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CHAPTER 1

INTRODUCTION

The Universe is currently thought to originate from a sirgiy in the space—time which be-
gan to expand — giving raise to the so—calBd Bang— about 14Gyr ago. Theoreticians
succeed in conjecturing on the physics of the universe ap t& seconds after the time zero;
from these speculations we are able to make precise prauctin the pristine abundance
of cosmic elements (e.g. Burles & Tytler 1998) formed at3 minutes. Such a prediction
turns out to be in excellent concordance with estimates fasn the signature left by the
recombination of free electrons and nuclei on the Cosmiadhave Background (CMB) —
the relic of the pristine energy bath — , abdut 10° yrs later (Komatsu et al. 2008). This
IS probably one of the most important con rmations of thereat Standard Cosmological
Model. Beside the study of the CMB anisotropies, other imtelent observations con rm
the well established so-calledCDM Concordance Model

Baryonic Acoustic oscillations arise from the competiti@tween gravitational attrac-
tion and gas pressure in the primordial plasma. These aBoills leave their imprint
on very large scales (100h Mpc) on structures at every epoch of the evolution of
the Universe, providing a robust standard ruler from whiof éxpansion history of
the Universe can be inferred (Percival et al. 2007a).

Supernovae la (SN-la) are thought to be nuclear explosiboarbon/oxygen white
dwarfs in binary systems. The value of SN-la as cosmologcabes arises from
the high peak luminosity as well as the observational evidd€focally) that this peak
luminosity is the sought-after standard candle. In facg @bsolute magnitude, at
peak, varies by about 0.5 magnitudes which corresponds 6%@&€H% variation in
luminosity; this, on the face of it, would make them fairlyelesss as standard candles.
However, the peak luminosity appears to be well-correlattldecay time: the larger

L peak, the slower the decay (Kowalski et al. 2008).

The term large-scale structure (LSS) refers to the charaate®n of observable dis-
tributions of matter and light on the largest scales. Clusgeproperties of large-
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scale structures as voids, laments and clusters of gadadepend on the cosmological
models and can be thus used to constrain cosmological ptengsee, e.g., Borgani
2006).

All together, these independent observables, con rm thagwe living in a Universe where
only a tiny fraction ( 4 5%) of the total amount of energy-mass of the Universe is in
the form of common known baryonic matter (see Appendix A)e Tast of the matter of
the Universe is in the form of an yet unknown non-baryonicteravhich seems to interact
only gravitationally with baryons and energy, then not émt any kind of radiation. It
is thus calledDark Matter (DM). Nevertheless, we know it must be there by a number of
observations: among others, the rotation curves of spaalxges, the mass—over—light ratio
for galaxy clusters, the velocity dispersion of galaxieglimsters, the large scale velocity
eld, the power spectrum of CMB (for reviews see e.g. Selldd@904, Ellis 2003). All
together, baryonic and Dark Matter can account only for ana?5 30% of the total
content of energy-mass of the Universe. The remainingd 75percent is in the form of
an even more unknown energy eld (usually knownRerk Energy DE) which causes the
acceleration of the expansion of the Universe (see, e.gvalgki et al. 2008).

After the recombination, baryons — no longer impeded by #agation pressure of pho-
ton which were coupled to them — were able to collapse andrréisé potential well created
by DM. From that moment on, the Cosmology become the studiradétsire formation, that
is to say the infall of dark matter halos and baryons in thagergial wells. It is believed
that a pristine eld of very tiny uctuations were superimged to the otherwise homoge-
neous density eld by some yet uncertain quantum mechanisthjs framework, with the
additional assumption of the Cold Dark Matter scenario stinecture formation proceed in
aBottom-Updirection, the smallest structures forming rst from theage of the primordial
density uctuations and then merging as building—blocksléyger ones. The collapse of
matter can be described with linear perturbation theory thrg contrast with respect to the
mean density approaches unity, )= 1; then, the collapse enters in then—linear
regime (see Appendix A).

At the top of the hierarchy of non—linear structures theeethe Clusters of Galaxies,
which are the greatest virialised objects in the universéiecting matter from regions of
about 10Mpc (1pc¢ 3:26light years). Most of the baryons in clusters are in the fofra o
hot, ionised gas which emits by thermal bremsstrahlungendhray band, so that they can
be detected at large redshifts, probing the large scaletataiin the universe. Originating
form the rare high peaks of primordial density perturbatidhey probe the high—density tail
of the cosmic density eld and thereby their evolution isywsensitive to the details of the
cosmological model. This is the reason why Galaxy Clustergtought to be very useful
cosmological laboratories. Moreover, they can be consitlas fair tracers for the baryon's
history in the universe, thereby being also invaluableogétysical laboratories.

Owing to the continuous improvement in both spatial and spkeesolution power of
modern X-ray, Optical and Infrared (IR) telescopes (as kamgple Chandra and XMM-
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Newton in the X-band, Hubble Space Telescope (HST) and Vargéd. Telescope (VLT)
in Optical bands and Spitzer in IR bands), more and more Idatai the inner properties
of galaxy clusters have been unveiled in the last decadeseTtbjects, that in a rst ap-
proximation were thought to be virialised and sphericailynmetric, have very complex
dynamical features — such as strong asymmetries and cl@sgpi witnessing for violent
processes being acting or having just played a role. Thefpgklminosity and temperature
functions which are not trivially related to their mass ftiog, as one would expect for viri-
alised gravitation—driven objects. Moreover, the radiaicture of baryons' properties is far
to be completely understood: a number of observationas fagse a real challenge to our
ability in modelling the physics of the Intra Cluster Mediif®M) and the closely related
physics of the galaxy population. Indeed a number of diffepdysical processes are acting
together during the formation and evolution of galaxy @ust Gas cooling, star formation,
chemical enrichment, feedback from Supernovae explog®N¥ and from Active Galactic
Nuclei (AGN), etc are physical processes at the base of gdtaxnation, which are dif -
cult to disentangle. In addition to this, galaxy formatiomavolution in clusters take place
in extreme environments. Merging of galaxies, tidal int8cns, ram pressure stripping,
galaxy harassment and galaxy strangulation are physioakpses which act preferentially
in high-dense environments such as galaxy clusters.

A comprehensive description of the physics of baryons in smmogical framework
needs both a very high resolution and ef cient and detailedes to take into account all
the complex interplay among different physical processekraproduce reasonable galac-
tic populations. This is why, traditionally, galaxy fornat was studied through the use of
semi-analytic models (SAMSs) (see, e.g., Baugh 2006 for i@weaf semi-analytic models of
galaxy formation). These models assume that baryons fahewdynamics of Dark Matter
(computed either via numerical simulations or analytigallThen, within the DM haloes
of galaxies, physics of baryons is followed with “physicabtmated recipes”. Thanks to
the enormous increase in the last decade in both the congnabpower and code ef cien-
cies, recent direct hydrodynamical cosmological simalatichieved a suf cient numerical
resolution and detailed description of the physical preesghat allows one to predict and
describe the cluster galaxy population with a reasonahblesra (see, e.g., Dolag et al. 2008b
and Borgani & Kravtsov 2009 in preparation, for recent rexse

The aim of this Thesis is to explore the potentiality of diregdrodynamical cosmolog-
ical simulations and to study the complementarity of digotulations and semi-analytic
models on the formation and evolution of the cluster galasgupation within the hierarchi-
cal cosmological framework.

This Thesis is structured as follow.
Chapter 2 provides an introduction to cluster studies. It rst debes the properties of
the ICM in the X-ray band and through observations of Sungatlovich (SZ) effect. Then

we describe in more detail the properties of the clustenggt@pulation in the optical and
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near infrared bands. A picture of the evolution of galaxystdus is also given. In particular
we reviewing observations of proto-cluster regions at 2.

We provide inChapter 3 a brief overview of numerical methods developed to study the
process of cosmic structure formation. More in detail we asscribe some numerical al-
gorithms to perform N-body cosmological hydrodynamicalgiations, with particular em-
phasis on th@REE-SPHcodeGADGET-2 (Springel et al., 2005), widely used in this Thesis
work. A brief description of the main features of two codesdit identify gravitationally
bound structures in simulations [SUBFIND (Springel, 208ty SKID (Stadel, 2000)] and
of a spectro-photometric code aimed at computing lumiressaf the simulated galaxies in
different bands [GALAXEV (Bruzual & Charlot, 2003)] is algpven. At the end of this
Chapter we provide a general description of another comgheany technique widely used
to study galaxy formation within the hierarchical cosmatadframework: the semi-analytic
model (SAM) approach. Indeed, on one hand direct simulatasiow us to follow the dy-
namics and physical processes with great accuracy, whiteeother hand SAM allow us
to explore the parameter space and reach statistics whechracomparable to the direct
simulation approach.

We have compared i€hapter 4 the observed properties of the nearby cluster galaxy
population presented in Chapter 2 with the synthetic gatpredicted by numerical hy-
drodynamical cosmological simulations. We will show hownarical predictions are in
reasonable agreement with observed properties as thergulgnitude relation for the bulk
of the galaxy population, whereas brighter central gakapgear far too massive, star form-
ing and bluer than the observed ones. Furthermore the nuoflgaiaxies brighter than a
magnitude limit as a function of the cluster's mass turnstouie underestimated by about
a factor of three in numerical simulations compared to theeoled ones. The main results
reported in this Chapter have been published in Saro et@D6)2and Fabjan et al. (2008).

A comparison between the observed properties of the "SpEleisystem” brie y dis-
cussed in Chapter 2 and numerical predictions of high-véieol hydrodynamical cosmolog-
ical simulations are reported Dhapter 5. We analyse two high-resolution proto-clusters at
z 21, one having amass ®fl,o0 10**h *'M !atz = 0 and the other on the mass
class ofM,o  10"®h *M atz = 0. We conclude that the the "Spiderweb complex”
could correspond to the high-redshift progenitor of a rieltagy cluster, whose BCG may
have already been partially quenched by a radio mode' AGdIback byz 2. The main
results reported in this Chapter have been published in &atbo (2009).

The effect of gas-dynamics on semi-analytic modelling aistdr galaxies is treat in
Chapter 6. Here, we will use a hybrid SAM (De Lucia & Blaizot 2007) to cpare numer-
ical predictions of four massive cluster simulated withyodark matter particles and with
both dark matter and gas particles. Our results show thatlg@mics has only a marginal

We de neM as the mass contained within a radius encompassing a mesitydsgual to ¢, with ¢
the critical cosmic density. Thuld »q9 is the mass within a radiusgg which encompass a mean density equal
200 . See Appendix A.

24



impact on the statistical properties of the galaxy popakatbut that its impact on the orbits
and merging times of haloes strongly in uences the assemibilzge most massive galaxies.
The main results reported in this Chapter have been publish®aro et al. (2008).

A detailed comparison between stripped-down versions d®Ad direct simulation is
reported inChapter 7. We study here the synthetic cluster galaxy population inagsive
cluster predicted by these two techniques when a "simpli pldysics is implemented in
both techniques, so as to reduce the number of degrees dbfrem the comparison. We
include only gravitational dynamics, radiative coolinglastar formation. We conclude that
while a good agreement is found in the predicted star fonditistories of galaxies lying in
low density environment, the discrepancy is larger for gaksitting at the centre of deep
potential wells. In particular the direct simulated and SAMdicted star formation histories
for the BCG substantially differs. Furthermore tidal giipg removes a non negligible frac-
tion of SPH-simulated satellite galaxies. These stellatenn lost by the satellite galaxy
population is accreted by central galaxies in the form offausi stellar component. The
main results reported in this Chapter will be published irapgy in preparation (Saro et al.
2009).

A detailed comparison between stripped-down versions & $Ad direct simulation is
reported inChapter 7. We study here the synthetic cluster galaxy population inagsive
cluster predicted by these two techniques when a "simpfi plysics is implemented in
both techniques, so as to reduce the number of degrees dofrem the comparison

Chapter 8 contains the main conclusions from this work and outlinesfthiure direc-
tions of investigation.

Finally, theAppendix describe the basic concepts of cosmology, which are usedghr
the Thesis. In particular, we brie y review the cosmolodinedel and the process of for-
mation of the large scale structure.
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CHAPTER 2

CLUSTERS OF GALAXIES: AN
OVERVIEW

In this Chapter we will present an introduction to clustergalaxies, with particular at-
tention to observations in the optical and near infrareddbarProviding a comprehensive
outline of that matter is far beyond the scope of this brigfiduction, so that we address the
reader to other reviews (Rosati et al., 2002; Carlstrom.e2802; Yee & Gladders, 2002;
Demarco et al., 2005; Birkinshaw & Lancaster, 2007; Bivia®@08; Diaferio et al., 2008;
Kaastra et al., 2008; Miley & De Breuck, 2008; Plionis et 2008), while in the following
we give only few basic ideas.

In Section 2.1 we will present a short introduction to oba&ons of galaxy clusters in
the X—ray band and through the Sunyaev Zel'dovich effecenliwve will present in Section
2.2 some of the main observables in the optical and near@uraands. We will discuss in
Chapter 4 how our numerical predictions compare with thésewations. Finally, in Sec-
tion 2.4 we will brie y present some observational resulb®at high—redshift progenitors of
galaxy clusters that we have compared with our numericaligtiens in Chapter 5.

A rst complete sample of clusters of galaxies was rst prded by Abell (1958), who
identi ed clusters as over—dense regions in the projectgdlyer counts of galaxies. Indeed
they can include from tens to even few thousands of galaxigswelocity dispersion along
the line of sight as high as, 10°km's ! within the Mpc scale. Their corresponding
typical masses are of the orderk* 10" M , dominated by the dark matter component
( 80% Zwicky 1937), while baryons only constitute 15 20%of the total mass budget.
Most of these baryons are in the form of a hot and diffuse des]ritra-Cluster Medium
(ICM). During the process of cluster formation, this gashecked by merging and heated
by adiabatic compression, thus reaching the virial tentpeggfrom 1keVto 10keV)
and densities of the order of one particle per3 cm 2. Only a very small fraction of baryon
gas ( 3%of the total mass) cools to form stars and galaxies, whictheenly component
visible at optical wavelengths. Due to their high lumingsit is possible to identify clus-
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ters of galaxies even to very large distances, correspgridihigh redshifts of the order of
z 1.5 (Mullis et al. 2005, Stanford et al. 2006, Eisenhardt et 80&x).

Relaxed galaxy clusters have regular structures, suggetstat they have reached an equi-
librium dynamical state. Indeed, the resulting crossintgtic, for a cluster of galaxies with
radiusD and velocity dispersion of galaxies is:

D D 10° km=s

teg=—" 1 Gyr; 2.1
° v 1Mpc v y (2.1)

This is signi cantly shorter than the age of the Universe ethis of the order of the Hubble
timety ' 10h ! Gyr (see Appendix A).

It is worthwhile noticing that the rst historical obsenvanal evidence for the existence of
dark matter is related to clusters of galaxies. Already Bi{1i936) and Zwicky (1933, 1937)
have found that the inferred mass from the velocity disparsf galaxies assuming the virial
equilibrium was higher than the estimated mass from optibaérvations.

Galaxy clusters represent powerful probes for cosmologynfany reasons (Borgani 2006).
For example:

The mass function of nearby galaxy clusters provides caimés on the amplitude
of the power spectrum at the cluster scale (e.g., Rosati. é208l2; Voit 2005 and

references therein). At the same time, its evolution presidonstraints on the linear
growth rate of density perturbations, which translate aypamical constraints on the
matter and Dark Energy (DE) density parameters.

The clustering properties (i.e., correlation function @ogver spectrum) of the large—
scale distribution of galaxy clusters provide direct imh@tion on the shape and am-
plitude of the underlying DM distribution power spectrunurthermore, the evolution
of these clustering properties is again sensitive to theevaf the density parameters
through the linear growth rate of perturbations (e.g., Barg Guzzo 2001; Moscar-
dini et al. 2001 and references therein).

The mass-to-light ratio in the optical band can be used imast the matter density
parameter, y , once the mean luminosity density of the Universe is knowhwarder
the assumption that mass traces light with the same ef gidath inside and outside
clusters (see Bahcall et al. 2000; Girardi et al. 2000; @aglet al. 1996, as examples
of the application of this method).

The baryon fraction in nearby clusters provides constsabnt the matter density pa-
rameter, once the cosmic baryon density parameter is knomager the assumption
that clusters are fair containers of baryons (e.g., Fal@®&1;1White et al. 1993). Fur-
thermore, the baryon fraction of distant clusters providgeametrical constraint on
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the DE content and equation of state, under the additiosalnagtion that the baryon
fraction within clusters does not evolve (e.g., Allen et28l02; Ettori et al. 2003).

However, to fully exploit the potential of galaxy clustes@smological probes it is neces-
sary to achieve an accurate knowledge of their structurepamgkrties. In a simple picture
of structure formation, baryonic and dark matter collapséeu the only action of the grav-
itational attraction. As we mentioned, during this proceke gas is shocked in accretion
and/or merging events and heated by adiabatic compresSimte gravity does not have
any preferred scale, this scenario predicts the formati@ekf-similar systems which basi-
cally appear as scaled versions of each other. By assumangh® gas lies in hydrostatic
equilibrium within the dark matter potential wells, thisesario predicts well de ned scaling
relations between gas properties and total mass (see K#&194r Rosati et al. 2002; \Voit
2005, for reviews). However, the observed scaling relatideviate from those predicted
by self-similar scaling. This is a clear indication that rgmavitational processes, like ra-
diative cooling, star formation and consequent heatinoqnf&Ne or feedback from AGNSs,
are acting in the core of galaxy clusters. The correct imeggpion of these processes makes
galaxy clusters interesting astrophysical laboratondsgre to study, among other things,
the complex interplay between the ICM and the galaxies. Atstime time, it indicates that
an accurate study of the thermo-dynamical structure of @M is required in order to use
galaxy clusters as precision tools for cosmology. In thigjitér we provide an introduction
to cluster studies with particular emphasis on their gajgogulation.

2.1 X—RAY PROPERTIES OF CLUSTERS OF GALAXIES

For a further and wider investigation of the topics devetbpethis section, we address the
reader to more comprehensive reviews such as for examphirRoal. (2002), Kaastra et al.
(2008) and Plionis et al. (2008).

The rst X—ray mapping of the sky was performed by the sateltelescopdJHURU
(Giacconi et al. 1972) which has shown that at the positioriabf galaxy clusters already
identi ed in optical bands there was a enhancement of di#fisray emission with a power
of 10" 10% erg s ®. Later, Felten et al. (1966) and more explicitly Cavalierale(1971)
suggested that this radiation in the X—band was due to thentleemission from the hot
Intra Cluster Medium. This prediction was later con rmedthy rst clusters' high quality
spectra in the X—band (HEAO-1 AA2 Experiment Henriksen & Kotzky 1986).

Dynamics of baryons is determined by the the dark mattempi@devells, which grav-
itationally dominates. Gravitational collapse producesdiabatic compression of the gas.
This compression heats the gas, as well as shock processesxdmple, if the collapsing
mass is on the order a00*°M , the resulting temperature of the ICM can reach values of the
orderof2 10° 10°K (even more than 10 keV). At these temperatures the gas canpon
is completely ionised and emits in the X—band through thébremsstrahlung.
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For a gas temperatufle, the emissivity per unit frequencyis given by (e.g. Rybicki &
Lightman 1986):

=neny (T;Z; )" n2(T;Z; )" 544 10 %°Z2T*n2ge "™ wWm 3Hz?
(2.2)

whereZ? is the meansquared atomic charge on the ions. The Gaunt,fgctol:2 is a di-
mensionless quantity which depends on the range of distdreteveen electrons and ions at
which the scatter process occurs, with a weak dependencd ba quadratic term in density
of particlesn. is due to the fact that the energy emitted from a volume isq@mognal to both
the number of electrons and the number of ions, anddleéing function( T) depends only
on the chemical composition and temperature of the gas ambitmalised to the density of
electrons and protons. Examples of X-ray spectra for tygicster temperatures are shown
in Fig. 2.1. Due to the high temperature, the continuum epnsis dominated by thermal
Bremsstrahlung, the main species by far contributing toethession being H and He. The
emissivity of this continuum is very sensitive to temperatior energies greater th&i and
rather insensitive to it below. This is due to the exponémiig-off of the Bremsstrahlung
emission. Indeed, it scales g8 “2exp( h =kT). The only line that clearly stands out
at all temperatures is the Iron K line complex arowihd keV (see Fig. 2.1). We can also
observe the K lines of other elemeni ¢ 8, H and He-like ionisation states), as well as
the L-shell complex of lower ionisation states of Iron. Hewethe intensity of these lines
rapidly decreases with increasing temperature. Excepghécool clusterskT . 4 keV) or
in the cool core present in some clusters, one cannot expeatasure the abundance of ele-
ments other than Iron because they are completely ionisedt d the heavy elements with
the exception of Iron are synthesised by Supernovae (SN-Tiygvhile Iron production has
a substantial contribution from SN Type-la supernovae ¢sgeMatteucci 2003). A detailed
treatment of the chemical and stellar evolution of galatogether with a fair description of
feedback processes which pollute the ICM is thus needed ¢ongrehensive description
of the metal enrichment of the intra-cluster medium.

The surface brightness of clusters of galaxies in the X—lpatidis given by the following
integral along the line of sight:

Z

! Neny ( T)d: (2.3)

S @ 2

The study of the X—ray properties of clusters of galaxiesduass$ained a rapid growth since
the 90s, with the realisation of missions such as ROSAT, A8G&A Beppo-SAX and later

with the Chandra and Newton-XMM missions since 1999. As altesider and deeper

elds together with better calibrations of thg, =M ratio are now established. Recently, for
example, Rykoff et al. (2008) analysed a sample of 17,00 @elected galaxy clusters
in the max-BCG cluster sample and found the following catieh between the mean 0.1-
2.4 keV X-ray luminosityhLx i, from the ROSATAII-Sky Survey and the inferred mean
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Figure 2.1: The X-ray emission from a thin plasma with 0.3Bisabundance at different
temperatures, T =1, 2 and 8 keV (from Arnaud et al. 2005).

masshM 5qoi , measured from weak gravitational lensingSifOAN DIGITAL SKY SURVEY
(SDSSpackground galaxies (Johnston et al. 2007):

hoxi=10% ergs ' = (12:6"% 4 (stat)  1:6(sys)) (Mo0i =10** h 1 M )16 013: (2 4)

in reasonable agreement with previous results (e.g. R&ig Bohringer 2002; Stanek

et al. 2006). Therefore, thanks to their X—ray propertiéssters of galaxies are fair mass
estimator and can be used to constrain cosmological pagasnisee also Appendix A and
Rosati et al. 2002).

2.1.1. The Sunyaev—Zel'dovich effect (SZ)

For a further and wider investigation of the topics preseimethis section, we particullary
suggest to the reader the reviews by, e.g., Carlstrom e2@0D2(); Birkinshaw & Lancaster
(2007).

Another interesting approach to the study of the extengivsphere of hot gas in clusters
of galaxies is provided by the Sunyaev-Zel'dovich effeatr{$faev & Zeldovich 1970, 1972).
We can separate into two different aspects of the Sunyadde¥ieh effect:

The Thermal Sunyaev-Zel'dovich effect (tSZ)
The Kinetic Sunyaev-Zel'dovich effect (kSZ)

31



CLUSTERS OF GALAXIES: AN OVERVIEW

The Thermal Sunyaev-Zel'dovich effect

As the cosmic microwave background radiation propagatesighh a cluster of galaxies to-
wards us, photons have a small probability of being inv&seepton scattered by electrons
in the cluster gas. Since the CMB radiation has a temperafuaboutT = 2:73K, while

as we have seen the gas in a galaxy cluster may have tempsrasihigh a3y  10° K,
scattering tend to increase the photon energies, so caasingnge in the microwave back-
ground radiation intensity and spectrum towards the ctudtee resulting energy variation
of each single photon can be expressed in the caBe of m.c? as:

E  kgTe .

E mec?’’

A photon crossing a region of the ionised plasma, will thupegience a number of
collisionsN, de ned as:

(2.5)

Ny=ne 1 (2.6)

wheren, is the electron’'s density and; is the Thompson cross—section
Thus we can de ne the parametgonf Comptonisation which measures the entity of the
effect as: Z

ke T
y= e

MeC?
where the integral is along the line of sight.

As a consequence, there is an increase of the photons' eméngyh causes a deforma-
tion of the CMB spectra. The net observable result is thaketieedecrease of the intensity
of the CMB radiation at frequencies lower thap ' 218GHz, and an increase of inten-
sity for frequencies higher than,. The distortion is represented in Fig.2.2 as computed for
a model cluster being 1000 times more massive than a typiaabive cluster, to make it
clearly visible.

Typical values of the parametgof Comptonisation observed from the Sunyaev-Zel'dovich
effect are betweeh0 © y 10 “4(Silverberg etal. 1997; EnRlin & Kaiser 2000; LaRoque
et al. 2006; Bonamente et al. 2008), depending on the plage@perature.

Td’; (2.7)

The Kinematic Sunyaev-Zel'dovich effect

Beside the thermal Sunyaev-Zel'dovich effect, there isthealled kinetic Sunyaev-Zel'dovich
effect. The kinematic effect is produced by clusters whighia motion relative to the frame
in which the CMB has a zero dipole. In the cluster frame, theB3dévelops a dipole term
proportional to the cluster's speed, and the scatteringisfnisotropic radiation eld causes
it to become slightly more isotropic.

Temperature variations are proportional to the plasmacitglg,,

T — .
T e (2.8)
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Figure 2.2: The CMB spectrum, undistorted (dashed line) distbrted by the tSZ effect
(solid line). The tSZ distortion shown is for a model clust®00 times more massive than a
typical massive galaxy cluster (from Carlstrom et al. 2002)
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where . is the optical depth of the electronic cloud producing thstattion.

Typical values of distortions of the CMB induced by the kS& about one order of magni-
tude lower than those from the tSZ. From the analyses of thenkatic Sunyaev-Zel'dovich
effect, it is thus possible to obtain informations about pleeuliar velocities of clusters of
galaxies, in a redshift independent way.

The power of the SZ effect comes about because the effeaiseday scattering, rather
than emission, and so it scales with the density of the soagtelectrons. A cluster of
galaxies may therefore appear quite different in its X—nagf &Z structures, and a compatr-
ison of those structures can provide interesting inforamation the physics of clusters and
their atmospheres.

As an example, we shows in Figure 2.3 an overlay of the opti¢atay and SZ effect
images of Abell 1689 and 1914 massive clusters and illiegrall of the main components
of the clusters: the luminous stars, hot ICM observed viXitay emission and the SZ ef-
fect, and even the presence of the unseen dark matter ntargféself through gravitational
lensing of background galaxies. The gure shows severgjttrelliptical galaxies that are
typically located near the cluster centres. A salient femtf such central galaxies is that
they show little evidence of ongoing star formation, despiteir extremely large masses.
Furthermore, a large amount of DM, extending well beyondréugon traced by the X-ray
emission, leaves its imprint in the pattern of gravitatideasing, which causes the distortion
of the images of background galaxies. In the inner regiorcdusiters the gravitational lens-
ing can be easily seen in the long thin arcs curved aroundltis¢éec centre. At larger radii,
the effect is weaker. Although not easily visible by eye antill be reliably measured by
estimating shapes of many background galaxies and congpiéueir statistical average with
the expected value for an isotropic distribution of shafd® gravitation lensing is a direct
probe of the total mass distribution in clusters, which nsakdoth extremely powerful in
its own right and a very useful check for other methods forsneag cluster masses.

2.2 OPTICAL AND NEAR INFRA—RED PROPERTIES OF
CLUSTERS OF GALAXIES

We will now review in this Section the observed optical andmafra—red (NIR) properties
of the galaxy population within nearby clusters. To give mpoehensive outline of that mat-
ter is far beyond the scope of this brief introduction, sd tha address the reader to recent
review (e.g. Yee & Gladders 2002; Plionis et al. 2008; Bioi@008), while in the following
we restrict our analyses to only few observed propertiee®ttuster galaxy population. In
Chapter 4 we will present a detailed comparison betweerthleservations and the numer-
ical predictions of our cosmological hydro-dynamical siations. More in detail, we will
focus on:

The number—density pro le of cluster galaxies;
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Figure 2.3: Left panel: composite X-ray/optical image o tpalaxy cluster Abell 1689,
located at redshife * 0:18 The map shows area of 556 kpc on a side. The purple dif-
fuse halo shows the distribution of gas at a temperature @fitab® K, as revealed by the
Chandra X-ray Observatory. Images of galaxies in the ojdbi@ad, coloured in yellow, are
from observations performed with the Hubble Space Telescope long arcs in the optical
image are caused by gravitational lensing of backgroundxgzsd by matter in the galaxy
cluster, the largest system of such arcs ever found (Ckedity: NASA/CXC/MIT; Opti-
cal: NASA/STScl). Right panel: optical image of cluster Ad®14 from the Sloan Digital
Sky Survey with the superimposed map of the temperaturdeed@odsmic Microwave Back-
ground observed by the Sunyaev-Zel'dovich array (SZA). thage illustrates the effect
of up-scattering of the CMB photons by the hot ICM from lowduencies to higher fre-
qguencies. At the frequency of observation, the cluster agees a temperature decrement in
the CMB temperature map. (Credit: John Carlstrom and SZkalotation). Figure from
Borgani & Kravtsov (2009) in preparation.
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The colour—-magnitude relation;
The mass—luminosity ratio;
The number of galaxies as a function of the cluster's mass;

The luminosity function.

2.2.1. The number—density pro le of cluster galaxies

Popesso et al. (2005) have analysed a sample of 217 galastgiddrom the Sloan Digital
Sky Survey (SDSS) catalogues and have computed the numpataddies as a function of
the cluster—centric distance. They have considered adixged with magnitude im band
r < 185. To stack all the clusters together uniformly they have cotaplistances in units
of roge* of each cluster. They have found a best t of their data by carimg their results
with two different theoretical distributions.

They have rst compared their results with a King pro le (Kri962), which describes
the mass distribution of relaxed galaxy clusters. We reball by relaxed clusters we mean
all those clusters that have not experienced major mergiogegses for a suf ciently long
time. The King pro le can be expressed in its 3D and projedtechulation with the follow-
ing expressions: N

0

@+ (=17 &9

n(r) =

= —2> 2.10
O Ty @19
wherer. is the so—calledore radiusand o = 2ngr. is a normalising factor.

The second theoretical pro le they have compared with idNR®V pro le (Navarro et al.
1997), which describes the density pro le of dark mattemleal predicted by cosmological
N-body simulations and can be expressed as:

(r) (2.11)

0

(r=rs)(1 +(r=rg)?)
where ¢ is a normalisation factor and is a characteristic radius which is usually de ned
as a function of the concentration parametar the formrg = rg0=C

Popesso et al. (2005) have found that the best t to theirltesigiven by a King pro le
with a core radius of .=rogp = 0:224 0:005and o = 0:153 0:004 while for a NFW
pro le they have found a concentration parame3&¥ < ¢ < 4:2. Figure 2.4 shows the
observed number—density pro le of galaxies and the bestotsd by Popesso et al. (2005)
of the two different theoretical distributions of Eq. 2.90d8q. 2.11. It is worth to notice that

We de ner o as the mass contained within a radius encompassing a mesitycsgual to200 ¢, with
¢ the critical cosmic density. See Appendix A.
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Figure 2.4: Number—density pro le of galaxies as a functodrihe cluster-centric distance
(from Popesso et al. 2005).

the number density pro le of galaxies in the central regiohshe clusters has a shallower
distribution than the density pro le of dark matter haloagdicted by NFW pro les (see
also discussion in Section 4.3.1).

2.2.2. The colour—magnitude relation

By Colour Magnitude Relation (CMR) we mean the reddeninghefintegrated colours of
galaxies with the increase of their luminosity, which wast observed by Baum (1959).

It is usually interpreted a a metalicity effect (KauffmannGharlot 1998, see also De
Lucia et al. 2004, 2007), whereas its scatter would mirrerrtatural spread in galaxy ages
(Kodama & Arimoto 1997). The more massive the galaxy is, tleeemmetal rich is. Thus,
as a net result, galaxies more massive and older tend to derrdthn the younger and less
massive ones. A good description of all processes relatibe tmetal enrichment is therefore
a crucial ingredient for a realistic description of the CMR.

The CMR is also useful to determine distances, as highldghieBower et al. (1992).
Indeed, by knowing differences in colours, one can recolsspkute magnitudes of cluster
galaxies, and therefore their distances. In the same wagrknhlysing the Coma and the
Virgo clusters, they have shown the universality of the CMR.

For example, from a sample of 50 elliptical and lenticuldages in the Coma cluster
Bower et al. (1992) found a best tfo¥ K as function oMy andU V as a function of
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My :

V K= 00743 0:0011My +34:92) +4:21 0:16 (2.12)

and
u Vv 0:0819 0:.008My +34:92)+2:61 0:1L (2.13)

In Fig.2.5 we report the colour magnitude diagrams found oy et al. (1992) for the
Virgo cluster (empty symbols) and for the Coma cluster @dlgymbols). The continuous line
shows the median t. Dashed line shows the CMR predictedtier@oma cluster starting
from the Virgo cluster, shifted by a constant distance maslof 3.6, thus showing the CMR
universality.

Figure 2.5: Colour magnitude relation for the Virgo clugempty symbol) and for the Coma
cluster (lled symbols): (a) CMR for th& V colours; (b) CMR for the/ K colours.
Triangles are SO galaxies, circles ellipticals and starfa 80%); galaxies. Dashed line shows
the CMR predicted for the Coma cluster starting from the ®icfuster (from Bower et al.
1992).

More recently Loépez-Cruz et al. (2004) have analysed the(RGMm a sample of 57
clusters in the Einstein IPC database (Jones & Forman 1888jiied in the X—band in the
redshift range:02 z  0:18 They have con rmed the universality of the CMR at low
redshiftinB R as a function of théVig magnitude. They also have studied the redshift
dependence of the CMR. Fig.2.6 shows this relation for asupte of six galaxy clusters.

A number of theoretical predictions have been compareddsetlobservations. For ex-
ample Lanzoni et al. (2005) and Romeo et al. (2004), have eosadptheir semi—analytic
model (SAM) and hydro-dynamical N—body simulation preidics respectively with obser-
vational results from Prugniel & Simien (1996) and Bowerle{092).

Figure 2.7 from Lanzoni et al. (2005), indeed shows theirisamalytic prediction for
the CMR inB  V as a function oMg andV K as a function oM, compared with
observational data from Prugniel & Simien (1996) and Boviexl. g1992).
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Figure 2.6: CMR inthd8 R as a function oMpg respectively for :a) A21; b) A690; c)
A1213; d) A1656 (Coma); e) A2152; f) A2399 (from Lopez-Crtzal. 2004).
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Figure 2.7: Upper panels: Comparison between numericaligrens from semi—analytic
models and observational results from Prugniel & SimierO@)egarding the CMR in

B V as a function of theMg magnitude. Numerical predictions are shown in the left
panel, while observations are shown in the right panel, e/kig continuous line shows the
median, from Lanzoni et al. (2005). Lower panels: As in thpergpanels but for the CMR
intheV K as afunction of thé1,, compared with observations from Bower et al. (1992).

Plots from Lanzoni et al. (2005).
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Figure 2.8: Comparison between numerical predictions fkerhody hydro-dynamical sim-
ulations and observational results from Bower et al. (108@)tinuous line). CMR it V

(@) andv K (b) as a function oM\, colour coded in metalicity. (c) Relation between
mean metalicity of galaxies ard,, magnitude and (d) between age of galaxies Bhd
magnitude, averaged in mass ( lled symbols) and lumino@typty violet symbols), from
Romeo et al. (2004).

Figure 2.8 shows instead a comparison with predictions fingdro-dynamical cosmo-
logical simulations of Romeo et al. (2004) with the obsaoral results from Bower et al.
(1992). More in detail they have compared the CMRUin V as a function oM, and
V K as a function oM\, by distinguishing between different contribution fromagaes
with different metalicities. Furthermore they have stadiee relation of mean age and met-
alicity of galaxies as a function of magnitude in tieband.

We will discuss more in detail the different assumptions emglementations of both SAM
and direct hydro-dynamical simulations in Chapter 3.

The presence, as earlyas 1.5, of a prominent and low-scatter red sequence in galaxy

clusters places useful constraints on the possible ewvolaity pathways in galaxy colour and
luminosity (Mullis et al. 2005; Stanford et al. 2005, 200&lIB:t al. 2004; Faber et al. 2007;
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De Lucia et al. 2004c, 2007). Indeed both the low-scatteh®@MR and its little evolution
with redshift are challenging properties to be reproducgdimerical models of galaxy
formation (see e.g. Diaferio et al. 2001a; De Lucia et al.4&2)Menci et al. 2008; Romeo
et al. 2008 and references therein).

2.2.3. The mass—luminosity ratio

From the cluster's mass to light ratio, assuming that it resentative of the Universe, is
possible to compute y, by multiplying it by the observed mean luminosity densitytio¢
Universe (see e.g. Bahcall et al. 2000; Girardi et al. 20@0ll&@rg et al. 1996):

m = M=L L- (214)

Assuming a mass to light ratid=L / M , a number of authors have found a value of
between 0.2 and 0.4. For example Girardi & Mezzetti (200¥etanalysed a sample of 141
clusters, 36 poor clusters, seven rich groups and two sangble 500groups of galaxies
from the Nearby Optical Galaxy catalogue ndiy / L53* %% which implies a values of
0:25. A possible explanation of this shallower dependence ofuithenosity from the

cluster's mass is that the more massive clusters are alsoldlee thus a lower luminosity
especially in the bluer and optical bands is expected.

Another possible explanation given by Lin et al. (2003) &t ystems with virial temper-
atures higher thah0’K have a lower ef ciency of forming cooling ows at cluster'ces.
thus possibly implying a relatively lower stellar mass fra:

M star =Myt / MtotO:ZB: (2.15)

This also may explain the fact that tM=L is higher in theK band, which is dominated by
old red—giant stars.

In another work Lin et al. (2004) have observed the relatietwieen theM=L ratio and
the cluster's mass in the NIR band (left panel of Fig. 2.9). They have analysed a sample
of 93 clusters and groups of galaxies of the Two Micron All Skyrvey (2MASS) nding
a value of forthe best tof =0:26 0:04within rygo. In a similar way Popesso et al.
(2004) have analysed a sample of 130 clusters of the RASSS$atalogue focusing on the
red galaxy population nding=L / M %2 %98 jn thei band withinrse. As shown in the
right panel of Fig. 2.9, for the whole galaxy population tlneywe found a best t of:

log(L=10"L )=(0:90 0:05) log(Mspp=10“M ) 0:06 0:03: (2.16)

Rines et al. (2004a) analysed nine nearby rich, X-ray lussr@usters from the Cluster
And Infall Region Nearby Survey (CAIRNS) catalogue. CAIRIS spectroscopic survey
of the infall regions surrounding nine nearby rich clustefrgalaxies. They observed the
relation between thil=L ratio and the cluster's mass in the NiRband. They found a large
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Figure 2.9: Left panel: Mass to light ratio as a function & tuster's mass in thi€ band

(from Lin et al. 2004). Right panel: Same as left panel bui lmand withinrsgy (from

Popesso et al. 2004).

scatter but the CAIRNS clusters show an increase in M/L (matald at »o0) with increasing
mass. Rines et al. (2004) found a similar correlation betwéeay mass and near-infrared
mass-to-light ratios to the one found by Lin et al. (2004)renmassive clusters have larger
mass-to-light ratios with a best- t relation:

_ — M0 0:31 0:09.
(M=Lic (< s00) = (67 Ah(or— o —)0% 0 (2.17)

2.2.4. Number of galaxies versus cluster's mass

Another property that is possible to observe and gives itapbmformations on both physics
of galaxy formation and merging rate of galaxies is the nunobgalaxies as a function of
the cluster mass. For example, Lin et al. (2004) have shoanthe number of galaxies
within rsgg, Nsgo, With magnitudeM 21is proportional tav %8¢ (see left panel of Fig.

2.10). More in detail they have found that:

MSOO 0:84 0:04
2 104 07h 1M ) ' (2.18)

In a similar way Popesso et al. (2006b) have found that thebeuwf galaxies increases
slower than the cluster's mass. More in detailed they fourtthér band that the number of
galaxies with magnitude less thar20lies on the relation:

N =10 11:60 O:SQ(MZOO:M )0:91 0:04; (2_19)

N500(MK 21) =56 2
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as shown in the right panel of Fig. 2.10.
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Figure 2.10: Left panel: Relation between the number obgatawithM¢ < 21and the
cluster's mass (from Lin et al. 2004). Right panel: Relati@tween the number of galaxies
with M, < 20and the cluster's mass withingg (from Popesso et al. 2006b).

