is well established that galaxy colours show a dependence on
morphological type, as well as on environment, with ellipticals and
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Figure 6. Dependence of galaxy morphological fractions on cluster mass.
From top to bottom, the three panels show the fraction of ellipticals, lentic-
ulars and spirals, as a function of the host DM halo virial mass. All galaxies
within ryi;, having Mp < —17 (solid circles) and Mp < —19 (empty circles)
are considered.

SOs being redder and with tighter colour distributions than spirals,
and with field galaxies being, on average, bluer than their cluster
counterparts.

As a preliminary remark, the colours of our simulated galaxies
do not appear to systematically depend on cluster richness: the
colour distributions, both for early- and late-type galaxies, show
approximately the same shape in all clusters, independently of the
mass of the host DM halo. This statement holds for any colour and
for any magnitude limit, as well as for galaxies populating the cluster
as a whole, or simply the cores. Therefore, in the following, we will
only focus on the mean colour distributions, obtained by averaging
over the entire 15-cluster sample.

We study the dependence of galaxy colour on environment in
Fig. 9, where the B — V distributions in cluster cores are compared
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Figure 7. Dependence of galaxy morphological fractions on environment.
The fractions of ellipticals, SOs and spirals are shown for three kinds of
environment and for three magnitude selection limits. From top to bottom:
cluster cores, envelopes and outskirts. Empty circles are for galaxies brighter
than Mp = —17, solid triangles for Mp < —18 and empty squares for Mp <
—19. The short horizontal lines mark the medians of the distributions. Solid
dots in the upper panel show the median values obtained if ram pressure
stripping is not taken into account. Asterisks in the bottom panel mark the
average morphological fractions in the field derived from the Stromlo-APM
redshift survey, for galaxies brighter than Mp = —18.8 (E:S0:Sp = 13:11:76).

to those in the envelopes and in the outskirts, for early-type and
late-type galaxies, separately. For both morphological types, colours
appear to be extremely homogeneous in cluster cores, whereas a tail
of bluer galaxies develops when moving to regions of progressively
lower density. For ellipticals and SOs, the peak of the distribution
stays around B — V =~ 0.9, and the scatter about it remains quite
small in all environments. The colour distribution of spirals, instead,
changes completely, from strongly peaked around B — V = 0.9 in
cluster cores, to very dispersed around colours more than 0.45 mag
bluer, in the outskirts. These trends do not change if we restrict the
analysis to subsamples of brighter galaxies, or if we consider other
colours, and are in qualitative agreement with the observations.

A more quantitative study of the dependence of colours on mor-
phological types is provided in Fig. 10, where we directly compare
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the B — V and the V — K colour distributions of cluster ellipticals
and SOs (dashed histograms), to those of spirals (empty histograms).
For both colours, spirals appear to be systematically bluer than
early-type galaxies. In B — V (Fig. 10a), the vast majority of early-
type galaxies is well characterized by a single colour (B — V >~ 0.9)
with a small (0.1 mag) dispersion, while spiralsredderthan B — V =
0.9 are not found, and their distribution is wider (more dispersed)
and shifted towards bluer colours. In V — K, the distributions are
more dispersed and skewed towards red and blue colours for early-
and late-type galaxies, respectively (Fig. 10b). Observational results
are shown in the inserts of Fig. 10, where data are taken from the
Galaxy On Line Database Milano Network (hereafter GOLDMine,
Gavazzi et al. 2003), which we corrected for galactic extinction,
as estimated by Schlegel, Finkbeiner & Davis (1998), using the
NASA/IPAC Extragalactic Data base (NED), and k-corrected fol-
lowing Poggianti (1997). For the B — V colours, we also show
data from Prugniel & Simien (1996), which were already extinction
and k-corrected. The general trends found for our model results are
in qualitative agreement with the observations. In more detail, the
V — K distribution of simulated spirals well corresponds to the
observed one, while their B — V colours are not blue enough and
present an unobserved peak around B — V >~ 0.9. This is a draw-
back of the model, possibly due to the fact that gas accretion is
not allowed on satellite galaxies in any DM halo, so that fewer new
stars can form as redshift decreases, thus leading to older and redder
stellar populations than the observed ones. In B — V', a much better
agreement is found for ellipticals and SOs, with the right colour for
the peak of the distribution, and only a relatively small deficiency of
slightly bluer (B — V =~ 0.8) and slightly redder (B — V =~ 1) galax-
ies. However, in V. — K the whole colour distribution of ellipticals
and S0s is 0.2 mag too red with respect to the observations.

