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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—calBg Bang— about~ 14 Gyr ago. Theoreticians
succeed in conjecturing on the physics of the universe uptd 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 at 3 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 — , abduk 10° yrs later (Komatsu et al. 2008). This
IS probably one of the most important confirmations of theenir Standard Cosmological
Model. Beside the study of the CMB anisotropies, other irtelent observations confirm
the well established so-called” D M Concordance Model

e Baryonic Acoustic oscillations arise from the competitomiween gravitational attrac-
tion and gas pressure in the primordial plasma. These aBoill leave their imprint
on very large scalesy 100 ~~'Mpc) on structures at every epoch of the evolution of
the Universe, providing a robust standard ruler from whiod éxpansion history of
the Universe can be inferred (Percival et al. 2007a).

e Supernovae la (SN-la) are thought to be nuclear explosibonarbon/oxygen white
dwarfs in binary systems. The value of SN-la as cosmologoabes arises from
the high peak luminosity as well as the observational eviddfocally) that this peak
luminosity is the sought-after standard candle. In facg @hsolute 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-correlatigadecay time: the larger
L ear, the slower the decay (Kowalski et al. 2008).

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

All together, these independent observables, confirm tleadn 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 émgt 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 spafalxges, the mass—over—light ratio
for galaxy clusters, the velocity dispersion of galaxieglimsters, the large scale velocity
field, the power spectrum of CMB (for reviews see e.g. Selliv@004, Ellis 2003). All
together, baryonic and Dark Matter can account only for atna®5 + 30% of the total
content of energy-mass of the Universe. The remairiri@ - 75 percent is in the form of
an even more unknown energy field (usually knowrask Energy DE) which causes the
acceleration of the expansion of the Universe (see, e.gvalski 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 andrrésé potential well created
by DM. From that moment on, the Cosmology become the studirwétsire formation, that
is to say the infall of dark matter halos and baryons in thagergial wells. It is believed
that a pristine field of very tiny fluctuations were superirs@d to the otherwise homoge-
neous density field by some yet uncertain quantum mechamsims framework, with the
additional assumption of the Cold Dark Matter scenario stinecture formation proceed in
aBottom-Updirection, the smallest structures forming first from thakseof the primordial
density fluctuations and then merging as building—blockddmger ones. The collapse of
matter can be described with linear perturbation theory thrg contrast with respect to the
mean density approaches unity,— p)/p ~ 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~ 10 Mpc (1pc> 3.26 light years). Most of the baryons in clusters are in the fofra o
hot, ionised gas which emits by thermal bremsstrahlungenxthray 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 field and thereby their evolution isyv@&nsitive to the details of the
cosmological model. This is the reason why Galaxy Clusterstaought 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 spkeresolution power of
modern X—ray, Optical and Infrared (IR) telescopes (as kamgle Chandra and XMM-
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Newton in the X-band, Hubble Space Telescope (HST) and Vargd. Telescope (VLT)
in Optical bands and Spitzer in IR bands), more and more Idaetai the inner properties
of galaxy clusters have been unveiled in the last decadeseTbbjects, that in a first ap-
proximation were thought to be virialised and sphericailynmetric, have very complex
dynamical features — such as strong asymmetries and clesgpi witnessing for violent
processes being acting or having just played a role. Thepgklminosity and temperature
functions which are not trivially related to their mass ftiog, as one would expect for viri-
alised gravitation—driven objects. Moreover, the radialure 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 Medif€M) and the closely related
physics of the galaxy population. Indeed a number of diffeptysical 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 diffi-
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 efficient and detaibetbs to take into account all
the complex interplay among different physical processesraproduce 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@neaf semi-analytic models of
galaxy formation). These models assume that baryons fahevwdynamics 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 corngnabpower and code efficien-
cies, recent direct hydrodynamical cosmological simalatichieved a sufficient numerical
resolution and detailed description of the physical preesghat allows one to predict and
describe the cluster galaxy population with a reasonablesra (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 galaogupation within the hierarchi-
cal cosmological framework.

This Thesis is structured as follow.
Chapter 2 provides an introduction to cluster studies. It first ddsesithe 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 fiesscribe some numerical al-
gorithms to perform N-body cosmological hydrodynamicaliations, 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, whiteenther 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 gakapredicted by numerical hy-
drodynamical cosmological simulations. We will show howmarical predictions are in
reasonable agreement with observed properties as thergulgnitude relation for the bulk
of the galaxy population, whereas brighter central galapgear far too massive, star form-
ing and bluer than the observed ones. Furthermore the nuoflgalaxies brighter than a
magnitude limit as a function of the cluster’s mass turnstodtte 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 "Spileisystem” briefly 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 ~ 2.1, one having a mass dff5o, ~ 10'*h~! M * atz = 0 and the other on the mass
class ofMyyy ~ 10 h=1 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’ AGMback by: ~ 2. The main
results reported in this Chapter have been published in &aato (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 defineM a as the mass contained within a radius encompassing a mesitydsgual toA p,., with p..
the critical cosmic density. Thut/s is the mass within a radiusyy which encompass a mean density equal
200 x p.. See Appendix A.
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impact on the statistical properties of the galaxy popaiatbut that its impact on the orbits
and merging times of haloes strongly influences the assegfilbhe most massive galaxies.
The main results reported in this Chapter have been publish®aro et al. (2008).

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 "simplifdgsics 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 SpMdicted star formation histories
for the BCG substantially differs. Furthermore tidal gbiipg removes a non negligible frac-
tion of SPH-simulated satellite galaxies. These stellaten 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 &l $Ad direct simulation is
reported inChapter 7. We study here the synthetic cluster galaxy population inagsive
cluster predicted by these two techniques when a "simplifiggysics 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 outlinesfthure direc-
tions of investigation.

Finally, theAppendix describe the basic concepts of cosmology, which are usedghr
the Thesis. In particular, we briefly review the cosmolobinadel 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 effecerliwe 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 briefly present some observational resuisia high—redshift progenitors of
galaxy clusters that we have compared with our numericaligtiens in Chapter 5.

A first complete sample of clusters of galaxies was first mregliby Abell (1958), who
identified clusters as over—dense regions in the projeatatber 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®kms~! within the Mpc scale. Their corresponding
typical masses are of the orderi®f* +— 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~ 1 keV to ~ 10 keV)
and densities of the order of one particle pér? cm—3. Only a very small fraction of baryon
gas & 3% of the total mass) cools to form stars and galaxies, whichheenly 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, correspgrtdihigh redshifts of the order of
z ~ 1.5 (Mullis et al. 2005, Stanford et al. 2006, Eisenhardt et @0&a).

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

ter = b ~1 ( D ) <103 kzm/s) Gyr, (2.1)

Oy 1Mpc Oy

This is significantly shorter than the age of the Universeciiis of the order of the Hubble
timety ~ 10 h™! Gyr (see Appendix A).

It is worthwhile noticing that the first historical obsenatal 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 cosmologynany reasons (Borgani 2006).
For example:

e The mass function of nearby galaxy clusters provides caimstr on the amplitude
of the power spectrum at the cluster scale (e.g., Rosati. é&08l2; Voit 2005 and
references therein). At the same time, its evolution presidonstraints on the linear
growth rate of density perturbations, which translate dypamical constraints on the
matter and Dark Energy (DE) density parameters.

e The clustering properties (i.e., correlation function @oegver 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., Bargk Guzzo 2001; Moscar-
dini et al. 2001 and references therein).

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

e The baryon fraction in nearby clusters provides constsaontthe matter density pa-
rameter, once the cosmic baryon density parameter is knomggr the assumption
that clusters are fair containers of baryons (e.g., Fal®&11White 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 clustess@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 collapseeu 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@elf-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 defined 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 heatinpnf&Ne or feedback from AGNSs,
are acting in the core of galaxy clusters. The correct imegpion 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 examp#irRoal. (2002), Kaastra et al.
(2008) and Plionis et al. (2008).

The first X—ray mapping of the sky was performed by the s#delélescopdJHURU
(Giacconi et al. 1972) which has shown that at the positioniabf galaxy clusters already
identified in optical bands there was a enhancement of @iffigay 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 confirmedtg first 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 af)'° M, the resulting temperature of the ICM can reach values of the
order of2 x 107 — 10K (even more than 10 keV). At these temperatures the gas campon
is completely ionised and emits in the X—band through thébremsstrahlung.
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For a gas temperatufl, the emissivity per unit frequenayis given by (e.g. Rybicki &
Lightman 1986):

6, = nengNT, Z,v) ~ n2NT, Z,v) ~ 544 - 1072 22 T2 p2 ge m/F' W m=3 Hz !
(2.2)

whereZ? is the meansquared atomic charge on the ions. The Gaunt,factol.2 is a di-
mensionless quantity which depends on the range of disddreteveen electrons and ions at
which the scatter process occurs, with a weak dependened 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, anddleding functionA(7") depends only
on the chemical composition and temperature of the gas antbitmalised to the density of
electrons and protons. Examples of X-ray spectra for typicster 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 thafi’ and
rather insensitive to it below. This is due to the exponémtig-off of the Bremsstrahlung
emission. Indeed, it scales a&~'/2cxp(—hv/kT). The only line that clearly stands out
at all temperatures is the Iron K line complex around kel (see Fig. 2.1). We can also
observe the K lines of other elements ¢ 8, H and He-like ionisation states), as well as
the L-shell complex of lower ionisation states of Iron. Howeethe intensity of these lines
rapidly decreases with increasing temperature. Excephéocool clustersi(l’ < 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 & the heavy elements with
the exception of Iron are synthesised by Supernovae (SN)-Tiyvhile Iron production has
a substantial contribution from SN Type-la supernovae ésgeMatteucci 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:

1

SX = m/nenHA(T)dl (23)

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

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

mass( M), measured from weak gravitational lensingSefOAN DIGITAL SKY SURVEY
(SDSSpackground galaxies (Johnston et al. 2007):

(Lx)/10" ergs™ = (12.6113 (stat) & 1.6 (sys)) ({Mago) /10" A™! Mg, )H05013 (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 pagasni@see also Appendix A and
Rosati et al. 2002).

2.1.1. The Sunyaev—Zel'dovich effect (SZ2)

For a further and wider investigation of the topics preseimethis section, we particullary
suggest to the reader the reviews by, e.g., Carlstrom e2@02(); Birkinshaw & Lancaster
(2007).

Another interesting approach to the study of the extengiv@sphere of hot gas in clusters
of galaxies is provided by the Sunyaev-Zel'dovich effectr{f/aev & Zeldovich 1970, 1972).
We can separate into two different aspects of the Sunyadde¥eh effect:

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

31



CLUSTERS OF GALAXIES: AN OVERVIEW

B The Thermal Sunyaev-Zel'dovich effect

As the cosmic microwave background radiation propagatesitih a cluster of galaxies to-
wards us, photons have a small probability of being inv&€septon scattered by electrons
in the cluster gas. Since the CMB radiation has a temperafumbout?’, = 2.73 K, while
as we have seen the gas in a galaxy cluster may have temgsrasihigh ag,; ~ 10® K,
scattering tend to increase the photon energies, so caagingnge in the microwave back-
ground radiation intensity and spectrum towards the ctu3tee resulting energy variation
of each single photon can be expressed in the cage ef m.c* as:

AE _ kpT,
E 7 m.e?

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

(2.5)

N, = n.or (2.6)

wheren, is the electron’s density ang- is the Thompson cross—section
Thus we can define the paramepesf Comptonisation which measures the entity of the
effect as:

kpT,
y:/mféww (2.7)

where the integral is along the line of sight.

As a consequence, there is an increase of the photons’ emérgph causes a deforma-
tion of the CMB spectra. The net observable result is thaketieedecrease of the intensity
of the CMB radiation at frequencies lower than ~ 218 GHz, 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 typiaakive cluster, to make it
clearly visible.

Typical values of the parametgof Comptonisation observed from the Sunyaev-Zel'dovich
effect are between) ¢ < y < 10~*( Silverberg et al. 1997; EnRlin & Kaiser 2000; LaRoque
et al. 2006; Bonamente et al. 2008), depending on the plageraperature.

B 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 scatterinigisinisotropic radiation field causes
it to become slightly more isotropic.

Temperature variations are proportional to the plasmacitglo,,

AT
R _Te%

= z (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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wherer, is the optical depth of the electronic cloud producing trstattion.

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 compar-
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 ntamgféself through gravitational
lensing of background galaxies. The figure shows severghbdlliptical 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 beyondréggon 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 regiortdusiters 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 anhatill be reliably measured by
estimating shapes of many background galaxies and congpiéuer 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 thka 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 betweere tbieservations and the numer-
ical predictions of our cosmological hydro-dynamical siations. More in detail, we will
focus on:

e The number—density profile of cluster galaxies;
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Figure 2.3: Left panel: composite X-ray/optical image o tpalaxy cluster Abell 1689,
located at redshift ~ 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 afitab?® K, as revealed by the
Chandra X-ray Observatory. Images of galaxies in the ojdbiaad, coloured in yellow, are
from observations performed with the Hubble Space Telescbpe long arcs in the optical
image are caused by gravitational lensing of backgrounaxgzs 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). ithage illustrates the effect
of up-scattering of the CMB photons by the hot ICM from lowdguencies to higher fre-
quencies. At the frequency of observation, the cluster agss a temperature decrement in
the CMB temperature map. (Credit: John Carlstrom and SZhkalotation). Figure from
Borgani & Kravtsov (2009) in preparation.
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e The colour—magnitude relation;
e The mass—luminosity ratio;
e The number of galaxies as a function of the cluster’'s mass;

e The luminosity function.

2.2.1. The number—density profile 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 < —18.5. To stack all the clusters together uniformly they have cot@plistances in units
of ro00* of each cluster. They have found a best fit of their data by @ing their results
with two different theoretical distributions.

They have first compared their results with a King profile @962), which describes
the mass distribution of relaxed galaxy clusters. We reball by relaxed clusters we mean
all those clusters that have not experienced major mergiocegses for a sufficiently long
time. The King profile can be expressed in its 3D and projefciedulation with the follow-

ing expressions:
n

n(r) = e 10)2)3/2 (2.9)
o(b) = Wbo/r)g) (2.10)

wherer. is the so—calledore radiusando, = 2n,r. is a normalising factor.

The second theoretical profile they have compared with iBli& profile (Navarro et al.
1997), which describes the density profile of dark matteoéspredicted by cosmological
N-body simulations and can be expressed as:

(r) = %
P = ) (T (r/ra)?)

whered, is a normalisation factor and is a characteristic radius which is usually defined
as a function of the concentration parameter the formry = ryo/c.

Popesso et al. (2005) have found that the best fit to theiltsdsigiven by a King profile
with a core radius of./ry00 = 0.224 4+ 0.005 andoy, = 0.153 + 0.004, while for a NFW
profile they have found a concentration paramétér< ¢ < 4.2. Figure 2.4 shows the
observed number—density profile of galaxies and the bedoiited by Popesso et al. (2005)
of the two different theoretical distributions of Eq. 2.90d8q. 2.11. It is worth to notice that

(2.11)

We defineryo as the mass contained within a radius encompassing a mesitydsgual ta200 x p.., with
p. the critical cosmic density. See Appendix A.
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Figure 2.4: Number—density profile of galaxies as a functibthe cluster-centric distance
(from Popesso et al. 2005).

the number density profile of galaxies in the central regminthe clusters has a shallower
distribution than the density profile of dark matter haloesdicted by NFW profiles (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 wastfabserved 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 highldghteBower et al. (1992).
Indeed, by knowing differences in colours, one can recolsspkte 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 fit for — K as function of\/;; andU — V' as a function of
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My

V — K =—0.0743 £ 0.0011(My + 34.92) + 4.21 £ 0.16 (2.12)

and
U—V =-0.0819 4+ 0.008( My + 34.92) + 2.61 + 0.11. (2.13)

In Fig.2.5 we report the colour magnitude diagrams found oywé& et al. (1992) for the
Virgo cluster (empty symbols) and for the Coma cluster @diBgmbols). The continuous line
shows the median fit. Dashed line shows the CMR predictech®dCloma 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 (filled symbols): (a) CMR for th€ — V' colours; (b) CMR for thé” — K colours.
Triangles are SO galaxies, circles ellipticals and stafa 80%); galaxies. Dashed line shows
the CMR predicted for the Coma cluster starting from the ®icfuster (from Bower et al.
1992).

More recently Lopez-Cruz et al. (2004) have analysed the(RGMm a sample of 57
clusters in the Einstein IPC database (Jones & Forman 16@8jified in the X—band in the
redshift range.02 < z < 0.18. They have confirmed the universality of the CMR at low
redshift inB — R as a function of thél/z 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 ofM/z andV — K as a function ofM;, compared with
observational data from Prugniel & Simien (1996) and Bovieil.g1992).
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Figure 2.6: CMR in theB — R as a function ofM/; 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 numericaigrens from semi—analytic
models and observational results from Prugniel & SimierO@)Yegarding the CMR in
B — V as a function of thel/z 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 thpargpanels but for the CMR
intheV — K as a function of thé/,, 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@ytinuous line). CMR i/ — V'

(@) andV — K (b) as a function of\/y,, colour coded in metalicity. (c) Relation between
mean metalicity of galaxies antl;, magnitude and (d) between age of galaxies and
magnitude, averaged in mass (filled symbols) and lumindgsitypty violet symbols), from
Romeo et al. (2004).