2.2.5. The luminosity functions

One of the most studied property of the cluster galaxy pdpmura is their luminosity func-
tion, which is de ned as the number of galaxies per unit vaduwithin a given magnitude
bin.
Despite (or because of) its conceptual simplicity the LF l@sn for many years one of the
most popular tools for the interpretation of galaxy obsgoves at all redshifts and in very
different environments. The comparison of the LF at diffémedshifts constrains models of
galaxy formation and evolution (Kauffmann & Charlot 199@)ile the comparison of the
LF in low and high density environments probes the relevaridbe environmental effects
on the galaxy populations. The LF is historically best stddn rich clusters of galaxies,
which provide large numbers of galaxies at the same distandeat low redshift, with high
contrast against the background, allowing an ef cient iileation of cluster members with
small contamination from background galaxies.

The most widely used expression for the luminosity functi®ithe one presented by
Schechter (1976):

(LYdL = ,(L=L,) e F-)d(L=L>): (2.20)

WhereL , is a characteristic luminosity,; is the density of galaxies per units of magnitude
at the luminosityL, and is a constant which indicates the slope of the relation afetims
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end. Typical values of , the characteristic magnitudé and for eld galaxies in the
B-band are =0:0156 0:004M = 192 027and = 130 0:069(Fried et al.
2001).

Recently, with the increase of the accuracy and compleseoiesamples, observations
have started to show a bimodal behaviour in the luminositgtion. For example Popesso
et al. (2006a) have studied a sample of 97 clusters of galdren the ROSAT All-Sky
Survey in the X—band and from the RASS-SDSS in the opticallbdivork et al. 2000,
Stoughton et al. 2002, Abazajian et al. 2004) with redshdtrdbutionz  0:25. Popesso
et al. (2006a) have computed the combined luminosity fonstin theg; r;i andz. Their
results are shown in Fig. 2.11. It clearly exhibits the bimdaehaviour of the luminosity

function (LF), well described by the following equation:
" ! I#
L L
L)dL = — +  —
(L)d 2 7 exp 7 W exp

I d(L=L): (2.21)

The large uncertainties associated to the exponentiabtatt-the bright end of the LF is
due to the low statistics of galaxies at this magnitudes. eBep et al. (2006) have also
computed the separate contribution of the early type aedyge populations of galaxies to
the LF, based on a colour cut. They have found that the blugulpton is well described
by a simple Schechter function, while the bimodal behavafuhe LF is mainly due to the
redder population of galaxies. Furthermore the exponlesutaof at the bright end is similar
in both early and late type galaxies. They have thereforaearghat the differences in the
faint end are not due to merging processes associated tertlralgalaxies, but may lie in the
transformation of spiral and irregular galaxies into edylye dwarf galaxies.However, these
results is at variance with other analyses. For instancejAcet al. (2000) and Mobasher
et al. (2003) performed deep spectroscopic survey of theaGaster and found no evidence
for an upturn of the LF at faint magnitudes.

2.3 CLUSTERS OF GALAXIES AT REDSHIFTz & 1

Despite the advent of the era of precision cosmology usharey observations of SNe and
the cosmic microwave background (see Appendix A), sigmtaancertainty remains in the
expected numbers of galaxy clusterz at 1. Moreover, the CMB temperature anisotropies
on scales corresponding to clusters are not accurately ikknieading to values forg, the
rms matter uctuation in a sphere of radiBs ' Mpc atz = 0 (Appendix A), which cover
the range:67"%15 (Gladders et al. 2007) @198 0:10 (Bahcall et al., 2003).

The range g = 0:7to 1 corresponds to a variation of a factor of nearly 20 in trezlcted
numbers oz > 1 clusters withM,, > 10*“M (e.g. Sheth & Tormen, 1999). Obtaining
substantial samples of galaxy clusterz & 1 has proved challenging, largely because such
objects are dif cult to detect using only optical data. Duetheir greatly enhanced rate of
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Figure 2.11: Luminosity function in the four SLOAN bandsr; i; z computed withinr 5q0.
Dots: Observational data. Continuous line: Best t (fronp@sso et al. 2006a).

star formation by 1, the UV emission from modest sized eld galaxies overwheihat
from the intrinsically red spectra of quiescent, early tyagaxies preferentially found in
clusters. The Red Sequence Cluster Survey (Gladders & 968, 2005) uses the observed
colour-magnitude relationship in cluster galaxies to iovar the contrast and has proven
highly efcientto z 1, but the optical colours of the red sequence become incrggsi
degenerate at higher redshifts, as they no longer span $hd08@® break. Wilson et al.
(2008) describe a program to extend the red sequence tehtoghigher redshift using
Spitzer data, but it is also importanttestfor the existence of red sequencegin 1 clusters
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rather than preselecting for them, if possible. Another @dw approach is to target for IR
followup extended sources in deep X-ray surveys lackingnoment optical counterparts.
This technique yielded con rmed clusterszat 1:10; 1.23, and 1.26 (Stanford et al., 2002;
Rosati et al., 1999, 2004) and more recentlzat 1:39 (Mullis et al., 2005) and 1.45
(Stanford et al., 2006). The UKIDSS Ultra Deep Survey presidnother recent example,
nding 13 cluster candidates with:6 < z < 1:4in a 0.5 ded survey (van Breukelen
et al., 2006), one of which has 4 spectroscopic redshifts=a0:93 (Yamada et al., 2005).
Eisenhardt et al. (2008a) identi ed 335 galaxy cluster amulig candidates from &5 m
selected sample of galaxies in the IRAC Shallow Survey. @mtes were identi ed by
searching for over-densities in photometric redshiftedicand 106 clusters are at> 1.
They claimed that roughly 10% of these candidates may becéagé¢o arise by chance or
from projection effects. Nevertheless, 12 clusters haenspectroscopically con rmed at
z > 1, as have 61 of the 73 clusters observed with AGES &t 0:5. For the twoz > 1
clusters with 20 or more spectroscopic members, they hdiaaed total cluster masses of
severall0“*M , and the total mass estimated from the stellar luminosgidgi comparable
values. They also found colour-magnitude diagrams in [3:6] vs. [3.6] for thez > 1
spectroscopically con rmed clusters, revealing that ageguence is generally present, even
though clusters were not selected for this (see also Zirrh 088). Moreover they found
that for the full cluster sample, the mean colour of briglgalaxies within each cluster is
systematically redder than the mean colour of all probdblkter member galaxies, implying
that the mass-metalicity relation is already in place at 1.5. We report as example in
Figure 2.12 by Eisenhardt et al. (2008) the cluster ISCS 8143414 atwg,i = 1:413

It clearly exhibits a large concentration of red galaxiegha region. Both photometric
redshift members and spectroscopically con rmed clustentoers are shown in the picture.
Presence of photometric redshift members which are nottigiseopically con rmed are
also shown as blue diamonds.

Recently, Castellano et al. (2007) discovered a localiset-density at z 1.6 in the
GOODS-South Field. They compared the properties of the neegdaxies to those of the
surrounding eld and they found that the two populationssgai cantly different, support-
ing the reality of the structure. Castellano et al. (200 0vatd that the reddest galaxies, once
evolved according to their best t models, have colours ¢stest with the red sequence of
lower redshift clusters. The estimat®th, total mass of the cluster they found is in the
rangel:3 10* 57 10"M ,depending on the assumed bias fatto€astellano et al.
(2007) provided also an upper limit for the 2-10 keV X-ray inosity, based on the 1Ms
Chandra observations. They foungd = 0:5 10* erg s !, suggesting that the cluster has
not yet reached the virial equilibrium.
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Figure 2.12: Composite NDWFS ar®&pitzerlRAC By, |, [4:5] colour image of cluster
ISCS J1438.1+3414 d,i = 1:413 North is up and east is left, and the eld size is 5'
square ( 24 25Mpcforz =1 15). Objects with yellow circles are photometric
redshift members, i.e., they have integra®(@) > 0 : 3in the rangezesy  0:06(1 + Zeg),
where z.g; is the mean estimated photometric redshift for the clus&pectroscopically
con rmed cluster members are denoted by yellow squares.al@pectroscopic members
fall within the 5' eld shown here. Blue diamonds indicategibmetric redshift members
whose spectroscopic redshifts are notin the ragge2000(1+zs,) km s * (from Eisenhardt
et al. 2008).
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2.4 HIGH—REDSHIFT PROTO—CLUSTERS

We will now focus our attention on the observed propertiebigh redshift proto—clusters.
As we discussed in previous Section, in recent years a nuofibbservations has shed a light
to the evolution of clusters with redshift upzo 1.5 (e.g. Mullis et al. 2005, Eisenhardt
et al. 2008b, Stanford et al. 2005 and references thereinforAmon technique for the
search of over—dense regions to even higher redshift iotoftor over-densities of emission
line galaxies in the neighbourhood of luminous high-refishdio galaxies (e.g. Pentericci
et al. 1998). These regions likely trace proto—clustergmadent merging and putative BCG
assembly processes located at the peaks of the density, whish are usually associated
to the radio—galaxy. We will discuss here some observdti@salts concerning the radio—
galaxy MRC-1138-262 at redshidt 2. This is probably the most studied putative proto-
cluster region in literature (e.g. Pentericci et al. 19908, 1999, 2000; Carilli et al. 2002;
Kurk et al. 2000, 2004; Miley et al. 2006; Venemans et al. 260atch et al. 2008; Zirm et al.
2008 and references therein) . For a comprehensive discuabbut distant radio galaxies
and their environment we address the reader to the reviewilay il De Breuck (2008). In
Chapter 5 we will present a detail comparison between thesereations and the predictions
of our cosmological hydro-dynamical simulations.

Figure 2.13 shows a deep image taken with the Advanced Caime&urveys (ACS)
of the Hubble Space Telescope (HSThe morphology of the galaxy distribution shown
on this deep HST ACS image is reminiscent of what has beeadcalSpiderweb More
than 10 individual clumpy features are observed, apparetdr-forming satellite galaxies
in the process of merging with the progenitor of a dominanst@r galaxy, at a look-back
time of about 11 Gyr. There is an extended emission compgimeplying that a high star
formation rate was occurring within40 50 kpc region surrounding the most luminous
galaxy. A striking feature of the Spiderweb complex is thesence of several faint linear
galaxies within the merging structure. The dense envirgrimand fast galaxy motions at
the centrers of proto-clusters may stimulate the formatibtinese structures, which domi-
nate the faint resolved galaxy populations in the HubbledUDheep Field. We address the
attention's reader to the very high velocities associateithé satellite galaxies (the ies of
the Spiderweb), reaching velocities along the line of saftbughly 2000 km s*. Another
important feature is the presence of an evident diffuséastebmponent surrounding the
disturbed morphology of the central radio galaxy.

In Fig. 2.14 by Hatch et al. (2008), an image of the region adothe Spiderweb
galaxy is shown in they,s band. Galaxies were identi ed with theEXTRACTORalgo-
rithm (Bertin & Arnouts 1996) and are shown as white regiofisis picture clearly exhibit
the dif culties of deciding whether assigning pixels to gsiles or to the diffuse component.
Hatch et al. (2008) examined the possibility that the irdégtic UV light may be caused
by a fainter population of cluster galaxies that lie betwé#sn detected satellite galaxies.
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Figure 2.13: Composite image 028° 18%egion at the core of the MRC 1138-262 proto-
cluster taken with the ACS through tlgg;s + 114 Iters, using a total of 19 orbits. Also
shown are rest-framkey emission velocities in kilometres per second, measurezligir
1%%wide spectrograph slits in three position angles indichtethe dashed lines. These were
obtained using the FORS at the VLT Kurk et al. 2003). The vékEsxwere measured at the
peaks of thdy emission pro les and are relative to the median velocitypf absorption.
Following Kurk et al. (2003) the nucleus is taken to be theitpws of the peak Ha. This
coincides with the peak in ACS continuum emission, indiddig the extrapolation of the
arrow corresponding to 730 km % the velocity of the nucledry emission. Eight of the
satellite galaxies (ies) that have chain, tadpole, or giynmorphologies are indicated by
numerals 18 (from Miley et al. 2006)

Fig. 2.15 by Hatch et al. (2008plots the rest-frame NUVI ;4 band) luminosity func-
tion of the detected galaxies with the solid line showinglikest tting Schechter function
(M) = 0:4 log,o[1074M  M)] lexp[ 1¢P4M  M)] (Schechter, 1976). The best t-

2The luminosity function published by Hatch et al. (2008) diot include the correction factd:5
l0g10(1 + z) (R.A. Overzier, private communication).
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ting parameters were found to bé = 243, = 198:3mag *Mpc 2 and the slope

= 1:26. The slope of the faint end,, is found to be similar to that of a sample of
z = 2:2 galaxies from Sawicki & Thompson (2006). The bright and large are a direct
consequence of the fact that the region of interest is as®atvith a massive galaxy at the
centre of a forming cluster, and should not be taken as a mea$the luminosity function
beyond this region. The luminosity function is complete 185 mag and encompasses al-
most all of the galaxies detected, therefore the integrdd@Bchechter function from195
to 245 results in the totalg;4 ux from the galaxies in the Spiderweb complex. The
intergalactic UV light in this bandpass accounts for 39%haf total ux above a surface
brightness of 27.0 mag arcséc The authors argued therefore that if the IGL resulted from a
population of fainter cluster galaxies, the missing gaaxvould Il up the Schechter func-
tion up to 181 mag (indicated by the dotted line in Fig. 2.15). Therefore KGL would
comprise of approximately 15 galaxies with absolute magi@s between 195mag and

181mag. The IGL extends across a region 424Fkpc 60arcseé). Therefore each of
the 15 faint galaxies would have to extend acrogsarcse€ — larger than the massive radio
galaxy, or be distributed in a very ordered arrangementratdhe radio galaxy. Hatch et
al. (2008) claimed that such an ordered distribution iskatyi and any faint galaxies are
not likely to have such a large extent, therefore the IGL caibbe caused by a non-detected
faint cluster galaxy population, but rather it must be duartantrinsically diffuse source or
very many unresolved radiation sources. In a previous weektericci et al. (1998) have
estimated the total stellar mass of the central radio gdiem theK band luminosity and
foundM, 10%M .

Hatch et al. (2008) have also computed the UV slopehich measures the UV contin-

uum through

_ 0:4  (urs  ls1a)
Iog%

2 (2.22)

Figure 2.16 shows the resulting map of the UV slop&ata has been binned in 2D so that
each bin within a galaxy has a S/N greater than 10, and eadulside a galaxy has a S/N of

5. Hatch et al. (2008) have found that for the majority of theiirgalactic light component
avalueof 2< < 1, whichimpliesareddeningvalueBf(B V) 01 0:25 They
have also found a trend in the IGL to be bluer with the incregsiistance from the nearest
galaxies. They have therefore argued that a process osdifftar formation was taking place
in the Spiderweb region. They have computed a total SFR fleritV continuous in the
whole region of 142V yr ! without dust correction. When applying a minimum dust
correction ofE(B V) = 0:1they have put a lower limit on the total SFR of325M yr 1,
44% of which is due to the IGL, implying a vigorous star forioat before it is quenched
by AGN feedback.

Pentericci et al. (2000) performed VLT spectroscopic ole@rns ofLy —excess ob-

jects in the eld of the Spiderweb complex within a projectduysical distance of 1.5 Mpc
from the radio-galaxy. They found 14 galaxies and one QS@mtoximately the same dis-
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tance as the Spiderweb galaxy. All identi ed galaxies haashifts in the range 2.16.02,
centrered around the redshift of the radio galaxy. The wgialtstribution found by Penter-
icci et al. (2000) suggested that there are two galaxy suipgrbaving velocity dispersions
of 500kms!and 300km s?!and a relative velocity of 1800 km & They have
estimated the dynamical masses in the case these struatargsialised, and found 9 and

3 10" M respectively, implying a total mass for the structure of entvan 1&* M .

More recently, Kurk et al. (2004) have performed infrareddpmscopy and established
the presence of nine line emitters within 0.6 Mpc of the regitaxy. They have found
three emitters showing an additional line which con rms ttienti cation withH atz =
2:15, while four more have spectra consistent with at this redshift, one being a QSO as
indicated by the broadness of its emission line. One enstiews only a single strong line,
which is possiblyH and one emitter exhibits two lines which probably originfaten two
emission line regions within one galaxyat 2:16. Additional evidence for identi cation
of all observed lines withi is the small velocity dispersion (360 km'3 as compared with
the width of the selection Iter. This dispersion is also slaeathan the dispersion of tHey
emitters found by Pentericci et al. (2000).

Carilli et al. (2002) performed a high resolution X-ray oh&gions of the Spiderweb
galaxy with the ACIS-S detector on the Chandra observatohngy showed that the X-ray
emission from the radio-galaxy is dominated by emissiomftbe active galactic nucleus
(AGN) with a 2 to 10 keV luminosity o4  10* erg s 1. Moreover they found that the
relative X-ray and radio properties of the AGN in the Spidelvgalaxy are similar to those
seen for the AGN in the archetype powerful radio galaxy CygAu Carilli et al. (2002)
estimated that between %0and 236 of the X-ray emission from the Spiderweb complex
is spatially extended on scales of°d® 20°° The extended X-ray emission is elongated,
with a major axis aligned with that of the radio source. Wiiile X-ray and radio emissions
are elongated on similar scales and position angles, teare bne-to-one correspondence
between the radio and X-ray features in the source. Theylaeded that most likely origin
for the extended X-ray emission in the observed region ismthkemission from shocked
gas, although they could not rule-out a contribution fronense Compton emission. If the
emission is from hot gas, the estimated gas density is 0.08 and the estimated gas mass is
25 10M . Thus, pressure in this hot gas is adequate to con ne the editting plasma
and the optical line emitting gas. Carilli et al. (2002) seu@per limit of1:5 10*ergs?
to the (rest frame) 2 to 10 keV luminosity of any normal clustenosphere associated with
the Spiderweb complex.

They did not detected any emission associated to any of theelyitting galaxies in
the putative proto-cluster, outside of the Lialo of the Spiderweb galaxy itself, to a (rest
frame) 2 to 10 keV luminosity limit of:2 10 erg s *. Carilli et al. (2002) also detected
emission from & = 2:183QS0 located Qwest of the Spiderweb system, with a luminosity
of .8 10*ergs?.
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Figure 2.14:g475 image of MRC 1138-262 and surroundia§ 185 region, smoothed
with a Gaussian of s = 0.05 arcsec. All regions identi ed dsaxgjas have been removed and
are coloured white. The intergalactic light is clearly bisi between the radio and satellite

galaxies (from Hatch et al. 2008).
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Figure 2.15: The luminosity function of the galaxies witlie Spiderweb complex. The
solid line is a Schechter function t to the data. The dottee indicates how much of the
luminosity function is missing if the intergalactic light#sults from a population of fainter
galaxies; approximately 15 galaxies with absolgte magnitude (rest frame NUV) between
195 < mag< 181 would provide the necessary light (from Hatch et al. 2008).
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Figure 2.16: Slope of UV spectrum of galaxies and intergalactic light of the dgpiwveb
system. Data has been binned in 2D as described in the telexi€&aare outlined in black.
TheLy ux peaks on the galaxy that lies 3 arcsec West of the radio galaxy which has the
bluest colour compared to the other satellite galaxiesgbma rotated 5 degrees East from
North, with North Up and East left (from Hatch et al. 2008).
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CHAPTER 3

NUMERICAL COSMOLOGY AND
GALAXY FORMATION

In this Chapter we will present an overview of the numerieahniques developed for cos-
mological purposes. We address the reader to more comwigbarviews for a detailed
treatment of the topics discussed in next Sections (e.gkiyc& Eastwood 1988; Bagla
2005; Dolag et al. 2008b).

This Chapter is structured as follow. Section 3.1 we willyide an overview of the nu-
merical methods that have been developed for solving thedy-iproblem, with particular
emphasis to the TREE algorithm implemented inG@#GET-2codé (Springel et al., 2001;
Springel, 2005). In Section 3.2 we will describe picturetd@hnique aimed at generating the
initial conditions (ICs) used in our cosmological simutais. In Section 3.3 we will present
hydrodynamical methods which are used to follow cosmiccstme formation. In particular,
we will focus on the SPH algorithm implemented in tBADGET-2 code (Springel et al.,
2001; Springel, 2005) applied to obtain the results of tHfong Chapters. In Section
3.4 we will shortly describe the main characteriscs andufestof theGADGET-2code. In
Section 3.5 we will present the basic principles of speptiotometric codes, with particular
emphasis on the GALAXEV code by Bruzual & Charlot (2003). Wé then present two
algorithms [SKIZ} by Stadel 2001 and SUBFIND by Springel et al. 2001] for thentde
cation of gravitationally bound substructures in cosmaalghydrodynamical simulations
in Section 3.6. Finally, in Section 3.7, we will brie y rewieabout a widely used tech-
nique in galaxy formation's models complementary to diteairodynamical cosmological
simulations: the semi-analytic approach.

http://www.MPA-Garching.MPG.DE/gadget/
2Seehttp://www-hpcc.astro.washington.edu/tools/skid.htm



NUMERICAL COSMOLOGY AND GALAXY FORMATION

3.1 GRAVITATIONAL DYNAMICS: THE N-BODY TREE
CODE

The study of the N-body problem was topic of interest sinceaaly the XVIII century. It
consists in nding the solutions of the equation of motion gonumbeN of point-like par-
ticles with masan; whose dynamics is purely gravitational. From the Kepletlzgory it
is possible to show that an analytical solution to this peablexists folN = 2. Already
Poincaré (1891) highlighted that fof 3 it does not exist a general analytical solution to
the N-body problem, and the only way to face the problem isemncally. N-body numer-
ical simulations were used for the rst time in the sixties tbhe study of cosmic structure
formation. They become a fundamental part of the study aihodsgy only in the eighties,
thanks to the development of fast computers and ef cient mating algorithms. Now, a
large part of our knowledge on the formation and evolutior@$mic structures is based
on the results from numerical simulations. For reviews o thpics, see e.g. Hockney &
Eastwood (1988); Bagla (2005); Dolag et al. (2008b).

A typical simulation which aims at describing a portion o tiniverse and the gravita-
tional evolution of the dark matter component uses a largeb®rN of collisionless parti-
cles in a cubic box. This box, has to be suf ciently large taale scales within which the
Universe is nearly homogeneous. However, simulationsiariéed by the total number of
particles, since the computational cost increases rapidlyit. Each simulation essentially
represents a compromise between its mass resolution agidhiénsion, given the available
computing resources.

Given the initial conditions (see Section below), one esaly needs to compute, for
each particle, the resulting force due to the gravitatiatiahction of all the other particles.
We rst consider the simplest case of two particlesndj . The two particles attract each
other with force:

Gmim; (% %)
(% %7+ 232

Fiy = (3.1)
whereG is the gravitational constant); andm; are the masses of the particlgsandx; are

the coordinates of the particles ants the softening parameter. Since nothing prevents two
particles to be very close, the gravitational force couldrinciple diverge, thus requiring an
in nite accuracy in the integration of the orbits. To prevéhis, the term is added to the
denominator. This term essentially represents the spasalution of the particle dynamics.
At each time-step it is necessary to compute the global gri@mnal force acting on each
particle, due to the distribution of all the other particléghe simplest way to do so is to
computeF; for all pairs of particles. This method was adopted by eartuations and is
calledParticle-Particle method (PP)t provides a very accurate estimate of the gravitational
force, but its computational cost rapidly increases with tlumber of particles, since the
number of operations required at each time-steN (& 1)=2. In order to treat more
complex systems, it is necessary to reduce the number chipes.
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3.1. Gravitational dynamics: the N-body TREE code

The solution adopted by a large part of N—body codes c&leticle-Mesh codes (PMis
to compute the large—scale gravitational eld over a gridthis case the Poisson's equation:

F2(xt=4 Ga’[ (xt) (O] (3.2)

where is the gravitational potential andt) is the background density, is solved in the
Fourier space. The computational cost is sensitively redu® (N logN), whereN is
the number of grid points), but the resolution is limited b grid spacing. To solve this
problem, modern versions of these codes supplement the éanmputation on scales be-
low the mesh size with a direct summation. Codes implemewiddthis philosophy are
calledParticle-Particle-Particle-Mesh codes $®1). Another possibility is to place mesh re-
nements on highly clustered regions. These family of codesthus called\daptiveMesh
Re nements (AMR) codes.

The TREEalgorithm follows a completely different approach; theads to treat distant
particles as one single particle by adopting a hierarctpeatitioning system, which has
been developed by Barnes & Hut (1986). The structure maydegtit as an ideal tree. The
smallest elements are cells containing one single parti¢ciech can be thought as the leaves
of the tree. These particle-bearing cells are grouped argel cells, the nodes, which are in
turn grouped into larger nodes down to the root, i.e. the wisohulation box. Each small
and large cell will be characterised by the total mass antte@f-mass of the particle(s) it
contains. The construction of the tree follows a partithgnprocedure, which is sketched in
Fig. 3.1 for the case of a two-dimensional simulation.

.' . fik i

Figure 3.1: Schematic illustration of tHeREE code scheme in two dimensions (Springel
et al. 2001). The particles on the left are enclosed in a eskl cell (main node) that is
iteratively split into 4 squares (8 cubes for the three-disienal case) until one particle
remains (the leaf of the tree).

The process starts by considering the largest cell, whictatos the whole simulation
box. It is divided into2® sub-cells, each having side equal to one half of the side f th
parent cell. If a cell contains two or more particles, it igumn divided into sub-cells and
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the division process continues until each cell contains noenthan one particle. When the
partitioning process is nished, the space is divided intauanber of cells of different size,
which either contain exactly one particle or are progesitorfurther cells, in which case
each cell carries the monopole and quadrupole moments thiegiarticles that lie inside its
volume. The force computation proceeds by an iterativege®cwhich walks up the tree,
summing the appropriate contribution from each node, whsdetermined by the accuracy
parameter (typically 1) in the following way. Letl be the length of a cell anD the
distance from the cells centre-of-mass and the particlenTH=D < the contribution of
the cell content to the total force acting on the partfeles computed by treating it a single
particle, otherwise its sub-cells are considered. Thisgss is repeated iteratively until the
resolution criterion is satis ed or a one-patrticle celleached. Recent numerical simulations
achieved very high resolution within very large simulatedumes. For examples the so-
called Millennium Run (Springel et al. 2005a) based on @GET-2 code traced more
than 10 billion particles within a simulated cube boxa@0h *Mpc. Figure 3.2 shows the
complex topology of the “cosmic web” in aCDM universe. The zoomed out panel at the
bottom of the gure reveals a tight network of cold dark mattéusters and laments of
characteristic size 100h Mpc. On larger scales, there is little discernible structuré an
the distribution appears homogeneous and isotropic. §uls¢images zoom in by factors
of four onto the region surrounding one of the many rich galelysters in the simulation.
The nal image reveals several hundred dark matter subsires, resolved as independent,
gravitationally bound objects orbiting within the clustealo. These substructures are the
remnants of dark matter halos that fell into the cluster diezaimes.

More recently Kim et al. (2008) presented The Horizon Run déybsimulation, using
412G ' 699 billion particles, and covering a volume (8:592h Gpc)3 which corner-
to-corner stretches all the way to the horizon of the visibleverse. Figure 3.3 shows
a64h ! Mpc-thick slice through the Horizon simulation showing tinatter density eld
in the past light cone all the way to horizon. The thicknesshefwedge is constant and
the opening angle is 45 degrees. The Earth (the observaiot) ;s at the vertex and the
upper boundary is the Big Bang surfacezat 1 . The distribution of the CDM patrticles
is converted to a density eld using the Triangular Shapeal@lbinning method (Hockney
& Eastwood 1981), and the density eld befaze= 23 was obtained by linearly evolving
the initial density eld backward in time. The radial scaletbe slice is the look-back time,
so the upper edge corresponds to the age of the universebill®6 years located at the
comoving distance of 500 *Mpc.

We just mention that on small scales, other two recent projeave tried to reproduce
a Milky Way-sized dark matter halo with extremely high-riegion: The Aquarius Project
(Springel et al. 2008) and the Via Lactea Projects (Diemanal.e2008, and references
therein). The rst group have simulated 6 different halas;leat several different numerical
resolutions, nding in the largest simulation, nearly 3000 gravitationally bound sub-halos
within the virialised region of the halo. The latest simidatof the Via Lactea Project took
one million CPU hours to nish and has over one billion pdagwith a mass of only 4.1
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Figure 3.2: The dark matter density eld on various scalesithe Millennium simulation.

Each individual image shows the projected dark matter theredid in a slab of thickness

15h Mpc (sliced from the periodic simulation volume at an angle ema® avoid replicat-

ing structures in the lower two images), colour-coded bysdgrand local dark matter ve-
locity dispersion. The zoom sequence displays conseceiilaggements by factors of four,
centred on one of the many galaxy cluster halos present isithelation (from Springel et

al. 2005).
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Figure 3.3: A64h ! Mpc-thick slice through this simulation showing the maitensity
eld in the past light cone as a function of look-back time @é way to the horizon from
the Horizon simulation. The thickness of the wedge is coristad the opening angle is
45 degrees. The Earth is at the vertex and the upper boursltrg Big Bang surface at a
look-back time of 13.6 billion years (from Kim et al. 2008).
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3.2. Initial conditions

Figure 3.4: The particle distribution with the imposed tisements, taken from the same
cosmological initial conditions, once based on an oridgyna&gular grid (left panel) and once
based on a glass like particle distribution (right panetedits: Dolag et al. (2008).

thousand solar masses.

3.2 INITIAL CONDITIONS

Having robust and well justi ed initial conditions is one tife key points of any numeri-
cal simulation. For cosmological purposes, observatidriib® large—scale distribution of
galaxies and of the CMB agree to good precision with the #temal expectation that the
growth of structures starts from a Gaussian random eld dfahdensity uctuations (see
also Appendix A.); this eld is thus completely described the power spectrur® (jKj)
whose shape is theoretically well motivated and depend$iercosmological parameters
and on the nature of Dark Matter.

To generate the initial conditions, one has to generate afsetmplex numbers with a
randomly distributed phaseand with amplitude normally distributed with a varianceegiv
by the desired spectrum (e.g. Bardeen et al., 1986). Thidbeavbtained by drawing two
random numbers in ]0; 1] andA in ]O; 1] for every point ink-space

N q i
w = 2P (jRpIN(A)e? (3.3)

To obtain the perturbation eld generated from this disitibn, one needs to generate the
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potential ( € on a gridgin real space via a Fourier transform, e.g.

x N
— R AKq.

(9 k RZé : (3.4)
The subsequent application of the Zel'dovich approximatioel'Dovich, 1970) enables one
to assign the initial positions

x=9 D' (2)(9 (3.5)

and velocities

v=D"(2)F (9 (3.6)
of the particles, wher® * (z) andD-" (z) indicate the cosmological linear growth factor and
its derivative at the initial redshift (see Appendix A). A more detailed description can be
found in e.g. Efstathiou et al. (1985).

There are two further complications which should be memtibiThe rstis that one can
try to reduce the discreteness effect that is induced on ¢nsity power spectrum by the
regularity of the underlying grid of the particle positiogthat one has at the start. This can
be done by constructing an amorphous, fully relaxed partigdtribution to be used, instead
of aregular grid. Such a particle distribution can be cartdéd by applying negative gravity
to a system and evolving it for a long time, including a dangpof the velocities, until it
reaches a relaxed state, as suggested by White (1996).3H{.gives a visual impression
on the resulting particle distributions.

A second complication is that, even for studying individabjects like galaxy clusters,
large-scale tidal forces can be important. A common apraaed to deal with this problem
is the so-called “zoom” technique: a high resolution reg®self-consistently embedded
in a larger scale cosmological volume at low resolution gge Tormen et al., 1997). This
approach usually allows an increase of the dynamical rahgreeoto two orders of magnitude
while keeping the full cosmological context. For galaxy slations it is even possible to
apply this technique on several levels of re nements toferimprove the dynamical range
of the simulation (e.g. Stoehr et al., 2003).

3.3 HYDRODYNAMICAL METHODS: THE SMOOTHED
PARTICLE HYDRODYNAMICS (SPH) TECHNIQUE

With all the methods described in the previous Sections, poissible to nd numerical so-
lutions to the N-body gravitational problem. Neverthe)éssyonic matter has a much more
complicated physics and behaviour. Therefore to have a enpnd coherent description
of cosmology, we need to implement models which describéémaviour of gas and stars,
besides the dark matter. Related to the physical proce$fas lsaryonic component are the
majority of all the astrophysical observable.

Thus, our models should be able to treat:
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technique

Thermodynamics
Radiative processes and absorption
In uence of star formation

Feedback effect, metal enrichment from stellar populadioa Active Galactic Nuclei
(AGN).

The basic ingredient of these models is uidodynamics, éf@e numerical methods with
the aim of describe these processes are called hydrodyaaméthods.

The description of hydrodynamical processes through nizademethods can be basically
classi ed in two general categories (see Dolag et al. 200& fmore comprehensive descrip-
tion of the topics treated in this Section):

Eulerian techniques

In Eulerian techniques the evolution of the physical ques#iis followed at xed
spatial points. From a practical point of view, space is suiddd into a grid of points
( xed or adaptive) and in each resulting cell the evolutidrvariables associated to
the physical quantities of interest is followed in time.

Lagrangian techniques

In Lagrangian techniques instead physical quantities ssea@ated to each particle
representing the uid element and their evolution is folexhas a function of time and
space along the particles trajectory. These techniquessftire, need a discretisation
of the uid in particles, which generally will occupy diffent positions at different

times. To each particle will be then associated the physjgahtities of interest.

We will focus the rest of this Section on the description ofegjtangian technique to solve
hydrodynamics called Smoothed Particle HydrodynamicdH{SPBriginally introduced by
Lucy (1977) and Gingold & Monaghan (1977) (for recent re\sgsee Springel 2005; Mon-
aghan 2006). The simulations analysed in this Thesis aezohbdased on the SPH technique.
SPH avoids the main limitation due to the use of a grid on theadyic range in spatial reso-
lution or on the global geometry. Its main limitations are treatment of the shocks, which
is done by introducing an arti cial viscosity, and the fabat it is not possible to represent
an arbitrarily large density gradient with a nite number drticles. The SPH is particu-
larly well suited to be used in association with a TREE N-bodge, since their underlying
principles are similar. Both techniques are fully Lagramgand neither use a grid. The re-
sulting code naturally allows to follow the evolution of aga number of particles within a
Lagrangian framework (Hernquist & Katz 1989). In the SPH, tnd is modelled as com-
posed by a number of elements which are represented bylparti€hus, if the system is
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evolved according to the laws of hydrodynamics, the denslty can be estimated form
the local density of particles. Since the computational eh@dnsists of a nite number
of uid elements, local averages must be performed over mas of nonzero extent. This
is conveniently accomplished by introducing a systematoc@dure for smoothing out lo-
cal statistical uctuations in the particle number. The mealue of a physical eldf (¥),
within a given interval can be determined through kernehestion according to

Z

HEi= W(@ir +9;h)f(#9d®° (3.7)

whereW (¥) is known as the smoothing kernél,is the smoothing length, which speci es
the extent of the averaging volume, and the integration e @ space. The smoothing
kernel is normalised to unity. It is also required tha{r)i ! f(¥) for h ! 0. Within
reasonable assumptions on the kernel functo(¥), Hernquist & Katz (1989) show that
the error made in approximatirig+) by its smoothed estimaté (¥)i is O(h?). If the values
of f (¥) afe known only at a nite number of discrete points, disttdaiwith number density

n(t) = J.Nzl (+£9, then the smoothed equivalent can be written as (Hernquikia&
1989):
X i
H(¥)i = . m(_F)iW(jf 5, h): (3.8)
In particular, if a mass; is associated with each uid element of densifythen:
X
h(®i= mw(r jh): (3.9)

=1

In every time-step the SPH code must solve the uid equatighe mass conservation is
assured by the fact that the kernel function is normalisedtty ( W (¥)d+= 1), while in
the adiabatic regime the Euler and the energy conservatjoat®ns become:

dv X P P ... .
ri m o+ —’2 rW(* %j;h) (3.10)
j=1 J
and
d p X . .
i = m(v %) rTW({r %j;h): (3.11)

j=1
respectively. The description of a non-conservative gtalsystem can be implemented by
modifying Eq. 3.11. For example a radiative gas is obtaineddding a cooling term. On
the contrary the description of phenomena like shock-hgatquires the addition of arti-
cial viscosity terms in Eq. 3.10. An important advantagetbé SPH formalism is that
it provides a natural means for estimating gradients of dleall uid properties. Gradients
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of the physical variables are replaced by derivatives ofstneothing kernel, thereby con-
strainingW (¥) to be differentiable or at least the same order as that ofetlmes present in
the dynamical equations. In addition, the kernel shouldize®y peaked and approach a
delta function a$r ! 0, in order that the smoothing estimates retain a local claraé
kernel with compact support is generally preferred for oeasof computational cost, so as
to perform the integration over a nite portion of volume. &8ADGET-2 code on which
our simulations are based, adopts the following kernel:

8

< 1 6(=h)2+6(r=h)®> 0 r h=2

2(1 r=h)3 h=2 r h (3.12)
0 rh

W(rh)= oy
wherer is the distance from the particle position. Note that both tist and the second
derivatives of the above kernel are continuous. The localigpresolution is determined
by the smoothing length. A more traditional approach adopts the sdmfer all particles.
However, a constarit would yield relatively more accurate estimates in regioith & high
density of particles than in lower density regions. Fumhere, all the structures smaller
than h would not be resolved, thus not taking full advantage of taptéive Lagrangian
nature of the SPH method. An adaptivanstead allows at the same time to achieve the
necessary resolution in denser regions and to maintainaime devel of accuracy at all
points on the uid, thus improving consistency and ef cignaf the code. The value df is
then determined from the local particle density, by keepiegnumber of neighbourhoods
either exactly, or at least roughly, constant.

3.4 THE GADGET-2 CODE

The simulations analysed for our work have been realisddtWeGADGET-2code (Springel
et al. 2001; Springel 2005). GADGET-%alaxies withDark matter and>as inEracT) is
a TREE-SPH algorithm with a fully adaptive step re nemertegration scheme. It is also
possible to choose between a full TREE algorithm or a contbihe! -TREE algorithm for
the gravitational treatment.

Figure 3.5 is an example of the evolution at redstwf®, 5 and 0 of the gas density within
a cosmological hydrodynamical simulation that has beeliseshwith theGADGET-2code
within a cosmological box of 192 i Mpc side and containing 2480° DM and gas particles
fora CDM cosmology (Borgani et al. 2004). This sequence showkigrarchical growth
of structure along laments and groups and clusters platédeaintersection of laments.

We show in Figure 3.6 (Borgani & Kravtsov 2009) how the daitions of DM (upper
panels), gas (central panels) and star (lower panels) eavoss cosmic time inside the
region forming a cluster, as predicted by a cosmologicattgghamical simulation based
on theGADGET-2code. The gas distribution generally traces the DM distidoy with its
pressure support making it smoother below the Jeans lengtl. SFurthermore, stars form
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Figure 3.5: Evolution az = 9, 5 and 0 of a TREE-SPH simulation realised with the
GADGET-2 code for a CDM within a cosmological box of 192 ik Mpc (from Borgani
et al. 2004).

since early epochs within high density halos, where gas €aiemrtly cool over a short
time scale, thus making their distribution quite clumpy.e$é density maps highlight the
hierarchical fashion in which the formation of cosmic stues proceeds. At early epochs a
large number of small DM halos are already in place and thstridution traces the nodes of
a complex lamentary structure, the so-called cosmic webtifke goes on, these laments
keep accreting matter, while small halos ows along thenallp merging onto larger halos,
placed at the intersection of laments, where galaxy clissterm (see also Chapter 5). By
the present time (left panels) a rather massive galaxyeaimsts formed at the intersection
of quite large lamentary structures.