The model predictions for early-type galaxies are further com-
pared to observations in Fig. 11, in terms of the colour—-magnitude
relations (data are as in Fig. 10, plus those from Bower, Lucey & Ellis
19921in V — K; to the latter, which are already extinction corrected,
we applied Poggianti’s k-corrections). Simulated galaxies do follow
tight and well-defined relations, especially for the B — V colour. In
this case, both the slope and the scatter in model results reproduce
well the observed ones. The V — K colour—-magnitude relation less
accurately matches the observations, showing an average shift of
~0.2 mag, a too large scatter (too skewed towards red colours) and
a flatter slope. As already discussed in Section 4.1, a discrepancy
also exists in terms of a lack in the model of the brightest cluster
galaxies (Mp < —22 and My < —22.5) found in the observations.

Note however that the exact shape of the colour distribution de-
pends quite sensitively on the definition of morphological types,
which is not exactly the same in the model and the observations.
Moreover, the way colours have been obtained (from the galaxy
total light, as in the model, or within smaller central regions due
to fixed aperture observations, for instance), as well as the adopted
extinction and k-corrections, can easily lead to discordant results,
and therefore make it difficult to compare observations and models
(see e.g. Kaviraj et al. 2005).

4.4 Effects of ram pressure stripping

We find that by including or neglecting ram pressure stripping in
the model, galaxy properties only show mild variations. The LFs
obtained by taking into account or by ‘switching off’ this process
are almost indistinguishable. This is shown, for instance, in Fig. 4
for cluster core environment, where the stripping should be maxi-
mally efficient. Also the effects on galaxy colour distributions are
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Figure 8. Comparison of the model morphological fractions to observations. Model galaxies have been selected with Mg < —18.8 and within 2 4~! Mpc from
cluster centres, similarly to the observations of Vogt et al. (2004). Left panel: model results (solid symbols) are compared to observational data (empty symbols)
from table 1 of Vogt et al. (2004). The short horizontal lines mark the medians of the distributions. Right panel: distribution of the relative morphological
fractions (represented with squares, triangles and circles for spirals, lenticulars and ellipticals, respectively) for clusters ordered by increasing spiral fraction, in
the model (solid symbols) and in the observations (empty symbols); clusters are sorted out along the x-axis by increasing spiral fraction, with arbitrary spacing.

completely negligible, as can be seen in Fig. 9. The morphological
mix in cluster cores appears to be mildly affected by ram pressure
stripping, with a slight increase of the fraction of ellipticals and spi-
rals, in spite of that of lenticulars, if the process is neglected (Fig. 7a).
However, the effect is small and no systematic trends with cluster
richness are found. The cold gas content of spiral galaxies is effec-
tively smaller in clusters than in the outskirts, but this is mainly due
to the different gas accretion, gas consumption and star formation
histories in the two kinds of environment: in dense environments,
objects form earlier on average, and therefore have shorter dynam-
ical and star formation time-scales. Moreover, field spirals in the
model typically correspond to the central galaxy of the embedding
DM haloes and thus they can continuously accrete new cold gas on
to their discs; cluster spirals, instead, are satellite galaxies, which
can only consume their gas reservoir until its complete exhaustion.
Thus, by the time the ram pressure stripping process becomes ef-
ficient (cluster assembly epoch), most of the gas has already been
processed in a large fraction of the cluster member galaxies and
similar results are found whether or not we include ram pressure
in the model. We therefore confirm the conclusions of Okamoto &
Nagashima (2003) that ram pressure stripping plays a minor role
in galaxy transformations, provided a more accurate description of
this process does not prove it to be more efficient by, say, an order
of magnitude than our estimates.