Figure 2.8 shows instead a comparison with predictions fngdro-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 of\/,, and
V — K as a function of\/y,, 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 thieband.

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

The presence, as early as- 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 reproducgdiomerical models of galaxy
formation (see e.g. Diaferio et al. 2001a; De Lucia et al.4&2QMenci 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 gesentative of the Universe, is
possible to comput€,, by multiplying it by the observed mean luminosity densitytio¢
Universe (see e.g. Bahcall et al. 2000; Girardi et al. 20@0lli@rg et al. 1996):

Q]W = M/L X PL- (214)

Assuming a mass to light ratid// L. « M®, a number of authors have found a valuexof
between 0.2 and 0.4. For example Girardi & Mezzetti (200¥elanalysed a sample of 141
clusters, 36 poor clusters, seven rich groups and two sangple 500 groups of galaxies
from the Nearby Optical Galaxy catalogue findihgyoc L5***°% which implies a values of
a ~ 0.25. A possible explanation of this shallower dependence ofutthenosity from the
cluster's mass is that the more massive clusters are alsaldeg thus a lower luminosity
especially in the bluer and optical bands is expected.

Another possible explanation given by Lin et al. (2003) & tystems with virial temper-
atures higher thah0” K have a lower efficiency of forming cooling flows at clusterses.
thus possibly implying a relatively lower stellar mass fra:

Mstar/Mtot X Mt;?aﬁ- (215)

This also may explain the fact that thé/ L is higher in theX” band, which is dominated by
old red—giant stars.

In another work Lin et al. (2004) have observed the relatietwien thel// 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) finding
a value ofa for the best fit ofce = 0.26 4 0.04 within r59. In @ similar way Popesso et al.
(2004) have analysed a sample of 130 clusters of the RASSS@Atalogue focusing on the
red galaxy population finding//L oc M°2%098 in thei band withinrsy. As shown in the
right panel of Fig. 2.9, for the whole galaxy population tleywe found a best fit of:

log(L/10" L) = (0.90 4 0.05) x log(Ms00/10" 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. CAIRNS spectroscopic survey
of the infall regions surrounding nine nearby rich clustefrgalaxies. They observed the
relation between th&// 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 th& band
(from Lin et al. 2004). Right panel: Same as left panel but wand withinrsg, (from
Popesso et al. 2004).

scatter but the CAIRNS clusters show an increase in M/L (mtal at-5y) 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-fit relation:

B Moo 0.31-£0.09
(M/Lk,)(< rsp0) = (67 4)’1(2'1 101 M, ) : (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 nunolbgalaxies as a function of
the cluster mass. For example, Lin et al. (2004) have shoantbie number of galaxies
within 7500, Ns0, With magnitudelx < —21 is proportional taV/§;3! (see left panel of Fig.
2.10). More in detail they have found that:

(2.18)

M 0.84+0.04
Nigo(My < —21) = 56 + 2 ( 500 )) .

2 % 104 x 0.7 h=' M,

In a similar way Popesso et al. (2006b) have found that thebeuwf galaxies increases
slower than the cluster's mass. More in detailed they founrttiér band that the number of
galaxies with magnitude less tha20 lies on the relation:

N = 10711.60i0.59(MQOO/M®)0.91i0.04’ (219)
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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 obgetawith M < —21 and the
cluster’s mass (from Lin et al. 2004). Right panel: Relatietween the number of galaxies
with M, < —20 and the cluster’'s mass withiny, (from Popesso et al. 2006Db).

2.2.5. The luminosity functions

One of the most studied property of the cluster galaxy pdmra is their luminosity func-
tion, which is defined as the number of galaxies per unit veluwithin a given magnitude
bin.
Despite (or because of) its conceptual simplicity the LF li@sn for many years one of the
most popular tools for the interpretation of galaxy obstoves 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@hile 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 distandgeat low redshift, with high
contrast against the background, allowing an efficienttifieation of cluster members with
small contamination from background galaxies.

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

G(L)dL = ¢, (L/L,) e " )d(L/L,). (2.20)

WherelL, is a characteristic luminosity, is the density of galaxies per units of magnitude
at the luminosityL, anda is a constant which indicates the slope of the relation atéaime
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end. Typical values of,, the characteristic magnitudd, and« for field galaxies in the
B-band arep, = 0.0156 £+ 0.004, M, = —19.2 £ 0.27 anda = —1.30 + 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 opticaldivork et al. 2000,
Stoughton et al. 2002, Abazajian et al. 2004) with redshstrdbutionz < 0.25. Popesso
et al. (2006a) have computed the combined luminosity fonstin theg, r,7 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:

H(L)dL = ¢, [(L%)a exp(_LgL) + (%) exp(i}L)] d(L/L,). (2.21)

The large uncertainties associated to the exponentiabtat-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 blueulption is well described
by a simple Schechter function, while the bimodal behavaduhe 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 instancenAet 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 REDSHIFT z 2> 1

Despite the advent of the era of precision cosmology usharey observations of SNe and
the cosmic microwave background (see Appendix A), sigmficacertainty remains in the
expected numbers of galaxy clusters at 1. Moreover, the CMB temperature anisotropies
on scales corresponding to clusters are not accurately ikknieading to values foss, the
rms matter fluctuation in a sphere of radiis'! Mpc at> = 0 (Appendix A), which cover
the range).6775 15 (Gladders et al. 2007) @98 4 0.10 (Bahcall et al., 2003).

The rangers = 0.7 to 1 corresponds to a variation of a factor of nearly 20 in tresljizted
numbers of: > 1 clusters withM,, > 10*M,, (e.g. Sheth & Tormen, 1999). Obtaining
substantial samples of galaxy clusters at 1 has proved challenging, largely because such
objects are difficult to detect using only optical data. Doi¢hieir greatly enhanced rate of
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Figure 2.11: Luminosity function in the four SLOAN bandsr, i, = computed withiny.
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Dots: Observational data. Continuous line: Best fit (fronp&&so et al. 2006a).

star formation by ~ 1, the UV emission from modest sized field galaxies overwhelas
from the intrinsically red spectra of quiescent, early tgagaxies preferentially found in
clusters. The Red Sequence Cluster Survey (Gladders & 906, 2005) uses the observed
colour-magnitude relationship in cluster galaxies to iovar the contrast and has proven
highly efficient toz ~ 1, but the optical colours of the red sequence become incrggsi
degenerate at higher redshifts, as they no longer span $hd06QA break. Wilson et al.
(2008) describe a program to extend the red sequence tehtoghigher redshift using
Spitzer data, butit is also importanttestfor the existence of red sequences in 1 clusters

46



2.3. Clusters of galaxies at redshift > 1

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 confirmed clustersat 1.10, 1.23, and 1.26 (Stanford et al., 2002;
Rosati et al., 1999, 2004) and more recentlyat 1.39 (Mullis et al., 2005) and 1.45
(Stanford et al., 2006). The UKIDSS Ultra Deep Survey presidnother recent example,
finding 13 cluster candidates with6 < z < 1.4 in a 0.5 deg survey (van Breukelen
et al., 2006), one of which has 4 spectroscopic redshifts-at0.93 (Yamada et al., 2005).
Eisenhardt et al. (2008a) identified 335 galaxy cluster aodgcandidates from &5um
selected sample of galaxies in the IRAC Shallow Survey. @mes were identified by
searching for over-densities in photometric redshiftedicand 106 clusters are at> 1.
They claimed that roughly 10% of these candidates may becéagéo arise by chance or
from projection effects. Nevertheless, 12 clusters hawen lspectroscopically confirmed at
z > 1, as have 61 of the 73 clusters observed with AGES at 0.5. For the twoz > 1
clusters with 20 or more spectroscopic members, they hdiwaaed total cluster masses of
severall0**M,, and the total mass estimated from the stellar luminosiidgi comparable
values. They also found colour-magnitude diagrams in [3.6] vs. [3.6] for thez > 1
spectroscopically confirmed clusters, revealing that aseeplience 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 probdbkter 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 at(z,,) = 1.413.

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

Recently, Castellano et al. (2007) discovered a localiset-density at 21.6 in the
GOODS-South Field. They compared the properties of the neegddaxies to those of the
surrounding field and they found that the two populationsageificantly different, support-
ing the reality of the structure. Castellano et al. (200 0vstd that the reddest galaxies, once
evolved according to their best fit models, have coloursisterst with the red sequence of
lower redshift clusters. The estimatéd,,, total mass of the cluster they found is in the
rangel.3 x 104 — 5.7 x 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 fouhg = 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, I, [4.5] colour image of cluster
ISCS J1438.1+3414 dt,,) = 1.413. North is up and east is left, and the field size is 5’
square £ 2.4 — 2.5 Mpc for = = 1 — 1.5). Objects with yellow circles are photometric
redshift members, i.e., they have integrat&d) > 0 : 3 in the rangez.; + 0.06(1 + 2. ),
where z,,; is the mean estimated photometric redshift for the clus&pectroscopically
confirmed cluster members are denoted by yellow squaresalNgpectroscopic members
fall within the 5’ field shown here. Blue diamonds indicateofdmetric redshift members
whose spectroscopic redshifts are not in the range2000(1+-z,,) 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 up to~ 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, fididsh are usually associated
to the radio—galaxy. We will discuss here some observdti@salts concerning the radio—
galaxy MRC-1138-262 at redshift~ 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 Calme&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 beeadcalbpiderweb 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 compgmaplying that a high star
formation rate was occurring within4) — 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 HubbleaUDeep Field. We address the
attention’s reader to the very high velocities associatetthé satellite galaxies (the flies of
the Spiderweb), reaching velocities along the line of safttoughly 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 the,,; band. Galaxies were identified with tIBSEXTRACTORalgo-
rithm (Bertin & Arnouts 1996) and are shown as white regiofsis picture clearly exhibit
the difficulties of deciding whether assigning pixels toayabs 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#®n detected satellite galaxies.
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Figure 2.13: Composite image oRa” x 18” region at the core of the MRC 1138-262 proto-
cluster taken with the ACS through the;; + g4 filters, using a total of 19 orbits. Also
shown are rest-framéy, emission velocities in kilometres per second, measurexligir

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 vékExwere measured at the
peaks of thd .y, emission profiles and are relative to the median velocit§pf 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 knTs the velocity of the nucleaky, emission. Eight of the
satellite galaxies (flies) that have chain, tadpole, or gymorphologies are indicated by

numerals 18 (from Miley et al. 2006)

Fig. 2.15 by Hatch et al. (2008plots the rest-frame NUVI§,, band) luminosity func-

tion of the detected galaxies with the solid line showinglkst fitting Schechter function
H(M) = 0.4¢*log,o[1004M =M)]a=1 oxp [ 1004M"=M)] (Schechter, 1976). The best fit-

2The luminosity function published by Hatch et al. (2008) diok include the correction facta:.5 x
log1o(1 + z) (R.A. Overzier, private communication).
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ting parameters were found to beé* = —24.3, ¢* = 198.3mag 'Mpc~ and the slope
a = —1.26. The slope of the faint endy, is found to be similar to that of a sample of
z = 2.2 galaxies from Sawicki & Thompson (2006). The briglit and largep* are a direct
consequence of the fact that the region of interest is as®atwith 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 1®:5 mag and encompasses al-
most all of the galaxies detected, therefore the integréd@Bchechter function from19.5
to —24.5 results in the totals;4 flux from the galaxies in the Spiderweb complex. The
intergalactic UV light in this bandpass accounts for 39%haf total flux 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 fill up the Schechter func-
tion up to—18.1 mag (indicated by the dotted line in Fig. 2.15). Therefore KGL would
comprise of approximately 15 galaxies with absolute magi@s betweer-19.5 mag and
—18.1mag. The IGL extends across a region 4243Kpe 60 arcseé). Therefore each of
the 15 faint galaxies would have to extend acregdsarcseé — larger than the massive radio
galaxy, or be distributed in a very ordered arrangementratdhbe 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 gdie the X' band luminosity and
found M, ~ 1020,

Hatch et al. (2008) have also computed the UV sl@pehich measures the UV contin-
uum through

_ 0.4 X (gazs — Is14) _9 (2.22)

Aats
log As14

&

Figure 2.16 shows the resulting map of the UV slgpéata 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 thtelirgalactic light component
avalue of-2 < < —1, which implies a reddening value &f( B — V') ~ 0.1 —0.25. They
have also found a trend in the IGL to be bluer with the incregisiistance 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 flariV continuous in the
whole region of~ 142M, yr—! without dust correction. When applying a minimum dust
correction ofE(B—V) = 0.1 they have put a lower limit on the total SFR-of325M, yr !,
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@ns of Ly,—excess ob-
jects in the field of the Spiderweb complex within a projegdégsical 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 identified galaxies hadslifts in the range 2.16.02,
centrered around the redshift of the radio galaxy. The wialtstribution found by Penter-
icci et al. (2000) suggested that there are two galaxy suipgrbaving velocity dispersions
of ~ 500 km st and~ 300 km s™! and a relative velocity of 1800 knTs. They have
estimated the dynamical masses in the case these struatargsialised, and found-9 and
~3 x 10" M, respectively, implying a total mass for the structure of enian 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 regliéaxy. They have found
three emitters showing an additional line which confirmsitietification withH,, at 2 =
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 identification
of all observed lines witlt,, is the small velocity dispersion (360 km'§ as compared with
the width of the selection filter. This dispersion is also Benghan the dispersion of thiy,,
emitters found by Pentericci et al. (2000).

Carilli et al. (2002) performed a high resolution X-ray obh&gions of the Spiderweb
galaxy with the ACIS-S detector on the Chandra observatongy 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 oft x 10* erg s'*. 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 254 of the X-ray emission from the Spiderweb complex
is spatially extended on scales of"1® 20’. The extended X-ray emission is elongated,
with a major axis aligned with that of the radio source. Wiile X-ray and radio emissions
are elongated on similar scales and position angles, teare one-to-one correspondence
between the radio and X-ray features in the source. Theylauded 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 frorense Compton emission. If the
emission is from hot gas, the estimated gas density is 0.08 and the estimated gas mass is
2.5x 102 M. Thus, pressure in this hot gas is adequate to confine theeadtting plasma
and the optical line emitting gas. Carilli et al. (2002) seupper limit of1.5 x 10** erg s'*
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 thed.halo of the Spiderweb galaxy itself, to a (rest
frame) 2 to 10 keV luminosity limit of.2 x 10*3 erg s'!. Carilli et al. (2002) also detected
emission from a = 2.183 QSO located 2west of the Spiderweb system, with a luminosity
of 1.8 x 10** erg s!.
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Figure 2.14: g475 image of MRC 1138-262 and surrounding x 18.5 region, smoothed
with a Gaussian of s = 0.05 arcsec. All regions identified #sxigs 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 withine Spiderweb complex. The
solid line is a Schechter function fit to the data. The dotied indicates how much of the
luminosity function is missing if the intergalactic ligh#sults from a population of fainter
galaxies; approximately 15 galaxies with absollgte magnitude (rest frame NUV) between
19.5 < mag< 18.1 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 dgpiveb
system. Data has been binned in 2D as described in the telexi€aare outlined in black.
The Ly, flux 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 comwigaarviews 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 willjide 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 thentifie
cation of gravitationally bound substructures in cosmaalghydrodynamical simulations
in Section 3.6. Finally, in Section 3.7, we will briefly reweabout a widely used tech-
nique in galaxy formation’s models complementary to ditgarodynamical cosmological
simulations: the semi-analytic approach.

http://www.MPA-Garching.MPG.DE/gadget/
2Seehttp://www-hpcc.astro.washington.edu/tools/skid.htm
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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 finding the solutions of the equation of motiongfmumberN of point-like par-
ticles with massn; whose dynamics is purely gravitational. From the Keplettagory it
is possible to show that an analytical solution to this peablexists forN = 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 first time in the sixtiestfee study of cosmic structure
formation. They become a fundamental part of the study aihcdsgy only in the eighties,
thanks to the development of fast computers and efficientpetimg algorithms. Now, a
large part of our knowledge on the formation and evolutiomagmic structures is based
on the results from numerical simulations. For reviews @ thpics, see e.g. Hockney &
Eastwood (1988); Bagla (2005); Dolag et al. (2008b).