More in detail the following astrophysical processes werglemented in the SPH scheme
of the GADGET-2code:

3.4.1. Radiative cooling

In a simple view, radiative cooling is computed assumingjatically thin gas of primordial
composition (mass-fractions of = 0:76 for hydrogen and. X = 0:24 for helium) in
collisional ionisation equilibrium, following Katz et a{1996). The code also includes a
photo-ionising, time-dependent, uniform ultraviolet (JUhdackground expected from a pop-
ulation of quasars (e.g. Haardt & Madau 1996), which reiesithe Universe at ' 6.
The effect of a photo-ionising background is that of inhrgtgas collapse and subsequent
star formation within the haloes of sub- galaxies (e.g. Benson et al. 2002), thus having
a secondary impact at the resolution of our simulations. ialthlly, one should take into
account the effect of metal species. The presence of meti&tirastically increase the pos-
sible processes by which the gas can cool. As it becomes datignally very demanding
to calculate the cooling function in this case, one usuaborts to a pre-computed, tabu-

68



3.4. The GADGET-2 code

Figure 3.6: The formation of a galaxy cluster in a cosmolageontext, as described by a
hydrodynamical simulation carried out with the Tree-SBADGET-2code Springel (2005).
Upper, central and bottom panels refer to the density maptadé matter, gas and star
distributions, respectively. From left to right we show #mapshots & = 4, where putative
proto-cluster regions are traced by the observed condmmtsaof Lyman-break galaxies and
Lyman- emitters Overzier et al. (2008), at= 2, where highly star-forming radio-galaxies
should trace the early stage of cluster formation Miley e{2006); Saro et al. (2009); see
Chapter 5, and a = 0. This cluster has a total virial mass,;; ' 10°h *M atz=0
(Dolag et al. 2008). Each panel covers a comoving scale dftabbh Mpc, while the
cluster virialised region a = 0 is nearly spherical with a radius of about3*Mpc (from
Borgani & Kravtsov 2009, in preparation).
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lated cooling function. Note that almost all implementai®olve the cooling of the gas as
a “sub time step” problem, decoupled from the hydrodynahtreatment. In practice this
means that one assumes that the density is xed across teestep. Furthermore, the time
step of the underlying hydrodynamical simulation are inegah for practical reasons, not
controlled by or related to the cooling time-scale. The t@syiuncertainties introduced by
these approximations have not yet been deeply exploredlaadycleave room for future
investigations. For the formation of the rst objects in da$ with virial temperatures below
10* K, the assumption of ionisation equilibrium no longer holtfsthis case, one has to fol-
low the non-equilibrium reactions, solving the balanceatimuns for the individual levels of
each species during the cosmological evolution. In theradesef metals, the main coolants
are H and H, molecules (see Abel et al., 1997). HD molecules can also glsigni cant
role. When metals are present, many more reactions areableaind some of these can
contribute signi cantly to the cooling function belo®0* K. For more details see Galli &
Palla (1998), Maio et al. (2007), Tornatore et al. (2007a) mfierences therein.

3.4.2. Star formation

Star formation is treated using the hybrid multiphase mdolethe interstellar medium in-
troduced by Springel & Hernquist (2003a). We refer to thipgraor a detailed description
of the method, providing here only a short summary of the rhotllee ISM is pictured as
a two-phase uid consisting of cold clouds that are embedatgquressure equilibrium in an
ambient hot medium. The clouds form from the cooling of hdgmnsity gas, and represent
the reservoir of baryons available for star formation. Fgaa particle to be eligible to form
stars, it must have a convergent ow, and have density ine&xoésome threshold value, e.g.

i > 0:1 atomscm 2: (3.13)

These criteria are complemented by requiring the gas todnesdanstable, that is

h; 1

c > 94:(3' (3.14)
whereh; is either theSPHsmoothing length and is the local sound speed. This indicates
that the individual resolution element gets gravitatibnaihstable. At high redshift, the
physical density can easily exceed the threshold given in3ELB, even for particles not
belonging to virialised halos. Therefore one usually asph further condition on the gas
over-density,

L > 557, (3.15)

mean

which restricts star formation to collapsed, virialisedioms. Note that the density criterion
is the most important one. Particles ful lling it in almodt aases also ful | the other two
criteria.

70



3.4. The GADGET-2 code

Once a gas particle is eligible to form stars, its star foramatate can be written as

d d i c i,

d  dt ot (3.16)
wherec is a dimensionless star formation rate parametertatite characteristic timescale
for star formation. The value of this timescale is usualketato be the maximum of the
dynamical timetgyn = (4 G ;) ®° and the cooling timég,q = u;=(duj=dt). In principle,
to follow star formation, one would like to produce contiusty collisionless star particles.
However, for computational and numerical reasons, oneoxpates this process by wait-
ing for a signi cant fraction of the gas particle mass to héwemed stars according to the
above rate; when this is accomplished, a new, collisiorisas’ particle is created from the
parent star-forming gas particle, whose mass is reducentdiogly. This process takes place
until the gas patrticle is entirely transformed into stars.otder to avoid spurious numeri-
cal effects, which arise from the gravitational interactaf particles with widely differing
masses, one usually restricts the number of star partetesalledgenerationsspawned by
a gas particle to be relatively small, typically 3. Note that it is also common to restrict the
described star-formation algorithm to only convert a gasigla into a star particle, which
correspond to the choice of only omgneration In this case star and gas particles have
always the same mass.

To get a more continuous distribution of star particle masge probability of forming

a star can be written as

p=1 exp ct—t (3.17)

and a random number is used to decide when to form a starlpartic

According to this scheme of star formation, each star dartan be identi ed with a
Simple Stellar Population (SSP), i.e. a coeval populatiostars characterised by a given
assumed initial mass function (IMF) and same metalicityrtter, assuming that all stars
with masses larger than 8 Mwill end as type-Il supernovae (SN Il), one can calculate the
total amount of energy (typicall¥C®* erg per supernova) that each star particle can release
to the surrounding gas. Under the approximation that thee#yfifetime of massive stars
which explode as SN Il does not exceed the typical time stéfpeodimulation, this is done in
the so—called “instantaneous recycling approximationththe feedback energy deposited
in the surrounding gas in the same step. In addition, clondsupernova remnants are
evaporated. These effects establish a tightly self-régdleegime for star formation in the
ISM.

3.4.3. The chemical evolution model

In this section we provide a basic description of the keyadgnts required by a model
of chemical evolution. For a more detailed description Werreo Tornatore et al. (2007a),
Borgani et al. (2008) and Matteucci (2003).
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As we described in the previous Section, each star particigt ime treated as a simple
stellar population (SSP), i.e. as an ensemble of coevad &@ring the same initial met-
alicity. Every star particle carries all the physical infation (e.g. birth timey, initial
metalicity and mass) that is needed to calculate the ewnlutf the stellar populations that
they represent, once the lifetime function, the IMF and tieddg for SNe and intermediate
and low mass stars (ILMS hereafter) have been speci ed. éfbex, we can compute for
every star particle at any given tinhe t , how many stars are dying as SN Il and SN la, and
how many stars undergo the AGB phase. An important parareatering in the model of
chemical evolution is the fractioA of stars, in the mass range 0.848, belonging to bi-
nary systems which explodes as SN-la in the single—degtersmranario (Greggio & Renzini
1983; Matteucci & Greggio 1986).

It is generally assumed that the stars having mass abde at the end of the hydro-
static core burning undergo an electron capture procesdinig to a core collapse. A large
amount of energy can be transferred to the outer layersgithia phase due to a substantial
production of neutrinos that easily escape from the cented. Although theoretical work
has not yet been able to reproduce a suf cient energy deposit is currently supposed
that this process leads to an explosive ejection of the dayers, giving rise to a SN II. We
remind the reader th& M is a commonly adopted ducial value, although the limiting
mass for the onset of explosive evolution is still debateg. (€ortinari et al. 1998).

A different ejection channel is provided by the SN la that befieved to arise from
thermonuclear explosions of white dwarfs (WD hereaftefimary stellar systems as a con-
sequence of the matter accretion from the companion (eagndtb & et al. 2000). However,
there are still a number of uncertainties about the natubetsf the WD and the companion
and about the mass reached at the onset of the explosionN&tjeucci & Recchi 2001,
Yungelson & Livio 2000). Finally, a third way to eject heaviements in the interstellar
medium is the mass loss of ILMS by stellar winds.

In summary, the main ingredients that de ne a model of chairegolution are the fol-
lowing: (a) the adopted lifetime functiorfp) the adopted yields an@) the IMF which xes
the number of stars of a given mass. We describe each of thgeglients in the following.

As for the mass-dependent lifetime function, differenticke have been proposed in
the literature, assuming them either to be independent tdlhegty (Padovani & Matteucci
1993; Maeder & Meynet 1989; Chiappini et al. 1997), or by eily including the depen-
dence on the metallicity (Raitieri et al. 1996; Portinarakbt1998).

As for the stellar yields, they specify the amount of differenetal species which are re-
leased during the evolution of a SSP. A number of differets skyields have been proposed
in the literature for the ILMS (Renzini & Voli 1981a; Marigd®1) and for SN-la (Nomoto
etal. 1997a; lwamoto et al. 1999; Thielemann et al. 2003¥oASN-II, there are many pro-
posed sets of metallicity-dependent yields (Woosley & Véed¥95a; Portinari et al. 1998;
Chief & Limongi 2004), which are based on different assumps of the underlying model
of stellar structure and evolution.

As for the initial mass function (IMF),( m), it is de ned as the number of stars of a
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given mass per unit logarithmic mass interval. It directitedmines the relative ratio be-
tween SN-Il and SN-la and, therefore, the relative abunelaric -elements and Fe-peak
elements. The shape of the IMF also determines how manylieimg-stars will form with
respect to massive short-living stars. In turn, this ratiecis the amount of energy released
by SNe and the present luminosity of galaxies, which is demeid by low mass stars, and
the (metal) mass-locking in the stellar phase. As of todaygeneral consensus has been
reached on whether the IMF at a given time is universal omglsodependent on the en-
vironment, or whether it is time- dependent, i.e. whetherlosariations of the values of
temperature, pressure and metallicity in star-formingameg)affect the mass distribution of
stars. The most famous and widely used single power-law BtkRe Salpeter one (Salpeter
1955), while Arimoto & Yoshii (1987) proposed a atter IMF,hich predicts a relatively
larger number of massive stars. In general, IMFs providitegge number of massive stars
are usually called top-heavy. More recently, differentresgions of the IMF have been pro-
posed in order to model a attening in the low-mass regime ihaurrently favoured by a
number of observations. Kroupa (2001) introduced a midpeIMF, while Chabrier (2003)
proposed another expression, with a smoothly varying shaéch is quite similar to that
one proposed by Kroupa. Theoretical arguments (Larson)1€g8fest that the present-day
characteristic mass scale, where the IMF changes its slop#/ should have been larger
in the past, so that the IMF at higher redshift was top-heawan at present. While the
shape of the IMF is determined by the local conditions of titeristellar medium, direct
hydrodynamical simulations of star formation in molecwudbruds are only now approach-
ing the required resolution and sophistication level to enaledible predictions on the IMF
(Bonelli et al. 2006; Padoan et al. 2007).

Clearly, a delicate point in hydrodynamical simulationsiéciding how metals are dis-
tributed to the gas surrounding the star particles. The ipalysnechanisms actually re-
sponsible for enriching the inter-stellar medium (ISM;.esgellar winds, blast waves from
SN explosions, etc.) take place on scales which are geyevall below the resolution of
current cosmological simulations. For this reason, thellsadopted procedure is that of
distributing metals according to the same kernel which edu®r the computation of the
hydrodynamical forces, a choice which is anyway quite &byt

3.4.4. Feedback from galactic winds

If not counteracted by some sort of feedback process, ap@iwell known to overproduce
the amount of stars both in the average environment and igrinep/cluster over-dense
environment (e.g. Balogh et al. 2001; Borgani et al. 2004, r@fierences therein). As dis-
cussed by Springel & Hernquist (2003a), their multiphadé i8odel alone does, however,
not fully resolve this problem, despite its ability to regid the consumption of cold gas
into stars within the ISM. This is because the cooling ratékiwhaloes remain essentially
unaffected in the model, i.e. the supply of gas to the derssef@tming ISM is largely un-
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changed, while by construction the phases of the ISM renwipled to each other, prevent-
ing baryons to leave the ISM (except for dynamical effecthsas gas stripping in mergers).
However, galactic out ows are observed and expected to alkgy role in transporting en-
ergy and metals produced by the stellar population into@&/ICM. To account for them,
Springel & Hernquist (2003a) suggested a phenomenolodesdription of galactic winds
as an extension of their model, which has been included irsitnelation. According to
their implementation , the wind velocity,,, scales with the fraction of the SN-II feedback
energy that contributes to the winds\as/  *? [see equation (28) in Springel & Hernquist
2003]. The total energy provided by SN-II is computed by assg that they originate from
stars with mass 8M for a Salpeter (1955) initial mass function, with each SNasing
10! erg. For example, assuming= 0:5 and 1, yield tov,, ©  340and 480kms !, respec-
tively.

In summary, the version aGGADGET-2 that has been used to realise the analysed cosmo-
logical simulations has the following characteristics:

TREE algorithm for the computation of the gravitationaldes;

SPH algorithm for the computation of the hydrodynamicatésy,
Cooling processes with a UV background and star formation;
A detailed treatment of stellar evolution and chemical@ment;

A phenomenological treatment of feedback based on galaatits fed by supernovae
explosions.

As aresult, our simulations will predict a population ofllsteparticles. For each of them
we will be able know its age, mass and a chemical composiWith the use of spectro-
photometric codes we are therefore able to compute thetirggaptical/near-IR luminosities
of our star particles, within suitable chosen bands.

3.5 SPECTRO-PHOTOMETRIC CODES

In this section we will discuss the basic characteristicspafctro-photometric codes, in par-
ticular the GALAXEV code by Bruzual & Charlot (2003) which $ideen used to assign
luminosities to our simulated galaxy population.

Integrated light from galaxies is a unique source of infarores to understand the evo-
lution of the Star Formation Rate (SFR) and the Initial Magsdtion (IMF). Observable
properties of galaxies such as magnitudes, colours, roigiedi of stars and gas, intensity
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of emission and absorption lines, will generally be a fumtif both galaxy's age and cos-
mological evolution. Thus, it is very important to disergé@nthese two effects. In this
framework, synthetic stellar population models are a ptwéool to compute the separate
contribution of intrinsic and apparent (due to cosmologipgy evolution.

In literature exists a number of different models of speginotometric evolution (e.g.
Arimoto & Yoshii 1987b, Buzzoni 1989, Brocato et al. 1990uBual A. & Charlot 1993,
Bruzual & Charlot 2003). Each of these models has the folgwiee-parameters:

The Initial Mass Function (IMF) (m);
The Star Formation Rate (SFR]t);
The evolution of metalicity (t).

The basic ingredients of these models are the stellar egnhry tracks and the spec-
tral libraries, which can be both empirical or based on atedtmosphere models. For a
star of massn and metalicityZ it is thus possible to compute the effective temperature
Ters (M; Z;t) and luminosityL (m; Z; t) at any given time. We can therefore describe para-
metrically the evolution of every star in the HertzsprungsBel diagram both in the main
sequence and post main sequence phases.

3.5.1. Basic principles

The fundamental brick in synthetic stellar population nisds represented by thrgmple
stellar population (SSPBy SSP we mean population of coheve stars born all at the same
time with an instantaneous burst of star formation (e.g.zZrRe& Voli 1981b). After their
formation, the evolution of a SSP will be purely passive. $&f computed from the stellar
evolutionary tracks, for a given IMF and metaliciy

Letuscalll (Z;M;t ) the luminosity emitted at the tinteat the wavelength from
a star of mas$ ,metalicity Z and age . The luminosity at the wavelength of a SSP
characterised by an IMF(m) can be computed as:

Z Mmax
Lssp; (Z;t )= (m)l (Z;M;t )dM; (3.18)
M min
whereM i, andM s« are the minimum and maximum mass of stars in the stellar pepul
tion.

At this point we de ne theComposite Stellar Population (CSR¥ the sum of differ-
ent SSP, which will be in general characterised by diffeseggs, metalicities and masses.
Luminosity of a CSP at the timeat a given wavelength can be thus computed as:

YA tZ Z;

L (t) = (t )lssp (Z:t )dzd: (3.19)
0 Z
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whereZ; andZ; are respectively the initial and nal metalicities(t ) is the SFR at the
time(t ) and isthe age of each SSP.

3.5.2. The GALAXEV code

GALAXEV is a library of evolutionary synthetic stellar polaion models computed with
the code by Bruzual & Charlot (2003). This code allows us tmpote spectral evolution
of stellar populations in a wide range of metalicities witlhegolution of 3A in the band
between 3208 and 95007 and with a lower resolution in the other bands. The stellar
evolution tracks are based on the Padova library (1994)ndilet al. 1993; Bressan et al.
1993; Fagotto et al. 1994a; Fagotto et al. 1994b; Fagotth @084c; Girardi et al. 1996).
This library includes tracks for initial metalicities = 0.0001, 0.0004, 0.004, 0.008, 0.02
(solar) andZz = 0.05 and ages betwed® and2 10 years, for different IMFs. A dust
attenuation model based on the two simple components byldEar~all (2000) is also
implemented. As a result, the code gives at each time-step:

Magnitudes of the CSP computed in different bands;
Intensity of spectral indexes;

Supernova rates per year per luminosity;

Planetary nebula formation rate;

Number of white dwarf, neutron stars and black holes;
Total mass in stars and in gas;

Star Formation Rates.

We report in Fig. 3.7 an example of the evolution of the maskHsninosity ratio inB, V
andK band computed with the GALAXEYV libraries for a single SSPhnat Salpeter IMF
with solar metalicity. As long as the SSPyisung blue stars dominate, thus the mass to light
ratio is lower in theB andV bands, rather than th€ band. While the SSP is becoming
older, stars which dominate are the redder ones, therdief@+L ratio is lower in theK
band than in th& andV bands.

3.6 IDENTIFYING GALAXIES

In this section we brie y discuss two codes which we have usedur work to identify
gravitationally bound structures in simulations. For ourgmses, we focused on the identi -
cation methods of gravitationally bound star particleschiwe identify adona degalaxies
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Figure 3.7: This picture shows the evolution of the-L ratio inB, V andK band for a
Salpeter IMF with solar metalicity computed with the GALAXEode.

within our simulations. More in detail we will brie y desdre the SKID algorithri (Stadel,
2001) and the SUBFIND algorithm (Springel et al. 2001).

3.6.1. The SKID algorithm

We provide a short description of how we applied this aldponit while a more detailed
discussion and presentation of tests is provided elsewleage Murante et al. 2007; Saro
et al. 2006 and Borgani et al. 2006). An overall density etdcomputed by using the
distribution of all the particle species, by using a SPHrepkernel. The star particles are
then moved along the gradient of the density eld in steps=& where we assume' 3 p

as the typical SKID length scale comparable to the simulatoyce resolution. When a
particle begins to oscillate inside a sphere of radwg, it is stopped. Once all particles
have been moved, they are grouped using a friends-of-BiIéRAF) algorithm, with linking
length =2, applied to the new particle positions. The binding enerfgach group identi ed
in this way is then used to remove from the group all star pl@agiwhich are recognised as
unbound. All particles in a sphere of radiuscentred on the centre of mass of the group,
are used to compute such a gravitational binding energwlligiiwe identify as “bona de”
galaxies only those SKID-groups containing at least 32 géaticles after the removal of
unbound stars.

3Seehttp://www-hpcc.astro.washington.edu/tools/skid.htm
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3.6.2. The SUBFIND algorithm

Similar to the SKID algorithm, also the starting point of t8&)BFIND algorithm is the
computation of an overall density eld by using the disttilom of all the particle species,
based on a SPH spline-kernel. At this point, SUBFIND desdkadgotential gradient until
a saddle point is found. This saddle point allows one to miystish between substructure
candidates and the main halo, which is the structure cantaihe largest number of particles
of a friend-of-friend (FOF) group. Up to this point, the ctmustion of sub-halo candidates
has been based on the spatial distribution of particlesealdh more physical de nition
of substructure is obtained by adding the requirement d¢fmrindedness. The SUBFIND
code therefore subject each sub-halo candidate to an wmbimprocedure to obtain the
true substructure. To this end, it successively eliminpteticles with positive total energy,
until only bound particles remain. We note that the algonitis in principle fully capable
of detecting arbitrary levels of sub-haloes within subeleal Finally only structures with
minimum number of particles larger than a certain vaiig, (Nngo = 20, typically) are
considered abona de structures. In Figure 3.8 from Springel et al. (2001), wevslao
typical example of substructure identi ed using SUBFINDy Bye, one can clearly spot
substructure embedded in the FOF-group. The algorithm SNBFnds 56 sub-haloes in
this case. The largest one is the "background' main haloysho the top right panel of
Fig. 3.8. It represents the backbone of the group, with alsmall substructure removed.
This substructure is made up of 55 sub-haloes, which arégeplat a common panel on the
lower left. Particles not bound to any of the sub-haloes fthumz”, and are displayed on
the lower right. These particles primarily lie close to theey edge of the group.

The main difference between the SKID and the SUBFIND albar is that SUBFIND,
by construction, assigns all the bound particles of a FORgmehich are not assigned to
any substructure to the main halo. This choice mostly agféat identi cation of the central
galaxy of a cluster halo. As shown by Murante et al. (200Thuations predict the forma-
tion of a signi cant amount of Intra-Cluster light asso@édtto the build-up of the BCG by
repeated mergers. These star particles are still grasaity bound to the main halo (which
is the cluster itself), therefore SUBFIND is not able to sepathe diffuse component from
the true BCG stellar population, contrary to the SKID algon. Figure 3.9 shows the com-
parison between the galaxy population of a simulated magdiyo, 10*°h M )cluster
atz = 0 as itis identi ed by the SKID and by the SUBFIND algorithmshd simulation is
based on th& ADGET-2code and includes radiative cooling, star formation butasalback,
in a similar way as the simulation described in Chapter 7t pahel shows the cumulative
stellar mass functions of galaxies identi ed withigy, by both the SKID and the SUBFIND
codes. We note that the stellar mass of galaxies identi e®KID and by SUBFIND are
in excellent agreement, apart from the most massive galaxigd cluster, the BCG. The
difference in the rst bin is due to the diffuse stellar conmemt which the SUBFIND algo-
rithm assigns to the BCG's stellar mass, while it is con®desis a separate component in
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Figure 3.8: Example for a sub-halo identi cation with SUBH. The top left panel shows
a small FOF-group (44800 particles). SUBFIND identi es &fhshaloes within this group,
the largest one forms the background halo and is shown omtheght, while the other 55
sub-haloes are plotted on a common panel on the lower leftickeg not bound to any of
the sub-haloes form “fuzz”, and are displayed on the lowgrtr{from Springel et al. 2001).
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Figure 3.9: A comparison between the galaxy population afraulated massiveM g0
10°h 1M ) cluster atz = 0 as it is identi ed by the SKID and by the SUBFIND algo-
rithms. The simulation is based on tBADGET-2code and includes radiative cooling, star
formation but no feedback, in a similar way as described iapgiér 7. Left panel shows the
cumulative stellar mass functions of galaxies identi edhan r oo by both the SKID and the
SUBFIND codes. Right panel shows a map in the plane x-y of tds#ipn of the identi ed
galaxies in cluster-centric coordinates.

80



3.7. Semi-Analytic Models: an overview

the SKID code. Right panel shows a map in the x-y plane of tlstipa of the identi ed
galaxies in cluster-centric coordinates. We note that ds#tjons of identi ed galaxies are in
remarkably good agreement and that galaxies which have unadeparts are preferentially
placed in the outer region of the cluster and have stellasasaslose to the resolution limit
of the simulation.

3.7 SEMI-ANALYTIC MODELS: AN OVERVIEW

We brie y present in this Section the basic principles behenwidely used family of tech-
niques to study galaxy formation within the cosmologicarharchical framework, which is
complementary to direct hydrodynamical cosmological $ations: the semi-analytic ap-
proach. These models assume that baryons follow the dysayhi@ark Matter (computed
either via numerical simulations or analytically). Therithin the DM haloes of galaxies,
physics of baryons is followed with “physical motivatedips”. We refer to the review by
Baugh (2006) for more detailed descriptions.

3.7.1. Dark matter haloes

Dark matter haloes are the cradles of galaxy formation.dfiadrical galaxy formation mod-
els require three basic pieces of information about darkenhaloes:

The abundance of haloes of different masses.
The formation history of each halo, commonly called the raetgee.

The internal structure of the halo, in terms of the radialsitgrpro le and their angular
momentum.

These fundamental properties of the dark matter distobuare now well established, thanks
mainly to the tremendous advances made possible by N-bodylaions.

The merger histories of dark matter haloes can be extractaa N-body simulations
which have suf ciently frequent outputs. SAMs which comgtite merging history of dark
matter haloes in this way (e.g. De Lucia & Blaizot 2007) arsnowonly known as hybrid N-
body semi-analytic models. Alternatively, merger treasaao be generated using a Monte-
Carlo approach by sampling the distribution of progenitasses predicted using extended
Press-Schechter theory (Lacey & Cole 1993; Somerville &aital999; Cole et al. 2000a,;
Menci 2002). Left panel of Figure 3.10 by Baugh (2006) showslematic merger tree for
a dark matter halo. The horizontal lines represent snapshdhe evolution of the history
of the halo, corresponding to time-steps in an N-body sitiariar Monte-Carlo realisation
of the merger tree (t& t2). The size of the circle indicates the mass of the halo.Elees
grow through merger events between haloes and by accretiobjects below the (halo)
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Figure 3.10: Left panel: A schematic merger tree for a dariten&alo. The horizontal lines
represent snapshots in the evolution of the history of the, lt@rresponding to time-steps
in an N-body simulation or Monte-Carlo realisation of therges tree (t1< t2). The size
of the circle indicates the mass of the halo. The haloes gnowugh merger events between
haloes and by accretion of objects below the (halo) massuteso(e.g. as depicted between
steps t3 and t4). The nal halo is shown at t5 (from Baugh 2068Gpht panel: A merging
tree from a Monte Carlo simulation, showing the formatiosttmy of a central dominant
galaxy in a large DM halo with present mas®*M . Time runs from top to bottom, from
z = 10 to the present. Each branch represents a progenitor of gdeyadaxy, and the colour
code (shown on the right in units of 6f 10'*M ) quanti es the mass of the corresponding
progenitor. A total of som&0® progenitors are involved, with the main one being represknt
on the rightmost branch (from Cavaliere & Menci 2007).

mass resolution (e.g. as depicted between steps t3 andhd) na@l halo is shown at t5. In
the right panel of Fig. 3.10 by Cavaliere & Menci (2007) it l®g/n instead a merging tree
from a Monte Carlo simulation, showing the formation higtof a central dominant galaxy
in a large DM halo with present ma36**M . Each branch represents a progenitor of the
nal galaxy, and the colour code (shown on the right in unit®b5 10**M ) quanti es

the mass of the corresponding progenitor. A total of mora €8 progenitors are involved,
with the main one being represented on the rightmost brafcé.internal structure of dark
matter haloes is important for determining the rate at wigiak can cool and the size and
dynamics of galaxies (see next subsection).
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Figure 3.11: A schematic overview of the ingredients of adrghical galaxy formation
model (from Baugh 2006).
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3.7.2. Astrophysical gas processes

In this section, we describe the more complicated elemeni&siag in a hierarchical galaxy
formation. These processes are far more dif cult to deahwtitan gravitational instabil-
ity, and are often dissipative and nonlinear. The physidsrftethe phenomena that are
described in this section are in general poorly understdadcounter this, recipes or pre-
scriptions which contain parameters are employed. Theegadlithe parameters are set by
requiring that the model reproduces a subset of the availaiervations, both at low and
high redshift. In general, the form of the rule adopted tacdbs a given process is motivated
by a result from a more detailed numerical simulation or frolservations. An overview
of the processes typically incorporated in semi-analyticadels and the interplay among
them is shown in Fig. 3.11. More in detail semi-analytic meddould take into account
the astrophysical processes described here below.

3.7.3. The cooling of gas

Gas cooling is central to the process of galaxy formation asts the rate at which the
raw material for star formation becomes available. Thedoamidel of how gas cools inside
dark matter haloes was set out in detail by White & Frenk (3J9%igure 3.12 shows a
schematic of the basic cooling models used in SAMs. EachrBpeesents a stage in the
cooling process. In the rst step,(), baryons fall into the gravitational potential well of the
dark matter halo. The presence of a photo-ionising backgtonay reduce the fraction of
baryons that fall into low mass haloes. This gas is assumbd teeated by shocks as it falls
into the potential well, attaining the virial temperatussaciated with the haldy). In the
third step {3), the inner parts of the hot gas halo cool, forming a rotatilyrsupported disc.
At a later staget(), the radius within which gas has had time to cool advancésards
towards the virial radius of the halo and the cold gas disevgnm size. More in detail the
system is assumed to be in hydrostatic equilibrium at the tim 0. For each mass shell at
radiusr a cooling time can be de ned as:

_dInT ' BkgTy(r)ym,

S N FOIR D) 320
where is the cooling function. The left-hand-side of the aboveatmun follows from the
assumption thatlT is computed for an isobaric transformation. The coolingusét the
timet for the classical modet(t), is the de ned through the relation

rC(t) : tcool(rC) =t (3-21)

In other words, the functionc(t) is the inverse of the functioty,(r). It is then assumed
that each shell cools after one cooling time. The resultiagsrdeposition rate reads

drC .

Meooi =4 1 2 g(rc)ﬁ- (3.22)
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Figure 3.12: A schematic of the basic cooling model used mi-salytical models (from
Baugh 2006).

where a dot denotes a time derivative. Recently, Viola e2808) compared the resulting
evolution of the cooled mass with the predictions of thesitad cooling model of White

& Frenk with the numerical results of a set of radiative SPHireglynamical simulations
of isolated halos, with gas sitting initially in hydros@agquilibrium within NFW potential

wells. They concluded that the classical cooling model ofitd/B Frenk systematically

underestimates the cooling rate. This disagreement ighasicto the lack of validity of the

assumption that each mass shell takes one cooling time,echpn the initial conditions,
to cool to low temperature.s

3.7.4. Star formation

The lack of a theory of star formation, may, at rst sight, appto thwart any attempt to
produce a theory of galaxy formation. Semi-analytical nilede have instead be forced to
take a more pragmatic, top-down approach. A simple estimfitee global rate of star
formation in a model galaxy can be made on dimensional greund

M./ Mcold

(3.23)
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where the star formation rat®)- , depends upon the amount of cold gas availallg,q,

and a characteristic timescale The timescale could be chosen to be proportional to the
dynamical time within the galaxyqn = rga=Vga, Or to be some xed value. Typically,
some additional dependence on the circular velocity isrpm@ted into the de nition of ,
which is important when attempting to reproduce the obskgas fractions in spirals as a
function of luminosity (e.g. Cole et al. 1994, Cole et al. @BD Theeffectivestar formation
timescale is in practice a modi ed version of due to feedback processes, which deplete
the reservoir of cold gas, and the replenishment of the catdsypply by material that is
recycled by stars.

Schmidt (1959) proposed a model in which the star formataie per unit area of a
galaxy (- ) scales with a power of the surface density of the cold ggs, — / §.
Kennicutt (1998) veri ed this form for a large sample of sgliand star-burst galaxies, nding
n 1:4. The Schmidt law can be rewritten in the form of Eq. 3.23, witleplaced by the
dynamical time of the galaxy. A process closely correlatéth the description of the star
formation is the chemical evolution of the gas and stellangonent. A good description of
the chemical evolution is indeed strongly affecting thelicapfunction and the cooling rate,
thus the whole star formation history (see also Sectior83.4.

3.7.5. Feedback processes

The need for physical mechanisms that are able to modulatefitiency of galaxy forma-
tion as a function of halo mass, over and above the variatitima cooling time of the hot gas
with halo mass, was recognised from the rst calculationthefgalaxy luminosity function
in hierarchical clustering cosmologies. White & Rees ()Fa68nd that their prediction for
the faint end of the luminosity function was steeper thanabgervational estimates avail-
able at the time, leading them to speculate that this discr@pcould be resolved if there
was a process that would make low-mass galaxies relativehg mulnerable to disruption.
Such processes are included in modern models under thesgblagdding of ‘feedback'. The
most common form of feedback used in hierarchical modelsastection of cold gas from
a galactic disk by a supernova driven wind (e.g. Larson 1®kel & Silk 1986). The
reheated cold gas could be blown out to the hot gas halo, frarohat may subsequently
recool, or it may even be ejected from the halo altogetherlafidinable to cool until it
is incorporated into a more massive halo at a later stageeimigrger hierarchy. There is
now convincing observational evidence for the existencipernova driven winds in dwarf
galaxies (Martin 1999; Ott et al. 2005). Other forms of femtibact to modify the rate at
which gas cools, either by altering the density pro le orrepy of the hot gas halo (follow-
ing the injection of energy into the hot gas halo) or by redgdhe fraction of baryons that
fall into dark matter haloes and changing the cooling rage fhoto-ionisation suppression
of cooling in low mass haloes) or by sti ing the cooling ow lgjecting energy. Initially,
as remarked upon above, the motivation for invoking feekilveas to reduce the ef ciency
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of star formation in low mass haloes, in order to atten theps of the faint end of the pre-
dicted galaxy luminosity function, thus bringing it in limath the extant observations (Cole
1991; White & Frenk 1991).

In recent years, the focus has shifted to reproducing thakbaé the bright end of the
luminosity function. The overproduction of bright galaxies a problem that has dogged
hierarchical galaxy formation models for more than a decaddeirns out that, in order to
produce a good match to the exponential break in the luminbsiction, the super-wind is
required to be extremely ef cient (perhaps implausibly abroupling the energy released
by supernovae into driving cold gas from the disk. Bensoh. ¢2803) remarked that such a
super-wind may be feasible if it is driven by the energy redebby the accretion of material
onto a black hole at the centre of the galaxy.

Building upon previous work which examined the impact of AGNaspects of galaxy
formation (e.g. Granato et al. 2004; Monaco & Fontanot 200&attaneo et al. 2005; Di
Matteo et al. 2005), a lot of groups have also developed serliytical models in which
AGN act to suppress cooling (Croton et al. 2006; Bower et @62 Cattaneo et al. 2006;
Fontanot et al. 2006; Menci et al. 2006; De Lucia & Blaizot 20Bontanot et al. 2007), even
if with different implementations. They have successfuipresented both the Magorrian
relation (Magorrian et al. 1998) which correlates the bllacle mass and bulge mass and the
break at the bright end of the luminosity function. Figuré33(Benson et al. 2003) shows
how the observed mass function of galaxies (points) conspaith the halo mass function
derived from simulations (dashed line). In this model, treserfunction of dark matter halos
(Jenkins et al., 2001) has been converted into a luminogitgtion simply by assuming a
xed mass-to-light ratio M=Lx = 11M =Lk. ), chosen so as to match the knee of the
observed luminosity function. As is well known, this prodaa luminosity function which
is much steeper at the faint end than is observed, and alsedaut off at bright magnitudes.
The majority of current models of galaxy formation explaie tack of galaxies in the low-
mass end compare to the mass function of DM haloes in termboiére feedback from
galactic winds due to SNe explosions. The few cut-off of gigla at the high-mass end is
instead usually interpreted as an effect of ef cient feexdkolaom AGN.

3.7.6. Galaxy mergers

In the two-stage model of galaxy formation proposed by W&iteees (1978) dark haloes
are assumed to grow through mergers and accretion, withnoigaarelaxation effects eras-
ing any trace of the progenitor haloes at each stage of thgingehierarchy (see Press &
Schechter 1974). The halo resulting from a merger or acecregvent is assumed to be
smooth and devoid of any substructure. White & Rees arguatdghlaxies survive the
merger of their parent haloes as a result of them being maneerdrated than the dark
matter, due to the dissipative cooling of gas.

The White & Rees picture of galaxy formation leads naturtdly scenario in which a
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T T 3
— — — Model 1 = Halo mass function 1
E_—— < Model 2 = Cooling

™ — — Model 3 = Photoionization

—— Model 4 = Merging

Figure 3.13: The K-band luminosity function of galaxies eTgoints show the observational
determinations of Cole et al. (2001, circles), Kochanekle{2901, squares) and Huang
et al. (2003z < 0:1, stars). Lines show results from different GALFORM modélsdel 1
(dashed line) shows the result of converting the dark mhatkr mass function into a galaxy
luminosity function by assuming a xed mass-to-light ratbosen to match the knee of
the luminosity function. Model 2 (dotted line) shows theulerom GALFORM when no
feedback, photoionization suppression, galaxy mergingpaduction are included. Models
3 and 4 (long dashed and solid lines respectively) show fieetsfof adding photoionization
and then galaxy merging (from Benson et al. 2003).
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3.7. Semi-Analytic Models: an overview

Figure 3.14: A schematic view of a merger between two darkenhtloes. The progenitors
of the nal halo each contain a galaxy. After the haloes metlge more massive galaxy is
placed at the centre of the newly formed halo. Any hot gasdbals would be directed onto
the central galaxy (for simplicity, in this illustratiorhe haloes have exhausted their supply
of hot gas). The smaller galaxy becomes a satellite of theaegalaxy. The orbit of the
satellite galaxy decays due to dynamical friction. Thelgtanay eventually merge with

the central galaxy (from Baugh 2006).
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dark halo contains a massive central galaxy surrounded bylansatellite galaxies. These
satellites were formerly central galaxies in the progesiwf the current halo which were
present in the earlier stages of the merger hierarchy. Tie#isagalaxies retain their identity
after their parent halo merges with a more massive objectaltigeir high concentration.
However, as the satellites orbit the central galaxy in tbemmon dark halo, they gradually
lose energy through dynamical friction, an effect origipaalculated for star clusters by
Chandrasekhar (1943). The gravitational attraction exdsy the mass of the satellite galaxy
on its surroundings draws the material in the halo towardsTiis produces a wake of
higher density material along the path of the satellite. Jatellite therefore feels a stronger
gravitational pull from the region of the halo that it hastjpassed through compared with
the region is it about to travel through, which acts as a b@akts motion. The orbital
energy of the satellite decays as a result and it spiralsvarids the central galaxy (Binney &
Tremaine 1987). A timescale can be computed for the dynarnicgon process to remove
the orbital energy of the satellite completely. If this teoale is shorter than the lifetime
of the dark halo, then the satellite merges with the centdxy (see Fig. 3.14). We will
show in Chapter 6 how this merging-time is affected by thes@nee of gas related physical
processes.

We will describe in Chapters 4 and 5 how we have applied theemiaal methods pre-
sented in Sections 3.4, 3.5 and 3.6 to analyse and compasgauiations with the observed
properties of the galaxy population described in ChaptdnZhapter 6 we will apply the
SAM by De Lucia & Blaizot (2007) to estimate the effect of ghgramics on the predicted
cluster galaxy population. Finally in Chapter 7 we will coang the cluster galaxy popula-
tion predicted by stripped-down versions of the same SAMIandirect simulations based
on theGADGET-2code.
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CHAPTER 4

SIMULATIONS OF THE GALAXY
POPULATION IN NEARBY CLUSTERS

In this Chapter we compare simulation predictions on thea@lproperties of nearby galaxy
clusters to the observational results shown in Chapter 2.cbimtent of this Chapter largely
re ects the results presented in two papers which have d@jréaen published (Saro et al.
2006 and Fabjan et al. 2008). The plan of this Chapter is &nfoln Section 4.1 we pro-
vide the general characteristics of the simulated clusiedsdescribe the relevant features of
the GADGET-2version used for this analysis. In Section 4.2 we will ddsethe method of
galaxy identi cation and how luminosities in different kdsare computed. Section 4.3 con-
tains the description of the properties of the simulatedxgapopulation and their compari-
son with observational data. In particular, we will disctiss radial distribution of galaxies,
the CMR, the mass—luminosity ratio, the luminosity funatithe star formation rate and the
colour and age gradients and the SN-la rate. We will disaus3ection 4.4 the effects of
numerical resolution on the stability of the results of onalgsis. Our main results will be
summarised and discussed in Section 4.5.

Within the general framework of theCDM cosmological scenario, galaxies arise from
the hierarchical assembly of dark matter (DM) halos. Theigaaonal dynamics of these
halos is relatively simple to describe to high precisiortvaitodern large supercomputer sim-
ulations (e.g., Springel et al., 2005b) (see Chapter 3). é¥ew the observational properties
of galaxies are determined by the combined action of thenasiseof DM halos and by the
physical processes which de ne the evolution of the cosmalybns. A complex interplay
between radiative gas cooling, star formation, chemicaktkbment and release of energy
feedback from supernovae (SN) and active galactic nucléiNAis expected to determine
the properties of the stellar population in galaxies. Atdame time, the cluster environment
is expected to play a signi cant role in altering the evabatiof galaxies. For instance, ram
pressure exerted by the hot intra-cluster medium (ICM) ead to the removal of a substan-
tial fraction of the interstellar medium (ISM; Gunn & Gott 23), thereby affecting galaxy
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morphology, star formation and luminosity (e.g., Abadilet B999; Kenney et al., 2004, ,
and references therein).