5 SUMMARY AND DISCUSSION

In this paper, we have studied galaxy formation and evolution in
clusters and in their outskirts, within the framework of the hierar-
chical merging scenario, by means of HR resimulations of massive
DM haloes, and the GALICS hybrid galaxy formation model.
Numerical N-body simulations and a good mass resolution are
both necessary to accurately follow the formation history of DM
haloes, where observable galaxies form and evolve. An effective
method, in terms of computational cost, consists of resimulating
with a larger number of particles a given halo or a given region
selected from an already-run N-body simulation, thus increasing
its mass resolution. In the present work, we have applied such a
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Figure 9. Dependence of galaxy B — V colours on environment. Average
B — V colour distributions and rms dispersion about the mean, for early-type
galaxies (left panels) and spirals (right panels), in three types of environment:
cluster cores (top panels), envelopes (middle panels) and outskirts (bottom
panels). Dotted histograms show the results if ram pressure stripping is not
taken into account.
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insert in (a) (shaded in long-dashed line) represents early-type galaxies from the Prugniel & Simien (1996) sample. (b) The same as in (a), but for the V — K
colour and for galaxies brighter than My = —18.2. The insert shows the observed distribution obtained from GOLDMine. All observations are extinction and

k-corrected (see text).

technique to a sample of 15 massive DM haloes, increasing their
mass resolution by a factor of ~33 or 66, so that the evolution
of all DM haloes of at least 2 or 1 x 10" 2~' M can now be
followed.

To detect haloes, construct their merging histories and form galax-
ies within them, we have employed the GALICS model, that has been
presented and tested against several observations of the local and
high redshift Universe in the first and third papers of this series
(GALICS I; GALICS 1II). Here, GALICS is used to investigate whether
(and how) galaxy properties depend on cluster richness (with our
halo masses in the range between 10" and 10" M), and on the
density of the local environment (cluster cores, envelopes and out-
skirts). With respect to GALICS I, the improved mass resolution of our
simulations have raised the necessity for a better description of the
reionization history of the Universe, needed to avoid an unobserved
excess of galaxies at the faint end of the LF. A semi-analytic de-
scription of ram pressure stripping has also been included, because
this process is commonly considered to be important in the cluster
environment. LFs, morphological fractions and colours have been
studied for all galaxies brighter than the magnitude limits imposed
by our mass resolution: Mg = —16.75, My = —17.5, Mx = —20.5,
in B, V and K bands, respectively. We now proceed to summarize
and discuss our main results.

5.1 Luminosity function

(1) The cluster LF appears to be universal, in all photometric
bands: its shape varies from cluster to cluster, but it does not
show any clear dependence on cluster richness (mass), at least
in the galaxy luminosity and cluster mass ranges probed by the
model.

(i1) A gradual steepening of the faint end of the LF with increasing
density of the local environment (i.e. from cluster outskirts, to cluster
envelopes, to the cores) is detected in all bands.

© 2005 RAS, MNRAS 361, 369-384

(iii) In K, the brightest galaxies have similar luminosities both in
cluster cores and in the outskirts, while in B, cluster central galaxies
never attain the same high luminosities as their outskirts counter-
parts.

(iv) The LF of cluster early-type galaxies is flatter than that of
spirals.

(v) A good agreement is found with respect to the observed clus-
ter LFs, both in B and in K, and also for different morphological
types considered separately. The main discrepancy consists in too
faint luminosities of the brightest cluster members: galaxies brighter
than M >~ —22 and M >~ —26 are absent in the model, but are found
in the observations.

(vi) The agreement is still satisfactory between the model LFs
for the cluster outskirts and the observed LFs for the average field
in the K band. In B, instead, the model predicts a too bright M, and
a too flat faint-end slope, compared with the observed values.