A typical simulation which aims at describing a portion oé tiniverse and the gravita-
tional evolution of the dark matter component uses a largebau NV of collisionless parti-
cles in a cubic box. This box, has to be sufficiently large tchescales 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 esaky needs to compute, for
each particle, the resulting force due to the gravitatiatiahction of all the other particles.
We first consider the simplest case of two particlesdj. The two particles attract each
other with force: p @ — &)

— mimj T; — I’j

-z v e o
whered is the gravitational constanty; andm; are the masses of the particlesandz; 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
infinite accuracy in the integration of the orbits. To prevéims, thee term is added to the
denominator. This term essentially represents the spagalution of the particle dynamics.
At each time-step it is necessary to compute the global gi@mnal force acting on each
particle, due to the distribution of all the other particléghe simplest way to do so is to
computeﬁzj for all pairs of particles. This method was adopted by earugations and is
calledParticle-Particle method (PP)t provides a very accurate estimate of the gravitational
force, but its computational cost rapidly increases with tflumber of particles, since the
number of operations required at each time-step/i{gv — 1)/2. In order to treat more
complex systems, it is necessary to reduce the number chibpes.
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The solution adopted by a large part of N-body codes c&8aticle-Mesh codes (PMis
to compute the large—scale gravitational field over a gndhis case the Poisson’s equation:

V20(7,t) = 4nGa® [p(Z, 1) — p(t)] | (3.2)

where® is the gravitational potential angl¢) is the background density, is solved in the
Fourier space. The computational cost is sensitively redy© (N log N), 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-
finements on highly clustered regions. These family of c@deghus calleddaptiveMesh
Refinements (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 partidciech 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 partitngnprocedure, which is sketched in
Fig. 3.1 for the case of a two-dimensional simulation.

oLy .' . fik i

Figure 3.1: Schematic illustration of tleREE code scheme in two dimensions (Springel
et al. 2001). The particles on the left are enclosed in a fngtllicell (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, whictagos the whole simulation
box. It is divided into2? sub-cells, each having side equal to one half of the side ef 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 finished, the space is divided imoi@ber 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
parametep (typically 6 ~ 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 partiEles computed by treating it a single
particle, otherwise its sub-cells are considered. Thisgss is repeated iteratively until the
resolution criterion is satisfied or a one-patrticle celeiached. 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 box>6f) »~*Mpc. Figure 3.2 shows the
complex topology of the “cosmic web” in &CDM universe. The zoomed out panel at the
bottom of the figure reveals a tight network of cold dark nratlesters and filaments of
characteristic size- 100 h~*Mpc. On larger scales, there is little discernible structuré an
the distribution appears homogeneous and isotropic. §ues¢images zoom in by factors
of four onto the region surrounding one of the many rich gglelusters in the simulation.
The final image reveals several hundred dark matter sulbstas; 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 dthybsimulation, using
41203 ~ 69.9 billion particles, and covering a volume ¢6.592 h~'Gpc)? which corner-
to-corner stretches all the way to the horizon of the visibleverse. Figure 3.3 shows
a 64h~! Mpc-thick slice through the Horizon simulation showing tiatter density field
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 oco. The distribution of the CDM patrticles
is converted to a density field using the Triangular Shapedi€€binning method (Hockney
& Eastwood 1981), and the density field befare= 23 was obtained by linearly evolving
the initial density field backward in time. The radial scaleéle 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 pi®jeave tried to reproduce
a Milky Way-sized dark matter halo with extremely high-resion: The Aquarius Project
(Springel et al. 2008) and the Via Lactea Projects (Diemanal.e2008, and references
therein). The first group have simulated 6 different halasheat several different numerical
resolutions, finding in the largest simulation, nearly 800, gravitationally bound sub-halos
within the virialised region of the halo. The latest simidatof the Via Lactea Project took
one million CPU hours to finish and has over one billion p&tavith a mass of only 4.1
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3.9 Mpc/h
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Figure 3.2: The dark matter density field on various scales fthe Millennium simulation.

Each individual image shows the projected dark matter tefisid in a slab of thickness
15 h~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 consecaitilagements 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
field in the past light cone as a function of look-back timetladél 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 origynagular 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 justified initial conditions is onetbe 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 fieldib&lrdensity fluctuations (see
also Appendix A.); this field is thus completely describedtbg power spectrumP(|l§\)
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 af setmplex numbers with a
randomly distributed phasgand 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] and A in |0, 1] for every point ink-space

5 = \/—2P(F)In(4)e2, (3.3)
To obtain the perturbation field generated from this distidn, one needs to generate the

63



NUMERICAL COSMOLOGY AND GALAXY FORMATION

potential®(q) on a grid7’in real space via a Fourier transform, e.g.

(q) = @ei’ﬂ? (3.4)
k2
k

The subsequent application of the Zel'dovich approximmafi¢el’'Dovich, 1970) enables one
to assign the initial positions

F=q— D" (2)®(q (3.5)
and velocities

7= D" (2)VO(]) (3.6)
of the particles, wher®*(z) and D*(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 memtibiT he first is that one can
try to reduce the discreteness effect that is induced on énsity power spectrum by the
regularity of the underlying grid of the particle positiofithat 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 appraaed to deal with this problem
is the so-called “zoom” technique: a high resolution regmself-consistently embedded
in a larger scale cosmological volume at low resolution gsge Tormen et al., 1997). This
approach usually allows an increase of the dynamical rahgeesto 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 refinements tvé&urmprove 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, oissible to find numerical so-
lutions to the N-body gravitational problem. Neverthe)éssyonic matter has a much more
complicated physics and behaviour. Therefore to have a engand 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

Influence of star formation

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

The basic ingredient of these models is fluidodynamics efioee numerical methods with
the aim of describe these processes are called hydrodyaaméthods.

The description of hydrodynamical processes through nigadamethods can be basically
classified in two general categories (see Dolag et al. 20081i@ore comprehensive descrip-
tion of the topics treated in this Section):

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

e Lagrangian techniques
In Lagrangian techniques instead physical quantities sseaated to each particle
representing the fluid element and their evolution is foBovas a function of time and
space along the particles trajectory. These techniquessftire, need a discretisation
of the fluid in particles, which generally will occupy diffant 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 ofegtangian 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 artificial viscosity, and the fdwttit is not possible to represent
an arbitrarily large density gradient with a finite numberpafticles. 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, filnid is modelled as com-
posed by a number of elements which are represented bylparti€hus, if the system is

65



NUMERICAL COSMOLOGY AND GALAXY FORMATION

evolved according to the laws of hydrodynamics, the derfgtgl p can be estimated form
the local density of particles. Since the computational eha@bnsists of a finite number
of fluid elements, local averages must be performed ovemvetuof nonzero extent. This
is conveniently accomplished by introducing a systematoc@dure for smoothing out lo-
cal statistical fluctuations in the particle number. The mealue of a physical fieldf(r),
within a given interval can be determined through kernehestion according to

£() /W R P (3.7)

whereW (7) is known as the smoothing kernél,is the smoothing length, which specifies
the extent of the averaging volume, and the integration & @ space. The smoothing
kernel is normalised to unity. It is also required thgtr~)) — f(7) for A — 0. Within
reasonable assumptions on the kernel functié(r), Hernquist & Katz (1989) show that
the error made in approximatingr) by its smoothed estimatg ()) is O(h?). If the values
of f(r) are known only at a finite number of discrete points, distedwith number density
n(r) = Zj.vzl d(7r"), then the smoothed equivalent can be written as (Hernquikb&

1989):
N

7 — 75 h). (3.8)
In particular, if a massy; is associated with each fluid element of dengityhen:
N
) = Y mW([7 = 7], h). (3.9)
j=1

In every time-step the SPH code must solve the fluid equatitrsmass conservation is
assured by the fact that the kernel function is normalisedhity ([ 1V (7)dr = 1), while in
the adiabatic regime the Euler and the energy conservatjoat®ns become:

RSRAEE I
— ) == m |5+ L VW(F-7)h 3.10
(dt) > |+ 2 W=l (3.10)
and N
de P L oL = L.
<%) = 2 ij(v —u;) - VW (|7 = 75|, h). (3.11)
j=1

respectively. The description of a non-conservative galsystem 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-
ficial viscosity terms in Eq. 3.10. An important advantagehd SPH formalism is that
it provides a natural means for estimating gradients of dleallfluid properties. Gradients
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of the physical variables are replaced by derivatives ofstneothing kernel, thereby con-
strainingl (7) to be differentiable or at least the same order as that ofetitmest present in
the dynamical equations. In addition, the kernel shouldize®y peaked and approach a
delta function asi — 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 finite portion of volume.€elBADGET-2 code on which
our simulations are based, adopts the following kernel:

g 1—6(r/h)?+6(r/h)®> 0<r<h/2
Wi h) = =4 20— r/h)? h/2 ; r<h (3.12)
0 r >

wherer is the distance from the particle position. Note that bothfirst and the second
derivatives of the above kernel are continuous. The localigpresolution is determined
by the smoothing length. A more traditional approach adopts the sairfer 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 . would not be resolved, thus not taking full advantage of ttapéive Lagrangian
nature of the SPH method. An adaptikaenstead allows at the same time to achieve the
necessary resolution in denser regions and to maintainaime devel of accuracy at all
points on the fluid, thus improving consistency and efficyeoicthe code. The value df is
then determined from the local particle density, by keephegnumber 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 refinemetggnation scheme. It is also
possible to choose between a full TREE algorithm or a contbin&/-TREE algorithm for
the gravitational treatment.

Figure 3.5 is an example of the evolution at redstf®, 5 and 0 of the gas density within
a cosmological hydrodynamical simulation that has beeliseghwith theGADGET-2code
within a cosmological box of 1921 Mpc side and containing:2480° DM and gas particles
for a ACDM cosmology (Borgani et al. 2004). This sequence showkigrarchical growth
of structure along filaments and groups and clusters placte antersection of filaments.

We show in Figure 3.6 (Borgani & Kravtsov 2009) how the diaitions of DM (upper
panels), gas (central panels) and star (lower panels) eavwoss 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 distigioy with its
pressure support making it smoother below the Jeans lengté. S~Furthermore, stars form
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Figure 3.5: Evolution at = 9, 5 and 0 of a TREE-SPH simulation realised with the
GADGET-2 code for aACDM within a cosmological box of 192H Mpc (from Borgani
et al. 2004).

since early epochs within high density halos, where gas aneatly 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 thstiridution traces the nodes of
a complex filamentary structure, the so-called cosmic wedxirAe goes on, these filaments
keep accreting matter, while small halos flows along thera|lfirmerging onto larger halos,
placed at the intersection of filaments, where galaxy ctagtgm (see also Chapter 5). By
the present time (left panels) a rather massive galaxyearimsts formed at the intersection
of quite large filamentary structures.

More in detail the following astrophysical processes wemglemented 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 (Jdackground 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 inhiigtgas 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. idalthlly, 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-
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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 mapadé matter, gas and star
distributions, respectively. From left to right we show #mapshots at = 4, where putative
proto-cluster regions are traced by the observed condemisaof 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 at = 0. This cluster has a total virial mags,;. ~ 10 h~! M, atz =0
(Dolag et al. 2008). Each panel covers a comoving scale afita® 4~ Mpc, while the
cluster virialised region at = 0 is nearly spherical with a radius of about’3*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 fixed across #netem 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@syuncertainties introduced by
these approximations have not yet been deeply exploredlaadycleave room for future
investigations. For the formation of the first objects indeal with virial temperatures below
10* K, the assumption of ionisation equilibrium no longer holbisthis case, one has to fol-
low the non-equilibrium reactions, solving the balanceatiquns 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 @kignificant
role. When metals are present, many more reactions areableaind some of these can
contribute significantly to the cooling function below* 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 thipgydor a detailed description
of the method, providing here only a short summary of the rhotllee ISM is pictured as
a two-phase fluid consisting of cold clouds that are embedtipdessure 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 flow, and have density irssyafesome threshold value, e.g.

pi > 0.1 atoms cm ™. (3.13)

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

h; 1

> )
C; \/47TGpZ'

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,

(3.14)

Pi_ - 557, (3.15)

pmean

which restricts star formation to collapsed, virialisedioms. Note that the density criterion
is the most important one. Particles fulfilling it in almodit@ases also fulfil the other two
criteria.
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Once a gas particle is eligible to form stars, its star foramatate can be written as

do.  dpi  cups
. dt ¢,
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 timet gy, = (47Gp;)~"® and the cooling timé.,,; = w;/(du;/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 significant fraction of the gas particle mass to hiavened 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 reduceatdiogly. 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 gasiga into a star particle, which
correspond to the choice of only omgeneration 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

, (3.16)

p=1—exp <—C*%) (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 identified with a
Simple Stellar Population (SSP), i.e. a coeval populatiostars characterised by a given
assumed initial mass function (IMF) and same metalicityrttier, 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 (typically0®' 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 keyed@gnts 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 ive treated as a simple
stellar population (SSP), i.e. as an ensemble of coeva &@ring the same initial met-
alicity. Every star particle carries all the physical infation (e.g. birth time,, initial
metalicity and mass) that is needed to calculate the ewnludf the stellar populations that
they represent, once the lifetime function, the IMF and tieédg for SNe and intermediate
and low mass stars (ILMS hereafter) have been specified.eldrer 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 fractiod of stars, in the mass range 0.8%8,, belonging to bi-
nary systems which explodes as SN-la in the single—degersranario (Greggio & Renzini
1983; Matteucci & Greggio 1986).

It is generally assumed that the stars having mass abd¥e 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 layersglthia 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 sufficient energy depusitis currently supposed
that this process leads to an explosive ejection of the dayers, giving rise to a SN II. We
remind the reader that M, is a commonly adopted fiducial 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 natub®tif 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 define a model of ch&mMolution are the fol-
lowing: (a) the adopted lifetime functiorfb) the adopted yields an@) the IMF which fixes
the number of stars of a given mass. We describe each of thgszlients 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; Portinaraket1998).

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;
Chieffi & Limongi 2004), which are based on different assuim of the underlying model
of stellar structure and evolution.

As for the initial mass function (IMF)®(m), it is defined 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 manyliving-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 dameidi 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. whethealosariations of the values of
temperature, pressure and metallicity in star-formingamegaffect the mass distribution of
stars. The most famous and widely used single power-law Bthe Salpeter one (Salpeter
1955), while Arimoto & Yoshii (1987) proposed a flatter IMFhigh 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 flattening in the low-mass regimeisheurrently 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)19g8f)est 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 molecudbruds 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 simulationsléziding 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 eabjt

3.4.4. Feedback from galactic winds

If not counteracted by some sort of feedback process, a@p@iwell known to overproduce
the amount of stars both in the average environment and igribnep/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 dersef@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 outflows are observed and expected togkay role in transporting en-
ergy and metals produced by the stellar population into@&M/ICM. To account for them,
Springel & Hernquist (2003a) suggested a phenomenolodesdription of galactic winds
as an extension of their model, which has been included irsithelation. According to
their implementation , the wind velocity,,, scales with the fraction of the SN-II feedback
energy that contributes to the windsiasx n'/? [see equation (28) in Springel & Hernquist
2003]. The total energy provided by SN-II is computed by agsg that they originate from
stars with mass- 8 M, for a Salpeter (1955) initial mass function, with each Shasing
10°! erg. For example, assumimg= 0.5 and 1, yield tov,, ~ 340 and 480kms™*, respec-
tively.

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

e TREE algorithm for the computation of the gravitationaldes;

SPH algorithm for the computation of the hydrodynamicatésr,

Cooling processes with a UV background and star formation;

A detailed treatment of stellar evolution and chemical @mient;

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

As a result, 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 $i@een 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, roiiedi of stars and gas, intensity
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of emission and absorption lines, will generally be a funtf both galaxy’s age and cos-
mological evolution. Thus, it is very important to diserg@nthese two effects. In this
framework, synthetic stellar population models are a pawéool 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. 1990uBunal A. & Charlot 1993,
Bruzual & Charlot 2003). Each of these models has the folgwiee-parameters:

e The Initial Mass Function (IMF)(m);
e The Star Formation Rate (SFR)?);
e The evolution of metalicity” ().

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
Terr(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 nisde 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.zZRe& 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 metalicity

Let us callly(Z, M,t — 1) the luminosity emitted at the timieat the wavelength from
a star of mass\/,metalicity 7 and ager. The luminosity at the wavelength of a SSP
characterised by an IM&(m) can be computed as:

M’I?Z(L.Z
Lospa(Zt=) = [ " olm)s(2, 20,8 = r)aM, (3.18)
whereM,,,;, and M,,., are the minimum and maximum mass of stars in the stellar pepul
tion.
At this point we define th&€€omposite 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:

t rZ
LA(t) :/0 /Z.fiﬁ(t—T)LSSP’A(Z,t—T)dZdT, (319)
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whereZ; andZ; are respectively the initial and final metalicitiegs — 7) is the SFR at the
time (¢ — 7) andr is the 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 withesolution of 3 in the band
between 3208 and 95008 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 metalicitie€s = 0.0001, 0.0004, 0.004, 0.008, 0.02
(solar) andZ = 0.05 and ages betweéf® and2 x 10'° years, for different IMFs. A dust
attenuation model based on the two simple components byld@ar~all (2000) is also
implemented. As a result, the code gives at each time-step:

e 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;
e Star Formation Rates.

We report in Fig. 3.7 an example of the evolution of the maskxtninosity ratio inB, V
and K 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, therdfer&/{ L ratio is lower in thek
band than in thés andV” bands.