In this context, semi—analytical models of galaxy formatiave been used since sev-
eral years as a exible tool to study galaxy formation withire cosmological hierarchi-
cal framework as we discussed in Chapter 3 (e.g., Kauffmamah,e1993; Somerville &
Primack, 1999; Cole et al., 2000a; Menci et al., 2002; Moneical., 2007; De Lucia &
Blaizot, 2007, and references therein). A powerful implatagon of this method is that
based on the so—called hybrid approach, which combines d~&imulations, to accurately
trace the merging history of DM halos, and semi—analytic e®do describe the physics
of the baryons (e.g., Kauffmann et al., 1999a). Springel.€2801) applied this method
to a DM simulation of a cluster, with high enough resolutioratlow them resolving the
population of dwarf galaxies. As a result, they found thatesal observational properties
(e.g., luminosity function, mass-to-light ratio and moofgical types) are rather well re-
produced. Diaferio et al. (2001b) applied a semi—anallyticadel to a DM simulation of a
large cosmological box, with the aim of performing a combistudy of kinematics, colours
and morphologies for both cluster and eld galaxies. Theyatoded that a good agreement
with observations holds for cluster galaxies, while cooand star formation rates of eld
galaxies were shown to evolve more rapidly than observeda@ande & Diaferio (2006)
applied the same semi—analytical model to a constrainedlatian of the local universe and
concluded that signi cant differences exist between theesbed and the predicted proper-
ties of the large—scale distribution of galaxy groups. Deiaet al. (2004b) incorporated in
their model also a scheme of metal production to follow thcment of ICM and galaxies
(see also Cora 2006). Among their results, they found thattiour—magnitude relation
(CMR) is mainly driven by metalicity effects, the redderaaks on the sequence being on
average the more metal rich. Lanzoni et al. (2005) applied semi—analytical model to a
set of DM cluster simulations. They also included a presicnpto account for the effect of
ram—pressure stripping of the ISM as the galaxies move imtheluster atmosphere, and
found it to have only a very little effect on the galaxy popida.

A complementary approach to the semi—analytical modelspsesented by using full
hydrodynamical simulations, which include the proces$eme cooling and star formation.
The clear advantage of this approach, with respect to seraiytgcal models, is that galaxy
formation can be now described by following in detail thelation of the cosmic baryons
while they follow the formation of the cosmic web. Howevée timitation of this approach
lies in its high computational cost, which prevents it to @owide dynamic ranges and to
sample in detail the parameter space describing the prexedsstar formation and feed-
back. For these reasons, describing the process of galaxafion with a self-consistent
hydrodynamic approach within the typical cosmologicaliemvment of 10Mpc, relevant
for galaxy clusters, represents a challenging task for lsitimns of the present generation.

In a pioneering paper, Metzler & Evrard (1994) studied tHeafof including galaxies
for the energy feedback and chemical enrichment of the IGMesthese simulations did not
have enough resolution to identify galaxies, they have Ipdgzed by hand, identifying them
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with the peaks of the initial density eld. Frenk et al. (1996ed for the rst time a radiative
simulation of a cluster and identi ed galaxies as concditres of cooled gas. The aim of
their study was to compare the dynamics of member galaxigsataf DM particles. They
concluded that galaxies suffer for a substantial dynantized, a result which has not been
con rmed by more recent hydrodynamical simulations (e lgaltenbacher et al., 2005; Bi-
viano et al., 2006). Thanks to the ever improving supercdimguapabilities and ef ciency
of simulation codes, a number of groups have recently camegbleydrodynamical simula-
tions of galaxy clusters, which have good enough resolutanace the galaxy population
with better reliability. Nagai & Kravtsov (2005) used simatibns of eight groups and clus-
ters, performed with an adaptive mesh re nement code, tholy star formation, feedback
from supernovae and chemical enrichment, to describe thgasplistribution of galaxies
inside clusters. They found that galaxies are more centcalhcentrated than DM sub—
halos, with their number density pro le described by a NFVésh (Navarro et al., 1996),
although with a smaller concentration parameter than XN distribution. Romeo et al.
(2005) used SPH simulations of two clusters, including alamphysics, used spectropho-
tometric code to derive galaxy luminosities in differenhlda. They analysed the resulting
colog—magnitude relations (CMR) and luminosity functioegiaiming for an overall general
agreement with observations. More recently Romeo et al§p@nalysed a set of 12 groups
and 2 simulated cluster in order to follow the building-uptioé the colour-magnitude re-
lation. They have found that the evolution of the colour-miagle properties of galaxies
within the hierarchical framework is mainly driven by starrhation activity during dark
matter haloes assembly. Galaxies progressively quenchaig star formation settle to a
very sharp ‘red and dead' sequence, which turns out to bestsal its slope and scatter
being almost independent of the redshift (since at [erastl:5) and environment.

In this Chapter will present a detailed analyses of the gapopulation for a set of 18
simulated clusters, which span the mass range frofn 10*M to' 2 10®°M . The
simulations have been performed with the Tree-SPH GRIRGET-2(Springel, 2005). They
include the effect of radiative cooling, an effective mottel star formation from a multi-
phase ISM (Springel & Hernquist, 2003b), a phenomenoldgezape for galactic winds, a
detailed stellar evolution model, thereby accounting &dstife—times and metal production
from different stellar populations (Tornatore et al. 200drnatore et al. 2007a).

These simulations have been carried out also by varyingthetehape of the initial mass
function (IMF) and the feedback strength. The inclusion détailed model of chemical en-
richment allows us to compute luminosities and colours &dagies of different metalicities,
by using the GALAXEV spectrophotometric code (Bruzual & @bg 2003). In this Chap-
ter we will concentrate on the properties of galaxy clusé¢rs= 0 and we will consider also
the evolution of the SN-la rate in clusters. As we will dissuseveral observational trends
are reproduced quite well by our simulations, although almemof signi cant discrepan-
cies are found. For this reason, the aim of our analysis wilirtore that of understanding
the directions to improve simulations, rather than seekin@ best tting between model
predictions and observations.
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4.1 THE SIMULATIONS

4.1.1. The simulated clusters

Our set of clusters are identi ed within nine Lagrangianiosg, centred around as many
main clusters (see also Dolag et al. 2008a for a detailedigésa of the simulated clusters).
They were extracted from a DM—only simulation with a box sifet79h *Mpc of a at

CDM model with ,, = 0:3 for the matter density parametdr,= 0:7 for the Hubble
constant in units of 100 km $Mpc !, g = 0:9 for the r.m.s. uctuation within a top—hat
sphere o8h Mpc radius and , = 0:04for the baryon density parameter (Yoshida et al.,
2001).

Thanks to the fairly large size chosen for these Lagrangigions, several of them con-
tain other interesting clusters, besides the main one.isnathy, we end up with 18 clusters
with massM g in the rangé5 102 1.8 10**M , out of which 4 clusters have
Moo > 10"°M  (see Table 4.1). Figures 4.1 and 4.2 show a representatimaarfiple of 8
analysed clusters colour coded respectively in gas deasdygas temperature. They exhibit
how structure formation grows preferentially along lamgmf cold and dense gas which
can even penetrate the shock heated diffuse atmospheneabed gas permeating the in-
ner cluster regions. Mass resolution is increased insieentieresting regions by using the
Zoomed Initial Condition (ZIC) technique by Tormen et aB9¥). Unperturbed particles po-
sitions were placed on a “glass' (White, 1996), and initispthcements were then assigned
according to the Zel'dovich approximation (e.g. Shand&iZeldovich, 1989). Besides
the low—frequency modes, which were taken from the init@lditions of the parent sim-
ulation, the contribution of the newly sampled high—fregyemodes was also added. The
mass resolution was progressively degraded in more distgitins, So as to save computa-
tional resources while still correctly describing the kxrgcale tidal eld of the cosmological
environment.

Once initial conditions are created, we split particlesi@ high—resolution region into a
DM and a gas component, whose mass ratio is set to reprode@ssinmed cosmic baryon
fraction. Instead of placing them on top of each other, ireotd avoid spurious numerical
effects, we displace gas and DM patrticles such that theeehtnass of each parent particle
is preserved and the nal gas and dark matter particle thstions are interleaved by one
mean particle spacing. In the high—resolution region, thesas of the DM and gas particles
are settompy = 1:13 10°h M andmgs = 1:7 1Cfh M , respectively. The
Plummer—equivalent softening length for the gravitatidoece is set to 5 = 5:0h *kpc,
kept xed in physical units fronz = 5 toz = 0, while being 5 = 30:0h *kpc in comoving
units at higher redshift.

We de neM as the mass contained within a radius encompassing a mesitydsgual to ¢, with ¢
the critical cosmic density. See Appendix A.
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4.1. The simulations

Table 4.1: Characteristics of the clusters identi ed withine simulated regions at= 0.
Col. 1: name of the simulated region; Col. 2: name of the ehsswithin each region; Col.
3: value of the total mas$/ o0, contained within the radius,go encompassing an average
density 200 times larger than the critical cosmic densitgunits of 10*M ); Col. 4: total
number of galaxies\ oo, Within g0, having a minimum number of 32 star particles.

Region name Cluster nameM o Nogo
gl gl.a 129 418
gl.b 3.55 149
gl.c 1.39 51
gl.d 0.96 33
gl.e 0.64 35
g8 g8.a 18.4 589
g8.b 1.02 42
g8.c 0.67 18
g8.d 0.59 26
g8.e 0.54 21
g51 ghl.a 109 371
g72 g72.a 10.7 440
g72.b 1.55 60
g676 g676.a 0.89 23
0914 g914 a 0.86 16
g1542 gl542.a 0.89 34
03344 g3344.a 0.97 29
6212 g6212.a 0.92 22
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Figure 4.1: We show in these panels a representation of thelgasity for a sample of 8
analysed clusters. The brighter the colours are, the laingedlensity is.

4.1.2. The code

Our simulations are based on an evolutiorG#DGET-2 (Springel et al., 2001; Springel,
2005), which includes a detailed treatment of chemicalo&mnient from stellar evolution
(Tornatore et al. 2004; Tornatore et al. 2007a). As we dsauhapter 3GADGET-2is

2http://www.MPA-Garching.MPG.DE/gadget/
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4.1. The simulations

Figure 4.2: We show in these panels a representation of theeggperature for a sample of
8 analysed clusters. Brighter colours are for colder gagaahder colours are for hotter gas.

a parallel Tree+SPH code with fully adaptive time—steppimigich includes an integration
scheme which explicitly conserves energy and entropy (8pti& Hernquist, 2002), radia-
tive cooling, the effect of a uniform and evolving UV backgmal (Haardt & Madau, 1996),
star formation from a multiphase interstellar medium andesgription for galactic winds
triggered by SN explosions (see Springel & Hernquist 20@8k detailed description, SHO3
hereafter), and a numerical scheme to suppress arti cslosity far from the shock regions
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(see Dolag et al. 2005). In the original version of the codergy feedback and global
metalicity were produced only by SN-II under the instantarsee-recycling approximation
(IRA).

We have suitably modi ed the simulation code, so as to calyexccount for the life—
times of different stellar populations, to follow metal drection from both SN-la and I,
while self—consistently introducing the dependence otcth@ing function on metalicity by
using the tables by Sutherland & Dopita (1993). A detailestdption of the implementation
can be found in Tornatore et al. (2007a), while we providesteeshort descriptions of the
most relevant features of the code.

In order to maintain the general approach of the multiphasdehby SHO3, we as-
sume that stars with massesA0M explode into SN-II soon after their formation, thereby
promptly releasing energy and metals. In contrast, we ctiyraccount for the lifetime of
stars having masses smaller th83M . The simulations that we will discuss here use the
lifetimes provided by Maeder & Meynet (1989), which havebsbown to reproduce the
abundance pattern in the Milky Way (Chiappini et al., 199¥ithin the stochastic approach
to star formation (SHO03), each star particle is generaté¢l avmass equal to one third of the
mass of its parent gas patrticle.

Therefore, each star particle is considered as a SSP, withwih mass, metalicity and
redshift of formation. For each SSP we compute both the nuoflsars turning into SN-II
and la at each time-step and the number of stars ending tlBrghase. Then we calculate
the amount of energy and metals produced by each star pairti@d given time interval,
decreasing accordingly the mass of the particle. In this eagh star particle is characterised
by both its initial mass, assigned at the time of its fornmatiand its nal mass, which
is updated during the evolution. Both SN-Il and SN-la areuas=d to releas&(®* ergs
each, while no energy output is associated to the mass lossAGB stars. The relative
number of SN-Il and SN-la depends on the choice of the staligal mass function (IMF).
In the following, we will assume for the IMF the power—law pealN=dlogm / m *.
Simulations will be run by assuming the Salpeter IMF witl+ 1:35 (Salpeter, 1955, Sa-
IMF hereafter) and a top—heavy IMF with = 0:95 (Arimoto & Yoshii 1987a, TH-IMF
hereafter).

The SN-la are associated to binary systems whose compareritsthe 0.88M mass
range (Greggio & Renzini, 1983), while SN-II arise from starith mass> 8M . In the
following, we will assume that 10 per cent of stars in the 8/8~ mass range belongs to
binary systems, which then produces SN-la. We use the arall\tting formulas for stellar
yields of SN-la, SN-II and PNe provided by Recchi et al. (20@hd based on the original
nucleosynthesis computations of Nomoto et al. (1997bhgudieir W7 model, Woosley &
Weaver (1995b) and Renzini & Woli (1981a). The formulation the SN-la rate has been
calculated as in Matteucci & Recchi (2001). In the simulagithat we present, besides H
and He, we have followed Fe, O, C, Si, Mg, S. Once produced kgraparticle, metals
are spread over the same number of neighbours, 64, usedef@RHK computations, also
using the same kernel. We normalise the IMFs in the mass @igd00M . Owing to the
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uncertainty in modelling yields for very massive stars, aietyields to be independent of
mass abovdOM . While any uncertainty in the yields of such massive stassawegligible
effect for the Salpeter IMF, their accurate descriptiog.(eThielemann et al., 1996; Heger
& Woosley, 2002) is required when using a top—heavier IMF.

Our prescription to account for stellar evolution in the glations implies a substantial
change of the multiphase “effective model” by SHO3, which vawe suitably modi ed to
account for(a) the contribution of the energy reservoir provided by the Shch are treated
outside the IRA, andb) the metal-dependence of the cooling function, that we duice
using the tables from Sutherland & Dopita (1993). The rasgltensity threshold for a
gas particle to become multiphase, thereby being eligiblendergo star formation, is xed
tony = 0:1cm 2 at zero metalicity. According to Eq.(23) of SH03, this threlsl is in-
versely proportional to the cooling function. Since thédatlepends on metalicity, we take
self—consistently a metalicity—dependent star—fornmetfweshold for gas having a non-zero
metalicity.

SHO03 also provided a phenomenological description foraj@lavinds, which are triggered
by SN energy release and whose strength is regulated by tampé#ers. The rst one gives
the wind mass loading according to the relatiblyy, = M., whereM. is the star formation
rate. Following SHO3, we assume= 3. The second parameter is the wind velocity,
For the runs based on the Salpeter IMF, we alwayswise 500kms *. For the above
values of andv,, all the energy from SN-II is converted in kinetic energy,rashe orig-
inal SHO3 paper. Springel & Hernquist (2003c) made a studhefstar formation history
predicted by hydrodynamical simulations which includeagdt winds with a similar ve-
locity. They concluded that the resulting star fractiorzat 0 and high-z star formation
history are comparable to the observed ones. In order té b effect of galactic ejecta,
the g676 and g51 regions are also simulated with the Salfdterbut setting to zero the
wind velocity (Sa-NW runs). As for the runs based on the t@avly IMF, we will also use
v = 500kms 1 for all clusters, with the exception of g676 and g51 regidmsywhich we
also usev,, = 1000kms ! (TH-SW runs). In this case, the two wind speeds correspond
to an energy budget of about 0.4 and 1.4 times the energyqed\iy SN-II. An ef ciency
larger than unity can be justi ed on the ground of the largeartainties on the actual en-
ergy released by SN-II explosions. In this perspective, Ilse take the value of the wind
velocity as a con dence value. A wind velocityy, = 1000kms ! is intended to represent
an extreme feedback case, so that comparing the resultsheitivo values of wind veloc-
ity allows us to check the effect of a stronger feedback onriakproperties of the galaxy
population. We summarise in Table 4.2 the IMFs and feedbaeH in our simulations.
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Table 4.2: Characteristics of the simulations. Col. 1: daion name; Col. 2: IMF slope;
Col 3: wind speedy,, (units of kms *1).
Name IMF slope vy

Sa 1.35 500
Sa-NW 1.35 0
TH 0.95 500

TH-SW 0.95 1000
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Figure 4.3: The number density pro le of cluster galaxiesftlpanel: the pro les of galaxies
of different stellar mass, averaged over all clusters, lieruns with Salpeter IMF (lled
symbols). Shown with the solid curve is the average DM proAd pro les are normalised

to the total number density within the virial radius. Rigt#nel: The number density of
galaxies, brighter than = 185, contained within a given radius, normalised to the total
number density found within the,y. Filled squares and open circles are by combining
all the simulated clusters, for the Salpeter and for thehegvy IMF, respectively. The
solid curve is the best—t King model to the number density [@s of cluster galaxies
from the analysis of RASS—SDSS data by Popesso et al. (200ét) plotted with arbitrary
normalisation. Error-bars in the simulation pro le copesd to Poissonian uncertainties.
For reasons of clarity they have been plotted only for th@&al runs.

4.2 ASSIGNING LUMINOSITIES TO GALAXIES

As a rst step, we identify galaxies from the distribution stiar particles by applying the
SKID algorithn? (Stadel, 2001) as already discussed in Chapter 3. We rectilktreader

3Seehttp://www-hpcc.astro.washington.edu/tools/ skid.html

100



4.3. Results

that we identify as “bona de” galaxies only those SKID—gpsucontaining at least 32 star
particles after the removal of unbound stars.

Since each star particle is treated as a SSP, with formagashiftz; and metalicityZ ,we
can assign to it luminosities in different bands by resgrtma spectrophotometric code, for
the appropriate IMF used in the corresponding simulation.

To this purpose, we have used the outputs of the GALAXEV codBroizual & Char-
lot (2003) (see Chapter 3) to create a grid of metalicity agel alues for a SSP dM .
Luminosities in different bands are then assigned to eadh @S$his grid. Since two dif-
ferent IMFs are used for our simulations, this grid is alsmpated for both the Salpeter
(1955) and the top—heavy IMF. Note that GALAXEV assumes tbatributions of different
metal species to the total metalicity are in solar propogjowhile this is not necessarily
true for the star particles in our simulations. For this ogasve use the total metalicity of
each star particle (i.e., the sum of the contributions froendifferent elements) as input for
GALAXEV. We have veri ed that, using instead Iron or Oxygen@oxy for the global met-
alicity, our nal results are left essentially unchangednSistent with the stellar evolution
implemented in the simulation code, GALAXEV accounts fallstr mass loss. Therefore,
we use the initial mass of each star particle in the simulatias input to GALAXEV to
compute the corresponding luminosities. For each starcfmme interpolate its age and
metalicity with the appropriate entries of the grid. Figallve evaluate the luminosity-.
of each star particle, which is treated as a SSP of rivbsand agd, in the band by:

M-(t)

L (=

L (AM ) (4.1)

In this way, the luminosity in the band of each galaxy is given by the sum of the luminosi-
ties contributed by each member star particle. As a nal ltesor each galaxy our analysis
provides stellar mass, mean stellar age, metalicity,fetanation rate (SFR), absolute mag-
nitudes in thelJ; B; V; R; 1; J; K, bolometric standard Johnson bands and inghe& r; i; z
SLOAN bands.

We note that GALAXEV accounts for metalicity values in thenga 0.005-2.& .
While only a negligible number of stars have a metalicityobekhe lower limit of this
interval, a sizeable number of particles, especially fer tinp—heavy IMF, are found with
metalicities exceeding the upper limit. Whenever the plartmetalicity lies outside the
above range, they are set to the value of the nearest boundary

4.3 RESULTS

4.3.1. The number-density pro le of cluster galaxies

A well established result from collisionless simulatioriggalaxy clusters is that the radial
distribution of galaxy—sized sub-halos is less conceatrdahan that of DM (e.g. Ghigna
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et al., 2000a; Springel et al., 2001; De Lucia et al., 2004ajl also less concentrated and
more extended than the observed radial distribution otetugalaxies (e.g. Diemand et al.,
2004; Gao et al., 2004a). While some residual numerical-menging can still be present
at the high resolution achieved in DM—only simulations, astbeen suggested (Diemand
et al., 2004) that over-merging may be physical in origin egldted to the dissipation-less
dynamics. The possibility to include radiative cooling atar formation in hydrodynamical
simulations allows one to verify whether the same resuli$ialso for the galaxies identi ed
from the star distribution. The general conclusion fronmsthanalyses is that the radial dis-
tribution of simulated galaxies is indeed more concentrétan that of DM sub-halos (e.g.,
Nagai & Kravtsov, 2005). An intermediate approach, basedaipling semi—analytical
models of galaxy formation with high resolution collisiess simulations (e.g., Springel
et al., 2001; Kravtsov et al., 2004; Gao et al., 2004a; De & etial., 2004b; Lanzoni et al.,
2005), con rms that the radial distribution of galaxies i®ra extended compared to DM.
Clearly, the dynamics of halo formation in these studiegisged by the collisionless com-
ponent. Therefore, suitable effective recipes should bkided to prevent physical over-
merging of galaxies within DM halos, so as to achieve agre¢mwéh the observed radial
galaxy distribution (e.g. Springel et al., 2001; De Lucialet2004b).

We show in the left panel of Figure 4.3 the number density j[@® of cluster galaxies,
after averaging over all the simulated clusters, compareétd corresponding average DM
density pro le. As discussed by Nagai & Kravtsov (2005),esing galaxies in hydrody-
namical simulations of clusters, which include star foriomat produces pro les which are
generally steeper than those of DM halos. We con rm here ¢faddxy pro les become
closer to the DM pro le as more massive galaxies are seleet#tti objects more massive
than10'°M tracing a distribution quite close to the DM one. This is jilt consequence
of the improved capability of more massive galaxies to prastheir identity within merg-
ing halos. Indeed, since galaxies are more concentratedthiesx hosting DM halos, they
are able to better survive to disruption and merging, theprbviding a better sampling of
the underlying DM distribution. While this trend is gendyatonsistent with observations,
a close comparison with data requires assigning lumiressit simulated galaxies. For this
reason, we also show in the right panel of Fig.4.3 the numbasity pro les of galaxies
brighter thatr = 185 and compare it to the best t to the observed pro les by Popess
et al. (2006b), who trace these pro les out ta2r ,oo. Galaxies of this luminosity have a typ-
ical stellar mass of the order 6f 10°M in the simulations with Salpeter IMF. In general,
the observed and the simulated pro les are quite similarmtw 0:4r,00. At smaller radii
there is a trend for simulated galaxies to have a lower nurdéesity than in real clusters.
Therefore, although tracing galaxies instead of DM haldpdh the comparison with the
observed galaxy pro les, still over-merging is the likelyason for the shallower pro le as
traced by simulated galaxies.
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Figure 4.4: The/—K vs.V colour—-magnitude relation by combining all the galaxieghi
the virial radii of the simulated clusters, for the SalpdMF (top panel) and for the top—
heavy IMF with normal feedback (bottom panel). Straighednn each panel show the
observed CMR relations by Bower et al. (1992), with the cgpomding intrinsic standard
deviations. Big lled dots mark the BCG of each cluster. Br#nt symbols and colours
are used for galaxies having different metalicities. Mageapen circlesZ > 1:5Z ; blue
lled triangles: 1.5 < Z=Z < 1;red open squared:< Z=Z < 0:7; black open triangles:
0:7<Z=Z < 0:4;green lled squaresZ < 0:4Z .

4.3.2. The colour—magnitude relation

As discussed in Chapter 2, bright massive ellipticals, Wilieminate the population of clus-
ter galaxies, are observed to form a tight correlation betwgalaxy colours and magnitudes,
the so—called red sequence or colour—magnitude relatitR)Je.g., Bower et al., 1992;
Prugniel & Simien, 1996; Andreon et al., 2004; Lopez-Crualeg 2004; Gladders & Yee,
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Figure 4.5: The same as the top panel of Figure 4.4, but oclydimg in the computation
of the luminosities the star particles having redshift ohiationz; > 1.

2005; Mcintosh et al., 2005). Attempts to compare the olexe@MR to that predicted by
cosmological models of galaxy formation have been perfogiioth using semi—analytical
approaches (e.g., De Lucia et al., 2004b; Lanzoni et al5P80d full hydrodynamical sim-
ulations (Romeo et al., 2005). As a general results, moaeliptions reproduce the slope of
the CMR reasonably well, but with a scatter which is gengtaliger than observed. Romeo
et al. (2005) simulated one Virgo—sized and one Coma-simstee. They found that a top—
heavy IMF reproduces the normalisation of the CMR betten th&alpeter IMF, which gives
too blue colours as a consequence of the too low metalicitys €onclusion is at variance
with respect to that reached by De Lucia et al. (2004a) whsiead, reproduce the correct
CMR normalisation with a Salpeter IMF. Thanks to the largeamber of simulated clusters,
we can perform the comparison between simulated and oltk@€M&R with much improved
statistics. The results of this comparison are shown inreigu4. As a term of compar-
ison, we use the observational determinations by Bower.€t18P2) (see also Terlevich
etal. 2001) forthe/ K vs.V CMR, which has been determined in the magnitude range
[ 18 23] Quite apparently, a Salpeter IMF is successful in reproduihe correct ampli-
tude of the CMR at the brightend,< 20, while it tends to produce too blue faint galaxies.
The slope of the CMR appears to be driven by metalicity, thghlter galaxies being redder
mainly as a consequence of their higher metal content, thiirsa with the interpretation by
Kodama & Arimoto (1997). At the same time, we note that a t@gavly IMF produces too
metal—rich galaxies, thereby inducing too high a normabseof the CMR.
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Figure 4.6: The comparison between simulated and obsestation between mass and
luminosity in thei band (left panel) and in the K band (right panel). In each haugiares
are for the Salpeter IMF, circles for the top—heavy IMF wittrmal feedback, triangles
for the top—heavy IMF with strong feedback and asterisksttier Salpeter IMF with no
feedback. Filled squares and circles are for the g676 andwgisl, so as to make clear the
effect of changing the feedback strength. The straightidmies are the best tting results
from Popesso et al. (2005) for thédand and from Lin et al. (2004) for thé band, with the
dashed lines marking the corresponding observationakscat

The metal content of galaxies is clearly determined by thalined action of stellar
nucleosynthesis and other processes which bring enrichethgfrom star forming regions,
thus preventing all metals from being locked back in newtyrfimg stars. Processes, such as
ram pressure stripping (e.g., Domainko et al., 2006) analcgalwinds (e.g., Aguirre etal.,
2001) have been suggested as the possible mechanismsdb #reidiffuse intergalactic
medium. Clearly, the more ef cient these mechanisms, thetdhe expected metalicity of
stars and, therefore, the bluer their colours. In order toywehether more ef cient galactic
winds may decrease the metalicity of galaxies in the runk tep—heavy IMF, we have re—
simulated the g676 and g51 clusters usigg= 1000 km's ! for the galactic winds (TH-SW
runs). However, while the effect of the stronger feedbadkas of decreasing the number of
galaxies, (see also Sect. 4.3.4 below), it leaves theirlmetdent, and, therefore, the high
CMR normalisation, almost unchanged.

Although a Salpeter IMF fares rather well as for the CMR, wéertbat all the BCGs
(big lled circles in Fig.4.4) are much bluer, by about 0.5 gm&ude, than expected from the
red sequence. Such a blue excess of the colours of the BG@&3 takes place despite their
high metalicity, nds its origin in the large star formatioate, associated to over-cooling,
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which takes place in the central cluster regions. Typicdlesfor the star formation rate
of the BCG in our simulations are in range 600-1000/yr for the most massive clusters
(Mage ' 10°M )and 100M /yr for the least massive oneMlgy ' 10M ). Al-
though observations indicate the presence of some ongtandgosmation in some BCGs
located at the centre of cool core clusters, they are alwWagsraich lower level and consis-
tent with a star formation rate of 10-100M /yr for clusters of comparable richness (e.g.,
Johnstone et al., 1987; Bregman et al., 2006; McNamara, @04l6, and references therein).

The effect of recent star formation on the CMR is explicitehown in Figure 4.5. We
show here the case in which all star particles, formed athiids < 1 are excluded from
the computation of the galaxy luminosities. This is equewalto assume that we completely
guench star formation sin@e= 1. Neglecting recent star formation has the twofold effect of
reducing the scatter in the CMR and of making BCG coloursigsigntly redder, although
they still fall slightly below the observed relation.

4.3.3. The mass—luminosity ratio

In Chapter 2 we presented a number of observational analisieb have established that
the mass—to—light ratio in clusters generally increasel thie cluster massvi=L / M
with ' 0:2-0.4, over a fairly large dynamic range, from poor groupsdb clusters (e.g.,
Adami et al., 1998; Girardi et al., 2000, 2002; Bahcall & Caoford, 2002; Lin et al., 2003,
2004; Rines et al., 2004b; Ramella et al., 2004; Popessa,e2045). A likely explana-
tion for this trend is the reduced cooling ef ciency withinome massive, hotter halos (e.qg.,
Springel & Hernquist, 2003c), which reduces star formatutthin richer clusters. In fact, an
increasing trend oM=L with cluster mass is naturally predicted by semi—analytioadels
of galaxy formation (e.g., Kauffmann et al., 1999a).

In Figure 4.6 we compare the relation between mass and lwitynwithin r o for our
simulated clusters, and compare it to théand results by Popesso et al. (2005) and to the
K —band results by Lin et al. (2004). In general, we nd that iteL from simulations is
rather close to the observed one in thEand, also with a comparably small scatter. Inkhe
band, a Salpeter IMF still agrees with observations withagtatistical uncertainties, while
the top—heavy IMF produces too red galaxies, thus consigtiéim the results of the CMR,
as shown in Fig.4.4. We t our mass—luminosity relation watppower—law

L Ms00 _
102L  10“M ’ (4.2)
we nd (; )i =(0:74092)and(; )k =(0:76,3:2) in thei andK band, respec-
tively, for the runs with Salpeter IMF, while; ); = (0:70,0:91)and(; )k =(0:744:7)
for the top—heavy IMF. Therefore, our simulations agredhe observational trend for an
increasing mass-to-light ratio with cluster mass, indeleen of the IMF and luminosity
band. Using the stronger feedback for the top—heavy IMFsturto a sizeable suppression
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of the luminosity, especially for g51.

The reasonable level of agreement between the observedarsimulatedM=L may
suggest that our simulations produces a realistic pojmati galaxies. However, as demon-
strated in Figure 4.7, this is not the case. In this gure, wenpare the simulated and ob-
served number of cluster galaxies, brighter than a givemasity limit, both ini and in the
K bands. Clearly, simulations under-predict such a numbes, factor 2-3. This result
Is at variance with respect to that from semi—analytical el®of galaxy formation, which
instead predict the correct number of cluster members, (g Lucia et al., 2004b; Lan-
zoni et al., 2005). However, semi—analytical models areegaly successful in producing
the correct LF. They employ a suitable technique to trackxgas, based on the assumption
that, once a "satellite” galaxy is formed inside a DM halg@riéserves its identity and survive
to a possible disruption of the hosting halo (Springel et26101). Accordingly, the position
of a galaxy is later assigned to the position of the DM pagtiehich was most bound within
the DM halo before it was disrupted, thereby preventing aiessive merging rate between
galaxies.

On the one hand, it is tempting to explain the lack of galamesur simulations as the
result of an excessive merging. On the other hand, the iloclwd radiative cooling and star
formation should produce galaxies in our simulations whiohfact, survive to the merg-
ing of DM halos, and behave as the “satellite” galaxies ihiiced in the semi—analytical
models. Clearly, a reason of concern in our simulationd#&ed to the force and mass reso-
lutions adopted (see Section 4.1), which may produce gagilaxies and/or induce spurious
numerical over-merging. In Section 4.4 we present a remolstudy which is aimed at ver-
ifying whether and by how much the cluster galaxy populatbanges when increasing the
resolution. After varying the mass resolution by a factoratid the corresponding softening
parameters by a factor 3:6, we nd no appreciable variations of the stellar mass fumtof
cluster galaxies. We also veri ed that the lack of galaxgensot related to numerical heating
induced by an non optimal choice of gravitational softenjeg., Thomas & Couchman,
1992). After running a series of simulations, using différehoices for p;, we nd that
our softening choice is very close to that maximising the éml of the galaxy stellar mass
function.

As for the effect of feedback, a wind velocity 500 kms ! is large enough to devoid
the gas content of galaxies with mads< 10''M and, therefore, to suppress the number
of galaxies above the luminosity limits considered in Figl.4Vind velocities this high are
generally expected for star-burst galaxies (e.g., Hecki2@d3), while they may be too high
for the general galaxy population. In order to test thisaffere have performed simulations
of g676 and g51 with Salpeter IMF in the extreme case in whiaids/are excluded. In
these cases, the numbers of galaxies reported in Fig.4&ase by more than a factor of
two, thus bringing simulation results into much better agnent with observational data.
However, the price to pay for this is the increased total homities, as a result of the larger
number of stars formed, which introduces a tension betwaeulations and observations,
as shown in Fig.4.6. The need to reconcile at the same timauhder of galaxies and
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the total luminosity points toward a scenario in which fesdbis relatively less effective
in small galaxies, while being more effective in suppregstar formation in massive rare
objects. Since massive galaxies are observed to be almssivply evolving, this implies

that the required feedback mechanism should not be dirkakigd to star formation. In this

respect, AGN have been suggested to be the natural sourt@ddind of feedback (e.g.,

Croton et al., 2006; Bower et al., 2006; Menci et al., 20061 Deia & Blaizot, 2007).
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Figure 4.7: The number of galaxies within clusters abovevargiuminosity limit. Left
panel: results in the band, compared to the observational best- tting resulnfi®DSS
data by Popesso et al. (2006b) (the dashed lines mark tiesiotscatter of the observational
relation). Right panel: results in tie band, compared to the observational best- tting result
from 2MASS data by Lin et al. (2004). Symbols for the simuas have the same meaning
as in Figure 4.6.

4.3.4. The luminosity function

The luminosity function (LF) of cluster galaxies has beea sbject of numerous studies
through the years (e.g., Dressler, 1978; Colless, 198%Bovet al., 1995; Goto et al., 2002;
De Propris et al., 2003; Popesso et al., 20064, , and refese¢herein). Despite this, a general
consensus on a number of issues has still to be reached. Athemg we mention the LF
universality among clusters and between clusters and &hdi the slope of the faint end.
For instance, Popesso et al. (2006a) have recently anaB3&$ data for a set of cluster
selected in the X-ray band in the RASS. As a result, they fabatthe LF is universal, once
calculated within the same physical radiugg or rsqgo. Furthermore, the LF can not be tted
by a single Schechter (1976) function, since it displays &kathupturn at faint magnitudes.
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Similar, a steepening on the faint end of the LF in the Comatelucore is also found by
Milne et al. (2007). These results is at variance with othmalyses. For instance, Adami
et al. (2000) and Mobasher et al. (2003) performed deep gzecipic survey of the Coma
cluster and found no evidence for an upturn of the LF at faiagnitudes.
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Figure 4.8: The Comparison between the simulated (histegyand the observed (curves)
luminosity functions of cluster galaxies in the Sloafleft panel) andz (right panel) bands.
The smooth curves are the best t to the SDSS data analysedjgsBo et al. (2006a). In
each panel, the solid and the dashed histograms are for thet&aand for the top—heavy
IMF, respectively. Normalisation of the simulated LF areabsen to match the observed one
atr = 20andz = 20with the Salpeter LF. Consistent with the observationalyasis
the brightest cluster galaxies (BCGs) are not included encbmputation of the luminosity
function.

In the following, we will discuss a comparison between theihBur simulated clusters
and the observational results by Popesso et al. (2006ahiFpurpose, we have computed
the simulated LF, withim,g, in ther andz bands, which are two of the four SDSS bands
where the analysis by Popesso et al. (2006a) has been pedor@onsistently with their
approach, we have used the procedure introduced by Coll889)to compute a composite
luminosity function from the contribution of clusters hagidifferent richness. Accordingly,
the number of galaxie; within thej -th luminosity bin is de ned as

X i
No ™ Ny . (4.3)

N, = ;
J m; i NO;i

Here m; is the number of clusters having galaxies in fhth luminosity bin,N; is the
number of galaxies in that luminosity bin contributed by théh cluster,Ng; is the LF
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normalisation for the-th cluster andNy = P i Ng;i. Following Popesso et al. (2006a), we
computeNy,; as the number of galaxies in théh cluster which are brighter thayz =  19.
With this de nition, each cluster is weighted inversely te richness, in such a way to avoid
the richest clusters to dominate the shape of the LF. Alsnsistent with Popesso et al.
(2006a), we do not include the BCGs in the estimate of the W@ to the too small
number of galaxies found in our simulated clusters, we dirdanow in advance that the
normalisation of the simulated LF must be lower than the &ed one. Therefore, we
decide to normalise the simulated LF by hand, so that the LEh# Salpeter IMF matches
the observed one at= 20andz = 20. The resulting rescaling factor is then used also
to re-normalise the LF for the runs with the top—heavy IMFthis way, we preserve the
difference in normalisation between the two series of rurisch is induced by the different
choices for the IMF.

The results of this comparison are shown in Figure 4.8. Thghbend of the simulated
LF is clearly shallower than that of the observed one. Tht®issistent with the picture that
over-cooling takes place within the more massive haloscwhists the brighter galaxies.
The simulated LF shows a steepening at the faint end, whegmbles that found by Popesso
et al. (2006a). Looking at the combined differential stetteass function of all the cluster
galaxies (see Figure 4.9), we note an indication for a steagef its slope at the low-mass
end,M < 3 10M . Itis this steepening which causes the corresponding st of
the luminosity functions. Quite interestingly, the faimideof the CMR (see Fig. 4.4) shows
a population of small red galaxies, which are in fact asgedito the excess of faint galaxies
shown by the luminosity function. It is tempting to make aregspondence between these
galaxies and the faint red galaxies which are claimed by &kupet al. (2006a) to contribute
to the steepening of their luminosity function. However,ce@sider it as premature to draw
strong conclusions about the slope of the luminosity fuurctn simulations until the latter
will be demonstrated to roughly produce the correct totahber of galaxies.

A comparison between the LFs produced by the Salpeter artdphéeavy IMF shows
that the latter is shifted towards fainter magnitude, esigan the faint end. This effect is
also visible in the corresponding stellar mass functionthefcluster galaxies (see Fig.4.9).
While both IMFs produces indistinguishable mass functianthe high end, galaxy masses
for the top—heavy IMF tend to have lower values. This diffieesis induced by the larger
metal content associated to the top—heavy IMF, which ma&ebng more ef cient within
halos near the resolution limit. Finally, we show in Figur&@ithe effect of increasing the
feedback ef ciency on the LF. In this case, we use the sammalisation for the two IMFs,
in order to directly see the effect of changing the feedbdmngth. Quite interestingly,
the effect is that of suppressing the bright end of the LF|evi@iaving the faint end almost
unaffected.
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4.3.5. Radial dependence of the galaxy population

A number of observations have established that the galagylption in clusters is char-
acterised by the presence of colour gradients, with blukexgss preferentially avoiding to
reside in the innermost cluster regions (Butcher & Oeml884). For instance, Pimbblet
et al. (2006) found a decreasing trend of Bie R colour with cluster-centric distance for
the galaxies lying on the CMR of nearby optically selectagstdrs. Similar results have
also been found by Abraham et al. (1996), Carlberg et al.{)L8ad Wake et al. (2005) for
moderately distant X—ray selected clusters. Quite cogrsiist outer cluster regions are pop-
ulated by a larger fraction of blue galaxies (e.g., De Psogiral., 2004), thus con rming that
more external galaxies are generally characterised byatiwely younger stellar population.
This effect may result both as a consequence of the clust@oaement, which excises star
formation in infalling galaxies, and/or due to an earliemfation epoch of galaxies residing
in the cluster centre (e.g., Ellingson etal., 2001). In gahé¢he presence of a gradient in the
galaxy colours is naturally predicted by semi—analyticaldels of galaxy formation (e.g.,
Diaferio et al., 2001b).

In the left panel of Figure 4.11 we show the radial variatidithe@ BV colour for
all galaxies found in our set of simulated clusters. Comsistith observational results,
the mean galaxy colours become bluer as we move towards tBe@uster regions. Quite
remarkably, this effect extends well beyond the virial tsdithus implying that galaxies feel
the cluster environment already at fairly large distandéile the trend exists for both a
Salpeter and a top—heavy IMF, the latter generally predmtsh redder colours, consistent
with the CMR results shown in Fig. 4.4. Our results for thep®#dr IMF are consistent with
those reported by Diaferio et al. (2001b) for the low—refidsin (0:18 < z < 0:3) of the
CNOCI1 cluster sample.