Some notes of caution should be taken about the comparison be-
tween simulations and observations. For what concerns the model
LF, its faint end is very sensitive to the magnitude resolution limits
and to the detailed modelling of reionization squelching at high red-
shift, a process that is still poorly known and that also depends, in
turn, on the mass resolution of the DM simulations (see Section 3.2).
The bright end, instead, is affected by galaxy merging, with both the
frequency of this process and the exact characteristics of the merger
end products being modelled in a very approximated way. Finally,
the exact values of the Schechter best-fitting parameters are not very
robust, because they depend on the considered binning and range of
magnitudes. On the side of observations, a general consensus on the
exact shape of the LF, both in clusters and in the field, and on its de-
pendence on the local density still lacks (see, e.g. Beijersbergen
et al. 2002; Liske et al. 2003; Lin et al. 2004, and references
therein). Results are quite sensitive to several factors, like the
considered range of magnitudes, the inclusion/exclusion of the
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Figure 11. Colour—magnitude relations for cluster early-type galaxies. Model results are shown in the left-hand panels, observations (extinction and k-corrected)
in the right-hand panels. Upper panels: B — V colour as a function of the B absolute magnitude. Model results are shown for all early-type galaxies within the
virial radius of the 15 simulated clusters. Observational data extracted from GOLDMine are shown as crosses, while the median colour—-magnitude relation,
with rms dispersion error bars, obtained from the data of Prugniel & Simien (1996) is plotted as a solid line. Lower panels: the same as in the upper panels, but
for the V — K colour as a function of the V magnitude. Observations refer to the GOLDMine data (crosses) and to the mean colour—magnitude relation, with
standard deviation error bars, for early-type galaxies in Coma cluster, from Bower et al. (1992; solid line).

brightest cluster members, the adopted corrections (for incomplete-
ness of the sample, surface brightness effects, etc.), and the method
used for combining different samples and obtaining the average LF.
Also the way fits are performed can affect the results, with a sin-
gle Schechter function often providing a poor description of the
observed LFs (e.g. Popesso et al. 2005, and references therein).
A further difficulty for a proper comparison between model and
observations, as well as among different observational results, is
added by the necessary transformation from one photometric band
to another, which pass through uncertain and approximated average
colour conversions.

We finally stress that our comparisons are mainly valid in terms
of the overall shape of the LFs, while they do not provide informa-
tion about the relative excess or deficiency of galaxies, because they
depend on the adopted normalization (as it is always the case when
comparing functional shapes that are not identical): for instance,

if we normalize our outskirts LF to the number of galaxies more
luminous than Mz = —20.5 (rather than My = —18.5), we better
recover the bright end of the observed field LF, but further under-
estimate the fraction of faint objects. If one also considers that the
kinds of environment, as well as the definitions of morphological
types do not exactly correspond in the model and in the observa-
tional studies, the agreements we find should be considered quite
satisfactory.

5.2 Morphological fractions

(1) Noclear trend is found between the relative fractions of spirals,
SOs and ellipticals and cluster richness in our results.

(i1) The morphological mix shows quite a large scatter from clus-
ter to cluster and a significant dependence on the adopted magnitude
cut, particularly in cluster cores. In fact, whereas for My < —17

© 2005 RAS, MNRAS 361, 369-384
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spirals are more abundant than ellipticals in the cores of all clusters,
early-type galaxies dominate in most of the cases for My < —19.

(iii) The morphological mix clearly changes with environment,
from massively spiral-dominated in the outskirts, to a more bal-
anced mix between spirals and ellipticals/SOs when moving to clus-
ter cores.

(iv) A good agreement with the observations is found for the
morphological mix in clusters.

(v) With respect to the observational data for the ‘average field’,
we find an excess of spirals (and a deficiency of early-type galaxies)
in our cluster outskirts.

While this latter discrepancy is probably related to the different
kind of environment considered in the model and in the observa-
tions, the success at reproducing the cluster morphological mix is
not trivial, particularly if one considers that different definitions of
morphological types are adopted. Because galaxy positioning in the
model is currently described in a rough way, we do not push the
comparison further and try to reproduce the observed cluster pop-
ulation gradients in more details, but we postpone this issue to a
forthcoming paper.

5.3 Colour distributions

(i) Galaxy colour distributions do not appear to depend on clus-
ter richness, whatever our adopted magnitude limits, or whatever
subsamples of galaxies we select in different environments.

(ii) Early-type galaxies are systematically redder than spirals in
all environments.

(iii) Colours are very uniform in cluster cores, with a well-defined
peak around B — V = 0.9, both for early- and late-type galaxies.