3.6 IDENTIFYING GALAXIES

In this section we briefly discuss two codes which we have usexur work to identify
gravitationally bound structures in simulations. For ourgmses, we focused on the identifi-
cation methods of gravitationally bound star particleschiwe identify adbona fidegalaxies
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Figure 3.7: This picture shows the evolution of th&/ L ratio in B, V and K band for a
Salpeter IMF with solar metalicity computed with the GALAXEode.

within our simulations. More in detail we will briefly desba 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 fi/lccomputed 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 field in stepg®fwhere we assume~ 3ep,

as the typical SKID length scale comparable to the simulatoyce resolution. When a
particle begins to oscillate inside a sphere of radiy, it is stopped. Once all particles
have been moved, they are grouped using a friends-of-BiéRAF) algorithm, with linking
length7 /2, applied to the new particle positions. The binding eneffgach group identified
in this way is then used to remove from the group all star plagiwhich 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 energwlliginve identify as “bona fide”
galaxies only those SKID-groups containing at least 32 g#aticles 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 field by using the disttido of all the particle species,
based on a SPH spline-kernel. At this point, SUBFIND desd¢bkadgotential gradient until
a saddle point is found. This saddle point allows one to mjstish 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 ctmstion of sub-halo candidates
has been based on the spatial distribution of particlesealoh more physical definition
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 subseleal Finally only structures with
minimum number of particles larger than a certain vaNig, (V,,, = 20, typically) are
considered abona fidestructures. In Figure 3.8 from Springel et al. (2001), wevslao
typical example of substructure identified using SUBFIND. /e, one can clearly spot
substructure embedded in the FOF-group. The algorithm SNBFinds 56 sub-haloes in
this case. The largest one is the ‘background’ main halowsha 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 argeplat a common panel on the
lower left. Particles not bound to any of the sub-haloes ftiumz”, 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 FORgrehich are not assigned to
any substructure to the main halo. This choice mostly agféat identification of the central
galaxy of a cluster halo. As shown by Murante et al. (200™usations predict the forma-
tion of a significant amount of Intra-Cluster light assoedhto the build-up of the BCG by
repeated mergers. These star particles are still gravtaity 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 magsiy,, ~ 10° b= M, ) cluster
atz = 0 as it is identified by the SKID and by the SUBFIND algorithm#ielsimulation is
based on th& ADGET-2code and includes radiative cooling, star formation butsealback,
in a similar way as the simulation described in Chapter 7t pahel shows the cumulative
stellar mass functions of galaxies identified withif, by both the SKID and the SUBFIND
codes. We note that the stellar mass of galaxies identifie8KIP and by SUBFIND are
in excellent agreement, apart from the most massive galaxigd cluster, the BCG. The
difference in the first bin is due to the diffuse stellar comg@at which the SUBFIND algo-
rithm assigns to the BCG'’s stellar mass, while it is congdeas a separate component in
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Figure 3.8: Example for a sub-halo identification with SURBI The top left panel shows
a small FOF-group (44800 particles). SUBFIND identifies 66-8aloes 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 lefticka not bound to any of
the sub-haloes form “fuzz”, and are displayed on the lowgrtrifrom Springel et al. 2001).
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Figure 3.9: A comparison between the galaxy population ahmalated massiveN5q ~
10> A=t M, ) cluster atz = 0 as it is identified 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 iapiér 7. Left panel shows the
cumulative stellar mass functions of galaxies identifiethimiryy, by both the SKID and the
SUBFIND codes. Right panel shows a map in the plane x-y of ts#ipn of the identified
galaxies in cluster-centric coordinates.
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the SKID code. Right panel shows a map in the x-y plane of ttsitipo of the identified
galaxies in cluster-centric coordinates. We note that tsétjons of identified galaxies are in
remarkably good agreement and that galaxies which have undeparts are preferentially
placed in the outer region of the cluster and have stellasgsaslose to the resolution limit
of the simulation.

3.7 SEMI-ANALYTIC MODELS: AN OVERVIEW

We briefly present in this Section the basic principles beélairnwidely used family of tech-
niques to study galaxy formation within the cosmologicararchical framework, which is
complementary to direct hydrodynamical cosmological $atons: the semi-analytic ap-
proach. These models assume that baryons follow the dysayhi@ark Matter (computed
either via numerical simulations or analytically). Thernthin 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.dfladrical galaxy formation mod-
els require three basic pieces of information about darktenhaloes:

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

e Theinternal structure of the halo, in terms of the radialsitgrprofile 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 sufficiently frequent outputs. SAMs which congpilie merging history of dark
matter haloes in this way (e.g. De Lucia & Blaizot 2007) arsxowonly 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.h&lees
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 darten&alo. The horizontal lines
represent snapshots in the evolution of the history of the, ltarresponding to time-steps
in an N-body simulation or Monte-Carlo realisation of therge 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 final halo is shown at t5 (from Baugh 20B&ht panel: A merging
tree from a Monte Carlo simulation, showing the formatiosttmy of a central dominant
galaxy in a large DM halo with present masg? A/. Time runs from top to bottom, from
z = 10 to the present. Each branch represents a progenitor of gdeyafaxy, and the colour
code (shown on the right in units of 8« 10! A/) quantifies the mass of the corresponding
progenitor. A total of som&0? progenitors are involved, with the main one being represént
on the rightmost branch (from Cavaliere & Menci 2007).

Mass

mass resolution (e.g. as depicted between steps t3 andhd)final 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 ma$8'® M. Each branch represents a progenitor of the
final galaxy, and the colour code (shown on the right in urfitsf& x 10! M) quantifies
the mass of the corresponding progenitor. A total of mora fltd progenitors are involved,
with the main one being represented on the rightmost braRé.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 adrighical galaxy formation
model (from Baugh 2006).
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3.7.2. Astrophysical gas processes

In this section, we describe the more complicated elemenié&siag in a hierarchical galaxy
formation. These processes are far more difficult to deédh wian gravitational instabil-
ity, and are often dissipative and nonlinear. The physidsrasethe 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 availaliervations, 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 frolpservations. An overview
of the processes typically incorporated in semi-analy/ticadels 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 formationt asts the rate at which the
raw material for star formation becomes available. Thedoasidel of how gas cools inside
dark matter haloes was set out in detail by White & Frenk (J9%igure 3.12 shows a
schematic of the basic cooling models used in SAMs. EachrBpeesents a stage in the
cooling process. In the first stefg ), 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 hala4). 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 tima 0. For each mass shell at
radiusr a cooling time can be defined as:

azlnT'1  3kpT,(r)um,
dt B 204 (r)M(Ty(r))’

whereA is the cooling function. The left-hand-side of the aboveatmun follows from the
assumption that7" is computed for an isobaric transformation. The coolingusét the
time ¢ for the classical modet(t), is the defined through the relation

Tc(t) . tcool(TC) =t. (321)

In other words, the function:(¢) is the inverse of the functiofi,(r). It is then assumed
that each shell cools after one cooling time. The resultiagsrdeposition rate reads

(3.20)

tcool(r) = ‘

. dr
Mool = 47Tr2pg(rc)d—tc ) (3.22)

84



3.7. Semi-Analytic Models: an overview

t

1

‘ cold gas

Figure 3.12: A schematic of the basic cooling model used imi-salytical models (from
Baugh 2006).

where a dot denotes a time derivative. Recently, Viola g2808) 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 SPHirdeglynamical simulations
of isolated halos, with gas sitting initially in hydrost@agquilibrium within NFW potential

wells. They concluded that the classical cooling model ofitéd/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 first sight, egopto 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, cold
- ;

M, o (3.23)
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where the star formation raté/,, depends upon the amount of cold gas availablg,,

and a characteristic timescate The timescale could be chosen to be proportional to the
dynamical time within the galaxys,, = 7g1/vga1, OF t0o be some fixed value. Typically,
some additional dependence on the circular velocity isrpm@ted into the definition of,
which is important when attempting to reproduce the obgkgas fractions in spirals as a
function of luminosity (e.g. Cole et al. 1994, Cole et al. @B Theeffectivestar formation
timescale is in practice a modified versiongfdue 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 gas, 3, x g
Kennicutt (1998) verified this form for a large sample of apand star-burst galaxies, flndlng
n ~ 1.4. The Schmidt law can be rewritten in the form of Eq. 3.23, witteplaced by the
dynamical time of the galaxy. A process closely correlatdth 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 modulatefticiency 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 first calculatiorti®fjalaxy luminosity function
in hierarchical clustering cosmologies. White & Rees ()9a68nd 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 thesblaedkding 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, frarohwt 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 stagesimigrger 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 profile oregmy 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 fphoto-ionisation suppression
of cooling in low mass haloes) or by stifling the cooling flow injecting energy. Initially,
as remarked upon above, the motivation for invoking feekilveas to reduce the efficiency
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of star formation in low mass haloes, in order to flatten tlopaslof the faint end of the pre-
dicted galaxy luminosity function, thus bringing it in liméth 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 decadeirns out that, in order to
produce a good match to the exponential break in the lunminbsiction, the super-wind is
required to be extremely efficient (perhaps implausiblyaajoupling the energy released
by supernovae into driving cold gas from the disk. Benson. ¢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 200attaneo 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 bllagle mass and bulge mass and the
break at the bright end of the luminosity function. Figurgé33(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
fixed mass-to-light ratioX//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 term#ickat 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 efficient feekihemm AGN.

3.7.6. Galaxy mergers

In the two-stage model of galaxy formation proposed by WRiteees (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 acecredvent is assumed to be
smooth and devoid of any substructure. White & Rees arguatdgalaxies survive the
merger of their parent haloes as a result of them being maneerarated than the dark
matter, due to the dissipative cooling of gas.

The White & Rees picture of galaxy formation leads naturadlya 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. (2003 < 0.1, stars). Lines show results from different GALFORM modéledel 1
(dashed line) shows the result of converting the dark mhtkr mass function into a galaxy
luminosity function by assuming a fixed mass-to-light ratf@sen to match the knee of
the luminosity function. Model 2 (dotted line) shows theuleérom 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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Figure 3.14: A schematic view of a merger between two darkenhtloes. The progenitors
of the final halo each contain a galaxy. After the haloes mdhgemore 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. Thelstanay 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 progesitwf 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. Jdtellite 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 theemaal methods pre-
sented in Sections 3.4, 3.5 and 3.6 to analyse and compasamuiations 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 gigramics 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 thealproperties of nearby galaxy
clusters to the observational results shown in Chapter 2.cbintent of this Chapter largely
reflects the results presented in two papers which havedgiie@en published (Saro et al.
2006 and Fabjan et al. 2008). The plan of this Chapter is &foln 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 identification and how luminosities in different ldarare 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 disctiesradial 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 disaussection 4.4 the effects of
numerical resolution on the stability of the results of onalgtsis. Our main results will be
summarised and discussed in Section 4.5.

Within the general framework of th&«CDM 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 precisiortmatodern 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 theasiseof DM halos and by the
physical processes which define the evolution of the cosimgdms. A complex interplay
between radiative gas cooling, star formation, chemicaktkbment and release of energy
feedback from supernovae (SN) and active galactic nucl@iNAis expected to determine
the properties of the stellar population in galaxies. Atdame time, the cluster environment
is expected to play a significant role in altering the evoloif 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 flexible tool to study galaxy formation wittiie 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 dN~&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 moofggical 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 field galaxies. Thexkaled that a good agreement
with observations holds for cluster galaxies, while cotoand star formation rates of field
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 significant differences exist between trse=oied and the predicted proper-
ties of the large—scale distribution of galaxy groups. Deiawet al. (2004b) incorporated in
their model also a scheme of metal production to follow thecment of ICM and galaxies
(see also Cora 2006). Among their results, they found thattiour—magnitude relation
(CMR) is mainly driven by metalicity effects, the redderaaés 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 presionpto 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 pexedsstar formation and feed-
back. For these reasons, describing the process of galaxyafion with a self—consistent
hydrodynamic approach within the typical cosmologicaliemvment of~ 10 Mpc, 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 field. Frenk et al. (19@6ed for the first time a radiative
simulation of a cluster and identified galaxies as concéotra 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
confirmed by more recent hydrodynamical simulations (ef@ltenbacher et al., 2005; Bi-
viano et al., 2006). Thanks to the ever improving supercamguapabilities and efficiency
of simulation codes, a number of groups have recently caiegbleydrodynamical 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 refinement code,dimgjustar formation, feedback
from supernovae and chemical enrichment, to describe tagaslistribution of galaxies
inside clusters. They found that galaxies are more centcalhcentrated than DM sub—
halos, with their number density profile described by a NF\&psh(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 differenhda. They analysed the resulting
colog—magnitude relations (CMR) and luminosity functiogiaiming for an overall general
agreement with observations. More recently Romeo et al§pf@nalysed a set of 12 groups
and 2 simulated cluster in order to follow the building-uptieé 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 bestsay its slope and scatter
being almost independent of the redshift (since at leastl.5) and environment.

In this Chapter will present a detailed analyses of the gapmopulation for a set of 18
simulated clusters, which span the mass range frofnx 10'* M, to~ 2 x 10 M, . The
simulations have been performed with the Tree-SPH GRRGET-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 varyingthetbhape 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 significant discrepan-
cies are found. For this reason, the aim of our analysis wilirfore that of understanding
the directions to improve simulations, rather than seekin@ best fitting between model
predictions and observations.
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4.1 THE SIMULATIONS

4.1.1. The simulated clusters

Our set of clusters are identified within nine Lagrangianaeg, 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 sifet79 h~*Mpc of a flat
ACDM model with2,,, = 0.3 for the matter density parametér,= 0.7 for the Hubble
constant in units of 100 knt$Mpc 1, os = 0.9 for the r.m.s. fluctuation within a top—hat
sphere o8 h~!Mpc radius and?;,, = 0.04 for 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 massMsg, in the rangé 5 x 10 — 1.8 x 10 M, , out of which 4 clusters have
Myy > 10" M, (see Table 4.1). Figures 4.1 and 4.2 show a representatasarhple of 8
analysed clusters colour coded respectively in gas deastygas temperature. They exhibit
how structure formation grows preferentially along filanseof 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 initigpthcements were then assigned
according to the Zel'dovich approximation (e.g. Shand&iZeldovich, 1989). Besides
the low—frequency modes, which were taken from the initalditions of the parent sim-
ulation, the contribution of the newly sampled high—fregeyeemodes was also added. The
mass resolution was progressively degraded in more distgitins, So as to save computa-
tional resources while still correctly describing the krgcale tidal field 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 final gas and dark matter particle lolistons are interleaved by one
mean particle spacing. In the high—resolution region, thesas of the DM and gas particles
are set tompy = 1.13 x 10° ™My andmg,s = 1.7 x 108 h~*M,, respectively. The
Plummer—equivalent softening length for the gravitatidoece is set toep; = 5.0 A~ tkpc,
kept fixed in physical units from = 5 to z = 0, while beingep; = 30.0 h~tkpc in comoving
units at higher redshift.

We defineM a as the mass contained within a radius encompassing a mesitydsgual toA p,., with p..
the critical cosmic density. See Appendix A.
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Table 4.1: Characteristics of the clusters identified wittme 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 massg{/,y,, contained within the radius,,, encompassing an average
density 200 times larger than the critical cosmic dengitgunits of 10'* M, ); Col. 4: total
number of galaxiesVsqo, within 59, having a minimum number of 32 star particles.

Region name Cluster namelMsyy  Nogg
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
g6212 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 |dingedlensity 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 chemicalofinnent 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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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—steppimgich includes an integration
scheme which explicitly conserves energy and entropy (8pti& Hernquist, 2002), radia-
tive cooling, the effect of a uniform and evolving UV backgnal (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 artificgabsity 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 instantarge-recycling approximation
(IRA).

We have suitably modified the simulation code, so as to cthyraccount for the life—
times of different stellar populations, to follow metal drection from both SN-la and I,
while self—consistently introducing the dependence otcti@ing function on metalicity by
using the tables by Sutherland & Dopita (1993). A detailestdgtion 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 massest0 M., 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 th#n\/.. 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 nuoitstars turning into SN-II
and la at each time-step and the number of stars ending tldBrghase. 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 e@agh star particle is characterised
by both its initial mass, assigned at the time of its fornmatiand its final mass, which
is updated during the evolution. Both SN-II and SN-la areuassd to release(0°! 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 stali@al mass function (IMF).
In the following, we will assume for the IMF the power—law pealN/dlogm o m™*.
Simulations will be run by assuming the Salpeter IMF witk= 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 0.88 M, mass
range (Greggio & Renzini, 1983), while SN-II arise from stanth mass> 8 M. 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 acallfitting 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 & Voli (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@RH computations, also
using the same kernel. We normalise the IMFs in the mass 1&dgd00M,. Owing to the
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uncertainty in modelling yields for very massive stars, aieetyields to be independent of
mass aboveé0 )M .,. While any uncertainty in the yields of such massive stassaegligible
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 vaee suitably modified to
account for(a) the contribution of the energy reservoir provided by the Sich 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 patrticle to become multiphase, thereby being eligtblentdergo star formation, is fixed
tong = 0.1 cm~3 at zero metalicity. According to Eq.(23) of SHO3, this thvell is in-
versely proportional to the cooling function. Since theédatlepends on metalicity, we take
self—consistently a metalicity—dependent star—fornmetfweshold for gas having a non-zero
metalicity.