We note a sudden inversion of the colour gradients in thermast regions, where galax-
ies are characterised by much bluer colours. These galgeiesrally correspond to the
cluster BCGs, which, as already discussed are much bluermeti@ected from the CMR red
sequence (see Fig. 4.4). In fact, the galaxies identi edhisitegion correspond to the BCG,
which, as we have already discussed, are characterisedttyng excess of star formation.
The effect is more pronounced for the top—heavy IMF, whiobdpces more metals and,
therefore, makes over-cooling even stronger. This higitdignce again the presence of too
high a cooling rate at the centre of the simulated clustelsctwis not prevented by the
model of SN feedback adopted in our simulations. The presehcolour gradients corre-
sponds to the presence of age gradients. We show in the iaglel pf Fig. 4.11 the radial
dependence of the fraction of galaxies younger than 8.5.G9tste apparently, there is a
continuous trend for galaxies to be younger in the outertetuggions. The trend extends
out to2r; , with no evidence for convergence for a stable mean age ireltieThis result
further con rms that the presence of a cluster induces emvirental effects in the galaxy
population already at quite large distances. Much like fier¢olours, we note an inversion
of the trend in the innermost regions, which is due to the exsgar formation taking place
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Figure 4.11: Left panel: The radial dependence of galaxgusl| averaged over all simu-
lated clusters. In each panel, solid lines with lled squsaaee for the Salpeter IMF, while
dashed line with open circles are for the top—heavy IMF. Bported results are the average
over all the simulated clusters. Right panel: The fractibgataxies younger that 8.5 Gyr, as
a function of cluster—centric distance, in unitsgf . Symbols and line types have the same
meaning as in the left panel.

in the central BCGs. The fact that the inversion is more pomced for the top—heavy IMF
is in line with its higher enrichment, which makes gas caplmore ef cient.

A consistent result also holds for the radial dependenckestar formation rate (SFR).
In Figure 4.12 we show the speci ¢ SFR (i.e., the SFR per usita mass) as a function of
the cluster-centric distance. Once we exclude the conioibwf the BCG in the central bin,
we observe a steady increase of the SFR toward externaéchegfions. In general, these
results are in line with observational evidences for a yeungiore star forming galaxy
population in the cluster outskirts. For instance, Biviai@l. (1997) analysed the galaxy
population in the ESO Nearby Abell Cluster Survey (ENACS] #ound that emission—line
galaxies tends to under populate the central regions ofeskisBalogh et al. (1997) analysed
data from the CNOC1 survey of medium—distant galaxy clgstef 0:2-0.6) and found
evidences for a continuous increase of the SFR o@t 4g. In a similar way, Moran et al.
(2005) analysed a large sample of spectroscopic data,ingwer 10 Mpc regions around
a Cl0024 az ' 0:4. Again, they found that galaxies appear to be younger ae leadii.
However, differently from our results, they detect evidehtor an increase of star formation
aroundr; , possibly triggered by the interaction with the dense emment of the ICM.
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Figure 4.12: The speci ¢ mean star formation rate, averamed all the simulated clusters,
as a function of the cluster—centric distance. Symbols exedtypes have the same meaning
as in Figure 4.11. In the central bin we have excluded theriturtiton from the BCGs.

4.3.6. The SN-la rate

The supernova rate represents a useful diagnostic to lekliserved evolution of the ICM
metallicity to the past history of star formation and to shight on the relative contribution
of SN-la and SN-II in releasing metals. In particular theadtetween the SN rate and the
B-band luminosity, the so—called SNUcan be used to distinguish the relative contribution
of SN-la, which form in binary systems of stars with massetharange (0.8-8)y1 and
the short-living massive stars that contribute substiytmthe B—band luminosity of galax-
ies. In this section we present a comparison between thé&seswur four most massive
simulated clusters and observational data of gNkJgalaxy clusters from Gal-Yam et al.
(2002), Mannucci et al. (2008) and Sharon et al. (2007). Bohef the simulated clusters
we adopted three different shapes for the stellar initisdsfanction. Besides the Salpeter
(1955) IMF, we used also the IMF proposed by Kroupa (2001)thedop—heavier IMF by
Arimoto & Yoshii (1987). In the following, we label the runisdt use the Salpeter, Arimoto—
Yoshii and Kroupa IMFs witlsal AYandKr respectively. As for the set of simulated clusters
discussed in the previous Sections, for our reference rensilvuseA = 0:1%, as suggested
by Matteucci & Gibson (1995) to reproduce the observed ICNattieity (see also Portinari
et al. 2004). As we shall discuss in the following, the siiolawith the AY IMF tends to
overproduce Iron (see also Section 4.3.2). In the attempie@ocome this problem, we also

“We recall thatA is the fraction of stars, in the mass range 0.B+8, belonging to binary systems which
explodes as SN-la in the single—degenerate scenario, sgaeti3
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Figure 4.13: Comparison between the observed and the sedidaolution of the SN-la rate
per unit B—band luminosity (SN&). In both panels, lled symbols with error-bars refer to
observational data from Mannucci et al. (2008) (triang&J-Yam et al. (2002) (squares)
and Sharon et al. (2007) (pentagon). Left panel: the effechanging the IMF. The open
squares are for the Salpeter (1955) IMF, the open triangée®athe top—heavy IMF by Ari-
moto & Yoshii (1987a) and the open circles for the IMF by Kray@001). For the Salpeter
IMF, the shaded area show the r.m.s. scatter evaluatedie/@ur simulated clusters, while
for the other two IMFs only the result for the g51 cluster iswh. Right panel: the effect
of suppressing low—redshift star formation and of changiregbinary fraction on the SN4J
evolution of the g51 cluster. The open squares and the opee<are for the reference run
with Salpeter (1955) IMF and for the same run with cooling atat formation stopped at
z = 1 (CS run), respectively. The lled and the open triangles farethe runs with Ari-
moto & Yoshii (1987a) IMF, usingh = 0:1 andA = 0:05for the fraction of binary stars,
respectively.

carried out a run with th&Y IMF using alsoA = 0:05. The simulation analysis nalised

to compute the SNEJ proceeds as follows. We compute the SNalues by also including

the contribution of the SN-la arising from diffuse starsjitthe B—band luminosity is com-

puted by including only the contribution of the identi edlgaies, as explained in Section
4.2.

In the left panel of Figure 4.13 we compare the \Nhlues from the simulations with
different IMFs with observational data. In performing tlismparison one potential ambi-
guity arises from the de nition of the extraction radiustfvn which luminosities and SN-la
rates are measured in observations, since different autlsa different aperture radii. To
address this issue we computed SNl the simulations withirR,;; and veri ed that the
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results are left unchanged when using instegg.

Observational data show a declining trend at low redshiftis Ts generally interpreted
as due to the quenching of recent star formation, which atlse number of SN-la per
unit B—band luminosity to decrease after the typical lifediof the SN-la progenitor has
elapsed. On the other hand, our simulations predict a raghevolution of the SN,
independently of the choice for the IMF, which is the consete of the excess of low-
redshift star formation. The runs based on the Salpeter atideoKroupa IMF produce very
similar results. Although the Kroupa IMF produces a higlate rof SN-la, due to its higher
amplitude in the (1-8y1 stellar mass range, this is compensated by the higher vafues
Lg. These two IMFs both agree with the observational data-at:3 within the large
observational uncertainties, while they over-predict tages measured for local clusters.
Although the excess of recent star formation in the cenégilons of our simulated clusters
produces too blue BCGs (see previous Sections), the langde&uof SN-la associated to
this star—formation overcompensate the excess of blue ligh

As for the simulation with the Arimoto—Yoshii IMF, it pred& an even higher SNU
at low redshift. As shown in the right panel of Fig.4.13, é&ging the binary fraction to
A = 0:05 decreases the value of the SpBy more than a factor 2. While this helps in
reconciling the simulation results with the low-redshdtal it introduces a tension with the
dataaz 1.

Truncating star formation & = 1 (right panel of Fig.4.13) has the desired effect of de-
creasing the value of SNdUbelowz = 0:5. Quite interesting, fo0:5< z< 1 the decreasing
trend of the SN-Ia rate is compensated by the correspondiogedse of the B—band lumi-
nosity, while it is only atz > 0:5 that the decrease of the SN-la rate takes over and causes
the decrease of the SNU/alues.

4.4 TESTING NUMERICAL EFFECTS ON THE GALAXY
STELLAR MASS FUNCTION

In this Section we discuss the stability, against possiblaerical effects, of the stellar mass
function of the galaxies identi ed inside simulated cluste In particular, we will focus
the analysis orfa) the effect of changing the softening of the gravitationat& to control
the possible presence of spurious numerical heating Ehgmas & Couchman, 1992(p)
the effect of mass and force resolution. As for the softewmimgice, it is known that using
too small values may induce spurious heating of the gascestby two—body collisions,
thereby inhibiting gas cooling inside small halos. On theeothand, increasing it to too
large a value also reduces the number of galaxies as a carsaxaf the lower number of
resolved small halos (Borgani et al., 2006). As for the naisoh, increasing it has the effect
to better resolve the low end of the mass function and, in igénie expected to produce a
more reliable galaxy population.
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The tests described in this Section are based on threercsimtd halos, which have been
re-simulated by varying mass and force resolution. Thas&els have virial masses in the
range(1:6-2:9) 10"“M and are described in detail by Borgani et al. (2006). Theghav
been simulated for the same cosmological model of the clustescribed in the previous
sections, but with a lower normalisation of the power speunfr g = 0:8. At the lowest
resolution, the mass of the gas particlengs' 6:9 10°M and the Plummer—equivalent
softening for gravitational forces is set to= 7:5h lkpc atz = 0. We point out that
the simulations analysed and described in Section 4.1.& hawmass resolution which is
better than the above one by about a factor of four. Runs atasmgly higher resolution
have been performed by decreasing the particle masses loyoa 8 10 and 45, with the
softening correspondingly decreased according tartté scaling. Therefore, at the highest
resolution, it ismges © 1.5 10°M  and = 2:1h kpc. This mass resolution Is 11
times higher than used for the set of simulations describeSeiction 4.1.1. For the most
massive of these three clusters, we have also repeatediib&asgon at 10 times the basic
mass resolution with four different choices of the gravaiaal softening. In particular, we
have decreased it by a factor two, with respect to the standasice, and increased it by
a factor two and four. As such, this set of simulations allesgo verify the stability of
the galaxy stellar mass function against changing massuteso and the choice for the
gravitational softening.

The simulations have been performed with the original prpsaon for star formation and
feedback presented by Springel & Hernquist (2003b), withredvgpeeds,, ' 480kms 1,
therefore comparable to that assumed in previous analystaadard feedback. However,
those runs did not include the prescription for stellar etioh and chemical enrichment,
which we used for the simulations analysed in this ChapiaceSeach gas particle is allowed
to spawn two star particles, the latter have a mass whichfi@htnat of the parent gas par-
ticle. As discussed by Borgani et al. (2006), this seriesiobrproduces an amount of stars
within the virial radius of the clusters, which is almostapgndent of the resolution, thereby
preventing the runaway of cooling with increasing resolutiWe show in Figure 4.14 the ef-
fect of varying the softening on the cumulative stellar nfasstion of the galaxies identi ed
inside the virial radius. As expected, decreasing the softeto half the standard value has
the effect of suppressing the low end of the mass funchbR, 2  10°h M , as a conse-
qguence of spurious numerical heating of gas. On the othet, liacreasing the softening by
a factor four also induces a suppression of low—mass galaagea consequence of the lack
of resolution. At larger masses, using a too small softehexgjthe effect of increasing the
mass function, although the rather small number of galarig¢ise high mass end prevents
from detecting systematic trends. These results demaeashrat our lack of galaxies can not
be explained by a non—optimal choice of the gravitationaeddasoftening. As for the effect
of resolution, we plot in Figure 4.15 the combined cumulastellar mass function for all
the galaxies identi ed within the virial radii of the thredusters, simulated at four different
resolutions. The rst apparent effect of increasing resioluis that of steepening the mass
function in the low mass end. In the mass range where galaxeglenti ed with at least
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Figure 4.14: The cumulative stellar mass function of thexalk identi ed within the virial
radii of the most massive among the three simulated cludessribed in this Section (see
also Borgani et al. 2006). All the simulations have been daineed mass resolution,
which correspond to an increase by a factor 10 with respetii@dasic resolution (i.e.,
Mgs © 6:9 10'M ; see text). The four curves correspond to the differentagrfor
the gravitational softening. The labels indicate the fatipwhich the softening has been
changed, with respect to the standard choic& g *kpc.

64 star particles at the different resolutions, which cgpomd toM ' 2:2  10°h M

for the lowest resolution run, the mass functions have a ered&pendence on resolution,
with a decreasing trend of the high end of the mass functidns $teepening of the high
end of the mass function at increasing resolution is theemumsnce of the reduction of over-
merging, which makes small halos surviving more ef cierdlyd, therefore, prevents their
disruption and accretion inside massive halos. This reRrtonstrates that, at least at the
highest resolution reached in this test, also resolutioonishe reason for the too low number
of galaxies found in the simulated clusters, when comparyaxbservations (see discussion
in Sect. 4.3.3).

4.5 SUMMARY AND DISCUSSION

In this Chapter we have presented an analysis of the galgxylg@ion in cosmological hy-
drodynamical simulations of galaxy clusterszat 0. The inclusion of a detailed treatment
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Figure 4.15: The combined cumulative stellar mass funaidhe galaxies identi ed within
the virial radii of the three clusters. The four curves cep@nd to the different resolutions at
which the clusters have been simulated. Continuous, loaghet, short—dashed and dotted
curves are for the simulations at progressively increamsglution. The labels indicate the
factor by which mass resolution is increased, with respetti¢ lowest resolution run (1x).

of stellar evolution and chemical enrichment (TornatoraleP004; Tornatore et al. 2007a)
in theGADGET-2code (Springel, 2005) has allowed us to derive the proseofigalaxies in
the optical/near—IR bands. In our simulations each stargbairs treated as a single stellar
population (SSP) characterised by a formation time and aliogy. Based on this, we apply
the GALAXEV spectro-photometric code (Bruzual & Charlof(3) to compute luminosi-
ties in different bands. Simulations have been carried auafrepresentative set of galaxy
clusters, containing 19 objects with madsy, ranging from5 10°M to1:8 10°M

All clusters have been simulated assuming both a standdpet®a IMF (Salpeter, 1955)
and a power—law top—heavier IMF with expong&rt 0:95 (Arimoto & Yoshii, 1987a). The
main results of our analysis can be summarised as follows.

1. Both the colour—-magnitude relation (CMR) and teL ratio are in reasonable agree-
ment with observational data for a Salpeter IMF. In contrasing a top—heavy IMF
provides too high a metalicity of galaxies, which turns imb@ red colours. This
spoils the agreement with the CMR and with el ratio in theK band. The CMR
is conrmed to be a metalicity sequence, in the sense thaeneoriched galaxies
systematically populate the brighter redder part of theisage.
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2. Galaxies are systematically older and redder in centratetuegions, thus in keeping
with observational results. This trend extends at least®@t,; , thus showing that
the galaxy population feels the presence of a cluster wgbihe its virial region.

3. Due to the over-cooling occurring in the central clusteiorg, BCGs are always much
bluer and more massive than observed, and characteriseablyigh a recent star
formation. Indeed, neglecting the contribution of starsrfed atz < 1 produces
signi cantly redder BCGs, thus in better agreement witheslational data.

4. The number density pro le of galaxies is con rmed to steepeith the galaxy stellar
mass, approaching the DM pro le for the galaxies with > 10'°°M . However,
when compared to the observations (e.g., Popesso et abhP@be simulation pro les
are atter that the observed ones insi@dr »qo.

5. Simulated clusters have about three times fewer galaxiegead given luminosity limit
than real clusters. We have veri ed that this disagreemedirectly related neither to
lack of mass and force resolution, nor to numerical gas hgatue to a non optimal
choice of the softening parameter. This leaves as furthssipiities more subtle
numerical effects or a better suited implementation of gnéedback.

6. The luminosity function (LF) is shallower than the obsereee in the bright end, thus
con rming that feedback is not strong enough to suppres$mgm the most massive
halos. In the faint end, the LF steepens and indicates theepce of an excess of
small red galaxies. Although this result resembles thatdon observational data by
Popesso et al. (2006a), we warn against its over-intetpyatan the light of the de cit
of the overall number of galaxies found in the simulatedteliss

7. A comparison of the SN-la rate per unit B—band luminosity)$nshow that our simula-
tions are generally not able to reproduce the observedmiegltrend at low redshift.
This result is explained by the excess of recent star foondtiking place in the cen-
tral regions of galaxy clusters. Indeed, excising star firam atz < 1 produces an
evolution of Snlg which is consistent with the observed one.

The results of our analysis support the capability of hyginamical simulations of
galaxy clusters to reproduce the general trends charsicigtheir galaxy population. There-
fore, simulations in which the properties of the stellar plagion are self—consistently pre-
dicted from the gas dynamics, can provide an alternativecangplementary approach to
semi—analytical methods. However, at present, our sinamsithave two main limitations in
accounting for the observed properties of the cluster ggbapulation.

First of all, the de cit of galaxies produced in our simutais suggests that they are not
able to produce galaxies which are resistant enough towautle tidal eld of the cluster
environment. Indeed, the shallow galaxy number densityi@rio central cluster regions
shows that the problem is more apparent where effects okgdiaruption are expected to
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be stronger. This result on the lack of galaxies is at vagamith respect to the predictions
of semi—analytical models (SAM) of galaxy formation, whigtoduce roughly the correct

number of cluster galaxies (e.g., De Lucia et al., 2004bzbanet al., 2005). Comparisons
between the galaxy populations predicted by hydrodyndmicailations and by SAM have

shown a reasonable level of agreement. However, these cmmpshave been always per-
formed by excluding the effect of energy feedback (e.g.,lyHlal., 2003a; Cattaneo et al.,
2007) or explicit conversion of cooled gas particles intdisionless stars (e.g., Yoshida
etal., 2002).

Furthermore, we always nd that the brightest cluster ga@aXBCGs) are much bluer
and star forming that observed. While the adopted feedldwkse, based on galactic winds,
is ef cient in regulating star formation for the bulk of thalgxy population, it is not able to
qguench low—redshift star formation in the central clusegions, to a level consistent with
observations. Clearly, the required feedback mechanisualdtbe such to leave the bulk
of the galaxy population unaffected while acting only on tleey high end of the galaxy
mass distribution. Feedback from central AGN represems#tural solution and provides
in principle a large enough energy budget (e.g., Raffertgl.e2006). Its detailed imple-
mentation in cosmological hydrodynamical simulationsuisgjunderstanding in detail the
mechanisms for the thermalisation of this energy in thauddfmedium (e.g., Zanni et al.,
2005; Sijacki & Springel, 2006).

An ambitious goal for hydrodynamical simulations of the tngeneration will be that of
describing in detail the complex interplay between thednysbf star formation and the ther-
modynamical and chemical evolution of the diffuse cosmiybas. For this to be reached,
it is mandatory that simulations are able to produce a g@apspulation of galaxies, both in
terms of colour and of luminosity and mass distribution. fEffi@re, simulation codes will be
required on the one hand to have numerical effects undengteaontrol and, on the other
hand, to include physically motivated schemes of energynaei@l feedback.
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CHAPTER 5

SIMULATING THE CORE OF A
PROTO-CLUSTER REGION AT z" 2

In this Chapter we address the question of how simulationgpeoe with observations at
high redshift. We will present results from high—resolat@mulations of two proto—cluster
regionsaz  2that we compare to observational results of the Spiderwkixgaresented
in Chapter 2. In Section 5.1 we will present the main charettes of the simulated proto-
clusters. The aim of this analysis is to verify to what exteimulations of proto—cluster
regions in a standard cosmological scenario resemble theredd properties of the Spider-
web complex. We will discuss these points from Section 5.3dotion 5.4. Furthermore,
we provide predictions on the properties of the proto iitester medium (ICM), in view
of future deep X—ray observations of high—redshift prdtgster regions in Section 5.5. We
will present our conclusions in Section 5.6.

The content of this Chapter largely re ects the results @nésd in a paper which has
already been published (Saro et al. 2009).

As already discussed in the Introduction, within the staddasmological model of
structure formation, galaxy clusters trace regions whegehterarchical build up of galaxies
and their interaction with the inter-galactic medium (IGpMpceed at a somewhat faster rate
compared to regions of the Universe with “average' densttpding and observing high—
redshift progenitors of galaxy clusters can provide ingale information on the processes
which led to their formation and evolution. The most distelnsters to date have been iden-
ti ed out to z< 1.5 from deep X-ray and infra-red observations (e.g. Mullislgt2005;
Eisenhardt et al., 2008b; Stanford et al., 2005, and retexetherein). A powerful tech-
nique, that extends these studies to higher redshift, isaoch for over-densities of emission
line galaxies in the neighbourhood of luminous high-refishdio galaxies (e.g. Pentericci
et al., 1998). Although these regions are expected not ¢te traialised clusters, they likely
identify the progenitors of present day clusters, offer@ngnique opportunity to study the
evolutionary processes which determine their observatiproperties. Recently, a number
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of observations of distant putative proto-clusters, ltke bne associated with the so—called
“Spiderweb Galaxy” az = 2:16 (Miley et al. 2006), have demonstrated that these regions
are characterised by intense dynamical and star formatiorits (e.g. Pentericci et al. 2000,
MO06, Venemans et al. 2007; Overzier et al. 2008, and refeetierein).

On the theoretical side, modern cosmological hydrodynabhsimulations are now reach-
ing good enough resolution, and include detailed treatsnehta number of astrophysical
processes, to provide an accurate description of the asgefdmalaxy clusters. As shown
in the previous Chapter, these simulations are now ablgtodece the basic properties ob-
served for the bulk of the cluster galaxy population at lodstft, while generally predicting
too massive and too blue BGCs, due to the absence on an dffeletback mechanism that
suppresses the star formation activity in these galaxiegatimes (e.g., Saro et al., 2006;
Romeo et al., 2008).

5.1 THE SIMULATED PROTO—CLUSTERS

We analyse simulations of two proto—cluster regions, belbcted at redshit ' 2:1, which
by z = 0 will form a relatively poor cluster (C1) and a rich cluster)C These two regions
have been extracted from two different lower resolutionepaicosmological boxes, and
re-simulated at higher force and mass resolution using dwri&d Initial Condition (ZIC)
technique by Tormen et al. (1997). The parent simulatiomsespond to two renditions
of the CDM cosmological model, with the same values for the paramset,, = 0:3,
hi00 = 0:7and , = 0:04, and different values for the normalisation of the powercspen

( ¢ = 0:8for C1 - Borgani et al. 2004, and; = 0:9 for C2 - Yoshida et al. 2001, see also
cluster g8 high resolution from Dolag et al. 2008a, also dieed in the previous Chapter).

The Lagrangian regions where mass and force resolutiorns wereased extend out to

10virial radii of the clusters at = 0. The total number of high resolution DM particles
in these regions is aboat8 10° for C1 and2:4 10’ for C2, with an initially similar
number of gas particles. The basic characteristics of timellsied clusters a = 2:1 are
summarised in Table 5.1. &t= 0, the masses of these clustersbrg,' 1.6 10“M
and1:8 10*°M for C1 and C2 respectively. The mass of each gas particie,is '
1.5 10'M forCl,and2:8 10'M for C2. The Plummer—equivalent softening scale for
the gravitational force isp; = 2:1h * kpc for C1 and2:75h ! kpc for C2, in physical units
(e.g. Borgani et al., 2006). We veri ed that, by suitablygalng particle velocities in the
initial conditions of the C2 cluster so as to decreagéo 0.8, the virial mass of this system
decreases by about 30 per cent, both at0 and atz = 2:1.

The simulations were carried out using the TreePM-S3ADGET-2 code (Springel,
2005), including the effective star formation model by 8pgel & Hernquist (2003b) and the
chemical enrichment model by Tornatore et al. (2007b) (desp€r 3). The effective model
of star formation assumes that dense star—forming gaslesrtiave a cold neutral and a hot
ionised component, in pressure equilibrium. The cold camepob represents the reservoir
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5.2. Mass and luminosity of proto-cluster galaxies

Table 5.1: Characteristics of the two simulated prototeltssatz * 2. Col. 2: mass
contained withinr,op (in units of 1082 M ). Col. 3: rugo (in physical h *kpc). Col. 3
and 4: total stellar mass (in units @0*2M ), and number of identi ed galaxies within
r200- Col. 5: X—ray luminosity in the [0.5-2.0] keV observersra energy band (units of
10" ergs cm 2). Col. 6: spectroscopic—like temperature. Col. 7: emissieighted Iron
metallicity withinr .

Cluster M 500 200 M Ngal L« Ta Zre

C1 29 2347 12 491 36 1.7 0.37

C2 219 4526 6.6 1571 413 4.7 0.46

for star forming material.

Within the adopted stochastic scheme of star formationh ggs particle can spawn
three star particles, with mass ' 0.5 10'M for C1,and0:9 10°'M for C2. The
chemical enrichment model assumes a Salpeter shape @alp@55) for the stellar initial
mass function (IMF), and uses the same yields and stel&imies adopted in Fabjan et al.
(2008). The simulations also include the kinetic feedbackifgalactic out ows introduced
by Springel & Hernquist (2003b). We assumg = 500 km's * for the wind velocity, and
a mass upload rate equal to two times the local star formasiten With these choices, the
kinetic energy of the out ows is roughly equal to all the egpeavailable from SN-II for the
adopted IMF.

Galaxies are identi ed by applying the SKID algorithm (S¢4d2001) (see Section 3.6)
to the distribution of star particles, using the procedwsatibed in Murante et al. (2007).
We identify as “bona de” galaxies only those SKID—groupsitaining at least 32 star par-
ticles after the removal of unbound stars.

5.2 MASS AND LUMINOSITY OF PROTO-CLUSTER GALAX-
IES

Figure 5.1 shows the projected stellar mass density mapgSdteft panel) and C2 (right
panel). Simulated maps extends in projection along the evhigih-resolution region and are
150h *kpc on a side, covering an area which roughly correspondeetphysical size of the
ACS images for the assumed cosmology. The maps in Figurer&dualitatively similar to
observations of the Spiderweb complex (Miley et al. 2006 particular for the C1 cluster,
where the most massive galaxy is surrounded by severaligalak comparable mass in
the process of merging to form a dominant central object. CReluster shows evidence
of ongoing merging processes onto the BCG, which exhibitsubl® peaked stellar mass
density. In both clusters, a dominant central galaxy isaalyan place.

Both clusters have a conspicuous population of inter—g¢jalatars. The presence of a
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Figure 5.1: The projected stellar mass density for the Cit glenel) and C2 (right panel)
clusters az ' 2:1, within a region of150h kpc on a side, centred on the most massive
galaxy.

massive BCG and the visual impression of a signi cant ongonerging activity suggest that

the merging processes associated to the BCG assembly neigbsjbonsible (at least in part)
for the generation of the intra—cluster light (e.g. Zibettial., 2005; Murante et al., 2007;

Pierini et al., 2008). Within the region shown, the diffusellar component contributes 16

and 30 per cent of the total stellar mass for C1 and C2 respéctie also note the pres-

ence of several elongated galaxies, similar to the tadEdieges observed in the Spiderweb
complex (Miley et al. 2006).

The BCG of the C2 cluster has a stellar mas#t:8f 10'°M , about 6 times more
massive that the BCG of C1, which79 10""M . The second most massive galaxy
in the cluster C1 is about a factor four less massive than & Bwvhile the second most
massive galaxy in the cluster C2 is about a factor ten lessiwethan the corresponding
BCG. Pentericci et al. (1998) estimated the stellar madseofadio-galaxy in the Spiderweb
complex from itsK -band luminosity. They found a value of 102 M , comparable to the
mass of the C1 BCG, but much less massive than the C2 BCG.

As we discussed in the previous Chapter, each star parsicteated as a single stellar
population, with formation redshift;, metallicity Z, and appropriate IMF. Luminosities
in different bands are computed using the spectro-photacnaide GALAXEV (Bruzual
& Charlot, 2003), as explained in Chapter 4. We have complutedhosities of galaxies
in the two HST ACS camera (observer frame) lters FA75%Y,{) and F814W Kgy14). All
magnitudes given in the following are AB magnitudes. Thedffof dust attenuation is
included by adopting the two-component model by Charlot & 900), in a similar way
as described in De Lucia & Blaizot (2007) (see also Fontahat €008). We have divided
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Figure 5.2: The computed optical depth map in logarithmic scale for the C1 (left panel)
and C2 (right panel) clustersat  2:1, within a region ofL50h *kpc on a side, centred on
the most massive galaxy.

our analysed box into a grid of cubic cells of linear sfzeln each cell we have computed
the resulting optical depth, as:

Zgas 1o Mgas
= : 5.1
v Z 21 10 14 m, A? ° ®-1)

wherem, is the proton mass and the factio# scales to the average number of H atoms for a
typical chemical composition of gabl 455 andZ 4.5 are the mass and the mean metallicity of
cold gas in each cell. Finally the factarl 107! is a normalising factor to typical H column
density of galaxies. The resulting optical depth is muck ksn unity for the majority of
the lines of sight, while it isy 1in the regions of most intense star formation, where
reaches values of about a thousand. Figure 5.2 shows thHangaptical depth \, for the
two clusters C1 (left panel) and C2 (right panel).
The dust—attenuated luminosity contributed by a star gdarthaving age and coordi-
nates(Xi;yi; z) at the positior(x;; y;; zs) can be computed as:
|
o !
L,, =L, exp (XiyYisz) (5.2)

f
j=i
where is the optical depth at the wavelengttand is related toy by the relation

v(=550nm) %7 ift 10'yrs

v(=550nm) %7 ift> 107yrs (5-3)
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Figure 5.3: The computed reddeniBgB V) map in logarithmic scale for the the C1 (left
panel) and C2 (right panel) clusterszat 2:1, within a region of150h ‘kpc on a side,
centred on the most massive galaxy.

where is drawn randomly from a Gaussian distribution with meanah@ width 0.2, trun-
cated at 0.1 and 1 (De Lucia & Blaizot 2007, see also Kong &(4l4).

The resultinge(B V) computed from the optical depth shown in Figure 5.2 for the
two simulated proto-clusters is presented in Figure 5.3nil&r to the optical depthy,
also the reddening (B V) has a wide range of values and correlates with the cold gas
reservoir. In Chapter 2 we have shown that Hatch et al. (2088} estimate a dust correction
of E(B V) 0:1 0:25 associated to the majority of line of sight corresponding to
the intergalactic light. We note in Figure 5.3 that the pcestl values oE(B V) In
our simulations are of the same order of magnitude in coorsdgnce of the diffuse stellar
component, while much higher values characterise starifgynegions.

Figure 5.4 shows the luminosity functions (LFs) of the gadaxdenti ed in the two re-
gions shown in Figure 5.1, in the F814Wj{,;) ACS lIter band, including the dust correction
described in the previous section. Observational deteation by Hatch et al. (2008)are
also shown as a dotted histogram. With the adopted dustatmmethe luminosity of the C1
BCG is comparable to the observed one, while that of the C2 BCbout one magnitude
brighter than observed. Interestingly, the brightestxgaia the C2 cluster is not the central
galaxy, but a massive galaxy at the edge of the analysed boar(esponds to the galaxy at
the positionx ' 60andy ' 50in the right panel of Figure 5.1). This particular galaxy
appears to be quite massive but not star forming (see Figufe I5does not have a signi -

The luminosity function published by Hatch et al. (2008) diot include the correction factd:5
logi0(1 + z) (R.A. Overzier, private communication). We have includeid correction in the observed lu-
minosity function plotted in Figure 5.4
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Figure 5.4: Galaxy luminosity function within the regionosim in Figure 5.1, in the
F814W(g14) ACS lter band. Results for the C1 and for the C2 simulatedstérs are
shown as solid and dashed histograms respectively. Theddbttie histogram shows the
observed luminosity function by Hatch et al. (2008) withie same region. The shaded re-
gions show the luminosity of the observed and of the simdIBI€Gs, with the same colour
code described above.

cant cold gas reservoir and therefore is only weakly attetual’ he BCGs are indicated by
shaded regions in Figure 5.4, and appear to be in reasongtigleraent with observational
measurements. This is in apparent contradiction with tlevealnentioned evidence for a
too large mass of the C2 BCG. This can be explained by the aegg Istar formation rates
that are associated to the C2 BCG (see below), which canntoran excessively large dust
extinction. Therefore, having reproduced the UV luminpdites not guarantee that we have
correctly described the star formation history of the BCG.

We note that the luminosity functions in our simulationseriseadily at magnitudes
fainter than the completeness limit of the observationah.dal'hese fainter galaxies are
expected to contribute to the budget of diffuse light by aroant which depends of their
surface brightness. Summing up the stellar masses of galéainter tharhg;, = 19, our
simulations predict that the fraction of diffuse stellangmonent increases by 8 and 5 per
cent for the C1 and C2 cluster respectively.

Figures 5.5 and 5.6 show the resulting surface brightnegs m@jected in the x-y plane in
the I g14 andgs75 band respectively for the C1 (left) and C2 (right) simulatbasters. We

remind the reader that to have a better and more coherenhrbateeen observations and
simulations, one should convolve a map like those of Figbresand 5.6 with the PSF of
the telescope, add the noise, cut at a limiting magnitudeagptly the same criteria used in
observations to identify galaxies in the mock images, raten using dynamical and kine-
matical informations to identify simulated galaxies. @umterestingly, even if maps like
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Figure 5.5: The projected surface brightness map in ghgband for the C1 (left panel) and
C2 (right panel) clusters at' 2:1, within a region ofLl50h kpc on a side, centred on the
most massive galaxy.

those in Figures 5.5 and 5.6 represent a picture at quitefregliency rest—frame bands as
UV and NUV (which are generally associated to star formirgjars), they seem to quali-
tatively re ect better the stellar density map shown in Fgb.1 rather than map of SFR of
Figure 5.7 (see next section).

5.3 STAR FORMATION

Using the observed UV continuum, Hatch et al. (2008) trabedstar formation pattern in
the Spiderweb complex, nding evidence of diffuse star fatimn not associated to galaxies.
In order to compare the observational results to predistfoom our simulations, we show
in Figure 5.7 the star formation rate (SFR hereatfter) dgmsép for the C1 (left panel) and
C2 (right panel) cluster. Red crosses mark the positions@half most massive galaxies
identi ed within the region shown. The star formation in thienulations is computed for
each star—forming gas particle (Springel & Hernquist, 20080 Figure 5.7 gives a snapshot
of the instantaneous SFR. The total SFR in the region coreside 600M /yrs for the C1
clusterand 1750M /yrs for the C2 cluster. Hatch et al. (2008) suggest a tot& faff the
Spiderweb system of 130M /yrs within an area of 65 kgowithout any dust correction.
Assuming a minimum dust correction B(B V) ' 0:1, they estimate a lower limit of
' 325M /yrs. While this number is reasonably close to that foundday bringing it into
agreement with the SFR measured for C2 would require a ratirealistic dust extinction.
Comparing the positions of the galaxies with the distribatof the star formation, it is
apparent that they do not always coincide. With the exclusibthe BCGs, which domi-
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Figure 5.6: The projected surface brightness map irgthgband for the C1 (left panel) and
C2 (right panel) clusters at' 2:1, within a region ofLl50h ‘kpc on a side, centred on the
most massive galaxy.

nate the total SFR in both clusters contributing fr6B(C1) to67 (C2) per cent of the total
SFR, most of the massive galaxies are not strongly star fagmithe total SFR of identi ed
galaxies accounts for 90 per cent and 81 per cent of the tBRIf8r the clusters C1 and C2
respectively. The remaining “diffuse’ star formation aggeto take place both in extended
structures and in “clumps'. While the former likely tracengme distributions of diffuse
star-forming gas, the clumps often correspond to galaxhestwfall below the SKID galaxy
identi cation threshold.

5.4
RIUM?

ARE THE PROTO-CLUSTERS IN VIRIAL EQUILIB-

Miley et al. (2006) measured line-of-sight velocities fosmall number of galaxies and
found fairly large values relative to the Spiderweb galaxy,to almost 2000kms ! for
one galaxy. Although the rather limited statistics prevemtaccurate virial analysis of the
system, these values hint at a rather large virialised niBassomputing the one-dimensional
velocity dispersion (,) for the fty most massive galaxies contained withigy (i.e. those
which more likely will have a redshift measurement in thedgpiveb complex), we nd

v = 481kms ! for C1 and916 kms ! for C2. These velocities are found to be only 6-8
per cent lower than those estimated from the DM particleggesting the presence of a small
velocity bias. Using the best—t,—M ,qo relation obtained by Evrard et al. (2008) from a
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Figure 5.7: The map of star formation rate density for the Igft)(and C2 (right) cluster,
within the same region shown in Figure 5.1. Red crosses nharfpositions of the 50 per
cent most massive galaxies identi ed in projection witHiistregion.

variety of N—body simulations, we obtaM,q, ' 2:7 10" h Mpc for C1, andM 0

1:9 10“h Mpcfor C2. These values are similar to the tMegy, values (see Table 1), thus
demonstrating that virial equilibrium holds withimgg in these proto—cluster regions. We
plotin Figure 5.8 the velocity distribution of all galaxiggind in projection within the same
area shown in Figure 5.1. The effect of line-of-sight contaton from fore/background
galaxies is evident for C1, whose distribution shows an exc# galaxies with velocities
> 1000kms?t. For the C2 cluster, we have a non-negligible probabilityrefasuring a
relative velocity as large as 2000n s 1, while this represents a very unlike event for the C1
cluster. Therefore, even within the limited statistics wditable observations, the measured
velocities for the ies of the Spiderweb system are preféedly expected in a proto-cluster
as massive as C2.

Pentericci et al. (2000) measured redshifts for 15 Lgmitters in the Spiderweb re-
gion and found a velocity dispersion, = 900 240kms?! (see also Venemans et al.
2007). However, the region sampled by these Lypbservations has a physical size of
about3h Mpc, much larger than the expected virialised region. In ordexompare with
these observational data, we have computgdor the 50 most massive galaxies within
3h *Mpc from the BCGs of our simulated clusters. We ng = 331kms ! for C1 and

v = 683kms ! for C2. This result indicates again that a proto-cluster assive as C2
is preferred with respect to the poorer C1 cluster. We npticgvever, that the resulting
velocity dispersion of the poorer C1 cluster is in close agrent with the inferred velocity
dispersion of H emitters around the Spiderweb galaxy by Kurk et al. (2004yleéd, as
discussed in Chapter 2, Kurk et al. (2004) found values,of 360kms*, much lower
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Figure 5.8: Histogram of line-of-sight galaxy velocitiéetC1 (solid line) and C2 (dashed
line) clusters. Each histogram shows the average over thdspendent projections of a
square region of50h kpcon a side.

than the one of the C2 richer cluster.

The too intense (with respect to observational estimatasjamation that takes place in
the C2 BCG suggests that AGN feedback may have already Ibagiignched star formation
in the Spiderweb galaxy. Indeed, the Spiderweb galaxy has baginally identi ed as a
radio—galaxy with extended and distorted radio lobes @texi et al., 1998), consistent with
the presence of a “radio—-mode” AGN. Furthermore, Nesvadlad €2006) carried out an
integral- eld spectroscopic study of the Spiderweb comaled found evidences for massive
out ows of gas which are interpreted as due to the action oNA@edback.

5.5 PREDICTED X—RAY PROPERTIES

Deep follow-up observations in the X—ray band of a handfutlokters az > 1 are now
pushing the study of the thermo— and chemo—dynamical ptiepaf the ICM to large look-
back times. Although we have probably to wait for the nextagation of X—ray satellites
to push these studies 13 2, it is interesting to make predictions for the X—ray lumiitgs
temperature and level of metal enrichment of proto—clusgions, like the one traced by
the Spiderweb galaxy.

Our simulations unambiguously predict that already at 2:1, the gravitational poten-
tial of proto—cluster regions are permeated by a hot ICMeé&d for the C1 and C2 clusters
we measure a temperature of about 2 and 5 keV, respectieddyléble 1). The X—ray lumi-
nosity of C1 is typical of a nearby group, while that of C2 igrqmarable to the luminosity
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of a typical bright nearby cluster. At the redshift of the @miweb galaxy, these luminosities
correspond to uxes in the [0.5-2] keV (observer frame) bahdbout1:0 10 *° for C1
and1:5 10 *ergs 'cm 2for C2, for the cosmological model assumed in our simulation
A fairly high level of enrichment is predicted alreadyzat 2, extending to higher redshift
the results obtained out o' 1:3 with Chandra and XMM observations (Balestra et al.,
2007; Maughan et al., 2008).