(iv) The distributions become increasingly dispersed towards
bluer colours when moving to environments of lower densities, still
maintaining a peak at B — V =~ 0.9 in the case of the ellipticals and
S0s, while completely changing to a flat and bluer distribution for
spirals in cluster outskirts.

(v) Compared with observational data from a sample of local
clusters, the B — V colours of simulated spirals appear to be too
uniform and too red, while a better agreement is found for the
V - K.

(vi) The B — V colour distribution and colour—-magnitude rela-
tion of early-type galaxies in clusters is in fairly good agreement
with the observed ones, whereas a too flat slope, an average shift of
~(0.2 mag and too large dispersion towards the red is found for the
V — K colours.

The observed general trends of galaxy colours with morpholog-
ical type (redder for early-type galaxies) and environment (redder
and more uniform in denser environments) are thus reproduced by
our simulations, but some discrepancies are also apparent. Disagree-
ments are in the sense of not-blue-enough or too-red colours, and
might be due to an imprecise dust modelling, as well as to the fact
that gas accretion and the consequent formation of new stars are not
allowed on non-central galaxies. Moreover, different factors con-
tribute to make difficult an appropriate comparison between obser-
vations and model results: not only the already discussed differences
in the adopted definitions of morphological types and environments,
but also the way colours have been obtained and, in certain cases,
corrected. In fact, the known internal colour gradients in galax-
ies imply that data obtained from the galactic total light (as in our
simulations), or from the luminosity integrated on smaller, central
areas (possibly corrected afterwards for aperture effects) may sub-
stantially differ and bring discordant colour—magnitude relations
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(e.g. Bender, Burstein & Faber 1993; Fioc & Rocca-Volmerange
1999; Scodeggio 2001; Kaviraj et al. 2005). When feasible, we have
tried here to homogenize the model and observational results as
much as possible, but part of the discrepancies might still be ascrib-
able to aperture effects and errors in extinction and k-corrections.

5.4 Ram pressure stripping

By means of a simplified formula, we have modelled the ram pres-
sure stripping of cold gas from galactic discs, during the motion
of galaxies through the diffuse hot intracluster medium. All results
appear to be practically unaffected by the inclusion of this process
in the model, in agreement with the conclusions of Okamoto &
Nagashima (2003). We stress, however, that a more accurate mod-
elling of this process is required before completely assessing its role
in modifying galaxy properties during their cosmic evolution.

5.5 Conclusions

The present paper is part of the series investigating the ability of the
GALICS model to reproduce and predict a full set of observational
data, in several photometric bands and environments, and at various
redshifts. Here, we have focussed on clusters of galaxies of different
richnesses, at z = 0. A general good agreement between observa-
tions and theoretical results is found, even if some drawbacks are
also apparent in the model. The main problems consist of a too faint
luminosity of the brightest cluster galaxies and a not yet satisfactory
reproduction of galaxy colours, which tend to be too red (or not blue
enough). While the present analysis concerns a limited set of galaxy
properties in local clusters, we plan to extend it to other observables
and to higher redshifts, thus addressing important issues, like, for
instance, the Butcher—Oemler effect (Butcher & Oemler 1984), and
the origin and time evolution of galaxy scaling relations, all of which
should further constrain the model. Moreover, some improvement to
GALICS is also planned, and is expected to help to better reproduce the
observations. In particular, we intend to describe galaxy positioning
and interaction rates within DM haloes in a more accurate way, i.e.
by directly following substructures in the DM N-body simulations
and associating the baryonic galaxies to them. This is expected to
have several and relevant effects on final results (e.g. Springel et al.
2001b), because many galaxy properties (like the morphology, the
stellar content, the overall luminosity and the dynamical charac-
teristics) depend more or less strongly on the merging history of
the galaxy. Allowing gas cooling on satellite (non-central) galaxies,
taking into account other sources of feedback, like Type Ia super-
novae, and following the growth of central supermassive black holes
and their effects on galaxy properties should also help to describe
galaxy formation in a more suitable way. Then, all the analysis in
the papers of this series, already published and in preparation, will
finally give a complete judgement of the ability of the GALICS model
and, in turn, of the hierarchical merging scenario to describe how
galaxies form and evolve in the Universe.
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