SHO3 also provided a phenomenological description foraj@lavinds, which are triggered
by SN energy release and whose strength is regulated by tampéers. The first one gives
the wind mass loading according to the relatidfy;, = n)M,, wherel/, 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 alwaysujse- 500 kms~'. For the above
values ofp andwv,,, all the energy from SN-II is converted in kinetic energyjrashe 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= star formation
history are comparable to the observed ones. In order té\wbe 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
vy = 500 kms~! for all clusters, with the exception of g676 and g51 regidasyhich 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 energydged\wy SN-II. An efficiency
larger than unity can be justified on the ground of the largeetminties on the actual en-
ergy released by SN-II explosions. In this perspective, lse take the value of the wind
velocity as a confidence value. A wind velocity: = 1000 kms™! is intended to represent
an extreme feedback case, so that comparing the resultsheitfvo values of wind veloc-
ity allows us to check the effect of a stronger feedback orfittad properties 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™).
Name IMF slope v,

Sa 1.35 500
Sa-NwW 1.35 0
TH 0.95 500

TH-SW 0.95 1000
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Figure 4.3: The number density profile of cluster galaxiesft panel: the profiles of galaxies
of different stellar mass, averaged over all clusters, lierruns with Salpeter IMF (filled
symbols). Shown with the solid curve is the average DM proAléprofiles are normalised
to the total number density within the virial radius. Rigtanel: The number density of
galaxies, brighter than = —18.5, contained within a given radius, normalised to the total
number density found within the,,,. Filled squares and open circles are by combining
all the simulated clusters, for the Salpeter and for theheavy IMF, respectively. The
solid curve is the best—fit King model to the number densitfijgs of cluster galaxies
from the analysis of RASS—SDSS data by Popesso et al. (200ét) plotted with arbitrary
normalisation. Error-bars in the simulation profile cop@sd to Poissonian uncertainties.
For reasons of clarity they have been plotted only for th@&al runs.

4.2 ASSIGNING LUMINOSITIES TO GALAXIES

As a first step, we identify galaxies from the distributionstér particles by applying the
SKID algorithn? (Stadel, 2001) as already discussed in Chapter 3. We rectietreader

3Seehttp://www-hpcc.astro.washington.edu/tools/ skid.html
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that we identify as “bona fide” galaxies only those SKID—grew@ontaining at least 32 star
particles after the removal of unbound stars.

Since each star particle is treated as a SSP, with formaditshiftz ; 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 dfM..
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 oeasve use the total metalicity of
each star particle (i.e., the sum of the contributions froendifferent elements) as input for
GALAXEV. We have verified that, using instead Iron or Oxygearpaoxy for the global met-
alicity, our final results are left essentially unchangedns§istent 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 staicfmame interpolate its age and
metalicity with the appropriate entries of the grid. Figalve evaluate the luminosity, ,
of each star particle, which is treated as a SSP of mgsand age, in ther band by:

M, (t)
M,

L,,(t) = L,(1My) 4.2)
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 finalt,dsu each galaxy our analysis
provides stellar mass, mean stellar age, metalicity,fetanation rate (SFR), absolute mag-
nitudes in thel/, B, V, R, I, J, K, bolometric standard Johnson bands and ingthe r, i, z
SLOAN bands.

We note that GALAXEV accounts for metalicity values in thenga 0.005-2.67.
While only a negligible number of stars have a metalicityobekhe lower limit of this
interval, a sizeable number of particles, especially fer tip—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 profile of cluster galaxies

A well established result from collisionless simulatioriggalaxy clusters is that the radial
distribution of galaxy—sized sub-halos is less conceatrdhan that of DM (e.g. Ghigna
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et al., 2000a; Springel et al., 2001; De Lucia et al., 2004a)l 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-merging 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$also for the galaxies identified
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), confirms that the radial distribution of galaxies igrenextended 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@®bf cluster galaxies,
after averaging over all the simulated clusters, comparetéd corresponding average DM
density profile. As discussed by Nagai & Kravtsov (2005)esthg galaxies in hydrody-
namical simulations of clusters, which include star fororat produces profiles which are
generally steeper than those of DM halos. We confirm heregakxy profiles become
closer to the DM profile as more massive galaxies are selesfifid 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 prestheir identity within merg-
ing halos. Indeed, since galaxies are more concentratedthies hosting DM halos, they
are able to better survive to disruption and merging, thepbviding 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 numbasitly profiles of galaxies
brighter thatr = —18.5 and compare it to the best fit to the observed profiles by Popess
et al. (2006b), who trace these profiles outt@r,,. Galaxies of this luminosity have a typ-
ical stellar mass of the order 6fx 10° M, in the simulations with Salpeter IMF. In general,
the observed and the simulated profiles are quite similandowt 0.475,,. At smaller radi
there is a trend for simulated galaxies to have a lower nurdéesity than in real clusters.
Therefore, although tracing galaxies instead of DM haldpdhi the comparison with the
observed galaxy profiles, still over-merging is the likedason for the shallower profile as
traced by simulated galaxies.
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Figure 4.4: Thé/—K vs. V colour—magnitude relation by combining all the galaxieghini
the virial radii of the simulated clusters, for the SalpdMF (top panel) and for the top—
heavy IMF with normal feedback (bottom panel). Straighedinn each panel show the
observed CMR relations by Bower et al. (1992), with the cgposding intrinsic standard
deviations. Big filled dots mark the BCG of each cluster. &##nt symbols and colours
are used for galaxies having different metalicities. Mageapen circlesZ > 1.57.; blue
filled triangles:1.5 < Z/Z. < 1, red open squares: < Z/Z. < 0.7; black open triangles:
0.7 < Z/Z, < 0.4; green filled squares? < 0.4Z.

4.3.2. The colour—magnitude relation

As discussed in Chapter 2, bright massive ellipticals, Whlieminate 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 relativtR)Ge.g., Bower et al., 1992;
Prugniel & Simien, 1996; Andreon et al., 2004; Lopez-Cruale 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 ehfationz; > 1.

2005; Mcintosh et al., 2005). Attempts to compare the olexe@MR to that predicted by
cosmological models of galaxy formation have been perfogioth using semi—analytical
approaches (e.g., De Lucia et al., 2004b; Lanzoni et al5280d 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 tn&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& with much improved
statistics. The results of this comparison are shown inreigud. As a term of compar-
ison, we use the observational determinations by Bower.€t18P2) (see also Terlevich
et al. 2001) for thé” — K vs. V CMR, which has been determined in the magnitude range
[—18, —23]. Quite apparently, a Salpeter IMF is successful in repridpthe correct ampli-
tude of the CMR at the bright entf,< — 20, while it tends to produce too blue faint galaxies.
The slope of the CMR appears to be driven by metalicity, thghiter 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 haggiares
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 fitting results
from Popesso et al. (2005) for théand and from Lin et al. (2004) for thi€ 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) anacgalwinds (e.g., Aguirre etal.,
2001) have been suggested as the possible mechanismsdb #meidiffuse intergalactic
medium. Clearly, the more efficient these mechanisms, terlthe expected metalicity of
stars and, therefore, the bluer their colours. In order toyehether more efficient galactic
winds may decrease the metalicity of galaxies in the runk tep—heavy IMF, we have re—
simulated the g676 and g51 clusters using= 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 theirlretdent, and, therefore, the high
CMR normalisation, almost unchanged.

Although a Salpeter IMF fares rather well as for the CMR, wéertbat all the BCGs
(big filled circles in Fig.4.4) are much bluer, by about 0.5gmiéude, than expected from the
red sequence. Such a blue excess of the colours of the BG@3$ takes place despite their
high metalicity, finds its origin in the large star formaticate, associated to over-cooling,
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which takes place in the central cluster regions. Typicilesfor the star formation rate
of the BCG in our simulations are in range 600-10a@/yr for the most massive clusters
(Mg ~ 10 Mg, ) and~ 100M/yr for the least massive ones/fy, ~ 1014 M, ). Al-
though observations indicate the presence of some ongtandgosmation in some BCGs
located at the centre of cool core clusters, they are alwagsraich lower level and consis-
tent with a star formation rate ef 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 explicitshown in Figure 4.5. We
show here the case in which all star particles, formed athiidds < 1 are excluded from
the computation of the galaxy luminosities. This is equewako assume that we completely
guench star formation sinece= 1. Neglecting recent star formation has the twofold effect of
reducing the scatter in the CMR and of making BCG coloursiaamtly 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 analsieb have established that
the mass—to—light ratio in clusters generally increasek thie cluster mass\//L « M~
with v ~ 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 & Caofordl, 2002; Lin et al., 2003,
2004; Rines et al., 2004b; Ramella et al., 2004; Popessa,2045). A likely explana-
tion for this trend is the reduced cooling efficiency withiloma massive, hotter halos (e.qg.,
Springel & Hernquist, 2003c), which reduces star formatuthin richer clusters. In fact, an
increasing trend of// L with cluster mass is naturally predicted by semi—analy/tivadels
of galaxy formation (e.g., Kauffmann et al., 1999a).

In Figure 4.6 we compare the relation between mass and lwitynwithin 5, 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 find that¥h&. from simulations is
rather close to the observed one in thmand, also with a comparably small scatter. In fhe
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 fit our mass—luminosity relation vaighower—law

L Mo \°
_ 4.2
oL, P (1014M@) ’ (4.2)

we find (o, 8); = (0.74,0.92) and(«, 5)x = (0.76,3.2) in thei and K band, respec-
tively, for the runs with Salpeter IMF, whiley, 5); = (0.70,0.91) and(«, 5) x = (0.74,4.7)
for the top—heavy IMF. Therefore, our simulations agredwhe 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 observedarsinulated\//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 figure, amamare the simulated and ob-
served number of cluster galaxies, brighter than a givemiasity limit, both in; and in the
K bands. Clearly, simulations under-predict such a numlyes, tactor~ 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@riserves 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 pagtwehich was most bound within
the DM halo before it was disrupted, thereby preventing aregesive 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 ilociud 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 uhiced 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 &agilaxies 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 factorati the corresponding softening
parameters by a facter 3.6, we find no appreciable variations of the stellar mass fonaf
cluster galaxies. We also verified that the lack of galaxse®ot related to numerical heating
induced by an non optimal choice of gravitational softenjeg., Thomas & Couchman,
1992). After running a series of simulations, using différehoices forep;, we find that
our softening choice is very close to that maximising the énal of the galaxy stellar mass
function.

As for the effect of feedback, a wind velocity 660 kms™! is large enough to devoid
the gas content of galaxies with masks 10! M, and, therefore, to suppress the number
of galaxies above the luminosity limits considered in Fig..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 agrent with observational data.
However, the price to pay for this is the increased total homsities, as a result of the larger
number of stars formed, which introduces a tension betweeulations and observations,
as shown in Fig.4.6. The need to reconcile at the same timauhwer 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 almesvely 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—fitting resuth fBDSS
data by Popesso et al. (2006b) (the dashed lines mark tiesintscatter of the observational
relation). Right panel: results in th€ band, compared to the observational best-fitting result
from 2MASS data by Lin et al. (2004). Symbols for the simulas have the same meaning
as in Figure 4.6.

4.3.4. The luminosity function

The luminosity function (LF) of cluster galaxies has beea sibject 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 feld,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 raditg, or r599. Furthermore, the LF can not be fitted
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 ssecipic 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 (histegrand the observed (curves)
luminosity functions of cluster galaxies in the Sloafleft panel) and: (right panel) bands.
The smooth curves are the best fit to the SDSS data analysedpeg$b 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 = —20 andz = —20 with the Salpeter LF. Consistent with the observationalysis
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, withimry, in ther and z 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 galaxied’; within the j-th luminosity bin is defined as
_ Mg Ny @3

mj p NO,Z’

N

J

Herem; is the number of clusters having galaxies in thth luminosity bin, V;; is the
number of galaxies in that luminosity bin contributed by théa cluster, Ny ; is the LF
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normalisation for the-th cluster andV, = ). N, ;. Following Popesso et al. (2006a), we
computel, ; as the number of galaxies in th¢h cluster which are brighter thanz = —19.
With this definition, each cluster is weighted inverselytgorichness, 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 MA@ 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 taed one. Therefore, we
decide to normalise the simulated LF by hand, so that the LEhi Salpeter IMF matches
the observed one at= —20 andz = —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 rasch 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. Th®issistent with the picture that
over-cooling takes place within the more massive haloscwhbsts 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 stettaass 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 x 101°M,. It is this steepening which causes the corresponding etieg 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 assedito 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 §spet 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, esgigan 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 functiainthe 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&ekng more efficient within
halos near the resolution limit. Finally, we show in Figur&@ithe effect of increasing the
feedback efficiency on the LF. In this case, we use the sanmaisation 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]evieiaving the faint end almost
unaffected.
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(2006a).
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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 blukexges preferentially avoiding to
reside in the innermost cluster regions (Butcher & Oeml884). For instance, Pimbblet
et al. (2006) found a decreasing trend of the- 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.{)L88d Wake et al. (2005) for
moderately distant X—ray selected clusters. Quite cosrsiist outer cluster regions are pop-
ulated by a larger fraction of blue galaxies (e.g., De Psogiral., 2004), thus confirming that
more external galaxies are generally characterised byatvwely younger stellar population.
This effect may result both as a consequence of the clust@oement, which excises star
formation in infalling galaxies, and/or due to an earlianfi@ation epoch of galaxies residing
in the cluster centre (e.g., Ellingson etal., 2001). In galhé¢he presence of a gradient in the
galaxy colours is naturally predicted by semi—analyticaldels of galaxy formation (e.qg.,
Diaferio et al., 2001b).

In the left panel of Figure 4.11 we show the radial variatidrine B — V' colour for
all galaxies found in our set of simulated clusters. Comsiswith observational results,
the mean galaxy colours become bluer as we move towards tBeduster regions. Quite
remarkably, this effect extends well beyond the virial tsdithus implying that galaxies feel
the cluster environment already at fairly large distand&ile 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®#r 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 bluermetki@ected from the CMR red
sequence (see Fig. 4.4). In fact, the galaxies identifiekdigrégion 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 clustelschvis 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 aglet 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 ifilae This result
further confirms that the presence of a cluster induces @mviental effects in the galaxy
population already at quite large distances. Much like lfier¢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 galaxgus| averaged over all simu-
lated clusters. In each panel, solid lines with filled sgsane 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 units-gf.. Symbols and line types have the same
meaning as in the left panel.

in the central BCGs. The fact that the inversion is more puoiced for the top—heavy IMF
is in line with its higher enrichment, which makes gas caphmore efficient.

A consistent result also holds for the radial dependenckes$tar formation rate (SFR).
In Figure 4.12 we show the specific SFR (i.e., the SFR per tallas 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 (ENACSJ #ound that emission—line
galaxies tends to under populate the central regions dfeskisBalogh et al. (1997) analysed
data from the CNOC1 survey of medium—distant galaxy clgster~ 0.2-0.6) and found
evidences for a continuous increase of the SFR o@t4g. In a similar way, Moran et al.
(2005) analysed a large sample of spectroscopic data,ingver 10 Mpc regions around
a Cl0024 at: ~ 0.4. Again, they found that galaxies appear to be younger ae leadii.
However, differently from our results, they detect evidenfor 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 specific mean star formation rate, averagedall 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 theritnriton from the BCGs.

4.3.6. The SN-la rate

The supernova rate represents a useful diagnostic to lenklkserved 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 massethearange (0.8-8)/., 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 $NkJgalaxy clusters from Gal-Yam et al.
(2002), Mannucci et al. (2008) and Sharon et al. (2007). Boh®f the simulated clusters
we adopted three different shapes for the stellar initiadsrfanction. 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 rensiliuse A = 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 sirtiolawith the AY IMF tends to
overproduce Iron (see also Section 4.3.2). In the attemmie@ocome this problem, we also

“We recall that is the fraction of stars, in the mass range 0.848, 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 seddaolution of the SN-la rate
per unit B—band luminosity (SNL). In both panels, filled symbols with error-bars refer to
observational data from Mannucci et al. (2008) (triang&gJ-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 SNgJ
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 filled and the open trianglesfarehe runs with Ari-
moto & Yoshii (1987a) IMF, usingd = 0.1 and A = 0.05 for the fraction of binary stars,
respectively.

carried out a run with th&Y IMF using alsoA = 0.05. The simulation analysis finalised
to compute the SN proceeds as follows. We compute the SNalues by also including

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

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

In the left panel of Figure 4.13 we compare the SNhlues from the simulations with
different IMFs with observational data. In performing tlismparison one potential ambi-
guity arises from the definition of the extraction radiusthivi which luminosities and SN-la
rates are measured in observations, since different autlsa different aperture radii. To
address this issue we computed SNId the simulations withinR,;. and verified that the
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results are left unchanged when using instBag.