A relatively shallow Chandra observation, with an exposfrd0 ks, has been used by

Carilli et al. (2002) to look for an extended X—ray emissioaumd the Spiderweb galaxy.
These authors measured a luminosity.df 3:5 10*ergs ! (rescaled to our cosmology)
in the [2-10] keV band. They also placed an upper limitaf 10*ergs ! for a relaxed
cluster atmosphere. For C2, we nd a luminosity in the sameludf about:8 10*ergs *.
A luminosity of the hot gas surrounding the Spiderweb galaxyer than predicted for C2
can be interpreted as due to a signi cant heating from thergalaxy. Clearly, the relatively
short exposure time of this observation makes a precisendigtation of the X-ray from a
diffuse hot gas rather uncertain.

The ux predicted for C1 can in principle be reached with a geht long exposure
with the Chandra and XMM satellites. However, surface knghks dimming and the limited
extension of the emission likely prevents it from being d&tble as an extended source using
available X-ray telescopes. For C2, the predicted ux is pamble to (or brighter than)
that of clusters at > 1 observed with Chandra and XMM to study the thermal and chamic
properties of the ICM. A potential complication for the dgten of an extended thermal
free—free emission from the hot gas permeating the Spideoseplex could come from
non—thermal X—ray emission associated to star formatiaoargenerated by the inverse—
Compton scattering of a population of relativistic elengpassociated to the radio galaxy,
off the CMB photons (Fabian et al., 2003).

Although making a quantitative assessment of the obsdityattithe hot ICM surround-
ing the Spiderweb galaxy goes beyond the aims of this Chaptepoint out that such a
target can be well suited to push the capabilities of thegorageneration of X—ray satellites,
while being optimal for large collecting area telescopethefnext generation.

We note that our analysis is based on only two simulationsar@l, for a better assess-
ment of the capability of current numerical models in rep@dg observations of proto—
cluster structures it would be ideal to carry out a statdwomparison by enlarging both the
set of simulated clusters and the number of observed priotstec regions.

5.6 CONCLUSIONS

We have carried out an analysis of high—resolution hydradyinal simulations of two
proto—cluster regions & ' 2:1, with the main purpose of comparing them with the ob-
served properties of the Spiderweb galaxy complex (Milegle2006, Hatch et al. 2008).
These proto-clusters will form at = 0 a relatively poor and a rich cluster of galaxies (C1

134



5.6. Conclusions

and C2 respectively; see Table 1). The comparison is aimegenbnstrating to what extent
predictions from simulations of proto—cluster regionshwita CDM framework are able to
reproduce the observational properties of the Spiderwetptax, and to shed light on the
processes regulating star formation within the deepesinpial wells az 2. The main
results of our analysis can be summarised as follows.

Both simulated proto—clusters are characterised by theepee of a dominant mas-
sive central galaxy, surrounded by less massive galaxiéiseiprocess of merging,
gualitatively resembling the observed Spiderweb galaxy.

The star formation rate within the C1 proto—clusterg0OM yr 1) is consistent with
the observed one, while the corresponding value for'C275M yr 1) isin excess
with respect to observational measurements.

The BCG of C1 has an UV luminosity comparable to that of thed&pveb galaxy,
while the BCG of the C2 cluster is about one magnitude brighte

The velocity dispersions of our simulated clusters withigg are consistent with virial
equilibrium expectations. In addition, the velocities sw@w&d for the galaxies sur-
rounding the Spiderweb system (Miley et al. (2006), Venesretral. 2007) are gen-
erally consistent with those of the C2 cluster, while beingch larger than those
measured for C1.

The inter-galactic medium permeating the C1 and C2 protwstet regions has temper-
atures of about 2 keV and 5 keV respectively, and both clsgbehnibit an enrichment
level comparable to that observed in nearby clusters. Tédigied X—ray uxes from
thermal bremsstrahlung make these objects potentialbctiile as extended sources,
and make them ideal targets to study the enrichment of tha-idiuster medium at
unprecedented redshift, with X—ray telescopes of the nexération.

The emerging scenario is that the Spiderweb complex likalyats the formation of a rich

galaxy cluster, whose virial massat 0 is  10®h *Mpc. The excess of star formation
found in our simulations suggests that an AGN feedback niigimecessary alreadyat 2

to quench star formation and regulate the structure of tlhel“core” (see also Nesvadba
et al., 2006). The search for proto-cluster regionz”a and their follow—up observations
with X—ray telescopes of the next generation will contrébtd Il the gap betweerz< 1
studies of the thermo- and chemo-dynamics of the ICM andttiayf the IGM atz > 2.
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CHAPTER 6

THE EFFECT OF GAS-DYNAMICS ON
SEMI-ANALYTIC MODELING OF
CLUSTER GALAXIES

In the previous two Chapters we presented results on theegrep of the galaxy popula-
tion in clusters by using direct high—resolution hydrodymaal cosmological simulations.
Besides this method, a complementary tool to study galasydtion within a cosmologi-
cal framework is provided by semi-analytic models (SAMS).hiybrid SAM (see Section
3.7) the merging history of haloes is usually traced by DM diypsimulations, while the
physics of baryons is followed with simpli ed prescriptionThe use of DM only simula-
tions to predict the merging history of haloes could in pipte provide non fully correct
description of the gravitational dynamics of merging whioa gas component is present.
In this Chapter we have used a hybrid SAM (De Lucia & Blaiz&)?2) to address this point,
by comparing SAM prediction of four clusters simulated watly DM particles and with
both DM and gas particles. The plan of the Chapter is as fallow Sec. 6.1 we describe
the cluster simulations used in this study, and describenttiod used for the construction
of the galaxy merger trees. In Sec. 6.2 we provide a briefrgegm of the SAM adopted,
and in Sec. 6.3 we present the results of our analysis. FinallSec. 6.4, we summarise
our ndings and give our conclusions. The content of this @kalargely re ects the results
presented in one paper which has already been published é6al. 2008). During the last

decade, a number of observational tests of the standardotogical model have ushered
in a new era of "precision cosmology'. Precise measuremanamgular structure in the
Cosmic Microwave Background (CMB), combined with other metrical and dynamical
cosmological tests have constrained cosmological passgghtly (Komatsu et al., 2008,
and references therein) con rming the hierarchical coldkdaatter model (CDM) as the
“standard’ model for structure formation. While the cosogital paradigm is well estab-
lished, our understanding of the physical processes regglée interplay between different



THE EFFECT OF GAS-DYNAMICS ON SEMI-ANALYTIC MODELING OF
CLUSTER GALAXIES

baryonic components is still far from complete, and galayrfation and evolution remains
one of the most outstanding questions of modern astrophysic

Different approaches have been developed in order to liekothserved properties of
luminous galaxies to those of the dark matter haloes in wthely reside. Among these,
semi—analytic models (SAMs) of galaxy formation have depel into a exible and widely
used tool that allows a fast exploration of the parametetespand an ef cient investigation
of the in uence of different physical assumptions. Compiotaal costs are therefore reduced
with respect to hydrodynamical simulations, but this is el@m the expense of an explicit
description of the gas dynamics (for a recent review on SA8ds,Baugh, 2006). Although
recent work has started analysing the properties of thexgglapulations in hydrodynamical
simulations (e.g. Frenk et al., 1996; Pearce et al., 199gahkéne et al., 2005; Nagai &
Kravtsov, 2005; Saro et al., 2006; Oppenheimer & Davé, 200@ computational time is
still prohibitive for simulations of galaxies in large coslagical volumes. In addition, the
uncertainties inherent in the physical processes at plaioably place strong limits on the
accuracy with which galaxies can be simulated. As a consex¢hese numerical studies
also require an adequate handling of “sub-grid' physidseeibecause the resolution of the
simulation becomes inadequate to resolve the scale of th&qah process considered, or
because we do not have a “complete theory” of that partiquitgssical process (which is
almost always true). It is therefore to be expected that SAiflgemain a valid method to
study galaxy formation for the foreseeable future.

In their rst renditions, SAMs took advantage of Monte Catkrhniques coupled to
merging probabilities derived from the extended Pres=8uler theory to construct merging
history trees of dark matter haloes (Kauffmann et al., 1@88e et al., 1994). An important
advance of later years has been the coupling of semi-acdgthniques with direc -
body simulations (Kauffmann et al., 1999b; Benson et alQ030 Since dark matter only
simulations can handle large numbers of particles, suchritiymodels can access a very
large dynamic range of mass and spatial resolution offeehthe same time, the possibility
to model the spatial distribution of galaxies within darktteahaloes. It is also interesting
to note that there have been a number of recent studies shdian the extended Press-
Schechter formalism does not provide a faithful descriptod the merger trees extracted
directly from N-body simulations (Benson et al., 2005; Lakt 2007; Cole et al., 2008). This
might have important consequences on the predicted prep@itmodel galaxies, although
a detailed investigation of the in uence of analytical wesshumerical merger trees on the
predicted properties of model galaxies has not been castieyget.

A related question is whether the inclusion of the baryonmponent alters the halo dy-
namics with respect to a purely dark matter (DM) simulatiBnocesses like ram—pressure
stripping and gas viscosity are expected to produce a sgnt segregation between the
collisional and collisionless components (Volimer et2001). These effects are likely more
important in environments characterised by high densatieslarge velocity dispersions (like
galaxy clusters), and are expected to change the dynamicthartiming of halo mergers.
As the merger history of model galaxies in a SAM is essentiddiven by the merger his-
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tory of its parent halo, any physical process that affects heergers will in uence model
predictions in some measure. We note that recent work hasmseger trees from non—
radiative hydrodynamic simulations (e.g. Cora et al., 2008study the chemical enrich-
ment of the intra—cluster medium (ICM). This approach fféére advantage of providing
a three-dimensional picture of the ICM, while keeping theaadage of exploring different
physical choices with sensibly reduced computationalsimih respect to hydrodynamical
simulations. The question of how SAM predictions are a#ddbty using merger trees from
different types of simulations (e.g. DM and hydrodynamagiatulations) has, however, not
been addressed.

The purpose of this Chapter is to quantify the effects of tlesg@nce of gas on the merger
histories of haloes, and on predictions from a galaxy foromatodel. To this aim, we have
used a sample of DM-only and non-radiative hydrodynamiicaligtions of four massive
galaxy clusters (see Sec. 6.1). The merger trees congtriroi®m these simulations have
been used as input for a SAM (see Sec. 6.2), and results hawaused to carry out a careful
comparison of the statistical properties of the galaxy pajpans and of the formation history
of the brightest cluster galaxies (BCGs) from the two sesmulations.

The use of non—radiative hydrodynamics is only a rst stepals a detailed compar-
ison between SAMs and hydrodynamic simulations. A moreistalcomparison should
include also gas cooling and processes related to compgattgihysics, such as star for-
mation, supernovae feedback and super-massive black px@daction and evolution. We
will present this analysis in a future work. We note that poas work has already compared
results of smooth particle hydrodynamics (SPH) simulatiamd SAMs to calculate the evo-
lution of cooling gas during galaxy formation (Benson ef8l01; Yoshida et al. 2002; Helly
et al. 2003Db; see also Cattaneo et al. 2007), but a detaitegason is still lacking.

6.1 THE SIMULATIONS

In this study, we use a set of four simulations of massiveatgol galaxy clusters. More in
detail the analysed simulated clusters are the four mossineaslusters already presented in
Chapter 4. For each halo, both a DM run and a non radiativeugawere carried out. We
refer to the rst ones with the label DM and for the second onéh the label GAS. For the
DM runs, the masses of the high-resolution DM particle®ig, ' 1:3 1M . Inthe
GAS runs, the value ahpy, is suitably decreased so as to match the assumed cosmimbaryo
fraction. The resulting mass of the gas particlesijss = 1:7 1M . In Table 6.1, we
list the value oM ,qq, 200, @nd the total number of sub-haloes withig,.

The simulations were carried out using the TreePM-SPH &@8ieGET-2 (Springel,
2005). All GAS runs used in this study include only non—rédeprocesses. The Plummer—
equivalent softening length for the gravitational forceesto =5 h ‘kpcin physical units
fromz = 5 to z = 0, while at higher redshifts it is set to= 30h kpc in comoving
units. The smallest value assumed for the smoothing lenfgtheoSPH kernel is half the
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Table 6.1: Some numerical information about the four chsstised in this study. Column 1:
name of the run; Column M 5, in units of 104 M ; Column 3:r g0, in units ofh *Mpc;

Column 4: total number of sub-haloes withrisy,.
Cluster name M 200 T200 No2go

gl DM 13.2 1.78 276
g1 GAS 122 174 228
g51 DM 10.8 1.67 229
g51 GAS 10.6 1.66 200
g72 DM 109 168 250
g72 GAS 10.7 1.66 238
g8 DM 18.6 2.00 355
08 GAS 194 2.03 219

gravitational softening. Simulation data were stored ino@8uts that are approximately
logarithmically equispaced in time down zo 1, and approximately linearly equispaced
in time thereafter. Each simulation output was analyseddeioto construct merger trees of
all identi ed sub-haloes using the software originally d&ped for the Millennium Simula-
tion project. We refer to Springel et al. (2001) and to Springel et al. G)dor a detailed
description of the substructure nder and of the merger t@estruction algorithm. In the
following, we brie y summarise the main steps of the proceg@and the changes we imple-
mented to adapt the available software to our simulations.

For each simulation snapshot, we constructed group catesogsing a standard friends—
of—friends (FOF) algorithm with a linking length of 0.16 imits of the mean inter-particle
separation. Each group was then decomposed into a set@hdsjibstructures identi ed as
locally over-dense regions in the density eld of the backgrd main halo. The substructure
identi cation was performed using the algorithBUBFIND (Springel et al., 2001). For the
Millennium Simulation, all sub-haloes with at led& bound particles were considered to
be genuine substructures. In our work, we rise this limitttteast32 particles. We have
checked that, with this choice, "evanescent' substrust(ire. objects close to the resolution
limit that occasionally appear and then disappear) aredadoiThis turns out to be important
particularly for our GAS runs. We remind thQUBFIND classi es all particle inside a FOF
group either as belonging to a bound substructure or as beingund (see Section 3.6). The
self-bound part of the FOF group itself will also appear i shbstructure list and represents
what we will refer to as the ‘'main halo'. This particular h&pically contains 90 per cent
of the mass of the FOF group (Springel et al., 2001).

The sub-halo catalogues have then been used to construgingnéistories of all self-
bound structures in our simulations, using the same praoeedutlined in Springel et al.
(2005a), as updated in De Lucia & Blaizot (2007). This prareds based on the identi ca-

http://www.mpa-garching.mpg.de/galform/virgo/milléam/
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Figure 6.1: Mean differential (left) and cumulative (rigimass functions of all sub-haloes
identi ed within rgo and atz = 0, averaged over the four simulated clusters used in this
study. Solid black lines are for the DM runs, while dot-dakhed lines are for GAS runs.
For each cluster, we also show the main halo, using the gonesng value oM ,qo. For all
other substructures, masses are given by the sum of the srasalétheir bound particles.

tion of a unique descendant for each self-bound structarerder to identify the descendant
of a given halo, all sub-haloes in the following snapshot toetain its particles are identi-
ed. Particles are then counted by giving higher weight togh that are more tightly bound
in the halo under consideration. The halo that containsatgekt fraction of the most bound
particles is chosen as descendant of the halo under coasaterin our GAS runs, the origi-
nal weighting scheme used in Springel et al. (2005a) leadsitonber of premature mergers
for small structures. In order to avoid this problem, we @ased by a factor of one third the
weight of the most bound particles with respect to the oabamoice (see also Dolag et al.,
2008a). Our choice results in a better tracing of bound &itras in our GAS runs, while
leaving the results of the DM runs unaffected. The mergerstionstructed as described
above represent the basic input needed for the semi-anaigiilel described in Sec. 6.2.
Figure 6.1 shows differential (left panel) and cumulatingt{t panel) mass functions of
the sub-haloes identi ed a = 0 within r,g9, averaged over the four simulated clusters.
We have included in these distributions the four main hatfethe simulations, using the
corresponding value d¥1,o, for the mass. These correspond to the mass bins around
10 h Mpc in the differential mass function. For all other sub-haldbe mass used in
Figure 6.1 is the sum of the masses of all their bound pastiéée will adopt this de nition,
as well as within the semi-analytic model, whenever an eggnof the substructure mass
is needed. The left panel of Figure 6.1 shows that the DM masstibn lies slightly but
systematically above that measured from the GAS runs. Tifiexehce is larger than that
corresponding to the shift in mass by the baryon fractiod,ianannot be accounted for by
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assuming that all gas is stripped from all sub-haloes. Insa®at in the non-radiative runs,
sub-haloes that are stripped of their gas become both lessiveanore and weakly bound
(Dolag et al., 2008a). This is probably also the reason ofyis¢ematic difference between
Moo in DM and GAS runs shown in Table 6.1. The g8 cluster is an exaepfor this
cluster,M,qo in the GAS run is larger than the corresponding value fromDMerun, and
the number of sub-haloes withiay, in the GAS run is much lower than the corresponding
number in the DM run. The peculiar behaviour of this clusim be explained by taking
into account its accretion history. This is the most massluster in our sample, and it
did not undergo any major merger event after 1. As a consequence, sub-haloes in the
GAS run spent a long time in a hot, high—pressure atmosphatecan ef ciently remove
their gas through ram—pressure stripping. Turning backigarg 6.1, the drop at masses
< 10'*°h M is due to our choice of considering only substructures witbast 32 bound
particles. In the GAS runs, the drop occurs at slightly lomaisses because of the reduced
value of the gas particle mass with respect to the DM pantiEss.

Although the difference is small, Figure 6.1 shows that o&SGuns contain less sub-
structures than the corresponding DM runs. In the follongegtions, we will analyse the
impact of these differences on prediction from a semi-aratgodel of galaxy formation.

6.2 THE SEMI-ANALYTIC MODEL

In this work, we use the semi-analytic model described in Deid & Blaizot (2007). We
recall that the semi-analytic model we employ builds up@rttethodology originally intro-
duced by Kauffmann et al. (1999b), Springel et al. (2001) 2ad.ucia et al. (2004b). The
modelling of various physical processes has been receptiated as described in Croton
et al. (2006) who also included a model for the suppressiaooling ows by ‘radio-mode'
AGN feedback. We refer to the original papers for detailsthis study, we have assumed a
Salpeter Initial Mass Function, and a recycled gas fractmumal to 0.3.

The semi-analytic model adopted here includes explictikanatter substructures. This
means that the haloes within which galaxies form are stilbfeed even when accreted onto
larger systems. As explained in Springel et al. (2001) andiéa et al. (2004b), the adop-
tion of this particular scheme leads to the de nition of thidifferent "types' of galaxies.
Each FOF group hosts a "Type 0' galaxy. This galaxy is locatatie position of the most
bound particle of the main halo, and it is the only galaxy fgdddiative cooling from the
surrounding hot halo medium. All galaxies attached to daakten substructures are referred
to as Type 1'. These galaxies were previously central gesagf haloes that merged to
form the larger system in which they currently reside. Thsifians and velocities of these
galaxies are followed by tracing the surviving core of theepa halo. The hot reservoir
originally associated with the galaxy is assumed to be katerally stripped at the time of
accretion and is added to the hot component of the new mam h&tal truncation and
stripping rapidly reduce the mass of dark matter substrasthelow the resolution limit of
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Figure 6.2: Density map of the g51 cluster for the DM run (lgdinels) and for the GAS
run (right panels), at = 0 (upper panels) and at = 2 (lower panels). Positions are in
comoving units. In the upper panels, the positions of alagials with stellar mass larger
than10*h M are marked by circles whose radii are proportional to thexgaktellar
mass. Different colours are used for different galaxy tyjpése for Type-0, white for Type-
1, and green for Type-2 galaxies. In the lower panels, we hearked by circles all galaxies
more massive thad 10'°h M , and used the same colour-coding.
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the simulation (De Lucia et al., 2004a; Gao et al., 2004c) eWthis happens, we estimate
a residual surviving time for the satellite galaxies usimg tlassical dynamical friction for-
mula (see Sec. 6.3.3), and we follow the positions and viséscof the galaxies by tracing
the most bound particles of the destroyed substructurdsxi@a no longer associated with
distinct dark matter substructures are referred to as "Zygalaxies, and their stellar mass is
assumed not to be affected by the tidal stripping that reslttemass of their parent haloes.

Figure 6.2 shows the density map of the cluster g51 from therDi/(left panels) and
from the GAS run (right panels). The projections are coloogled by mass density, com-
puted within a box ofL3 Mpc comoving for the maps & = 0 (upper panels) and:4 Mpc
comoving for the maps correspondingze 2 (lower panels). The boxes corresponding to
z = 0 are centred on the most bound particle of the main halo, whdse corresponding
to z = 2 are centred on the position of the most bound patrticle of thenrprogenitor of
the cluster halo (i.e. the progenitor with the largest masf)e corresponding redshift. The
positions of all galaxies more massive thE0t*th M atz = 0 and5 10°h M at
z = 2 are shown in projection and marked by circles whose radiipapportional to the
galaxy stellar mass. Different colours are used for difiegalaxy types (blue for Type-0,
white for Type-1, and green for Type-2 galaxies). The topgbaof Figure 6.2 show that the
massive end of the stellar mass functioz & 0 is dominated by Type-0 and Type-1 galax-
ies (blue and white circles) located within2 Mpc from the cluster centre. Type-2 galaxies
(green circles) appear to be more concentrated towardstiteedhan Type-1 galaxies (see
Sec. 6.3.2). The brightest cluster galaxy (BCG hereaftethe GAS run is more massive
than its counterpart in the DM run. &t= 2 (lower panels), the cluster is still in the pro-
cess of being assembled. In the DM run, there is no single mmbigalaxy, and the region
within 2 Mpc from the main progenitor of the BCG is characterised by tres@nce of
other three galaxies of similar mass. In the GAS run, thésstelass of the main progenitor
of the BCG is already about a factor 2 larger than other massntral galaxies in the same
region. The proto-cluster regions shown in the lower panélBigure 6.2 exhibit a com-
plex dynamics, which witnesses the ongoing assembly of @ Band a rather intense star
formation activity (see also Chapter 5).

6.3 RESULTS

We will compare now the mass distributions and the spatstributions of the galaxies
identi ed in the DM and GAS runs. We will show that, while sudlstributions agree quite
well, there are differences in the nal masses of the BCGs.avgeie that these differences
are due to the effects of gas dynamics on sub-halo mergirestand orbital distribution.
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Figure 6.3: Differential (left panels) and cumulative (right panelliar mass functions for all galaxies
within ryg0 atz = 0, in the four simulated clusters used in this study. The efidial mass functions have been
normalised to the total number of galaxies withigo in each cluster. The solid histograms show the mean
of the distributions from the four clusters, while the shddegion indicate, for each value of the stellar mass,
the minimum and maximum number of galaxies. Solid blackdiaee for the DM runs, while dot-dashed red
lines are for GAS runs. We show separately the stellar masgifins of the whole galaxy population (upper
panels), of the Type-2 satellite galaxy population (cdrmiemels) and the Type-0 and Type-1 galaxies (lower
panels).
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6.3.1. The stellar mass function

In Sect. 6.1, we have shown that the number of sub-haloe®iGAS runs is slightly lower
than the corresponding number from the DM-only run (seerféigul). The naive expec-
tation is to have a total number of galaxies in the GAS runsiviig lower than the corre-
sponding number in the DM runs (at least Type-0 and Type-&xgas). Figure 6.3 shows
that this is indeed the case, but it also shows a number of oitezesting points.

The left panels of Figure 6.3 show the differential (uppeangdpand cumulative (lower
panel) stellar mass function for the whole galaxy popuratathin r,q, averaged over the
four clusters used in this study. The shaded regions ingli¢at each value of the stellar
mass, the minimum and maximum number of galaxies in the sitedIclusters. The agree-
ment between the two set of runs is quite good, but for a skyift towards lower stellar
masses for galaxies with mass3 10°M . This agreement is mainly due to the domi
nant contribution of the Type-2 galaxy population, whos#lat mass function is shown in
the central panels of Figure 6.3. The corresponding masgitumfor Type-0 and Type-1
galaxies is shown in the right panels. In order to separdtereinces in the total number of
galaxies from differences in their mass distributions, differential mass functions shown
in the upper panels of Figure 6.3 have been normalised tothktumber of galaxies, while
the cumulative mass functions in the lower panels indicageun-normalised number of
galaxies withinr,oo. We recall that in this region, there is only one Type-0 gglex each
cluster (its BCG). Therefore all galaxies (but the four Bg&sown in the right panels are
Type-1 galaxies.

The difference found in Figure 6.1 re ects into a differemtdbution and total number
of Type-0 and Type-1 galaxies. This difference is, howesempensated by the distribution
and number of Type-2 galaxies, which dominate the stellassnfianction in number and
represent the dominant galaxy population at lower masdesniimber of Type-2 galaxies in
the GAS runs is slightly larger, in relative terms, than i@ BiM runs. This small difference is
however enough to compensate the de cit of Type-1 galaxi¢se GAS runs. As explained
in Sec. 6.1, we have considered as genuine substructuréa# with at least 32 bound
particles. Our resolution limit for the galaxy stellar mésthereforeM g, © 32 M part
foar ' 7 1CPh M (with fp, = 0:17). This value is close to the peak of the differential
mass functions shown in the upper panels of Figure 6.3. Atbges below this mass limit
were born in fully resolved haloes, but were not able to fiamns all their baryons into
stars (e.g. because their parent halo was accreted ont@erlsgstem, their gas reservoir
was stripped and their star formation activity suppressetdecause they are young gas-rich
galaxies in haloes that formed relatively late).

6.3.2. The number density pro les

Figure 6.4 shows the density pro le of all galaxies withjgo from the DM (black solid lines)
and the GAS (red dot-dashed lines) runs. Solid lines showatkeage obtained by stacking
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the pro les of the four clusters used in this study, while déba regions show the minimum
and maximum value obtained for the simulated clusters. Ag-igure 6.3, we show the
density pro le corresponding to the whole galaxy populatio the upper left panel, and
the contributions from Type-2 and non-Type-2 galaxies enupper right and lower panels
respectively. All pro les have been normalised to the mealagy density withirnr 5o9, and
correspond to the galaxies identi edat 0. In all panels, the dashed green line shows the
average DM pro le of the simulated clusters, normalised tteh the density pro le of the
galaxies in the inner bin.

The galaxy density pro le is dominated by the Type-2 galagpplation at all radii, and
follows very nicely the underlying DM pro le, in agreemenitiv what found by Gao et al.
(2004b). By de nition, the central Type-0 galaxies popeal#te innermost bin in Figure 6.4.
The lower panel of this gure shows that Type-1 galaxies temdvoid the central cluster
regions, where they are ef ciently destroyed by the intetidal eld of the parent halo.
The radial pro le of Type-1 galaxies is "anti-biased' rél@tto the dark matter pro le in the
inner regions, as expected from studies of dark matter sutiates (Ghigna et al., 2000b;
De Lucia et al., 2004b).

The agreement between the DM and GAS runs is quite good. Tip@otable difference
is a small shift towards the centre for the positions of T{pgalaxies in the GAS runs. We
have veri ed, however, that this difference is due to a segglaxy which is found closer to
the centre in the GAS run of the cluster g72. The shift is duaéoin uence of the gas on
the orbit of substructures, as we will discuss in the follogvi

The good agreement for the radial distribution of Type-2gis in the two sets of runs
used in this study is not obvious. We recall that the pos#tiohType-2 galaxies are given
by the updated positions of the particles that were the mosnhd particles of the parent
substructure, before their masses were reduced belowdbbkiten limit of the simulation.
The agreement between the DM and GAS runs therefore implagtie presence of gasin
the simulation does not signi cantly alter the distributiof those particles, which trace the
spatial distribution of DM particles.

6.3.3. Merging times

In the previous section, we have shown that the cluster gadagulation resulting from the
model employed in this study is dominated in number by Tyjgalaxies. Model predictions
for this galaxy population are very sensitive to the residuarging times that are assigned to
Type-2 galaxies when their parent dark matter sub-halaestapped below the resolution
limit of the simulation.

These merging times, which regulate for how long a Type-2xgakeeps its identity
before merging with the central galaxy of its own halo, arenpated using the following
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Figure 6.4: Averaged radial density of galaxies identizd 0 and withinr 5o for the four
clusters used in our study. The distribution is normalisethe mean density of galaxies
within r 599. Histograms show the mean of the four clusters, while thepetsion is indicated
by the shaded regions. Solid black lines are for DM runs, evidshed-dotted red lines are
for GAS runs. The dashed green line in each panel shows the dessity pro le of dark
matter. The three panels show separately the radial dewfsibe whole galaxy population
(upper left panel), of the Type-2 satellite galaxy popwhat{upper right panel), and of the
Type-0 and Type-1 satellite galaxies (lower panel).

implementation of the Chandrasekhar (1943) dynamicaidndormula:

D2 Vyirial

: 6.1
gl +1) G M e

In the above equatior) is the distance between the merging halo and the centre of the
structure on which it is accretel,;iy is the circular velocity of the accreting halo at the
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virial radius,M s is the mass associated with the merging satellite,Mpgd,, is the mass
of the accreting halo. All quantities entering in Eq. (6.18 aomputed at the last time the
merging satellite can be associated with a resolved darkemsubstructure. We note that
satellite galaxies can merge either with Type-0 or with Fpgalaxies, but the majority of
the mergers occur between Type-2 and Type-0 galaxies. $rc8eM nain IS Moo Of the
accreting halo, while in the case of a merger between a Tyged2a Type-1 galaxyl main

is given by the sum of the masses of all bound particles assatwvith the accreting halo.

We note that Eq. (6.1) is adapted from the original formolaterived by Chandrasekhar
in the approximation of an orbiting point mass satellite imngform background mass dis-
tribution. It is also worth reminding the reader that oumfaitation of dynamical friction
does not include any dependence on the orbital distributanthermoreM g5 in our SAM
formulation does not include the mass associated with #irs sind to the cold inter-stellar
medium of the galaxy in the merging substructure. We havieegghowever, that by taking
into account this baryonic component does not alter sigmitty our results.

Two recent papers (Boylan-Kolchin et al., 2008; Jiang e2&l08) have studied merging
time-scales using N-body and hydro/N-body simulationghBdudies have pointed out that
a formulation similar to that given in Eq. (6.1) systemdticanderestimates merging time-
scales, although they derived new tting formulae whichfelifin a number of details. In
this work, we are only concerned with differences due to th@ieation of the same formula
to different runs, while we plan to come back to the validifyttee Chandrasekhar formula
in a future work. We also note that, in the standard appbcatf the dynamical friction
formula, quantities related to the merging satellite armpoted at the time at which the
satellite crosses the virial radius of the accreting halujenin our case satellites are traced
until their mass is reduced below the resolution limit of gwaulation by tidal stripping.
Merging times are computed at this time, so thais the distance of the merging satellite
(the position of its most bound patrticles) to the centre efalocreting halo, and it can be
larger or smaller than the virial radius of this halo.

In Sec. 6.1, we have shown that the number of haloes in the @ASIs approximately
equal or slightly lower than the number of haloes in the DMstuGiven this difference in
the number of haloes, an excess of Type-2 galaxies in the @ASaan have two possible
explanations: a shorter lifetime of substructures or lomgerging times assigned to Type-2
galaxies. In order to test which of these two alternativdaxations applies, we turn to our
simulation results.

Figure 6.5 shows the distribution of the lifetimes of sulbeka in the DM (solid black
line) and in the GAS simulations (dashed red line). For eathislo, its lifetime is com-
puted as the time elapsed between the last time it was ideh#s a main halo (i.e. hosting
a Type-0 galaxy at its centre) and the time it merged (i.enass dropped below the resolu-
tion limit of the simulation). For this gure and for those ithe remainder of this section, we
have stacked the results from the four clusters used in thaysFigure 6.5 shows that the
distribution of lifetimes of Type-1 galaxies does not diféggni cantly in the DM and in the
GAS runs. The excess of Type-2 galaxies must therefore béaddo different merging
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Figure 6.5: Distribution of lifetimes of Type-1 galaxieshd lifetime is de ned here as the
time elapsed between the last time the galaxy was a Typeaxgaind the time the sub-
structure mass was reduced below the resolution limit oftimellation (the galaxy becomes
a Type-2). Results from the four simulated clusters have Is¢@cked together. The solid
black line is for the DM runs, and the red dashed line corredpdo the GAS runs.

times associated with them in the two runs, with merging siexpected to be systematically
longer in the GAS runs. In order to verify our expectation,shew in the upper left panel
of Figure 6.6 the distribution of the merging times which evassigned to Type-2 galaxies
identied atz = 1. The gure shows that there is an excess of Type-2 galaxi#smerging
times shorter than 3 Gyr in the DM runs, and a corresponding excess of galaxiels wit
merging times larger than the same value in the GAS runs. Ppperuight panel of Figure
6.6 shows the formation times of the Type-2 galaxies idetiatz = 1, i.e. the lookback
times when the galaxies become Type-2 for the rst time. Tis&ritbutions are very similar,
con rming that these Type-2 galaxies form on average atémeestime in the GAS and in the
DM runs. The lower panel of Figure 6.6 shows the distributibfigeiay, Which is de ned as
the difference between the formation times of the Type-axjak identi ed az = 1 and the
merging times they get assigned. According to this de mifithe integral of this distribution
between a givefgeny and in nity gives the total number of Type-2 galaxieszat 1 that
have merged since lookback tirig.i,y. The fact that the distribution for the GAS runs lies
above that of the DM runs for negative valuesTgfi,, indicates that the excess of Type-2
galaxies in the GAS runs will continue at least in the next Ggrs after the present time.

Figure 6.6 therefore proves that the excess of Type-2 gadarithe GAS runs (shown
in the central panels of Figure 6.3) is due to the fact thagelgalaxies get assigned longer
merging times in the GAS runs with respect to the correspandierging times assigned to
Type-2 galaxies in the DM runs. Itis interesting to ask wkdhe origin of these differences.
This can be done by considering all quantities entering &4.)(
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Figure 6.6: Upper left panel: distributions of the mergingéds assigned to the Type-2
galaxies identi ed az = 1 in the four simulated clusters. The solid black line shoves th
result from the DM runs, while the dot-dashed red line is for GAS runs. The vertical
green dotted line marks the value of the lookback time=atl . All galaxies whose merging
time is smaller than this value will merge lzy= 0. Upper right panel: distribution of
the formation times of the Type-2 galaxies, i.e. the lookib@mes when the galaxies rst
become Type-2. Lower panel: distribution of the differesxbetween the formation and the
merging times Tgelay) Of the Type-2 galaxies identi ed = 1 (see text).

The upper left panel of Figure 6.7 shows the dependence cfatliedlite mass ofyelay ,
for all Type-2 galaxies identied at = 1. The solid lines show the median of the distri-
butions, while dot-dashed lines mark the 25th and 75th péites. Black and red lines are
used for the DM and the GAS runs respectively. The gure iaths that, for a xed value of
Taelay, Type-2 galaxies in the GAS runs are created in substructun®se mass is systemat-
ically lower than the corresponding quantity in the DM rutibis difference is of the order
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Figure 6.7: Dependence of satellite mass (upper left padisiance from the centre of the
accreting halo (upper right panel), circular velocity of @hccreting halo at the virial radius

(lower left panel), and ratio between the mass of the acggdialo and the satellite mass

(lower right panel) oTgeay. In all panels, solid lines show the median of the distribos,

while dot-dashed lines show the 25th and 75th percentileedltstributions. Black lines are

used for the DM runs and red lines for the GAS runs. Quantreéésr to Type-2 galaxies

identiedatz=1.
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of the baryonic fraction, and is due to the fact that whensaloes lose their identity in the
GAS runs, their baryonic component has been stripped by pegssure. A systematically
lower mass for substructures in the GAS runs provides inttegger merging times for the
Type-2 galaxies (see Eq. 6.1).

No signi cant difference between the GAS and the DM runs candticed for quantities
like the distance between the merging halo and the centrbeo&tcreting halo (top right
panel of Figure 6.7) and the circular velocity of the acorgthalo (bottom left panel of
Figure 6.7). Finally, the bottom right panel of Figure 6.0w8 the ratio between the mass
of the accreting halo and the satellite mass, which entetisarCoulomb logarithm at the
denominator of Eq. (6.1). If the effect of ram—pressure viaas of stripping gas only from
the satellite and not from the accreting halo, we would ekpetifference between the GAS
and the DM runs, in the opposite sense of that shown in thesfopanel of Figure 6.7. The
gure shows a very slight tendency for larger mass ratioshen GAS runs. This suggests
that also the accreting haloes tend to have a de cit of ga#) véspect to the DM runs,
although the difference is less signi cant than that fouadthe satellite mass. In addition,
the merging times have a logarithmic dependence on the raass r

Results shown in Figure 6.7 show then that longer merginggifar Type-2 galaxies in
the GAS runs are essentially due to a systematic decreade shtellite mass, caused by
ram—pressure stripping. Figure 6.8 shows again the gatetiass as a function dfyelay,
but this time for all Type-2 galaxies identi ed at' 3:4. At this earlier epoch, the cluster
is not fully assembled yet, and the proto-cluster regiontaios gas with lower pressure.
It is to be expected then that the effect of ram—pressurppstg is less signi cant. This
expectation is con rmed by the results shown in the gure,iethsuggests no signi cant
difference between the GAS and DM runs at this epoch.

It is worth noticing at this point that the effect of ram—pese stripping is likely to be
over-estimated in non—radiative simulations. In a morésgacase, we expect a signi cant
fraction of baryons to be converted into stars before thecefdéf ram-pressure stripping
becomes signi cant. This expectation, however, needs tedoeed with hydrodynamical
simulations which also include star formation and feedh@ockesses.

6.3.4. The brightest cluster galaxies

In the previous sections, we have carried out a statistimadparison between the galaxy
populations from the DM and GAS runs. The general level okegrent is quite good,

although our analysis points out a number of interestinfgihces. In particular, we have
shown that the presence of the gas affects the dynamics efiaobs, so as to make an
object-by-object comparison dif cult. This dif culty dagnot hold for the brightest cluster
galaxies (BCGs) which, due to their special location at thetie of the biggest halo in the
simulation, can be unambiguously identi ed both in the DMlan the GAS runs. In this

section, we will compare the BCG formation history in the tseis of runs used for our
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Figure 6.8: Satellite mass as a functionTgfi.y (as in the upper left panel of Figure 6.7), for
all Type-2 galaxies identi ed at = 3:4.

study.

For each of the simulated clusters used in our study, we grtst the full merger tree
of the nal BCG tracing back in time all its progenitors aneihhistories. In Figure 6.9, we
show as dotted lines the total stellar mass contained inype-U progenitors of the BCG.
This mass traces, for most of the time, the stellar mass ofnthie progenitor of the BCG.
At very early times, it also includes the stellar mass of otentral galaxies that belong to
the tree of the BCG and that are accreted onto the clusteratd#ter times (see Figure 1
of De Lucia & Blaizot 2007). We also show the integral of thargormation rate (SFR) in
all the Type-0 progenitors for the DM runs (solid black linesd for the GAS runs (dot-
dashed red lines). The difference between the nal stellassrand the integral of the SFR
is due to stellar mass losgedn all the simulations used in this study, the integral af th
SFR is constant over the last 10 Gyrs, suggesting that &l g8tat end up in the nal BCGs
where already formed at' 2, in agreement with ndings by De Lucia & Blaizot (2007).
Figure 6.9 also shows that the BCGs in the GAS runs are sysitaiyamore massive than
their counter-parts in the DM runs, con rming the visual irapsion from Figure 6.2. This
difference amounts to a few per cent in the g72 simulatiowdldeft panel), but it reaches
values larger tha@5 per cent of the nal stellar mass for the g51 simulation (uppght
panel). The difference is established at high redshiftinduthe formation of the bulk of the
stars that end up in the nal BCGs (i.e. the rising part of theves showing the integral of
the SFR).

We have veri ed that this difference is sometimes due to orasgive satellite galaxy

2We recall that we adopt an instantaneous recycling appratiém and that, for the adopted IMF, the
recycled fraction is 0.3
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which merges with the main progenitor of the BCG witlzir O in the GAS run, while it
gets a longer time-scale for merging in the DM run. This cawclbarly seen in the case of
the g51 cluster (upper right panel of Figure 6.9), where ¢tedotted line shows an increase
of abouts 10'h M in stellar mass due to a single merging event at a lookbaak ¢im

1:5 Gyr. Note that this behaviour is opposite to the statistieald that we have observed
in section 6.3.3, where Type-2 galaxies in the GAS runs waued to have longer merging
times.

In order to understand in detail this difference, we shovhmleft panel of Figure 6.10
the orbit of the sub-halo originating this Type-2 galaxyfdse its merging with the g51
cluster. Black diamonds show the orbit from the DM run, windd lled circles correspond
to the orbit from the GAS run. The positions of the sub-haiaitially very similar in the
two runs. As it approaches the high-density environmenhefduster, it is slowed down
by ram—pressure. The right panel of Figure 6.10 shows thiigon of the cluster-centric
distance of the sub-halo. The gure shows that the perigeaind apocentric passages in
the GAS runs take place at a larger distance in the GAS runregipect to the DM run at a
lookback time of about 9.3 Gyr, and at a smaller distance@tledack time of about 8.9 Gyr.
The sub-halo has then a more circular orbit in the GAS run g¢ePuchwein et al., 2005).
Besides modifying the shape of the orbit and the timing ofrtteeging, ram—pressure also
makes the substructure more fragile. Indeed, this subibaés its identity 8.6 Gyr ago in
the GAS run, at a cluster-centric distance of alib8h Mpc. In the DM run, the same sub-
halo loses its identity about 8.3 Gyr ago, at a cluster-tedistance of aboud:4h Mpc.
Since the residual merging time assigned to the galaxy &eit$re is proportional to the
square of this distance (see Eq. 6.1), the resulting metgmgin the GAS run is more than
40 per cent shorter than in the DM run, and the sub-halo desspabout 0.3 Gyr earlier.
The merging occurs beforz = 0 in the GAS run, and causes the sudden increase of the
stellar mass of the BCG visible in the top right panel of Feg@r9.

We recall that the upper right panel of Figure 6.7 shows thextetis no signi cant differ-
ence, in terms of distance from the accreting halo, betwleedM and GAS runs. This is
in apparent contradiction with the above example. That egwas, however, obtained for all
the Type-2 galaxies identi ed & = 1, irrespective of their mass. In Figure 6.11, we repeat
the same plot but considering only Type-2 galaxies witHatehasses larger thd'* M
These massive satellites belong to sub-haloes that losedéetity at systematically smaller
distances in the GAS runs, like in the example illustrate&igure 6.10. This example is
then not just a statistical uctuation, but rather the résfi more general trend for massive
Type-2 satellites whose number is, however, quite low.

Finally, we note that the difference between the mass of B&8in the DM and GAS
runs is due mainly to a different number of progenitors, eatihhan to a difference in their
intrinsic star formation rate. This is illustrated in Figu8.12 which shows the amount of
stars formed "in situ' in the main progenitor of the BCG (ddflack and dot-dashed red
lines), and the total stellar mass in the main progenitonaehéime (dotted lines). The stars
formed in the main progenitor make up only a small fractidoo{@ one tenth) of the nal
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Figure 6.9: Evolution of the Type-0 progenitors of the BC@ tfze four simulated clusters
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Figure 6.10: Left panel: comparison between the trajeesanf a sub-halo merging with the
g51 cluster, projected on the-y plane. Open black diamonds are for the DM run, while
lled red circles are for the GAS run. At each redshift, theoodinates of the merging sub-
halo are computed with respect to the cluster centre at thhresmonding redshift. The big
black circle shows the centre of the cluster at each snapahdtits radius is equal to the
corresponding value af,qo at the last snapshot in which the sub-halo was identi ed & th
DM run. Right panel: evolution of the cluster—centric dista of the same sub-halo in the
DM (black solid line) and GAS (red dot-dashed line) run.
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Figure 6.11: Same as for the upper right panel of Figure @7 pbly for Type-2 galaxies

with stellar masses larger thag*! M
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Figure 6.12: Total mass in the main progenitor of the BCG efdluster g8 (dotted lines) for
the DM (black) and GAS (red) runs. The black solid line andréek dot-dashed line show
the integral of the SFR in the main progenitor of the BCG.

stellar mass in the BCG, and most of these stars are formativedy early (more than 10
Gyrs ago). This is in agreement with results by De Lucia & Bti(2007, see their Figure
4). The gure shows that the amount of stars formed "in ssutdomparable in the DM and
GAS runs while the total mass in the main progenitor of the B&€@e GAS run increases
more steeply than in the DM run, and reaches a nal value thabout 1.3 times larger.

6.4 SUMMARY AND DISCUSSION

In this Chapter we have used numerical simulations to aaahgsv the presence of non—
radiative gas dynamics affects the predictions of semiyéinanodels of galaxy formation
for the properties of cluster galaxies. The main resultsusfwork can be summarised as
follows.

[ 1] The stellar mass function of galaxies from DM-only runs igjuite good agreement
with that obtained from non—radiative hydrodynamical ruRsis result is a combina-
tion of two different and opposite effects.

Due to a reduced number of sub-haloes in the GAS runs (seeeFigll), these
simulations result in a galaxy population with a reduced bernof Type-0 and
Type-1 galaxies (i.e. central galaxies of a halo, eithemtiaén halo or a proper
substructure).

Due to a systematic increase of the residual merging timggraed to Type-
2 galaxies (those associated with haloes disrupted belewetolution limit of
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the simulation), the cluster galaxy population in the GABsrgontains a larger
number of Type-2 galaxies than the DM runs.

[2] The longer merging times assigned on average to Type-2 igalax the GAS runs

[3]

[4]

are due to ram—pressure stripping, which removes gas frenm#érging sub-haloes
and makes them more fragile. The effect of ram—pressure 1s mgportant at lower
redshift, when the cluster has already assembled in a dotnstraicture with a high—
pressure atmosphere that can ef ciently remove gas frorstsudtures. When consid-
ering the entire satellite population, we nd a systemaiftedence between the DM
and GAS runs in the sense that merging substructures anméesssve in the runs with
gas. This trend, however, is reversed when concentratitigggpmost massive satellites
(see item 4 below).

Type-2 galaxies dominate the radial density pro le of cergjalaxies particularly in
the inner regions, in agreement with results by Gao et ab4Bp Galaxies associated
with distinct dark matter substructures (Type-1 galaxed)ibit a atter distribution
and their contribution to the inner regions of galaxy clusis negligible. We did not
nd any signi cant difference, in terms of spatial distriban, between the DM and
the GAS runs.

Although a statistical comparison between galaxy popatatifrom the two sets of
runs results in a quite nice agreement, a one-to-one cosapehor the brightest central
galaxies shows that these galaxies tend to have largearstedisses in runs with gas.
The difference varies from cluster to cluster and it is gathedue to single merging

events of relatively massive satellites which get assidoeer merging times in the

GAS runs (see the example shown in Figure 6.10). The nakd#ince in stellar mass
is then due primarily to a different accretion history ofedte galaxies in the two

sets of runs, and not to intrinsic differences in the stam@tion rates in the main

progenitor.

Our results demonstrate that predictions of semi-anatytidels of galaxy formation are
not signi cantly affected when non-radiative hydrodynamsimulations are used to construct
the halo merger trees which provide the skeleton of the mold@k statement is, however,
correct only in a statistical sense. The presence of thenglages signi cant differences in
the timing of the halo mergers, and affects signi cantly theo orbits making them more
circular, on average. Although these effects might be egtimated in our non—radiative

runs,

our results suggest that an accurate treatment ofmgdrmes is crucial for predicted

quantities like the mass accretion history of model brighttuster galaxies. As sub-haloes
are fragile systems that are rapidly reduced below the wésallimit of the simulation (De
Lucia et al., 2004a; Gao et al., 2004c), the treatment oflgatenergers in semi-analytic
models requires the use of analytic formulations (e.g. than@rasekhar formula). Recent
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work (Boylan-Kolchin et al., 2008; Jiang et al., 2008) hasvgh the limits of the formula-
tion usually adopted in semi-analytic models. This recemtkwhowever, does not provide
consistent alternative formulations. Additional work lietefore needed in order to obtain
a more realistic and detailed description of the merginggss, which represents a crucial
ingredient of semi-analytic models of galaxy formation.
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CHAPTER 7

SPH AND SEMI-ANALYTIC
MODELING OF CLUSTER GALAXIES

In this Chapter we compare predictions on the cluster gafeopulation from simpli ed
version of the semi-analytic code used also in the previdwep@r and of a Tree-SPH sim-
ulation based on th6 ADGET-2code. Both techniques include only gravitational dynamics
gas cooling and star formation. No other physical procesgs @ellar evolution, chemical
enrichment or any energy feedback source) has been talkeeagobunt. Following a simi-
lar approach, Helly et al. (2003) have compared predictaire stripped-down version of
a semi-analytic model with an SPH simulation which includety cooling (see also Ben-
son et al., 2001), with the only difference that they haveasegvolving metalicity for the
gas particles in the simulation. In the semi-analytic mdtlely have arti cially increased
the cooling time in haloes with less than 32 particles to mithe underestimate of the gas
density, and therefore of the cooling ef ciency, in theséoka. Galaxies in the SAM were
matched to simulated galaxies selecting the SPH galaxasctntain the majority of the
gas particles of the original halo in which the SAM galaxynh@d. They found a quite good
agreement, with SAM galaxies having a larger stellar madis mespect to their simulation
counterpart by abou25% excluding the most massive galaxies. For the satellitexged
they found a similar trend, but a larger scatter. Yoshidd.e2®02) analysed @ADGET-2
simulation of a galaxy cluster and compared it with preditsi of a stripped-down version of
a semi-analytic model. They concluded that the predictesbrobgalaxies are in good agree-
ment, even if the scatter in the relation is large, in paléictor satellite galaxies. They also
found an excess of SAM galaxies which did not have a countenmpghe SPH simulation.
Cattaneo et al. (2007) included in their comparison alsofgtenation. A minimal feedback
due to thermal heating of SN explosions was also includduasimulation. They analysed a
cosmological box containing a most massive halo& 10*h *M and found a general
good agreement, expecially on the prediction of the bagystellar plus gas) component.
Similar to other authors they found an excess of galaxidsarstripped-down version of the
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semi-analytic model compared to the simulation. None ofah@ve mentioned studies has
taken into account substructures within the SAM adoptethibwork we want to further in-
vestigate the predictions of semi-analytic models and SRidlations on the cluster galaxy
population. The simulated cluster used here is a versioneof)51 cluster already described
in Chapters 4 and 6, which included only gas cooling and algirsfar formation scheme
(Section 7.1). We run the stripped-down version of a seraiydic model using the merger
trees based on the simulation itself. In this way we can coenpamerical predictions of the
same galactic population, as we will describe later in tié t€he plan of the Chapter is as
follows. In Sec. 7.1 we describe the cluster simulation usdtis study, while in Sec. 7.2
we provide a brief description of the adopted SAM. In Sec.we3resent the results of our
analysis regarding the comparison on the whole clustexgadapulation, while in Sec. 7.4
we focus on a detailed comparison on a sample of galaxiedwiaice been matched in the
SAM and SPH simulation. We will discuss our conclusions intea 7.5.

7.1 THE SIMULATION

The simulation was carried out using the TreePM-SPH G#%@GET-2(Springel, 2005) and
includes only gravitational dynamics, gas cooling and goggnscheme of star formation. All
the gas particles colder tha6® K and denser tha#s 10 2’ g cm 2 (corresponding toy =
0:1 cm 2 for a gas of primordial composition) are immediately turret star particles,
which undergo only gravitational dynamics and are not #ffigahe hydrodynamical part of
the computation. The Plummer—equivalent softening lefmthhe gravitational force was
setto =5h kpcin physical units fronz = 5 to z = 0, while at higher redshifts it was
setto = 30h kpcin comoving units. The smallest value assumed for the sniogpth
length of the SPH kernel was half the gravitational softgniSimulation data were stored
in 93 outputs that are approximately logarithmically egaised in time downta 1, and
approximately linearly equispaced in time thereafter. FEsimulation output was analysed
in order to construct merger trees of all identi ed sub-lesl@s described in Chapter 6. In
this Chapter, we will refer to all quantities related to tiation with the label SPH. We
identify as “bona de” galaxies only those SUBFIND—groupsntaining at least 20 DM
particles.

7.2 THE SEMI-ANALYTIC MODEL

We have used a stripped-down modi cation of the semi-amalytodel described by De
Lucia & Blaizot (2007) and which has been used and describeatie previous Chapter.
We recall that the semi-analytic model we employ builds ugi@methodology originally
introduced by Kauffmann et al. (1999b), Springel et al. (P0énd De Lucia et al. (2004b).
We have turned off all the physical processes with the exzepf the gas cooling and of the
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Table 7.1: Characteristics of the analysed cluster useHdisnstudy withinr,q atz = 0.
Column 1: name of the run; Column 2: number of identi ed gadax Column 3: total stellar
massM in units of108h *M ; Column 4: total gas masd g, in units of108h * M ;
Column 5: total star formation rate (SFR) in unitsld@® M yr 1. In the last row we show
values for the Type-0 and Type-1 SAM galaxy population only.

Run name Nga M Mgas SFR
SPH 442 5.3 9.2 0.5
SAM 2497 6.1 8.4 2.2

SAM (Types 0-1) 299 4.3 83 2.1

star formation, in order to have a fair comparison betweerdirect simulation predictions
and the semi-analytic model predictions.

In this Chapter we will refer to all predictions from the seamalytic model with the
label SAM.

In Table 7.1, we list the number of identi ed galaxiB,, the total stellar mash! , the
total gas masM 4,5 and the total star formation ragF R within r,qo of the cluster as pre-
dicted by the SPH simulation and by the SAM. Moreover, in @ Fow of Table 7.1, we
list the same quantities for the SAM Type-0 and Type-1 galaogulation only.

As an example of the different predictions of SPH and SAM fa build-up of galaxies,
we show in Figure 7.1 a typical merger tree of a syntheticgalore in detail it represent
the merger tree of the fourth most massive galaxy in the SRidlation atz = 0 within r ygo.
We show the merger tree of the SAM galaxy in the upper panetlamdnerger tree of the
SPH galaxy in the lower panel. The size of the symbols is ptapwal to the square root of
the galaxy stellar mass, and colours are a representatithe afalaxy Type. We recall that
by de nition, in the SPH simulation a Type-2 galaxy poputatidoes not exist. Final stellar
mass of the SAM galaxy M 1.5 10“%h M , which is about three times larger
than the nal stellar mass of the corresponding SPH galaxyH $nerger trees of haloes
are computed as described in the previous Chapter. Acaydill galaxies which lie in a
merger tree are progenitors of the resulting galaxy at iédsk 0. This is not the case for
SAM galaxies. We recall the reader that whenever a substeiaterge at a lookback time
Tinit » the associated SAM galaxy will survive and keep its idgrfor a time Tpege COM-
puted following Eq. (6.1). Therefore, in the case thatge is larger tharili,;; , the resulting
Type-2 galaxy will not appear as a progenitor of the mainxgatsf the tree. The net result
is that merger trees of SPH galaxies have a much larger nuohbeanchescorresponding
to a larger number of progenitors, than SAM galaxies.

We note that in the SAM merger tree, galaxies increase thaias mass mostly while
they are Type-0 central galaxies and the gas is allowed tatregl cools toward their centre to
form stars. Satellite Type-1 and Type-2 galaxies can is@daeir stellar mass basically only
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via merging, and do not decrease their stellar mass. Thistithe case for SPH galaxies.
When a Type-0 galaxy enters the FOF group of another lardestsicture and become a
Type-1 satellite galaxy, it starts to loose its stellar mags to tidal interactions with the
main galaxy and deposits part of its stellar mass in the fdrthendiffuse stellar component
of the Type-0 central galaxy. Therefore, by the time thastitellite galaxy merges, its stellar
mass is signi cantly lower than before entering in the maatoh We will discuss more in
detail this effect in Sections 7.3 and 7.4..

Figure 7.2 shows the stellar mass density of the clusterenStAH simulation within
a box of sidelQr,oo (upper panels) and in a zoomed region of siig), (lower panels).
Superposed on these maps we show the position of the iddngiedaxies in the SPH run
(left panels) and in the SAM run (right panel) with stellarsadarger thari0'*h 1 M
with larger radii corresponding to larger masses . Diffei@iours are used for different
galaxy types: red for Type-0, black for Type-1, and greenfigre-2 galaxies. Upper panels
highlight the higher stellar mass of the BCG in the SPH sitnatacompared to the SAM
BCG. Furthermore the fraction of massive Type-0 galaxidarger radii from the cluster
centre is higher in the SPH simulation. A Type-2 galaxy papah with signi catively
large mass is present in the central cluster region in the $4M Lower panels show how
more massive galaxies tend to populate central regionsedgltister, with a higher number
of Type-1 massive galaxies in the SAM run than in the SPH satman, as a result of the loss
of stellar mass due to tidal interaction affecting SPH $itejalaxies.

7.3 COMPARING PREDICTIONS ON THE GALAXY POP-
ULATION

In this Section we will compare the properties of the galagpydation directly predicted
by the SPH simulation with those predicted by the SAM. Mordetail we will statistically
compare the radial density distribution and the mass fanatif the synthetic galaxy pop-
ulations, while we will also present a one-to-one comparigbsame galaxies the next
Section.

7.3.1. Radial distribution of galaxies

We show in Figure 7.3 the computed radial density of galaliesti ed atz = O within 5r g9

of the analysed cluster used in our study. Solid black liteswsthe radial density of galax-
ies directly identi ed in the SPH simulation, while dashédtted red lines show the SAM
predictions. The dashed green line in each panel shows ttienrdansity pro le normalised
to match the radial density of SAM galaxies in the inner ragiof the cluster. The three
panels show separately the radial density of the whole gadapulation (upper panel), of
the Type-2 satellite galaxy population (lower left panat)d of the Type-0 and Type-1 satel-
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Figure 7.1: Example of a merger tree of the fourth most massivstellar mass galaxy
found in the simulation withinr,go. Upper panel shows the merger tree of the synthetic
galaxy as computed in the SAM. Lower panel shows the mergerdf the same galaxy as
results directly from the simulation. Size of circles arepgmrtional to square root of the
galaxy stellar mass. Different colours are used for difiegalaxy types. Black is for Type-

0 central galaxies, green for Type-1 satellite galaxiesraddfor Type-2 satellite galaxies.
Final stellar mass of this galaxy is shown in the upper lefheoof each panel.
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Figure 7.2: Stellar density map of a box placed at the cerittbeoanalysed cluster and of
size 10r,00 (Upper panels) andr oo (lower panels). Positions are in comoving units. The
positions of all galaxies with stellar mass larger th@hth * M are marked by circles with
larger radii corresponding to larger stellar mass as coetpunt the simulation (left panels)
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Type-0, black for Type-1, and green for Type-2 galaxies.
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lite galaxies (lower right panel). We note that the SPH and/IS#edicted distribution of
the global galaxy population differ signi cantly in the ienregions of the clusters where the
Type-2 galaxy population becomes dominant in the SAM. Tk&itution of SAM galaxies
closely follows the matter pro le. Quite interestingly wete that in the inner regions of
the cluster the number of Type-1 SPH satellite galaxiesgbér than the number of Type-1
satellite galaxies in the SAM run, as reported in Table 7.4isTs quite surprising, as the
dynamics of these galaxies in the SAM run is the same as inRiier8n. We have checked
that these SPH galaxies which do not have a counterpart iSA run are galaxies for
which the code used to build the merger trees has "failedétonstruct the correct history
of galaxies. In practice, to minimise errors due to numéncése, whenever the code does
not nd the descendent of a halo between two contiguous $rwpsit is allowed to nd the
descendent (if it exists) at a maximum "distance” of two stets. This population of SPH
galaxies which do not have a SAM counterpart is formed byxgasavhich lie in haloes that
during their history have not been identi ed for a number oftiguous snapshots, larger
or equal than three. As a result, these galaxies "disap@¢a@dme point in the merger tree
and "appear” as new ones later on. The adopted SAM assunteslitti@e radiative cool-
ing is feeding the central Type-0 galaxy. This implies thmathe case that these galaxies
appear directly as new Type-1 satellite galaxies, the SAddliots a null cold gas reservoir
and therefore a null stellar mass. However, placed at the gmsition of this SPH Type-1
galaxy population which does not have a SAM counterpart, ne Type-2 galaxies in the
SAM run, which are the orphan galaxies of the erroneouslyppisared galaxies in the SPH
simulation.

7.3.2. Mass function of galaxies

We show in Figure 7.4 the stellar mass function of galaxiesticed atz = 0 within 1:5r 5q0.
We have plotted separately the mass functions of the whédegpopulation (upper panels),
of the Type-2 satellite galaxy population (central paneds)d of the Type-0 and Type-1
satellite galaxies (lower panels). Differential and cuative mass functions are shown in
left and right panels respectively. Upper panels of Fig.efmphasise the larger stellar mass
associated to the SPH BCG compare to the SAM BCG. Number akigas in the SAM run
are about a factor of ve larger than SPH simulation predics (see Table 7.1). The drop
in the SPH mass function at a masshdf 10°h M is due the resolution limit of
our simulation. The majority of galaxies in the SAM predicts within1:5r,o, are Type-2
galaxies. Lower panels show that the total number of Typatéllge galaxies is larger in
the SPH run than in the SAM run as described in the previousesation. We note that the
high mass end of the stellar mass function of galaxies predlics higher in the SAM run
than in the SPH run. This is, as already mentioned, not truth®oBCGs. Indeed the BCG
in the SPH run has a stellar mass which is almost double tte8AM BCG. We will show
in the next subsections how these differences can be egglainleast partially in terms of
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Figure 7.3: Radial density of galaxies identi edat= 0 and within5r,o, of the analysed

cluster used in our study. Solid black lines show the raddalsity of galaxies directly identi-
ed in the simulation, while dashed-dotted red lines shoe/ 8AM predictions. The dashed
green line in each panel shows the density pro le of matternralised to match the radial
density of SAM galaxies in the inner regions of the clustehe Three panels show sepa-
rately the radial density of the whole galaxy populationgeippanel), of the Type-2 satellite
galaxy population (lower left panel), and of the Type-0 aggé&-1 satellite galaxies (lower

right panel).
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tidal stripping of stellar mass from the SPH Type-1 satetlidlaxies which increase the SPH
BCG stellar mass in the form of diffuse stellar componentiart@érms of star formation in
sub-resolved haloes.

7.4 COMPARING PREDICTIONS ON SINGLE GALAXIES

The dynamics of central galaxies and satellite Type-1 gadar the semi-analytic model are
based on the merger trees computed directly from the SPHAsIA.result, we can identify
same galaxiet the two runs as the galaxies which have the same positioheth SAM
and SPH galaxy catalogues. In this Section we will compaggtbperties of same galaxies
as predicted by the SAM and the SPH simulations.

7.4.1. General behaviour

As already mentioned, we de ne a sample of galaxies fromwloahodels which includes all
the galaxies at = 0 which have the same coordinates in the two runs. This samgliedes
all the central Type-0 galaxies and all the satellite Typgalaxies, with the exception of
those Type-1 satellite galaxies in the SPH run which do neé lzacounterpart in the SAM
run, as described in Section 7.3. In Figure 7.5 we show thksteass of these galaxies at
z = 0 as predicted by the SAM (y axis) and by the direct SPH simuihafk axis). Type-
0 central galaxies are shown as black crosses, while Tyeelliee galaxies are shown as
red diamonds. The cyan continuous line represents themoed correspondence. Different
panels show different radial bins, with the cluster-cerdistance of galaxies increasing from
the left top panel to the right bottom panel. We note that eitinermost part of the cluster
(upper left panel), corresponding to galaxies at a distangaler tharD:25r 5o, there is only
one Type-0 central galaxy, which is the BCG itself, and 15€eF]psatellite galaxies. The
only galaxy lying below the cyan line and thus having a lagellar mass predicted by the
SPH simulation is the BCG. For all the Type-1 satellite gedaxthe stellar mass predicted by
the SAM is larger than the one predicted by the SPH simulat@m by more than one order
of magnitude. In the upper right panel we show all the galawikich have a cluster-centric
distance in the rang@&25 < r=r 5o < 0:5. In this bin there are no Type-0 central galaxies.
We note that Type-1 satellite galaxies tend to have a largegsnm the SAM run than in
the SPH run. As the cluster-centric distance increase wetstand other central Type-0
galaxy. We note that, generally, Type-0 central galaxies t® have a larger stellar mass
than predicted by the SPH simulation, while Type-1 satelidlaxies tend to have a larger
stellar mass predicted by the SAM. The disagreement betwastellar masses ofame
galaxiesas predicted by the SAM and by the SPH simulation can be ldrger an order
of magnitude and the scatter around the one-to-one redtipiis increasing at lower stellar
masses. We further note that the disagreement betweearstaelsses of SAM and SPH
Type-1 satellite galaxies is lower at larger radii, where éfffect of tidal stripping becomes
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Figure 7.4: Differential (left panels) and cumulative (right panellar mass functions for all galaxies
within 1:5r,00 atz = 0 in the analysed simulated cluster as predicted by the SPHla&iion (black contin-
uous lines) and by the SAM (red dashed lines). We show sepaithe stellar mass functions of the whole
galaxy population (upper panels), of the Type-2 satell#iagy population (central panels) and the Type-0 and
Type-1 galaxies (lower panels). SAM galaxies with a stetiass lower thad0®h * M  are shown in the
10°h 1M  bin
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less important. We recall that, however, tidal strippingtair particles from satellite galaxies
Is not the main process of formation of the diffuse stellanponent. Indeed, Murante et al.
(2007), showed that the main contribution to the diffuséateomponent is due to violent
relaxation processes related to mergers in the formati®@Cs3s.

7.4.2. Evolution of galaxies

In the previous subsection we have shown that the direct SRtdation generally predicts
a larger stellar mass for the central Type-0 galaxies thathfr counterparts in the SAM
run. We now discuss more in detail this effect. In Figure 7é6skiow the evolution of the
BCG as predicted by the direct SPH simulation (black lines) by the SAM (red lines).
More in detail in the upper left panel we show the number ofyprotors as a function of
the lookback time for the two techniques. As explained ats8ection 7.2, the number of
progenitors per galaxy in the SPH run is larger than in the SAM This difference is due to
the Type-2 galaxy population, which maintain its identitythe SAM run. This population
of galaxies instead does not exist in the simulations. W\&ma substructure merge in
the simulation, the associated galaxy will merge as wellusTthe number of progenitors
is higher in simulated galaxies. Furthermore the merging (de derivative of the curve)
predicted by in the SAM and SPH runs looks quite differentdeled, the merging rate is
almost linear along the whole galaxy history in the SAM rumile/in the SPH simulation
presents a phase of fast merging activity before a lookhawk of 7 Gyrs, followed by
a plateau which lasts between roughly 7 and 2 Gyrs ago, amdahether phase of high
merging rate in the last 2 Gyrs. The upper right panel showstidéwr formation history of the
BCG progenitors as a function of the lookback time. Cledhg predicted star formation
history in the SPH and in the SAM simulated galaxies diffedsta The SPH BCG has
an initial burst of star formation placed at a lookback tinfe 0 12 Gyrs followed by a
sharp decline which creates most of its stellar mass. Afteokback time of 7 Gyrs
the star formation rate associated to the BCG progenitoreughly constant at a value
of 400M yr 'until z = 0. The predicted star formation history of the SAM BCG
looks quite different. It remains roughly constant along whole history of the galaxy at a
mean value 02000 3000M yr 1. Our explanation of this striking difference resides in
the treatment of the cooling assumed in the semi-analytidalndn the SAM the adopted
cooling model used is based on White & Frenk (1991), as desgin subsection 3.4.1. The
gas that falls into the potential well of a dark matter halalisassumed to be heated by
shocks, attaining the halo virial temperature, and therdsctmovard the centre of the main
halo. A model of the cold accretion mode have been also imghed in the adopted SAM.
Whenever the computed cooling radius of a halo is largeritsapgo, the SAM assumes that
all the gas instantaneously cools toward the centre of tlexgaThis implementation is not
able to describe the cold accretion mode occurring in the SRidlated BCG at early ages.
Filaments of cold gas penetrate the virial radius and dirdet the central galaxy without
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Figure 7.5: Comparison between the galaxy stellar massgedited by the SPH simula-
tions (x axis) and by the SAM (y axis) at redshift O in different radial bins. Each symbol
represent a galaxy which has the same position in both asallgas it is considered aame
galaxy The cyan continuous line represent the one to one corréspoe. Black crosses
are Type-0 central galaxies and red diamonds are Type-lliteeg@laxies.
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being heated to the virial temperature (Dekel et al. 2008 raferences therein). In the
adopted star formation scheme of the simulation, this caklrgservoir is instantaneously
turned into stars. As a result, all the low entropy gas is edrd into stars in a very ef cient
way, and the burst of star formation rate last for a short ti@eite interestingly, even if the
predicted star formation histories of BCG galaxies diffgstematically, the integral of the
star formation rates along the history of the two simulatelduges is almost identical. In
other words the nal stellar mass predicted by this two stanfation histories is roughly the
same. This can be seen by comparing the dashed-dotted ima¢sPH) and the continuous
red line (SAM) of the lower right panel of Fig. 7.6 which shohetintegral of the star
formation history shown in the lower left panel of the sameirg. We note that by = 0
both lines converge to a value of 22 2:310°h 'M . A naive expectation would
therefore be that the nal stellar mass of BCGs agree in tleertumerical predictions. This
instead is not the case, as already shown in Fig. 7.4 and bWwerleft panel of Fig. 7.6
shows the accretion history of the BCG progenitors. Steflass of the SAM BCG linearly
increase, consistently with a constant star formation vateretion history of the SPH BCG
can be divided in two different phases. There is rst regiméhva sharp increase of the
stellar mass at lookback times greater than 8 Gyrs, consigiigh the initial burst of star
formation. Then a second regime takes place for lookbacggitower than roughly 6 Gyrs
in which the stellar mass restart to increase almost ligeahinost doubling the nal BCG
stellar mass. We show again in the lower right panel the docréistory of the progenitors
of the BCGs superimposed with the integral of the star folomatate plotted in the upper
right panel. We note the the stellar mass of the SAM BCG agregswell with the integral
of the star formation rate, meaning the all the stellar mass@ated to the BCG at= 0 was
formed in the BCG progenitors. This is not the case in the SEI&PBwvhere the integral of
the star formation rate of the BCG progenitors is respoaditn about only half of the nal
stellar mass. In other words, only about half of the nal lstemass of the BCG was formed
in its progenitors. A possible contribution to the amountlu$ stellar component could
arise fromdiffusestar formation occurring inside unresolved galaxies, Whvdl eventually
merge with the BCG by redshiit = 0 (as described in Chapter 5). The associated SFR
of each SPH galaxy at each snapshot was computed as thertatahtof stellar particles
belonging to the galaxy with a formation time lower than thevous snapshot and divided
by the time interval of the snapshots. As these galaxiesoanedily unresolved, they do not
appear in the BCG merger tree, in the case that their formaioutside the FOF group of
the main halo. Thus their contribution was not taken intaaaot in the computation of the
star formation history. Nevertheless their stellar magsesent and considered once merged
with a resolved galaxy.

Another more likely explanation for the origin of a stellaneponent which is associated
to the central BCG and has not been formed into its progendan resides in stellar parti-
cles which have been formed into other satellite galaxiesthan tidally stripped to form
the diffuse intra-cluster light. We know that a diffuse Etelcomponent, whiclSUBFIND
is not able to separate from the truly BCG stellar mass (se©€h 3), is associated to the
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formation of central cluster galaxies (see Murante et al.728nd references therein).

Figure 7.7 shows the evolution of the fourth most massivebgafound in the SPH
simulation atz = 0 within r,oq as predicted by the direct SPH simulation and by the SAM.
Merger trees of these galaxies were shown in Fig. 7.1. Agtesxy retains its dark matter
halo untilz = 0, its dynamics is described in the same way in the two modejgpeuleft
panel shows the distance between the main progenitor ofalaygand the centre of the
cluster as a function of the lookback time. It shows how thelb#e galaxy is crossing,qo
(computed at each time) of the cluster around 1.5 Gyrs agoeauhes a minimum cluster-
centric distance of 0:2r,o by z = 0. Dashed blue vertical line is placed at the lookback
time corresponding to the transition between Type-0 anaTlygalaxy of the galaxy main
progenitor. This is the time at which the galaxy is enterimghie cluster FOF group, and is
roughly placed at the crossing time of the virial radius. Elppght panel shows again the
difference in number of progenitors predicted by the SPHutation and by the SAM, as
explained in previous sections. The dip in the number of @nitgrs which is visible for
example at a lookback time of 9 Gyrs in the SAM run is due to numerical noise. Indeed,
if a structure is not identi ed in a snapshot but appears badke following one, the code
used for building the merger trees is able to link the twodtires and skip the snapshot
where the halo is missing. The merging rate of galaxies ptediby the two techniques is
more similar here than the one found for the BCG shown in Fig. [hdeed both predictions
exhibit an almost constant merging rate over the last 11 .Ggtar formation histories for
the two simulated galaxies are shown in the lower right paGailarly to the BCG, the
SPH galaxy shows a high redshift burst of star formationficdtewed by a plateau, while its
SAM counterpart shows a more constant star formation hyis@uite interestingly the SPH
simulated galaxy shows an increase in the SFR after rougkelyite in which the galaxy
has crossed,qy. Overall, star formation histories predicted by SPH and Sdib&gree less
for this galaxy than for the BCG. Lower right panel shows agdie integral of the star
formation history (continuous red line for the SAM run andlded-dotted black line for the
SPH run) superimposed with the accretion history of steflass (dotted red for the SAM
run and dotted black for the SPH run) of the galaxy progesitofrhe sharp and narrow
changes in the accretion history curves are due to numericsd as described for the upper
right panel. As for the BCG, the accretion history of the SAKRlaxy closely follows the
integral of the star formation history, meaning that all shellar mass of the galaxy at= 0
has been formed in the galaxy's progenitors. The behavibtimeoSPH galaxy is instead
more complicated, and can be divided in two different re@gme

As long as the main progenitor of the galaxy is a central T9yp#s stellar mass is
larger than the integral of the star formation history by &lidb% Indeed the galaxy
is a Type-0 central galaxy. Thus it will have its own satellgalaxies, which will
deposit their stellar mass as its own diffuse stellar corepbdue to tidal stripping of
star particles leading to a larger mass in stars.
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Figure 7.6: We show in this Figure the evolution of the BCG lu# inalysed cluster as
predicted by the SPH simulation (continuous black lines)lanthe SAM (dashed red lines).
Upper right panel:The number of identi ed galaxies which will eventually mergith the
BCG by redshiftz = 0 as a function of the lookback timélpper left panel:The total star
formation rate in the identi ed progenitors of the BCG atshidtz = 0 as a function of the
lookback time.Lower right panel:The total stellar mass in the identi ed progenitors of the
BCG at redshifz = 0 as a function of the lookback timé&ower left panel:A comparison
between the total stellar mass (dashed-dotted (SPH) artthaouos (SAM) lines) and the
integral of the star formation rate (dotted lines) in thenided progenitors of the BCG at
redshiftz = 0 as a function of the lookback time.
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As the galaxy crosses the virial radius and becomes a sat&jlpe-1 galaxy which
approaches the centre of the cluster, it starts to looskistehss. We have checked
that the loss of stellar mass in the second regime is consisfiéh tidal stripping of
star particles due to the cluster potential well, which go ithe diffuse intra-cluster
component.

7.4.3. Effect of the environment

In this subsection we study the effect of the environmentheumerical prediction of the
direct SPH simulation and of the SAM on two different galaxia Type-0 central galaxy
and a Type-1 satellite galaxy. We choose two galaxies witalanost identical stellar mass
predicted by the SAM at = 0 of about610*h 1 M . The evolution of the central Type-
0 galaxies is shown in the left panels of Figure 7.8 and 7.9lendn the right panels is
shown the evolution of the satellite Type-1 galaxy. Siniido Figure 7.7, dashed blue
vertical line is placed at the lookback time correspondmghe transition between Type-0
and Type-1 galaxy of the galaxy main progenitor. More in di&tig. 7.8 shows the cluster-
centric distance of the galaxy main progenitor as a funasfdhe lookback time. The central
galaxy is found at redshit = O at a distance of 2:5r,q9 from the cluster centre, while
the satellite galaxy is crossing the cluster virial radiasghly at a lookback time of 9
Gyrs and byz = 0 have done already 6 orbits around the centre of the clustaraaperiod
of 2 Gyrs per orbit. We note that the pericentre and the apocesdrevell as the orbital
period, tend to decrease with the number of orbits as a resuite momentum loss due
to dynamical friction. The galaxy roughly reached its apdcebyz = 0 at a distance of
0:5r5090. Upper panels of Fig. 7.9 show the SPH simulation and SAMiptiea of the
star formation histories of the two analysed galaxies. We tizat the agreement between
SPH and SAM predictions on the star formation history of ¢higg galaxies is much better
than in the cases shown in Fig. 7.6 and 7.7, even if the stardtion history predicted by
the SPH simulation still exhibits a earlier, sharper anderintense burst of star formation
for both galaxies than for their SAM counterparts. A possiekplanation for the earlier
burst of star formation associated to SPH galaxies can alde in the different treatment
of star formation implemented in these two techniques. @me SPH simulation assumes
that all the gas colder and denser than a certain threshatthediately turned into stars,
star formation in the SAM occurs with a characteriscs timalescomputed as the dynamical
time of the galaxy disk. Both SPH and SAM runs predict a motense and sharper episode
of star formation at early times for the satellite galaxyrtiiar the central galaxy. Both SPH
and SAM Type-1 satellite galaxies do not predict any sigantstar formation activity after
entering in the cluster environment. On the contrary, a Inidigéclining star formation rate
is predicted for the Type-0 central galaxy urtil= 0. These two behaviours are closely
related: as we have chosen two galaxies with the same peddittllar mass &= 0 in the
SAM run, a longer star formation in the central galaxy ndtyienplies a more intense burst
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Figure 7.7: We show in this Figure the evolution of the fourtbst massive galaxy within
roo0 atz = 0 as predicted by the SPH simulation (continuous black liaesl) by the SAM
(dashed red lines). Merger trees of this galaxy were showiign 7.1Upper right panel:
Distance between the main progenitor of the studied galaxithe centre of the cluster
as a function of the lookback time in units of the correspogahbg, of the cluster at that
timeUpper left panel:The number of identi ed progenitors of the galaxy as a fumctof
the lookback timeLower left panelThe total star formation rate in the identi ed progenitors
of the galaxy as a function of the lookback timeawer right panel:A comparison between
the total stellar mass (dashed-dotted (SPH) and contini®Aisl) lines) and the integral of
the star formation rate (dotted lines) in the identi ed peagors of the galaxy as a function
of the lookback time. Dashed blue vertical line is placedhatibokback time corresponding
to the transition between Type-0 and Type-1 galaxy of thecxgamain progenitor.
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of star formation in the satellite galaxy. Lower panels af.F.9 show the accretion history
of stellar mass of the two galaxies superimposed with thegnail of star formation history,
as explained in Fig. 7.6 and 7.7. We note that the integrahefstar formation histories
as predicted by the SPH simulation and by the SAM are in reddgrgood agreement,
with the exception of the rst 2 Gyrs. Stellar mass accretion for the SPH central Type-0
galaxy follows quite well the integral of the star formatibistory until a lookback time of
2 Gyrs. Later the galaxy starts to increment its stellar naérs®st linearly due to accretion
of a stellar diffuse component via tidal stripping of startjdes from its satellites. As a
result, the nal stellar mass in the SAM run has a lower masstits counterpart in the
SPHrun by 30% AsinFig. 7.7, also the SPH Type-1 satellite galaxy has tifferént
regimes. In the rst 3 Gyrs its stellar mass is larger than the integral of its stamftion
history. Later there is sharp drop in the stellar mass aasstiwith the transition between
central Type-0 and satellite Type-1 galaxy, highlightedoy dashed blue vertical line. A
part for same numerical noise, the accretion history of #ielkte galaxy clearly exhibits
a rst faster decrease of stellar mass associated to theonisits and a smoother decrease
of stellar mass associated with the later orbits. Eventubil z = 0 the galaxy has lost

85% of its stellar mass. Furthermore the amounteftra” stellar mass in the form of
diffuse component associated to the SPH galaxy while it igpeT0 central galaxy, is larger
for the satellite galaxy shown in the right panels than fer¢antral galaxy shown in the left
panels. This fact, as well as the more intense and earlist béistar formation occurring
into the satellite galaxy, are consistent with a scenarnghich this galaxy forms in a denser
environment with a higher merging rate at higher redshiifgstthe central galaxy shown in
the left panels.

7.5 SUMMARY AND DISCUSSION

In this Chapter we have compared the cluster galaxy populgiredicted by an hydro-
dynamical cosmological simulation with the one predictgdalsemi-analytic code. Both
numerical predictions are based on stripped-down versbtige codes which include only
gas cooling and star formation. The main results of our warklee summarised as follows.