Observational data show a declining trend at low redshiftisTs generally interpreted
as due to the quenching of recent star formation, which catls® number of SN-la per
unit B—band luminosity to decrease after the typical lifegiof the SN-la progenitor has
elapsed. On the other hand, our simulations predict a rdldeevolution 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 (1-8)/ 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 langdeuof 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 SNy
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 SNWBy more than a factor 2. While this helps in
reconciling the simulation results with the low-redshdtal it introduces a tension with the
data atz ~ 1.

Truncating star formation at = 1 (right panel of Fig.4.13) has the desired effect of de-
creasing the value of SNYbelow > = 0.5. Quite interesting, f00.5< 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 SNJUalues.

4.4 TESTING NUMERICAL EFFECTS ON THE GALAXY
STELLAR MASS FUNCTION

In this Section we discuss the stability, against possibhaerical effects, of the stellar mass
function of the galaxies identified inside simulated clusteln particular, we will focus
the analysis orfa) the effect of changing the softening of the gravitationatéy to control
the possible presence of spurious numerical heating Ehgmas & Couchman, 1992(%)
the effect of mass and force resolution. As for the softemimgice, it is known that using
too small values may induce spurious heating of the gascpestby 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 carsagaf the lower number of
resolved small halos (Borgani et al., 2006). As for the netsoh, 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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4.4. Testing numerical effects on the galaxy stellar mass figtion

The tests described in this Section are based on threercsimtd halos, which have been
re-simulated by varying mass and force resolution. Thasgels have virial masses in the
range(1.6-2.9) x 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 speunfrog = 0.8. At the lowest
resolution, the mass of the gas particleis, ~ 6.9 x 10* M, and the Plummer—equivalent
softening for gravitational forces is set to= 7.5h 'kpc 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 layoa 8 10 and 45, with the
softening correspondingly decreased according terthé scaling. Therefore, at the highest
resolution, it ismg.s ~ 1.5 x 10"M; ande = 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 repeatediih&sgon at 10 times the basic
mass resolution with four different choices of the gravaiaél softening. In particular, we
have decreased it by a factor two, with respect to the stadndasice, 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), withradwepeed,, ~ 480 kms™!,
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 whichfig@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 almosté@pgndent 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 identified
inside the virial radius. As expected, decreasing the softeto half the standard value has
the effect of suppressing the low end of the mass funcfiég, 2 x 10'°4~1 M, as a conse-
qguence of spurious numerical heating of gas. On the otheat, iacreasing 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 softehexgthe effect of increasing the
mass function, although the rather small number of galarig¢ise high mass end prevents
from detecting systematic trends. These results demaaskrat our lack of galaxies can not
be explained by a non—optimal choice of the gravitationaeddsoftening. As for the effect
of resolution, we plot in Figure 4.15 the combined cumulastellar mass function for all
the galaxies identified within the virial radii of the threesters, simulated at four different
resolutions. The first apparent effect of increasing ragmius that of steepening the mass
function in the low mass end. In the mass range where galaxeglentified with at least
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Figure 4.14: The cumulative stellar mass function of thexgak identified 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 danéxed mass resolution,
which correspond to an increase by a factor 10 with respetii@dasic resolution (i.e.,
Mmgs =~ 6.9 x 10" Mg, ; see text). The four curves correspond to the differentagsofor
the gravitational softening. The labels indicate the fabipwhich the softening has been
changed, with respect to the standard choice & ~'kpc.

64 star particles at the different resolutions, which cgpomnd toM, ~ 2.2 x 10194710,

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 efficieathy, therefore, prevents their
disruption and accretion inside massive halos. This reRrtonstrates that, at least at the
highest resolution reached in this test, also resolutionishe reason for the too low number
of galaxies found in the simulated clusters, when comparyaibservations (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 clusters:at 0. The inclusion of a detailed treatment
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Figure 4.15: The combined cumulative stellar mass funaifdhe galaxies identified within
the virial radii of the three clusters. The four curves cepand to the different resolutions at
which the clusters have been simulated. Continuous, lcagjetl, short—dashed and dotted
curves are for the simulations at progressively increasasglution. The labels indicate the
factor by which mass resolution is increased, with respetti¢ lowest resolution run (1x).

of stellar evolution and chemical enrichment (Tornatorale004; Tornatore et al. 2007a)
in the GADGET-2code (Springel, 2005) has allowed us to derive the promeofigalaxies in
the optical/near—IR bands. In our simulations each stargbars 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 mads,, ranging frombs x 101* M, to 1.8 x 10 M, .
All clusters have been simulated assuming both a standdpet®aIMF (Salpeter, 1955)
and a power—law top—heavier IMF with exponent 0.95 (Arimoto & Yoshii, 1987a). The
main results of our analysis can be summarised as follows.

1. Both the colour—-magnitude relation (CMR) and th& L 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 th L ratio in the X band. The CMR
is confirmed to be a metalicity sequence, in the sense tha¢ mraniched 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 wgthie 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 stamrfed at: < 1 produces
significantly redder BCGs, thus in better agreement witteolational data.

4. The number density profile of galaxies is confirmed to steepiém the galaxy stellar
mass, approaching the DM profile for the galaxies with > 10'°M., . However,
when compared to the observations (e.g., Popesso et abhP@be simulation profiles
are flatter that the observed ones ingidgy.

5. Simulated clusters have about three times fewer galaxiegead given luminosity limit
than real clusters. We have verified that this disagreersattectly 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
confirming that feedback is not strong enough to suppredsgoa 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 thatdion observational data by
Popesso et al. (2006a), we warn against its over-intetpyatan the light of the deficit
of the overall number of galaxies found in the simulatedteliss

7. A comparison of the SN-la rate per unit B—band luminosityJgnshow 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 Snl which is consistent with the observed one.

The results of our analysis support the capability of hygir@iical simulations of
galaxy clusters to reproduce the general trends charsicigtheir galaxy population. There-
fore, simulations in which the properties of the stellar glagion 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 deficit of galaxies produced in our simuas suggests that they are not
able to produce galaxies which are resistant enough towguthe tidal field of the cluster
environment. Indeed, the shallow galaxy number densitfilprim 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.,lyHslal., 2003a; Cattaneo et al.,
2007) or explicit conversion of cooled gas particles intdisionless stars (e.g., Yoshida
etal., 2002).

Furthermore, we always find that the brightest cluster gasa(BCGs) are much bluer
and star forming that observed. While the adopted feedldwkse, based on galactic winds,
is efficient in regulating star formation for the bulk of thalgxy population, it is not able to
quench low—redshift star formation in the central cluségions, to a level consistent with
observations. Clearly, the required feedback mechanisuldtbe 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., Rafferigl.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 tg@apspulation of galaxies, both in
terms of colour and of luminosity and mass distribution. fElfi@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 energynagi@dl feedback.
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CHAPTER 5

SIMULATING THE CORE OF A
PROTO-CLUSTER REGION AT 2z ~ 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
regions at ~ 2 that we compare to observational results of the Spiderwkxgaresented
in Chapter 2. In Section 5.1 we will present the main chareties 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 ittester 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 reflects the resultsgmiesl 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’ dendtinding and observing high—
redshift progenitors of galaxy clusters can provide inglle information on the processes
which led to their formation and evolution. The most distelosters to date have been iden-
tified out toz< 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” at = 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 treatsnehts 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 lodstgft, while generally predicting
too massive and too blue BGCs, due to the absence on an dffegeiiback mechanism that
suppresses the star formation activity in these galaxikgatimes (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 redshift ~ 2.1, which
by z = 0 will form a relatively poor cluster (C1) and a rich cluster)CThese two regions
have been extracted from two different lower resolutionepaicosmological boxes, and
re-simulated at higher force and mass resolution using dwriéd Initial Condition (ZIC)
technique by Tormen et al. (1997). The parent simulatiomsespond to two renditions
of the ACDM cosmological model, with the same values for the paramsét,, = 0.3,
hi0o = 0.7 and, = 0.04, and different values for the normalisation of the powercspen
(05 = 0.8 for C1 - Borgani et al. 2004, angk = 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 resolutiors wereased extend out to
~ 10 virial radii of the clusters at = 0. The total number of high resolution DM particles
in these regions is aboat8 x 10° for C1 and2.4 x 107 for C2, with an initially similar
number of gas particles. The basic characteristics of timellated clusters at = 2.1 are
summarised in Table 5.1. At= 0, the masses of these clusters &fg, ~ 1.6 x 1014 M,
and1.8 x 10" M., for C1 and C2 respectively. The mass of each gas particle,js ~
1.5x 10" M, for C1, anc.8 x 10" M, for C2. The Plummer—equivalent softening scale for
the gravitational force isp; = 2.1h~! kpc for C1 and2.75 h~! kpc for C2, in physical units
(e.g. Borgani et al., 2006). We verified that, by suitablycedimg particle velocities in the
initial conditions of the C2 cluster so as to decreaséo 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-SFADGET-2 code (Springel,
2005), including the effective star formation model by 8gel & Hernquist (2003b) and the
chemical enrichment model by Tornatore et al. (2007b) (desp€er 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 withinrygy (in units of 1013 Mg, ). Col. 3: 749 (in physical h~'kpc). Col. 3
and 4: total stellar mass (in units ©6'2 M., ), and number of identified galaxies within
ro00. COl. 5: X—ray luminosity in the [0.5-2.0] keV observer+fta energy band (units of
10¥ ergs~tem™2). Col. 6: spectroscopic—like temperature. Col. 7: emissieighted Iron
metallicity within .

Cluster Mogo 7200 M, Ngal Lx T4 Zpe

C1l 29 2347 12 491 36 1.7 0.37

C2 219 4526 6.6 1571 41.3 4.7 0.46

for star forming material.

Within the adopted stochastic scheme of star formationh egs particle can spawn
three star particles, with mass, ~ 0.5 x 10" M, for C1, and0.9 x 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 outflows 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 outflows is roughly equal to all the gyeavailable from SN-II for the
adopted IMF.

Galaxies are identified by applying the SKID algorithm (8a@001) (see Section 3.6)
to the distribution of star particles, using the procedwsatibed in Murante et al. (2007).
We identify as “bona fide” galaxies only those SKID—groupsteming 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 mapSidteft panel) and C2 (right
panel). Simulated maps extends in projection along the evhigih-resolution region and are
150 h~'kpc on a side, covering an area which roughly correspondsetphysical 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 at: ~ 2.1, within a region of150 ~~'kpc on a side, centred on the most massive
galaxy.

massive BCG and the visual impression of a significant orggmiarging activity suggest that

the merging processes associated to the BCG assembly neigbgjponsible (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 reseéctiWe also note the pres-

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

The BCG of the C2 cluster has a stellar masg.6fx 10'2M,, , about 6 times more
massive that the BCG of C1, which 789 x 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 ef 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) filters F473\ys} and F814W [s14). 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) clusters at~ 2.1, within a region ofl50 ~~'kpc on a side, centred on
the most massive galaxy.

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

Zgas 1.6 Mgas
- 5.1
v < Zo ) (2.1 X 1028 x 1.4 x m, x A2 ) ®-1)

wherem,, is the proton mass and the factiot scales to the average number of H atoms for a
typical chemical composition of gad/,,; andZ,,, are the mass and the mean metallicity of
cold gas in each cell. Finally the factor x 10%! is a normalising factor to typical H column
density of galaxies. The resulting optical depth is muck tasin unity for the majority of
the lines of sight, while it i3y, > 1 in the regions of most intense star formation, where
reaches values of about a thousand. Figure 5.2 shows tHangaptical depthry, for the
two clusters C1 (left panel) and C2 (right panel).

The dust—attenuated luminosity contributed by a star gdarthaving age and coordi-
nates(z;, y;, z;) at the positior(z;, y;, ) can be computed as:

f
Lyz; = Lz exp <— Zﬁ(%‘;%‘ﬂj)) , (5.2)
j=i

wherer, is the optical depth at the wavelengttand is related tay by the relation

T =

0.7 7
{ Ty (A/550 nm) if t <107yrs (5.3)

w1y (A/550nm) =07 if t > 107yrs
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Figure 5.3: The computed reddenifgB — V') map in logarithmic scale for the the C1 (left
panel) and C2 (right panel) clusterszat~ 2.1, within a region of150 2~ 'kpc on a side,
centred on the most massive galaxy.

wherey 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 &04l4).

The resultingkl(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 depthr,,
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 peeetl values ofE(B — V) in
our simulations are of the same order of magnitude in coodgnce of the diffuse stellar
component, while much higher values characterise starifgnegions.

Figure 5.4 shows the luminosity functions (LFs) of the gadaxdentified in the two re-
gions shown in Figure 5.1, in the F814Y¥(,) ACS filter 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 dustotmmethe 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 positionz ~ —60 andy ~ 50 in the right panel of Figure 5.1). This particular galaxy
appears to be quite massive but not star forming (see Figuie I5does not have a signifi-

The luminosity function published by Hatch et al. (2008) diot include the correction facta.5 x
logio(1 + z) (R.A. Overzier, private communication). We have included torrection 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(/s,4) ACS filter band. Results for the C1 and for the C2 simulatecstelrs are
shown as solid and dashed histograms respectively. Theddbltie 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 simdIBIEGs, 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 reasongiigleraent with observational
measurements. This is in apparent contradiction with tlevalnentioned evidence for a
too large mass of the C2 BCG. This can be explained by the eegg 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 simulationserieadily at magnitudes
fainter than the completeness limit of the observation@h.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 gal&ainter tharig;, = —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 14 and g475 band respectively for the C1 (left) and C2 (right) simulatbasters. We

remind the reader that to have a better and more coherenhrbateween observations and
simulations, one should convolve a map like those of Figbrsand 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 inghedand for the C1 (left panel) and
C2 (right panel) clusters at~ 2.1, within a region oft 50 »~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 reflect better the stellar density map shown in Feghil 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, finding evidence of diffuse star ftron 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 positione@half most massive galaxies
identified within the region shown. The star formation in gulations 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~ 600 M/yrs for the C1
cluster andv 1750 M /yrs for the C2 cluster. Hatch et al. (2008) suggest a tot& i the
Spiderweb system af 130 M/yrs within an area of 65 kgawithout any dust correction.
Assuming a minimum dust correction éf(B — V') ~ 0.1, they estimate a lower limit of
~ 325 Mylyrs. While this number is reasonably close to that founddy bringing it into
agreement with the SFR measured for C2 would require a ratirealistic dust extinction.
Comparing the positions of the galaxies with the distribotof the star formation, it is
apparent that they do not always coincide. With the exctusiothe BCGs, which domi-
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Figure 5.6: The projected surface brightness map igtheband for the C1 (left panel) and
C2 (right panel) clusters at~ 2.1, within a region ofi50 2~ 'kpc on a side, centred on the
most massive galaxy.

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

54 ARE THE PROTO-CLUSTERS IN VIRIAL EQUILIB-
RIUM?

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 2000km s~ for
one galaxy. Although the rather limited statistics prevemtaccurate virial analysis of the
system, these values hint at a rather large virialised nBassomputing the one-dimensional
velocity dispersiond,) for the fifty most massive galaxies contained withjg, (i.e. those
which more likely will have a redshift measurement in thedgpiveb complex), we find
o, = 481 kms~*! 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—fit,—M5, 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 identified in projection withis tegion.

variety of N—body simulations, we obtaifoo, ~ 2.7 x 10** h~!Mpc for C1, andMygy ~
1.9x 10" h~*Mpc for C2. These values are similar to the tridg,, values (see Table 1), thus
demonstrating that virial equilibrium holds within,, 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
2 1000kms~t. For the C2 cluster, we have a non-negligible probabilityrafasuring a
relative velocity as large as 2006n s~!, while this represents a very unlike event for the C1
cluster. Therefore, even within the limited statistics wditable observations, the measured
velocities for the flies of the Spiderweb system are pretebyexpected in a proto-cluster
as massive as C2.

Pentericci et al. (2000) measured redshifts for 15algmitters in the Spiderweb re-
gion and found a velocity dispersian, = 900 4+ 240kms™! (see also Venemans et al.
2007). However, the region sampled by thesealLpbservations has a physical size of
about3 h~!Mpc, much larger than the expected virialised region. In ordexampare with
these observational data, we have computgdor the 50 most massive galaxies within
3 h~Mpc from the BCGs of our simulated clusters. We find= 331 kms~! for C1 and
o, = 683kms~! for C2. This result indicates again that a proto-cluster asgive 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. (2004)leéd, as
discussed in Chapter 2, Kurk et al. (2004) found values, of- 360 kms~!, 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 of 50 »~'kpc on 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 Ibagiieenched star formation
in the Spiderweb galaxy. Indeed, the Spiderweb galaxy has beginally identified as a
radio—galaxy with extended and distorted radio lobes @texti et al., 1998), consistent with
the presence of a “radio—-mode” AGN. Furthermore, Nesvadlah €2006) carried out an
integral-field spectroscopic study of the Spiderweb comatel found evidences for massive
outflows of gas which are interpreted as due to the action dfl A€&&dback.

5.5 PREDICTED X—RAY PROPERTIES

Deep follow-up observations in the X—ray band of a handfutlakters at: > 1 are now
pushing the study of the thermo— and chemo—dynamical piiep&f the ICM to large look-
back times. Although we have probably to wait for the nextegation of X—ray satellites
to push these studies t& 2, it is interesting to make predictions for the X—ray lumiitps
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 igrmqmarable to the luminosity

133



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

of a typical bright nearby cluster. At the redshift of the @miweb galaxy, these luminosities
correspond to fluxes in the [0.5-2] keV (observer frame) bafrabout1.0 x 10~!° for C1
and1.5 x 10~ ergs~tem 2 for 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 to ~ 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.af 3.5 x 10* ergs~! (rescaled to our cosmology)
in the [2-10] keV band. They also placed an upper limit 6f x 10* ergs~! for a relaxed
cluster atmosphere. For C2, we find a luminosity in the samd bfabouts.8 x 10** erg s .
A luminosity of the hot gas surrounding the Spiderweb galaxyer than predicted for C2
can be interpreted as due to a significant heating from the gadaxy. Clearly, the relatively
short exposure time of this observation makes a precisendigtation of the X-ray from a
diffuse hot gas rather uncertain.

The flux predicted for C1 can in principle be reached with digent 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&gble as an extended source using
available X-ray telescopes. For C2, the predicted flux ispamable 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 Spideoeeplex could come from
non—thermal X—ray emission associated to star formatiaioargenerated 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 simulationsaiBl, 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 statidwomparison 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 at ~ 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
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and C2 respectively; see Table 1). The comparison is aimegenabnstrating to what extent
predictions from simulations of proto—cluster regionshwita ACDM framework are able to
reproduce the observational properties of the Spiderwelptax, and to shed light on the
processes regulating star formation within the deepesinpial wells atz ~ 2. The main
results of our analysis can be summarised as follows.

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

The star formation rate within the C1 proto—clusterq00M . yr~!) is consistent with
the observed one, while the corresponding value for/€2750M,yr~!) is in 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 withiyg 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 beingchlarger than those
measured for C1.

The inter-galactic medium permeating the C1 and C2 protstet 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. Tédigted X—ray fluxes from
thermal bremsstrahlung make these objects potentialctiile 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 likalyets 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 nigimecessary alreadyat- 2
to quench star formation and regulate the structure of thel“core” (see also Nesvadba

et al.

, 2006). The search for proto-cluster regionsat and their follow—up observations

with X—ray telescopes of the next generation will contrébta fill the gap between< 1
studies of the thermo- and chemo-dynamics of the ICM andttidyf 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 galasypdtion 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 simplified prescriptonThe 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 whima 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 briefrgggm of the SAM adopted,
and in Sec. 6.3 we present the results of our analysis. FinallSec. 6.4, we summarise
our findings and give our conclusions. The content of thisgB#rdargely reflects 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 measuremeggular structure in the
Cosmic Microwave Background (CMB), combined with other gedrical and dynamical
cosmological tests have constrained cosmological passgghtly (Komatsu et al., 2008,
and references therein) confirming the hierarchical colt daatter model (CDM) as the
‘standard’ model for structure formation. While the cosamtal paradigm is well estab-
lished, our understanding of the physical processes regglhe 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 linkothserved properties of
luminous galaxies to those of the dark matter haloes in wthely reside. Among these,
semi—analytic models (SAMs) of galaxy formation have depet into a flexible and widely
used tool that allows a fast exploration of the parametecespand an efficient investigation
of the influence of different physical assumptions. Compaonal costs are therefore reduced
with respect to hydrodynamical simulations, but this is elam 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 plaipoably place strong limits on the
accuracy with which galaxies can be simulated. As a consegi¢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&qath 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 first renditions, SAMs took advantage of Monte Cadohniques coupled to
merging probabilities derived from the extended Pres=8uier 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 direciv-
body simulations (Kauffmann et al., 1999b; Benson et alQ030 Since dark matter only
simulations can handle large numbers of particles, suchriiymodels 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 darkttaahaloes. 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 influence of analytical usraumerical merger trees on the
predicted properties of model galaxies has not been castieget.

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 sgnifisegregation between the
collisional and collisionless components (Volimer et2001). These effects are likely more
important in environments characterised by high densatiedarge velocity dispersions (like
galaxy clusters), and are expected to change the dynamictharntiming of halo mergers.
As the merger history of model galaxies in a SAM is essentiddiven by the merger his-

138



6.1. The simulations

tory of its parent halo, any physical process that affects heergers will influence model
predictions in some measure. We note that recent work hasraseger trees from non—
radiative hydrodynamic simulations (e.g. Cora et al., 3G08study the chemical enrich-
ment of the intra—cluster medium (ICM). This approach dfféére advantage of providing
a three-dimensional picture of the ICM, while keeping theaadage of exploring different
physical choices with sensibly reduced computationalgimih respect to hydrodynamical
simulations. The question of how SAM predictions are a#fddiy 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 foromatnodel. 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 hamaised to carry out a careful
comparison of the statistical properties of the galaxy pagpans and of the formation history
of the brightest cluster galaxies (BCGs) from the two sesmulations.

The use of non—radiative hydrodynamics is only a first steyatds a detailed compar-
ison between SAMs and hydrodynamic simulations. A morestalcomparison should
include also gas cooling and processes related to compgattgihysics, such as star for-
mation, supernovae feedback and super-massive black pn@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) simulati@md SAMs to calculate the evo-
lution of cooling gas during galaxy formation (Benson e28l01; 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 massivetsol galaxy clusters. More in
detail the analysed simulated clusters are the four mostineaslusters already presented in
Chapter 4. For each halo, both a DM run and a non radiativeugawere carried out. We
refer to the first ones with the label DM and for the second ovi#tsthe label GAS. For the
DM runs, the masses of the high—resolution DM particlesis; ~ 1.3 x 10 M . In the
GAS runs, the value ofip) is suitably decreased so as to match the assumed cosmicbaryo
fraction. The resulting mass of the gas particlesijg; = 1.7 x 10° Mg, . In Table 6.1, we
list the value ofM,, 7200, @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 forceastoe = 5 h~'kpc in physical units
from z = 5 to z = 0, while at higher redshifts it is set to = 30~ '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 chgstised in this study. Column 1:
name of the run; Column 2t/,, in units of10'* M, ; Column 3:74, in units of A~ !Mpc;
Column 4: total number of sub-haloes withig.

Cluster name Mosoo 7200 Nogo

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 1.68 250
g72 GAS 10.7 1.66 238
g8 DM 18.6 2.00 355
g8 GAS 194 203 219

gravitational softening. Simulation data were stored ino@8uts that are approximately
logarithmically equispaced in time down to~ 1, and approximately linearly equispaced
in time thereafter. Each simulation output was analyseddeioto construct merger trees of
all identified sub-haloes using the software originallyeleped for the Millennium Simula-
tion project. We refer to Springel et al. (2001) and to Springel et al. B)Gor a detailed
description of the substructure finder and of the mergerdogestruction algorithm. In the
following, we briefly summarise the main steps of the procedand 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@hdsybstructures identified as
locally over-dense regions in the density field of the backgd main halo. The substructure
identification was performed using the algoritl®aBFIND (Springel et al., 2001). For the
Millennium Simulation, all sub-haloes with at leaXt 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) areladoiThis turns out to be important
particularly for our GAS runs. We remind thQUBFIND classifies 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 & shbstructure list and represents
what we will refer to as the ‘main halo’. This particular haypically 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 praeedutlined in Springel et al.
(2005a), as updated in De Lucia & Blaizot (2007). This prageds based on the identifica-

Ihttp://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
identified withinry,g 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 goneng value of\/5y,. 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 toeatain its particles are identi-
fied. Particles are then counted by giving higher weight tséhthat are more tightly bound
in the halo under consideration. The halo that containsatyekt 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 &tras in our GAS runs, while
leaving the results of the DM runs unaffected. The mergerstieonstructed 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 identified at = 0 within ryy, averaged over the four simulated clusters.
We have included in these distributions the four main hatdfete simulations, using the
corresponding value a#/,,, for the mass. These correspond to the mass bins areund
10'° h~Mpc in the differential mass function. For all other sub-halabée mass used in
Figure 6.1 is the sum of the masses of all their bound pastiée will adopt this definition,
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
Msgo in DM and GAS runs shown in Table 6.1. The g8 cluster is an exwepfor this
cluster, M5 in the GAS run is larger than the corresponding value fromDMerun, and
the number of sub-haloes within,, 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 aftex 1. As a consequence, sub-haloes in the
GAS run spent a long time in a hot, high—pressure atmosphatecan efficiently remove
their gas through ram—pressure stripping. Turning backigarg 6.1, the drop at masses
< 101°°h =10 is due to our choice of considering only substructures withast 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 pantiass.

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-arahgodel 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@nttethodology originally intro-
duced by Kauffmann et al. (1999b), Springel et al. (2001) Rad.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 flows by ‘radio-mode’
AGN feedback. We refer to the original papers for detailshis study, we have assumed a
Salpeter Initial Mass Function, and a recycled gas fractmumal to 0.3.

The semi-analytic model adopted here includes explicaikanatter 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) andliéa et al. (2004b), the adop-
tion of this particular scheme leads to the definition of ¢hddferent ‘types’ of galaxies.
Each FOF group hosts a ‘Type 0’ galaxy. This galaxy is locaietthe 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 gatawf haloes that merged to
form the larger system in which they currently reside. Thsifans 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 hatlal 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 (jgdinels) 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
than 10''h~1 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 hmarked by circles all galaxies
more massive thah x 10'°A~1 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 vigsoof 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 ‘Pygalaxies, and their stellar mass is
assumed not to be affected by the tidal stripping that resltteemass 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 coloosled by mass density, com-
puted within a box oft3 Mpc comoving for the maps at = 0 (upper panels) andl.4 Mpc
comoving for the maps corresponding:te= 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 thenrmprogenitor of
the cluster halo (i.e. the progenitor with the largest masf)e corresponding redshift. The
positions of all galaxies more massive thei!'h 1M atz = 0 and5 x 101°A~ 1M, 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 topgbaaf Figure 6.2 show that the
massive end of the stellar mass function at 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 towardstiteechan 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. At= 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 panéBigure 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
identified in the DM and GAS runs. We will show that, while suiktributions agree quite
well, there are differences in the final masses of the BCGsaifyee 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 panel8lar mass functions for all galaxies
within o0 atz = 0, in the four simulated clusters used in this study. The cefidial mass functions have been
normalised to the total number of galaxies withif 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 (cdmiemels) 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®iG &S runs is slightly lower
than the corresponding number from the DM-only run (seeréigul). The naive expec-
tation is to have a total number of galaxies in the GAS runiviig lower than the corre-
sponding number in the DM runs (at least Type-0 and Type-d&xgag). 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 (uppangdpand cumulative (lower
panel) stellar mass function for the whole galaxy poputatathin roq,, 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 sitedlclusters. The agree-
ment between the two set of runs is quite good, but for a skfft towards lower stellar
masses for galaxies with mass3 x 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 separdfereinces in the total number of
galaxies from differences in their mass distributions, diferential mass functions shown
in the upper panels of Figure 6.3 have been normalised totakntumber of galaxies, while
the cumulative mass functions in the lower panels indicageun-normalised number of
galaxies withinry,. We recall that in this region, there is only one Type-0 gglex each
cluster (its BCG). Therefore all galaxies (but the four BE&sown in the right panels are
Type-1 galaxies.

The difference found in Figure 6.1 reflects into a differeistribution 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 deficit of Type-1 galaxitei GAS runs. As explained
in Sec. 6.1, we have considered as genuine substructuréaé with at least 32 bound
particles. Our resolution limit for the galaxy stellar mastghereforeM,, ~ 32 X Mpuy X
foar = 7 x 10°h~1 M, (with fi.. = 0.17). This value is close to the peak of the differential
mass functions shown in the upper panels of Figure 6.3. Afbges 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 suppresseldecause they are young gas-rich
galaxies in haloes that formed relatively late).

6.3.2. The number density profiles

Figure 6.4 shows the density profile of all galaxies wittyg from the DM (black solid lines)
and the GAS (red dot-dashed lines) runs. Solid lines showatbeage obtained by stacking
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the profiles of the four clusters used in this study, whiledgltaregions show the minimum
and maximum value obtained for the simulated clusters. Ag-igure 6.3, we show the
density profile corresponding to the whole galaxy poputatio the upper left panel, and
the contributions from Type-2 and non-Type-2 galaxies enupper right and lower panels
respectively. All profiles have been normalised to the medaxy density within-,g,, and
correspond to the galaxies identifiedzat 0. In all panels, the dashed green line shows the
average DM profile of the simulated clusters, normalised aoccimthe density profile of the
galaxies in the inner bin.

The galaxy density profile is dominated by the Type-2 galasgusation at all radii, and
follows very nicely the underlying DM profile, in agreemenitlwwhat found by Gao et al.
(2004Db). By definition, the central Type-0 galaxies popaitae innermost bin in Figure 6.4.
The lower panel of this figure shows that Type-1 galaxies teravoid the central cluster
regions, where they are efficiently destroyed by the intditke field of the parent halo.
The radial profile of Type-1 galaxies is ‘anti-biased’ relatto the dark matter profile 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. Ti@otable difference
is a small shift towards the centre for the positions of T{pgalaxies in the GAS runs. We
have verified, however, that this difference is due to a sigglaxy which is found closer to
the centre in the GAS run of the cluster g72. The shift is dud¢anfluence 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 posgtiohType-2 galaxies are given
by the updated positions of the particles that were the moashd particles of the parent
substructure, before their masses were reduced belowdbkiten limit of the simulation.
The agreement between the DM and GAS runs therefore implagtie presence of gasin
the simulation does not significantly alter the distribota 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 Typalaxies. 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 identified 0 and withinry, for the four
clusters used in our study. The distribution is normalisethe mean density of galaxies
within r909. Histograms show the mean of the four clusters, while thepetsion is indicated
by the shaded regions. Solid black lines are for DM runs, eviidshed-dotted red lines are
for GAS runs. The dashed green line in each panel shows the deesity profile of dark
matter. The three panels show separately the radial devfsibe 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:

2
D?* X Viirial

) 6.1
log(—]\]ﬁzz" +1) X G X Mgy (6.1)

Tnerge = 1.17 %

In the above equation)) is the distance between the merging halo and the centre of the
structure on which it is accretedl,;,;.; is the circular velocity of the accreting halo at the
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virial radius, M, is the mass associated with the merging satellite, /ahg;, is the mass
of the accreting halo. All quantities entering in Eq. (6.1 aomputed at the last time the
merging satellite can be associated with a resolved darkemsibstructure. We note that
satellite galaxies can merge either with Type-0 or with Ftpgalaxies, but the majority of
the mergers occur between Type-2 and Type-0 galaxies. $rcge M,,,.;, IS Mg Of the
accreting halo, while in the case of a merger between a Tyged2a Type-1 galaxy/,,.in

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

We note that Eg. (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 distributanthermore M, 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 haviegy however, that by taking
into account this baryonic component does not alter signiflg our results.

Two recent papers (Boylan-Kolchin et al., 2008; Jiang e2&I08) have studied merging
time-scales using N-body and hydro/N-body simulationghBbudies have pointed out that
a formulation similar to that given in Eq. (6.1) systemdticanderestimates merging time-
scales, although they derived new fitting formulae whicliediin a number of details. In
this work, we are only concerned with differences due to fh@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 halujenn our case satellites are traced
until their mass is reduced below the resolution limit of #waulation 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 @ASagan 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 eathlslo, its lifetime is com-
puted as the time elapsed between the last time it was iceh#f 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 figure and for thosetire remainder of this section, we
have stacked the results from the four clusters used in théysFigure 6.5 shows that the
distribution of lifetimes of Type-1 galaxies does not diffggnificantly 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 defined 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 ofiimellation (the galaxy becomes
a Type-2). Results from the four simulated clusters have Iségcked 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
identified atz = 1. The figure shows that there is an excess of Type-2 galaxibsmérging
times shorter thar- 3 Gyr in the DM runs, and a corresponding excess of galaxies wit
merging times larger than the same value in the GAS runs. Pphperuight panel of Figure
6.6 shows the formation times of the Type-2 galaxies idedtifitz = 1, i.e. the lookback
times when the galaxies become Type-2 for the first time. Téteiloutions are very similar,
confirming that these Type-2 galaxies form on average admegime in the GAS and in the
DM runs. The lower panel of Figure 6.6 shows the distributby.,, Which is defined as
the difference between the formation times of the Type-2xgak identified at = 1 and the
merging times they get assigned. According to this definjtibe integral of this distribution
between a givefli.,, and infinity gives the total number of Type-2 galaxiesat 1 that
have merged since lookback tirig.1,,. The fact that the distribution for the GAS runs lies
above that of the DM runs for negative valuesiqf,,, indicates that the excess of Type-2
galaxies in the GAS runs will continue at least in the next @xes 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 identified at = 1 in the four simulated clusters. The solid black line shoves th
result from the DM runs, while the dot-dashed red line is fog GAS runs. The vertical
green dotted line marks the value of the lookback time-at1. All galaxies whose merging
time is smaller than this value will merge ky= 0. Upper right panel: distribution of
the formation times of the Type-2 galaxies, i.e. the lookib@mes when the galaxies first
become Type-2. Lower panel: distribution of the differesibetween the formation and the
merging times{y.1.y) Of the Type-2 galaxies identified= 1 (see text).