[1] The overall number of galaxies predicted by the SAM is mugjmér than the number
of galaxies predicted by the SPH-simulation. This is dueresence of a Type-2
galaxy population in the SAM which is not produced by the Sithlgation and which
dominate mainly the inner regions of the cluster. Quite gsimgly a larger number
of Type-1 satellite galaxies is predicted in the SPH run carag to the SAM run in
the central regions of the cluster. These satellite gataare a young population of
galaxies which spend all their life as satellite galaxies.sfich, radiative gas cooling
does not take place at the centre of these galaxies and rforsteation is predicted by
the SAM.
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Figure 7.8: We show in this Figure the evolution of the clustntric distance between the
main progenitor a central Type-0 galaxy (right panel) and shtellite Type-1 galaxy (left
panel) as a function of the lookback time in units of the cgpmdingr,qo Of the cluster at
that time. Both galaxies have a predicted stellar mags=a0 of 6 10"'h 'M in
the SAM run. The dashed vertical blue line is placed at thétipasof transition between
central Type-0 and satellite Type-1 of the main progenitahe galaxy.

[2]

[3]

[4]

We have found a general trend in the SPH central Type-0 gaddgibe more massive
than their counterpart in the SAM run. On the contrary, SAk&lite Type-1 galaxies
have associated a larger stellar mass than their SPH cpartteAs a result the stellar
mass of the BCG is larger in the SPH simulation than in the SANI oy about a
factor of two. A possible explanation for this behaviour d@nfound in the diffuse
stellar component lost by the satellite galaxies in favduhe central Type-0 galaxy
associated to tidal stripping of stellar material when tteltite galaxy approaches the
centre of the main halo. These two regimes of increasintastalass during the phase
of central galaxy and loss of stellar mass in the phase oflisagglaxy are present in
all the analysed galaxies. While this mechanism arisesais#H simulation, it is not
included in the SAM description.

Star formation history of galaxies predicted by SPH and SAkUeis are in good
agreement in lower dense environment, while the discrgpaimceases in galaxies
lying in deeper potential wells. We argue that the differeattment of cooling is
responsible for this behaviour. In particular the cold aton mode implemented
in the SAM is not able to reproduce the very intense initialsbwf star formation
predicted for the BCG by the SPH simulation.

Both SPH and SAM models predict a faster and more intense blissar formation
associated to satellite galaxies compared with centrakges of similar integrated star
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Figure 7.9: We show in this Figure the evolution of a centrigd&-0 galaxy (right panels)
and of a satellite Type-1 galaxy (left panels) as predictethb SPH simulation (continuous
black lines) and by the SAM (dashed red lines). Both galaxea® a predicted stellar mass
atz=0of 60 10°°h 'M inthe SAM run.Upper panelsThe total star formation rate
in the identi ed progenitors of the galaxy as a function of tbokback timeLower panels:
A comparison between the total stellar mass (dashed-d{eH) and continuous (SAM)
lines) and the integral of the star formation rate (dotteed) in the identi ed progenitors
of the galaxy as a function of the lookback time. Dashed blerical line is placed at
the lookback time corresponding to the transition betwegred0 and Type-1 galaxy of the
satellite galaxy main progenitor.
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formation history. Again, while SPH and SAM predictions b star formation his-
tory are in reasonable agreement, the accretion historglakges differ substantially
as a function of the environment.

Our results demonstrate that predictions of stripped-desvsions of semi-analytic mod-
els and SPH simulations are in reasonable agreement in tiewmse environment, while sig-
ni cant differences are found in overdense environmemtgdrticular predictions on the star
formation history of the BCG substantially disagree, ev¥eina integral of the star formation
history are in a close agreement. Furthermore a detailectiggen of the formation of a
diffuse stellar component has to be included in the semliyinanodels of galaxy formation
in order to give results comparable with the SPH simulations

The results of this Chapter will be published in a forthcognpaper (Saro et al. 2009

in preparation). In order to further re ne the analyses presd here, we plan undertake the
two following steps:

We need to disentangle the effects of the different treatsneihgas cooling and star
formation implemented in the SPH and SAM models. The largerdpancy found
in the star formation histories of the SAM and SPH BCGs shdaddgartially con-

tributed by the inef cient treatment of the cold accretiorode implemented in the
SAM. However, the time-scale of star formation associabe8AM galaxies may also
play a role. In order to separate the two contributions we peanalyse the cluster

galaxy population predicted by the SAM by setting the timaks of star formation to
zero.

The merging time associated to the Type-2 galaxy populatidine SAM is responsi-
ble for the different merger trees of SPH and SAM galaxiedeé&d, to obtain a more
comprehensive and coherent comparison between the SAMRIHp&dictions, we
need to eliminate the presence of a Type-2 galaxy populatittre SAM by arti cially
setting to zero the merging time associated to Type-2 gadarithe SAM run.
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CHAPTER 8

CONCLUSIONS

This Section is devoted to draw the conclusions of the wogls@nted in the previous Chap-
ters. We discuss them in the Section 8.1, whereas in Secttowaoutline future prospects
and developments.

8.1 DiscussiON AND CONCLUSIONS

In this Thesis we resorted to advanced numerical methodgpted in Chapter 3 to study the
formation and evolution of the cluster galaxy populatiothivi the hierarchical cosmological
framework. In particular in the rst part of the Thesis (Cheys 4 and 5) we explored the
potentiality of direct hydrodynamical cosmological simtibns to study the formation and
evolution of the cluster galaxies. Then, in the second Hatfiis Thesis (Chapters 6 and 7),
we studied the complementarity of the two techniques usstutdy galaxy formation within
the hierarchical cosmological framework, semi-analytimdels and direct hydrodynamical
simulations. While traditionally SAMs were widely used toidy galaxy formation in the
last decade and earlier, only recently direct hydrodynahsienulations achieved a suf cient
numerical resolution and detailed description of the ptaigrocesses to provide predictions
on the statistical properties of galaxy populations in amaesgical context.

More in detail we studied the following aspects of the clugedaxy population:

Properties of galaxies in nearby clusters

In Chapter 4 we presented a study of the galaxy populatiogigiesl by hydro-dynamical
simulations of galaxy clusters. These simulations, whretbased on theADGET-2Tree+SPH
code, include gas cooling, star formation, a detailed tneat of stellar evolution and chem-
ical enrichment, as well as SN energy feedback in the formatdajic winds. As such, we
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used them to extract the spectro—photometric propertideeagimulated galaxies, which are
identi ed as clumps in the distribution of star particlesm@8lations have been carried out
for a representative set of 18 cluster—sized halos, havimgsM,q in the ranges 10—
1:8 10®°M . All simulations have been performed for two choices of ttedlar initial
mass function (IMF), namely using a standard Salpeter IMR power—law index = 1:35
and a top—heavy IMF witlk = 0:95. We highlight that at the moment this is the most com-
prehensive study on a large number of simulated galaxyessistith different IMFs and
feedback schemes presented in the literature (Saro et@®, Fabjan et al. 2008).

We found that several of the observational properties oftiaxy population in nearby clus-
ters are reproduced fairly well by simulations. A SalpelFlis successful in accounting for
the slope and the normalisation of the colour—magnitudsiosl for the bulk of the galaxy
population. In contrast, the top—heavy IMF produces toogadxies, as a consequence of
their exceedingly large metalicity. Simulated clustergeha relation between mass and op-
tical luminosity which generally agrees with observatidnsth in normalisation and slope.
Also in keeping with observational results, galaxies aneegally bluer, younger and more
star forming in the cluster outskirts. However, we found thar simulated clusters have a
total number of galaxies which is signi cantly smaller thite observed one, falling short by
about a factor 2—-3. We have veri ed that this problem doeshae an obvious numerical
origin, such as lack of mass and force resolution. Findatlg,ldrightest cluster galaxies are
always predicted to be too massive and too blue, when comiparebservations. This is
due to gas over-cooling, which takes place in the core regidsimulated clusters, even in
the presence of the rather ef cient supernova feedback msedr simulations.

Simulating the core of a proto-cluster region atz' 2

In Chapter 5 we presented results from two high—resoluty@ndrdynamical simulations of
proto—cluster regions &' 2:1 (Saro et al. 2009). The simulations have been compared
to observational results for the so-called Spiderweb gatpstem, the core of a putative
proto—cluster region a = 2:16 described in Chapter 2, found around a radio galaxy. The
simulated regions have been chosen so as to form a poorrohitheM oo ' 10'4M  and
arich cluster withM,o0 ' 2 10**M atz = 0. The simulated proto-clusters show evi-
dence of ongoing assembly of a dominating central galaxg. Skéllar mass of the brightest
cluster galaxy (BCG) of the richer system is in excess wigpeet to observational esti-
mates for the Spiderweb galaxy, with a total star formatiate mhich is also larger than
indicated by observations. We found that the projectedoiteds of galaxies in the richer
cluster are consistent with observations, while those aredsor the poorer cluster are too
low compared to the observed velocities. We argued that pieBveb complex resemble
the high—redshift progenitor of a rich galaxy cluster. Cesults indicate that the included
supernovae feedback is not enough to suppress star formattbhese systems, supporting
the need of introducing AGN feedback. According to our siatiohs, a diffuse atmosphere
of hot gas in hydrostatic equilibrium should already be prést this redshift, and enriched
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at a level comparable to that of nearby galaxy clusters. \Wdipted that the presence of this
gas should be detectable with future deep X—ray obsenation

The effect of gas-dynamics on semi-analytic modelling of gster galaxies

In Chapter 6 we studied the degree to which non-radiativelgaamics affects the merger
histories of haloes along with subsequent predictions f@ami—analytic model (SAM) of
galaxy formation (Saro et al. 2008). To this aim, we used agpbawi dark matter only and
non—radiative SPH simulations of four massive clusters.iWestigated how the presence
of gas—dynamical processes (e.g. ram-pressure from thethetcluster atmosphere) makes
haloes more fragile in the runs which include gas. This tesala 25 per cent decrease in
the total number of sub-haloes at= 0. The impact on the galaxy population predicted
by SAMs is complicated by the presence of ‘orphan' Type-2xjak, i.e. galaxies whose
parent substructures are reduced below the resolutiohdinthe simulation. In the model
employed in our study, these galaxies survive (unaffecyetth® tidal stripping process) for
a residual merging time that is computed using a variatiothefChandrasekhar formula.
Due to ram—pressure stripping, haloes in gas simulation tie be less massive than their
counterparts in the dark matter simulations. The resultiegging times for satellite galax-
ies are then longer in these simulations. On the other haadgshewed how the presence
of gas in uences the orbits of haloes making them on averageenircular and therefore
reducing the estimated merging times with respect to thk chatter only simulation. We
found that this effect is particularly signi cant for the stomassive satellites and is (at least
in part) responsible for the fact that brightest clusteagis in runs with gas have stellar
masses which are about 25 per cent larger than those obfaomediark matter only simu-
lations. Our results showed that gas-dynamics has only ginsimpact on the statistical
properties of the galaxy population, but that its impact ko orbits and merging times of
haloes strongly in uences the assembly of the most massilax@es.

SPH and semi-analytic modelling of cluster galaxies

In Chapter 7 we presented results from a detailed compalkstwieen a direct SPH sim-
ulation based on th&ADGET-2 code and semi-analytic predictions of the cluster galaxy
population for a simulated massive cluster wthyy 1:14 10"°M (Saro etal. 2009, in
preparation). Both numerical predictions are based opd-down code versions, includ-
ing only gravitational dynamics, radiative cooling andrdtamation. The adopted semi-
analytic model was run on the merger trees directly extdattam the SPH simulation. As
such, we identi ed a sample of "same galaxies” as the pomradf galaxies which are
characterised by the same position in both SAM and direatilsition prediction. We found
that due to the presence of a population of "orphan” Typel@ges in the SAM, the overall
number of galaxies is much larger than the number of galgxiegicted by the SPH sim-
ulation. This population of galaxies dominates the inngiae of the cluster. We noted a
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general trend for the SPH simulated central galaxies to be massive than their counter-
parts in the SAM run. In contrast SAM satellite galaxies havger stellar masses than their
SPH counterparts. We showed that these differences are doe diffuse stellar component
lost by satellite galaxies because of tidal stripping du¢heomain halo. We presented a
detailed comparison of the evolution of SAM and SPH "samexgak”. While we found
a reasonable agreement for the predicted star formatidarprief galaxies living in lower
density environment, a substantial discrepancy is founddtaxies lying in deeper potential
wells. Indeed the predicted star formation history for t@G% differs quite substantially.
The SPH simulated BCG has a spike of star formation at highhiétdvhich exhausts the
low entropy gas. The SAM instead predicts an almost const@ntformation along the
whole BCG history. We argued that these differences arelgndire to an underestimate of
the cold accretion mode implemented in the semi-analytidehd=inally we found that both
numerical techniques predict that satellite galaxies leavker and more intense episodes of
star formation than central galaxies with similar integtastar formation rates.

8.2 FUTURE PERSPECTIVES

[ 1] We statistically studied hydrodynamical cosmologicatiicgons on the cluster galaxy
population only az = 0. Obviously, a more comprehensive study have to take into
account also the evolution of the galactic population. Twesplan to compare ob-
served properties of cluster galaxies with the numericadijgtions from hydrodynam-
ical simulations also at higher redshifts. However, it saclthat before addressing the
problem of the evolution of the properties of cluster gadaxdut toz  1:51t is rec-
ommendable to reach rst a good agreement with observatbngarby clusters, for
which data are much more precise. Since we already know thditave a strong ex-
cess of star formation in the lowBGCs, we believe there is little point to investigate
how they would compare with observations of distant clsster

[2] Akeyingredient to improve the description of cluster gaaxoth at low and at high
redshift is represented by AGN feedback. Indeed, AGN feeklisaexpected to play a
crucial role in quenching star formation, expecially in theepest potential wells such
as BCGs, where indeed we nd an excess of star formation. d@e&GN feedback,
we plan to adopt alternative and more physically motivatdeemes of star formation
and SN feedback, which should also help in providing a moaéstc population of
cluster galaxies, e.g. preventing the suppression ofLsugpalaxies associated to the
galactic ejecta included in the simulations presentedighthesis.

[ 3] We plan to investigate the uncertainties associated tdaspphotometric codes. In the
recent literature, signi cant differences have emergeghrding the implementation of
the Thermally-Pulsing Asymptotic Giant Branch (TP-AGBghk of stellar evolution.
When the TP-AGB phase is active, the rest-fravhe K galaxy colours are redder
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by almost 2 magnitudes in the redshift rarmge 2 3 and by 1 magnitude a1
(Tonini et al. 2008). We plan to study the effect of the TP-A@ase in the predicted
simulated cluster galaxy population at redshift 2 3.

From the results presented in this Thesis, it is quite cleardirect cosmological hydro-
dynamical simulations and semi-analytical techniquewigeohighly complementary ap-
proaches toward a complete understanding of galaxy foomgtiocess. Cosmological sim-
ulations of single galaxies are now reaching high enougbluéen to provide a detailed
description of their structural properties (e.g., Mayealet2008, for a recent review). On
the other hand, simulations of cosmological volumes neggdsr a statistical description
of the galaxy population are still characterised by a reddyi poor resolution. There is no
doubt that this situation will steadily improve in the comiyears, thanks to the ever increas-
ing super-computing power and code ef ciency. These temdinmprovements need to be
parallelled by a continuous re nement of the descriptionhef physical processes included
in the simulation codes, both at super-resolution and ssbtution scales.

Despite these improvements, it is hard to expect in the éaa@sle future that simulations
will become competitive with SAMs in terms of exibility infte exploration of the space
of the parameters describing the physics of galaxy formatidowever, they will play a
crucial role in capturing in detail the complexity of theeehnt gas-dynamical processes
and, therefore, to re ne the SAM ingredients.

The future generation of ground-based (e.g., ELT, ALMA) apdce telescopes (e.g.,
JWST) will allow us to push to unprecedented redshift thdwgtf galaxies. Fully exploiting
the potentiality of SAM and of direct simulations will be rssary to provide a consistent
picture of the process of galaxy formation and evolutioroasrcosmic epochs, from the
formation of rst objectsatz  10to the present, and in a variety of environments.
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CHAPTER A

APPENDIX - Basics of Cosmology

The basic axiom of modern cosmology is a form of the Copemidaa that human beings
— that is to say the Earth — have not a role in the Universe wisigpecial in any respect.
This Cosmological Principle states that the Universe isigibaisotropic and homogeneous,
meaning that any observer in any place will infer for it thensageneral properties. Both
isotropy and homogeneity are con rmed by observations efrtfass distribution on large
scale, the Large Scale Structure (LSS), of the Cosmic MiavenBackground (CMB), of
the cosmic velocity eld and of the cosmological X—ray baakgnd. In spite of this, it is
evident that the Universe is neither homogeneous nor igictan small, local scales. This
discrepancy is due to a small primeval perturbation eld ethis superimposed to an other-
wise homogeneous mass distribution. These tiny deparfirashomogeneity subsequently
grow forming the currently observed cosmic structures.dgethe cosmological theory must
solve a twofold problem: the evolution of the Universe as alhand the evolution of such
perturbations. This latter topic is deferred to Sec. (Awd)ile in the rest of this Section we
picture the dynamics of cosmological expansion. Finallpét. (A.3) we picture some of
the key observations that constrain the cosmological model

A.l BASIC EQUATIONS FOR AN EXPANDING UNIVERSE

We assume that (1) the Gravitation governs the evolutiomhefUniverse on large scales
through the Einstein's Theory of General Relativity andt{f metric tensor of the Universe
is given by the Friedmann—Robertson-Walker (FRW) metee (er e.g. Weinberg 1972):

dr?

— 2 2
ds? = dt? a(t) T

+r2 d 2+ sin? (A.1)

where theexpansion factoa(t) describes how distances scale with time as a consequence
of the Hubble expansion ardis the spaceurvature We know (Hubble & Humason 1931)
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Component Egq. of State
Relativistic Matter p=1=3
Non-Relativistic Matter p=10
Vacuum energy p =
Curvature p= 1=3

Table A.1:Equations of state for different matter—energy components in the Universe.

that an observer at rest recedes from any other given olys#rvest with a velocity, given
by H (t)D, which increases with the distanBe TheHubble constanH (t) at a timet is
de ned as:

d loga(t)
dt
and has the units of km $ Mpc ®. Hy is at present and is commonly parametrised as

Ho=100hkms * Mpc !, whereh =70:5 1:3 (Komatsu et al. 2008).
As a consequence of this space expansion, a photon emittetimét in the past will be
observed at present tinte= O red-shifted by a factaz = 1=a(t) 1 which is exactly called
redshift here we sea(t =0) 1.

The Einstein's eld equation

H(t) = (A.2)

G =R %Rg =8GT + g (A.3)

relates the geometry of the Universe, with its own energyteran carried by the stress—
energy tensor , for which we assume the form of a perfect uid:

T =pg +(p+ )uu: (A.4)

wherep and are related by an equation of st@te= p( ). The form of such equation for
each component is reported in Tab. (A.1).

Substituting the FRW form of metric and the perfect uid tenen the eld equations
gives theFriedmann's Equationghat describe the expansion of the Universe:

2
a k 8
= o+ —-= A.
a a2 3 (A.5)
a 4G
- = —( +3p)+ = : A.6
_= 3 +3p)+ 5 (A.6)

Itis useful to de ne theeritical density . as the density needed for= 0; then, it results:

_ 3HAY)

Y (1:9 10 ®(gcm) 3)hz (A.7)
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The density , of a componenk of the universe is commonly expressed in units of
de ning the quantity » as

x = x— c (A.8)

The rst of the Friedmann equations can be recasted as:

k=a’H?( 1) (A.9)

where accounts for overall the density of the matter—energy dgndence, the Universe
will be spatiallyclosed at or openif its means density is respectively smaller, equal or
larger than the critical density.

If | represents the density from the radiation eld, the density from matter (both bary-
onic and dark matter), is due to the Cosmological Constanand we set ( = k=H3 =

1 o the second Friedmann equation can be rewritten as:

H (t) r m k
= —+ —+ —+ A.10
Ho a¢ ad a? ( )
The Simplest case ofy = 0 is called theEinstein—de Sittemodel; in this case

the scaling factoa varies with time asi(t) / t23. It is note-worthing that all models with
non—-zero and | approach the Einstein—de Sitter behaviour when

" #
1=3
(1+2) max S ); — ; (A.11)
m m
Finally, we can expresa(t) as:
ait)y=as 1 Ho(t to) h3(te t)2+::: (A.12)
where
_ &3 _ 1
G = g =5 om (A.13)

is calleddeceleration parameter

A.2 STRUCTURE FORMATION

Besides providing a theory to describe the very early tinfee® universe and the general
framework for the expanding universe, a Cosmological Theoust also provide a model
for the formation of cosmological structures and the largges distribution of matter. To
give a comprehensive outline of that matter is far beyondtope of this brief introduction,
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so that we address the reader to dedicated reviews (e.gleBeIRatra 2003,Coles 2000
and Peacock 2001), while in the following we give only fewibadeas.

The Universe shows locally a very rich hierarchical patteigalaxies, galaxy clusters
and clusters of clusters; however, the primeval universeal@most smooth with slight “rip-
ples' that can be seen as relics in the CMB spectrum. Modedgeéture evolution link such
initial smoothness to the rich scenario observed nowadagsigh the effect of gravitation,
which causes the initial tiny perturbations to attract mame more mass. If we de ne the
density contrast with respect to the mean densityas:

= (A.14)

the initial uctuations in the density eld are likely to be superposition of waves, which
can be better expressed by a Fourier transform:
Z

! d®*x (x)e **: (A.15)

W= @y

For later use, we also de ne tli®ower—Spectrur® of this eld as basically the variance
of amplitudes of different waves at a given valueof
D E
k) Tka) = P(ka) 3(ki+ ko) (A.16)

where 3 is the three—dimensional Diraateltafunction.

Those initial departures from a complete smoothness agosep to have been adiabatic
and scale invariant. This means (1) that uctuations in erehd energy are coupled in such
a way that the total entropy does not change, and (2) thattlverp-spectrum of such density

uctuation eld looks like P(k) = Ak" wherek has the usual meaning of a wavenumber.
The favoured value as for the exponens n = 1. The fact that the universe is isotropic is
expressed b (k) = P (k).

Currently accepted models predict that Gaussian quantwtuations in a scalar eld at
very early times (e.g. Guth & Pi 1982) have generated theitygpesrturbation eld. Since
the power—spectrum completely characterises in a statigense the Gaussian stochastic
processes, we are provided with a complete statisticalrigggsn of the initial "seed' of
structure formation once we have the power—spectrum of gustine perturbation eld.
Besides gravitation, other astrophysical process aretaftgthe growth of perturbations;
they are accounted throughTaansfer FunctionT (k) which is simply a function of the
wavenumbek. The nal power spectrum relates to the original one®fk) = Po(k)
T2(k). For the sake of clarity, here below we just remind some o¢hgon—gravitational
effects. As already mentioned, the coupling of baryons withradiation eld or the bary-
onic pressure can cause the dissipation of perturbationerparyonic component, as well
as the coupling of baryonic and radiation temperature timittime of decoupling, and fast
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moving ("hot") dark matter particles can lead to kinematipggression of growth.

This latter effect is mainly important to determine the @lescenario; in fact, hot dark mat-
ter particles cancel small-scale structures just by fteeassiing across the small potential
wells, so thafT (k) vanish for largek. At the opposite, slow moving ("cold’) dark matter
particles suffer for a smaller dissipation at the horizaesh; = c=H at matter—radiation
equality; nevertheless, a signi cant signal remains onlsstales. Hence, two completely
different scenarios results in each case: if the dark masee "hot' — which is called HDM
scenario — the largest structures form rst, and the smiatires descend by fragmentation.
In such scenario, galaxies form at late time, after galaxgters. On the other hand, in
the CDM scenario — in which the dark matter is "cold' — the dasdlstructures, namely the
galaxies — are those who form rst, becoming the buildingcfor the largest ones. These
two scenario are also called ‘top—down’ (the rst) and "bott-up' (the second). There is no
need to say that the HDM scenario has been ruled out by olisersawhich for instance
de nitively state, roughly speaking, that galaxies formlMaefore clusters. The net result
of perturbation growth in the CDM model is then a Power—Specthaving a characteristic
turn—over at the scale of order the horizon at matter—radiaquality with an asymptotic
shape at small scale f(k) / k" “.

In the rest of this Section, we give an outline of the lineaoity of growth of structure.
An extensive and complete treatment can be found elsewbgreReebles 1980).

As we assume that at early times inhomogeneities were sanpbrturbative approach
can be adopted, at least as a rst approximation. Furthesmbthe length scale of pertur-
bations is smaller than the effective cosmological horidgr= c=H a Newtonian treatment
is physically grounded. If the mean free path of particlesmsll, matter can be treated as an
ideal uid. Hence, the equations of mass conservation, Euguation and Poisson's equa-
tion (see Chapter 3), must be re—written using comovingdioatesx = r=a(t) (spatial co-
ordinates, xed for an observer moving along with the Hubdtpansion)y = r Hr = ax_
(the peculiar velocity eld, which represents the propetrtioies of particles besides the Hub-
ble expansion),(x;t) (the density eld) and (x;t) (the local value of Newtonian potential,
which relates to the uctuations in the density eld). Foretlexact equations in comoving
form see, for instance Coles & Lucchin (1995).

Expanding , v and perturbatively and taking only terms which are linear igives :

*+2H_ g’ nH? =0 (A.17)

This linear equations has two independent solutionss D (t) (x), whereD (t) is
the decaying modandD. (t) is the growing modewhich shortly comes to dominate the
evolution of . In an Einstein—de Sitter cosmology, for instance, the tvooles are / t !
and / t2= which also had., (t) / a(t). The solution for the growth factdD., (t) in
general cosmologies are given by Peebles (1980).

As long as each Fourier modgk) is small, (k) 1, the linear approximation can be
applied and each Fourier mode evolves independently of therg so that the Power—
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Spectrum simply scales as the square of the growth factas. i$kvhat is called thénear
regimein which larger scales persist longer than the smallest,ona@ish are those entering
rst in the non-linear regime

An important difference holds between the collapse of daklzaryonic matter. In fact,
baryons suffer for more interactions than dark matter plagi we know, for instance, that
the radiation drag prevent it to collapse until the recorabon era. At later times, gener-
ally, what may impede the baryons to collapse is the presspport due to baryon—baryon
interaction. Jeans (1928) de ned, as a function of the lteadperaturd and the pressure
P, a critical length ;(T;P) below which the pressure waves have times to propagate, then
counteracting the gravitational support; his calculagiarere made in a Newtonian frame-
work, for perturbations in an in nite, uniform and statiagaistribution of gas. The mass
scaleM; is de ned as the mass encompassed in a sphere of raglt?s so that perturbation
having mass below this limit are not able to undergo the psta A similar calculation can
be made also in the framework of modern cosmology, accogifbinpressure forces in the
previous linear equation. The obtained result is just a tdw@t to the mass that is able to
collapse, sincéM ; is once more a perturbative result and thus it can only desche rst
phases of the process.

It is worth noting that the Jeans mass represents only a segdsut not a suf cient con-
dition for the collapse of baryons; in additibane has to require that the cooling time (i.e.
the characteristic time taken by the gas to loose its intenmergy by radiative emission) is
shorter than the Hubble Time (i.e. the characteristic egjpartime of the universe).

Many competing physical processes — e.g. radiative cophmgjecular cooling, heating
from rst sources of light, magnetic elds — affect the barngsettling in the potential wells,
and the relative importance of them changes with redshétaddress the reader to Barkana
& Loeb (2001), Ciardi & Ferrara (2005) and references therei

Anyway, Dark Matter is made by collisionless particles timeract very weakly with
the rest of matter and the radiation eld; hence, densitytiasts in this component start to
collapse at earlier times than the baryonic component. Wheperturbation becomes of
order unity, the full non—linear gravitational problem rhbe solved; in order to do this, we
must resort to numerical N-Body calculations (see Chaptah8ugh a powerful approxi-
mation for the mild non—linear regime has been found by ZeVioh (1970). In such approx-
imation, the rst non-linear objects are sheet-like staues, resulting from the contraction
along one of the principal axis. As the probability of sinaméous contraction along two ( I-
amentary structures) or three (point-like structures$ axmuch less, ‘pancakes' dominate
the rst stage of non—linear evolution. At later times, thregtiction of the Zel'dovich model
are no longer accurate. Then, the simplest case for whichawentl an analytical solution
is that of a spherically symmetric perturbation, having@taat distribution of uniform den-
sity ; inside a sphere or radil . Results from this rough model surprisingly comes out to

n fact, the physics of baryonic collapse is not yet fully erstood and all recipes are still fairly empirical.
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be very useful to gain an accurate description of propeamesdistribution of halos in the
CDM model.
The collapse of such a spherical top—hat is described, indfean formalism, by:

cr .,
@ oHE T o (A.18)

wherer is the radius in a xed coordinate framel, is the present value for the Hubble
constantM is the total mass enclosed in the raditend the initial velocity eld is given by
the Hubble ow. Initially, the enclosed grows linearly as;D (t)=D(t;). We assume that the
mass shell at radiusis bound, so that it reaches a maximum expansion and subggque
collapses. The over-density predicted by the linear thémryhe collapse to a point—like
structure is = 1:686in an Einstein—de Sitter universe (Peebles 1980) . Thusp-ehet
collapse at redshitt if its linear over-density extrapolated to the present ¢itigcal density

Is:
1.686

D(2)
whereD(z = 0) = 1. Instead, the halo reaches the virial equilibrium by viblestaxation

(which basically means a phase mixing); using the viriabteen we obtain as for the nal
over-density at the redshift of collapse (Peebles 1980) :

orit(2) = (A.19)

.=18 2' 178 (A.20)
that in a universe having + =1 becomes (Bryan & Norman 1998):

=18 2+82x 3% (A.21)
wherex Z  1lis evaluated at the same collapse redshift:

m(1+ 2)° :

m(1+z)3+ + k(1+z)2.

Thus ' 100for ,, = 0:3. We therefore de ne oo as the radius encompassing a
mean over-density of 100 times the critical density of the/8rse andV 1og as the total mass
contained within the same radius. In general, we ddvhe as the mass contained within a
radius encompassing a mean density equal tg with . the critical cosmic density. In this
Thesis we often refer to other over-densities (&geo, M s00)-

All'in all, the following estimates are obtained as for, resjely, the virial radius and
the virial temperature for a halo of malgk collapsing at redshiit:

z 1= (A.22)

—-nNn- M = m c 1= 1+2z L 1
L M 2=3 . . 1=3 1+7
Tvr =1:98 10 o6 1Pn v 18 2 o K (A.24)
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where is the mean molecular weight (= 0:59 for a fully ionised primordial gas,
= 0:61 for primordial gas with fully ionised Hydrogen but neutraéiim, = 1:22for

neutral primordial gas).
Since density uctuations may exist on all scales, in ordedétermine the formation of
objects of a given size or mass it is useful to consider thesstal djgtribution of the
smoothed density eld. Using a windgy function W(y) nornsald so that dByw(y)=1,
the smoothed density perturbation eldd® (x + y)W (y), itself follows a Gaussian dis-
tribution with zero mean. For the particular choice of a spla¢top-hat, in whichV =1 in
a sphere of radiuR and is zero outside, the smoothed perturbation eld measiwe uctu-
ations in the mass in spheres of radRisThe normalisation of the present power spectrum
is often speci ed by the value ofg (R = 8 h *Mpc). For the top—hat, the smoothed
perturbation eld is denotedg or \, whereM is the mass related to the comoving radius
RbyM =4 R3=3in terms of the current mean matter density. The function (M)
plays a crucial role in estimates of the abundance of cadmbjects. This is a critical
test for any theory of structure formation, and it is a funéatal step toward inferring the
abundances of galaxies and galaxy clusters. A simple anahddel which successfully
matches most of the numerical simulations was developeddssi Schechter (1974). The
model is based on the ideas of a Gaussian random eld of dgpesiturbations, linear grav-
itational growth, and spherical collapse. To determineathvendance of halos at a redshift z,
we use y , the density eld smoothed on a mass sdsle as previously de ned. Although
the model is based on the initial conditions, it is usuallpressed in terms of redshift-zero
guantities. Thus, we use the linearly extrapolated derglidy i.e., the initial density eld at
high redshift extrapolated to the present by simple mudigtion by the relative growth fac-
tor. Similarly, here the present power spectrum refersédrittial power spectrum, linearly
extrapolated to the present without including non-lineaetion.

Calculations (see e.g. Press & Schechter 1974,Barkana & 20@1) give the comoving
number density d of halos with mass betwed andM + dM:

r
dn 2 nd( In) 2=
= =02 7 e c¢

dv M dM (A.25)

where . = it(2)= (M) is the number of standard deviations which the criticalaquike
over-density represents on mass sddle Although this distribution function represents
fairly well the observations and also the numerical N—Boxlyegiments, a signi cantly bet-
ter agreement can be achieved using an ellipsoidal collays#el instead of the simpler
spherical one (Sheth & Tormen 2002).
Figure A.1 from Springel et al. (2005) shows the comparisetwken the predicted mass
functions of dark matter haloes identi ed in a dark mattensiation at different redshift
with two model mass functions by the Press & Schechter (18id oy Jenkins et al. (2001),
which is based on the analyses of numerical predictions df Datter simulations.

We address the reader to the following references for a meaeéed discussion on these
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Figure A.1: Points with error-bars represent the mass function of daaken halos identi ed in a dark
matter simulation (Springel et al., 2005) at different tafts. Solid and dotted curves represent two model
mass functions by Press & Schechter (1974) and by Jenkihs(8081) respectively.

topics: Peebles (1980), Peebles (1993), Coles & Lucchi@f)1Loles (2001), Barkana &
Loeb (2001) and references therein.

A.3 KEY OBSERVATIONS

The Standard Cosmological Model sketched above employst atenth ofa priori free
parameters for which theory does not predict preferredegaltience, deciding whether our
Universe is at or open, whether or not there is a Dark Energwark etc. rests upon ob-
servational constraints. The impressive technologicgkravement of the last twenty years
has permitted very precise measures of several paramdtarsiare independent methods;
cross—combining these independent estimates leads tocadeen conclusions and breaks
the degeneracy among linked parameters.

What turns out is that the Model currently favoured is thecadled CDM model, hav-
ing "1 ' O3 07,

It is note-worthing that the WMAP experiment (e.g. Bennetale 2003, Spergel et al.
2003, Spergel et al. 2007, Dunkley et al. 2008, Komatsu et2@l08) has enormously
improved the precision of our knowledge about the values ontimber of cosmological
parameters: the geometry of the universe, its mean demnsityparyonic density, the ampli-
tude of density uctuations, the redshift of decoupling atters have been constrained by
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measures on CMB of unprecedented precision. Although a euofldiscrepancies among
independent methods are still there, the “concordance Fhapleears more and more obser-
vationally grounded.

Figure A.2 (Kowalski et al. 2008) shows the con dence regiéor , and from a
combination of different datasets (namely the CMB, the &Nuhd the Baryonic Acoustic
Oscillations). Different and independent methods coreéoghe concordance model.

2.0

Figure A.2: 68.3 %, 95.4 % and 99.7% con dence level contaurs y and  obtained
from CMB, BAO and SN-la, as well as their combination (assugw = 1), from the
Supernova Cosmology Project (Kowalski et al., 2008).
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The Curvature of the Universe

The most powerful technique to measure the curvature ofthetse relies on the position
of the acoustic peak of the CMB spectrum. Before redshiftexfadiplingzge. = 1089

1 Spergel et al. (2003), the Compton scattering tightly cesighe photon of CMB and
the free electrons, which are in turn coupled with proton$iotBn pressure impede the
gravitational settling of baryons down-to the dark—magetential well and the “photon—
baryon uid” sets up acoustic oscillations. Once the matésombines, at = z., photon
last scatter on electrons and suffer for gravitationalmétiehen leaving the potential well of
the last scattering surface. The signature of this lastesagta uctuation eld on the CMB
spectrum which appears today as anisotropies on the sKy;sticiations are called primary
anisotropies, whereas secondary anisotropies will bealiagdr gravitational effects, Sachs—
Wolfe effect, Rees—Sciama effects and others. On largesta¢ uctuations of CMB must
origin from the primordial uctuation spectrum as no sigrean had time to travel long
enough distances; instead, at the characteristic scaleeadund horizon at.. acoustics
oscillations mentioned above can occur and at last saagt¢hie oscillation phase freeze.
Therefore, the uctuation spectrum should exhibit a harroceries of uctuation peaks
whose distance in the wavenumber space is equal to theatmtavenumber corresponding
at the sound horizon. The corresponding anisotropy scajegied on the sky is affected by
both the curvature of the universe and the distance of thest¢adtering surface. Briey, in
the case of a at space we expect the second acoustic peak\araangular extent, which
will be larger or smaller respectively for positive or nagatcurvatures. Before WMAP
many other experiments (see for example Benot & coauth@@8) provided measures of
the acoustic peak positions, and all estimates are in gefgeement with the WMAP result,
though its error is much smaller. Recently, Komatsu et 8008} from the analyses of the
WMAP-5 years found:

=1 =[ 0:01790:0081] (A.26)

within a con dence level of 95%.

The Cosmological Acceleration

If an observed object is nearby the observer, its luminai#tance can be well approximated
by a linear function of; otherwise, the dependence on the redshift become impatah
involves the deceleration parameter. Hence, if we are gealwith a set of standard candles
which can be found at distances large enough that the lumyndistance is no longer a
linear function ofz we can infer the past values of the paramegethen deciding whether
the expansion of the universe has been accelerated or not.

Although Snla are not standard candles in a strict senséheasliminosity will vary as
time elapses from the explosion, they can be calibratedyu$ie characteristic brilliance
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decaying-time which is instead tightly constant. Henceca® infer the distance of an ob-
served Snla from its luminosity and also its receding vé&yotom the spectrum. In the case
of unaccelerated expansion, a given Snla at distaniseexpected to recede at a velocity
v = Hod, whereH is the present value of the Hubble constant. Instead, inalaeceler-
ated or decelerated expansion, the valuéi ¢f) at a given time (redshift) is different than
Ho and the recession velocity will also be different than theested value. Results on Snla
atz> 3from theSupernova Cosmology Proje¢bwalski et al. (2008) give a negative value
of @, indicating the presence of a positive cosmological cansta

m = 0:713 %82 (stat) *%030(sys): (A.27)

fora at, CDM Universe.

The Matter and Baryon Density

Both the amplitude of acoustic peaks of the CMB spectrum (B&rEfstathiou 1984) and
the Deuterium abundan¢B=H ] (Boesgaard & Steigman 1985) are sensitive to the cosmo-
logical baryon density. The comparison between the estisnatitained by such independent
method provides an important test of the Big Bang model. ¢#ne Baryon—photon ratio
inferred from WMAP-5 years results,h? = 0:02267% 3502 (Komatsu et al. 2008), the stan-
dard Big Bang nucleosynthesis gii@=H] = 2:62'%18. Estimates fronjD=H ] measures
inLy clouds and DLA give respectively,h? = 0:0214 0:0020and ph? = 0:025 0:001
with a good agreement which was far to be obvious a priori.a@allusters observations
provide estimates of ,, through the evolution witlz of their number counts. Fairly different
results are obtained by different author: Bahcall & BodeD@btain g = 0:95 0:1 for

m = 0:25, Borgani et al. (2001) obtaing = 0:66'%3z and ,, = 0:35,333, Reiprich &
Bohringer (2002) nd g = 0:96'%15 and , = 0:12'%:3%. Origins of such signi cative
discrepancy are discussed by Pierpaoli et al. (2003).

Baryonic Acoustic Oscillations

Baryonic Acoustic Oscillations (BAO) are predicted in thatter distribution with a calibra-
tion that depends on,h? (Silk, 1968; Peebles & Yu, 1970; Sunyaev & Zeldovich, 1970).
The oscillations arise because sound waves in the couplg@driahoton plasma after an
in ationary epoch will lead to the expansion of the baryomaterial in a spherical shell
around a small perturbation, reaching a radig& ), the comoving sound horizon size at
recombination, before sound waves are no longer supporitéthvihe plasma (Bashinsky
& Bertschinger, 2001). A baryon density,h? ' 0:02, ,, = 0:24andh = 0:73 give
rs(z)=109h Mpc. Inreal space this leads to a peak in the correlation funettos(z ).

In Fourier space, this process leads to oscillations in thnesp spectrum in the same way that
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the transform of a top-hat function yields a sinc functiomewavelength of these oscilla-
tionsfor \ = 0:24andh = 0:73isks = 2 =109 = 0:06h *Mpc *. Percival etal. (2007b)
measured the cosmological matter density by observingdbiipns of baryon acoustic os-
cillations in the clustering of galaxies in the Sloan Digi&y Survey. They jointly analysed
the main galaxies and LRGs in the SDSS DR5 sample, using e¥ea imillion galaxies in
total. The oscillations were detected with 99.74% con de(8.0 assuming Gaussianity)
compared to a smooth power spectrum. When combined withabereed scale of the peaks
within the CMB, Percival et al. (2007b) found a best- t valag = 0:256%952 (68%
con dence interval), for a at cosmology when marginalising over the Hubble parameter
and the baryon density.
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