The upper left panel of Figure 6.7 shows the dependence cfaliedlite mass oy,
for all Type-2 galaxies identified 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 figure atésthat, for a fixed 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 padisance from the centre of the
accreting halo (upper right panel), circular velocity of thccreting halo at the virial radius

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

(lower right panel) o,y In all panels, solid lines show the median of the distrius,

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

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

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

No significant difference between the GAS and the DM runs eamdticed 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 acogthalo (bottom left panel of
Figure 6.7). Finally, the bottom right panel of Figure 6.0whs 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 ekpelifference between the GAS
and the DM runs, in the opposite sense of that shown in thesfopanel of Figure 6.7. The
figure shows a very slight tendency for larger mass ratiobén@GAS runs. This suggests
that also the accreting haloes tend to have a deficit of gah, nespect to the DM runs,
although the difference is less significant than that fowordHe satellite mass. In addition,
the merging times have a logarithmic dependence on the ragss 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 fye,y,
but this time for all Type-2 galaxies identified 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 significant. This
expectation is confirmed by the results shown in the figurachvBuggests no significant
difference between the GAS and DM runs at this epoch.

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

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 okeagrent 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 difficult. This difficulty d®eot 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 identified both in the DM anthe 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 functiori@f,, (as in the upper left panel of Figure 6.7), for
all Type-2 galaxies identified at= 3.4.

study.

For each of the simulated clusters used in our study, we garist the full merger tree
of the final BCG tracing back in time all its progenitors anelithnistories. 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 clusteratdéter 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 final stelémsmand 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 8tat end up in the final BCGs
where already formed at ~ 2, in agreement with findings by De Lucia & Blaizot (2007).
Figure 6.9 also shows that the BCGs in the GAS runs are systaiyamore massive than
their counter-parts in the DM runs, confirming the visual regsion from Figure 6.2. This
difference amounts to a few per cent in the g72 simulatiowdgldeft panel), but it reaches
values larger thaR5 per cent of the final stellar mass for the g51 simulation (upjggnt
panel). The difference is established at high redshifinduthe formation of the bulk of the
stars that end up in the final BCGs (i.e. the rising part of tn@&s showing the integral of
the SFR).

We have verified that this difference is sometimes due to oassive 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 withir= 0 in the GAS run, while it
gets a longer time-scale for merging in the DM run. This cawrlbarly seen in the case of
the g51 cluster (upper right panel of Figure 6.9), where ¢gedotted line shows an increase
of about5 x 10''A~ M, in stellar mass due to a single merging event at a lookbaak ¢ifn
~ 1.5 Gyr. Note that this behaviour is opposite to the statistieaid that we have observed
in section 6.3.3, where Type-2 galaxies in the GAS runs wauned 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 galaxyfdoe its merging with the g51
cluster. Black diamonds show the orbit from the DM run, windd filled 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 thieigon of the cluster-centric
distance of the sub-halo. The figure shows that the pericesutid 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 gePuchwein et al., 2005).
Besides modifying the shape of the orbit and the timing ofrttezging, 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 alib8i,~*Mpc. In the DM run, the same sub-
halo loses its identity about 8.3 Gyr ago, at a cluster-eedistance of aboui.4 1~ 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 desmspabout 0.3 Gyr earlier.
The merging occurs before = 0 in the GAS run, and causes the sudden increase of the
stellar mass of the BCG visible in the top right panel of Fegar9.

We recall that the upper right panel of Figure 6.7 shows thextetis no significant differ-
ence, in terms of distance from the accreting halo, betwleedM and GAS runs. This is
in apparent contradiction with the above example. That éguas, however, obtained for all
the Type-2 galaxies identified at= 1, irrespective of their mass. In Figure 6.11, we repeat
the same plot but considering only Type-2 galaxies witHatehasses larger tham!' M, .
These massive satellites belong to sub-haloes that losed@etity at systematically smaller
distances in the GAS runs, like in the example illustrate&igure 6.10. This example is
then not just a statistical fluctuation, but rather the rtesiih 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, @athan 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 (slolilack 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 fractidmo(@ one tenth) of the final
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Figure 6.9: Evolution of the Type-0 progenitors of the BC@ tfze four simulated clusters
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integral of the SFR associated with the progenitors of th&Ba the DM runs and for the
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Figure 6.10: Left panel: comparison between the trajeesasf a sub-halo merging with the
g51 cluster, projected on the~ plane. Open black diamonds are for the DM run, while
filled red circles are for the GAS run. At each redshift, therdmnates of the merging sub-
halo are computed with respect to the cluster centre at thhesmonding redshift. The big
black circle shows the centre of the cluster at each snapahdtits radius is equal to the
corresponding value of,y, at the last snapshot in which the sub-halo was identifieden 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 @ pbly for Type-2 galaxies
with stellar masses larger than'! 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 andrégkdot-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 & Bbi(2007, see their Figure
4). The figure shows that the amount of stars formed ‘in sgilamparable 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 final valueshadiout 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.

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

e Due to a systematic increase of the residual merging timggreed to Type-
2 galaxies (those associated with haloes disrupted belewetolution limit of
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[2]

[3]

[4]

the simulation), the cluster galaxy population in the GABsrgontains a larger
number of Type-2 galaxies than the DM runs.

The longer merging times assigned on average to Type-2 igalax the GAS runs
are due to ram—pressure stripping, which removes gas frenm#grging sub-haloes
and makes them more fragile. The effect of ram—pressure is mgportant at lower
redshift, when the cluster has already assembled in a dotnstraicture with a high—
pressure atmosphere that can efficiently remove gas frostrsibures. When consid-
ering the entire satellite population, we find a systematfer@nce between the DM
and GAS runs in the sense that merging substructures anmésssve 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 profile of duglalaxies particularly in
the inner regions, in agreement with results by Gao et ab4BD Galaxies associated
with distinct dark matter substructures (Type-1 galaxed)ibit a flatter distribution
and their contribution to the inner regions of galaxy clusie negligible. We did not
find any significant difference, in terms of spatial disttibn, 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 cosapeior 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 finadreiffice 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 stamition rates in the main

progenitor.

Our results demonstrate that predictions of semi-anatytidels of galaxy formation are
not significantly affected when non-radiative hydrodynasimulations are used to construct
the halo merger trees which provide the skeleton of the moitak statement is, however,
correct only in a statistical sense. The presence of thenglages significant differences in
the timing of the halo mergers, and affects significantlylth&® 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 ofnmgdrmmes 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 uésallimit 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@drasekhar 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 gageopulation from simplified
version of the semi-analytic code used also in the previdwep@r and of a Tree-SPH sim-
ulation based on the ADGET-2code. Both techniques include only gravitational dynagics
gas cooling and star formation. No other physical procesgs @ellar evolution, chemical
enrichment or any energy feedback source) has been takeeagobunt. 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 mdtel/ have artificially increased
the cooling time in haloes with less than 32 particles to mithe underestimate of the gas
density, and therefore of the cooling efficiency, in thesedsm 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 galaxyni@d. They found a quite good
agreement, with SAM galaxies having a larger stellar mads respect to their simulation
counterpart by about5%, excluding the most massive galaxies. For the satellitexigs
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 countempghe 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 hale &fx 104 »~! M, and found a general
good agreement, expecially on the prediction of the barystellar 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 adoptethiswork 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 versioneof51 cluster already described
in Chapters 4 and 6, which included only gas cooling and algirsiar 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 usatlis 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 intee 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 gogenscheme of star formation. All
the gas particles colder thaf® K and denser thaihx 10-2" g cn 2 (corresponding ta;; =
0.1 cm~3 for a gas of primordial composition) are immediately turret star particles,
which undergo only gravitational dynamics and are not &ffigdhe hydrodynamical part of
the computation. The Plummer—equivalent softening lefmthhe gravitational force was
set toe = 5 h~kpc in physical units fromz = 5 to z = 0, while at higher redshifts it was
set toe = 30~ 'kpc in comoving units. The smallest value assumed for the sniogth
length of the SPH kernel was half the gravitational softgniSimulation data were stored
in 93 outputs that are approximately logarithmically egaised in time down te ~ 1, and
approximately linearly equispaced in time thereafter. FEEsimulation output was analysed
in order to construct merger trees of all identified sub-balas described in Chapter 6. In
this Chapter, we will refer to all quantities related to tivawation with the label SPH. We
identify as “bona fide” galaxies only those SUBFIND-groupsitaining at least 20 DM
particles.

7.2 THE SEMI-ANALYTIC MODEL

We have used a stripped-down modification of the semi-aicahlybdel described by De
Lucia & Blaizot (2007) and which has been used and describatie previous Chapter.
We recall that the semi-analytic model we employ builds ufi@methodology originally
introduced by Kauffmann et al. (1999b), Springel et al. @0énd 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 useHisnstudy withinryy, at z = 0.
Column 1: name of the run; Column 2: number of identified galsxColumn 3: total stellar
massM. in units of 10'* 4=t M, ; Column 4: total gas mas¥,, in units of10'* A~ M, ;
Column 5: total star formation rate (SFR) in unitsléf M., yr—!. In the last row we show
values for the Type-0 and Type-1 SAM galaxy population only.

Run name Noa M, My, 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 21

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 identified galaxi¥g,, the total stellar mass/,, the
total gas mas3d/,,; and the total star formation rateF' R within ry, 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 gafzogulation 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 syntheticgalllore in detail it represent
the merger tree of the fourth most massive galaxy in the SRidlation atz = 0 within ry.
We show the merger tree of the SAM galaxy in the upper panetiamadnerger 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 @falaxy Type. We recall that
by definition, in the SPH simulation a Type-2 galaxy popwatioes not exist. Final stellar
mass of the SAM galaxy i3/, ~ 1.5 x 10*2h~! M, , which is about three times larger
than the final stellar mass of the corresponding SPH galalH Serger trees of haloes
are computed as described in the previous Chapter. Acaydal galaxies which lie in a
merger tree are progenitors of the resulting galaxy at iéidsk= 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 time7,,¢,c COM-
puted following Eq. (6.1). Therefore, in the case that,,. is larger thari;,;, 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 tatrag cools toward their centre to
form stars. Satellite Type-1 and Type-2 galaxies can isa@daeir stellar mass basically only
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via merging, and do not decrease their stellar mass. Thistighe 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 mass to tidal interactions with the
main galaxy and deposits part of its stellar mass in the fdrtheodiffuse stellar component
of the Type-0 central galaxy. Therefore, by the time thastitellite galaxy merges, its stellar
mass is significantly lower than before entering in the mailo hWe will discuss more in
detail this effect in Sections 7.3 and 7.4..

Figure 7.2 shows the stellar mass density of the clusterenSARH simulation within
a box of sidelOryy, (upper panels) and in a zoomed region of skdeg,, (lower panels).
Superposed on these maps we show the position of the iddngidikaxies in the SPH run
(left panels) and in the SAM run (right panel) with stellarsadarger thari0' »=! 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 sitiatacompared 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 significatively
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 $istejalaxies.

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 galariestified atz = 0 within 5754

of the analysed cluster used in our study. Solid black litesvsthe radial density of galax-

ies directly identified in the SPH simulation, while dasitedted red lines show the SAM

predictions. The dashed green line in each panel shows ttierrdansity profile 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 withinyo. 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 ceritteeoanalysed cluster and of
size 107y (Upper panels) antryy, (lower panels). Positions are in comoving units. The
positions of all galaxies with stellar mass larger thah 2~ M, are marked by circles with
larger radii corresponding to larger stellar mass as coetpint the simulation (left panels)
and in the SAM (right panels). Different colours are useddifferent galaxy types: red for
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/S#edicted distribution of
the global galaxy population differ significantly in the anregions of the clusters where the
Type-2 galaxy population becomes dominant in the SAM. Tk&iution of SAM galaxies
closely follows the matter profile. Quite interestingly weta 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 iSAN 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 find the descendent of a halo between two contiguous Botgst is allowed to find 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 byxgesavhich lie in haloes that
during their history have not been identified for a numberaitguous 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 assunteslitbi@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, me Tiype-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 galaxiestified at: = 0 within 1.5r.
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-O 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 akigasl in the SAM run
are about a factor of five larger than SPH simulation preaisti(see Table 7.1). The drop
in the SPH mass function at a massMf ~ 10°h~! M, is due the resolution limit of
our simulation. The majority of galaxies in the SAM predicts within1.5r5, 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 previouseation. We note that the
high mass end of the stellar mass function of galaxies predlic higher in the SAM run
than in the SPH run. This is, as already mentioned, not trutheoBCGs. Indeed the BCG
in the SPH run has a stellar mass which is almost double tta8AM 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 identifiedzat= 0 and within5r,, of the analysed

cluster used in our study. Solid black lines show the radialsity of galaxies directly identi-
fied in the simulation, while dashed-dotted red lines sha8AM predictions. The dashed
green line in each panel shows the density profile of mattemalised 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 populationg@ippanel), of the Type-2 satellite
galaxy population (lower left panel), and of the Type-0 aggérl 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 componentianérms 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 SPHA®IA.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 define a sample of galaxies fronwtb@todels 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 thkasteass of these galaxies at
z = 0 as predicted by the SAM (y axis) and by the direct SPH simutafkx axis). Type-

0 central galaxies are shown as black crosses, while Tygelliee 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 distanwaler thar) .25, there is only
one Type-0 central galaxy, which is the BCG itself, and 15eFIpsatellite 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 simulai@m by more than one order
of magnitude. In the upper right panel we show all the gakwkich have a cluster-centric
distance in the rang@25 < r/ry0 < 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 wetstéind other central Type-0
galaxy. We note that, generally, Type-0 central galaxied 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 betfire@stellar masses glame
galaxiesas predicted by the SAM and by the SPH simulation can be ldhger an order
of magnitude and the scatter around the one-to-one re#dtipiis increasing at lower stellar
masses. We further note that the disagreement betweear stelsses of SAM and SPH
Type-1 satellite galaxies is lower at larger radii, where ¢fffect of tidal stripping becomes
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less important. We recall that, however, tidal strippingtai 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®@Ca3s.

7.4.2. Evolution of galaxies

In the previous subsection we have shown that the direct $Rtdation 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 (e 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 shoestiér 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 diffedlsta The SPH BCG has
an initial burst of star formation placed at a lookback tinfe~o 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 ~ 400My yr~! until = = 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 = 3000 M, yr—'. 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 largeritsas,,, 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 SiRidlated 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= 0 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 corréspor. Black crosses
are Type-0 central galaxies and red diamonds are Type-lliteag@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 edid into stars in a very efficient
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 final stellar mass predicted by this two stamétion histories is roughly the
same. This can be seen by comparing the dashed-dotted ina¢)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 samerfey We note that by = 0
both lines converge to a value ef 2.2 = 2.310"* A~ M, . A naive expectation would
therefore be that the final stellar mass of BCGs agree in thentunerical 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 first reginith @& 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 final BCG
stellar mass. We show again in the lower right panel the 8oaréistory of the progenitors
of the BCGs superimposed with the integral of the star folonatate plotted in the upper
right panel. We note the the stellar mass of the SAM BCG agresswell 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 respoaditnl about only half of the final
stellar mass. In other words, only about half of the finallatehass 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 redshift = 0 (as described in Chapter 5). The associated SFR
of each SPH galaxy at each snapshot was computed as therntatahtof 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 galaxiesoanedlly 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 intaaot in the computation of the
star formation history. Nevertheless their stellar magsaesent and considered once merged
with a resolved galaxy.

Another more likely explanation for the origin of a stell@neponent 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 ry, as predicted by the direct SPH simulation and by the SAM.
Merger trees of these galaxies were shown in Fig. 7.1. Ag@esxy retains its dark matter
halo until z = 0, its dynamics is described in the same way in the two modejgeuleft
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 crossingsg
(computed at each time) of the cluster around 1.5 Gyrs ageeauhes a minimum cluster-
centric distance of- 0.2r5 by z = 0. Dashed blue vertical line is placed at the lookback
time corresponding to the transition between Type-0 an&Tlygalaxy 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 ef 9 Gyrs in the SAM run is due to numerical noise. Indeed,
if a structure is not identified in a snapshot but appears bathe following one, the code
used for building the merger trees is able to link the twoddtiees 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. [ndeed 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 paSaiilarly 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 lyis@uite interestingly the SPH
simulated galaxy shows an increase in the SFR after rougklyite in which the galaxy
has crossed,,,. Overall, star formation histories predicted by SPH and Sdid&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 progesitorhe sharp and narrow
changes in the accretion history curves are due to numericse 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 $tellar mass of the galaxy at= 0
has been formed in the galaxy’s progenitors. The behavibtieoSPH galaxy is instead
more complicated, and can be divided in two different regme

e As long as the main progenitor of the galaxy is a central T9pés stellar mass is
larger than the integral of the star formation history bywh%. 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# tinalysed cluster as
predicted by the SPH simulation (continuous black lines)lanthe SAM (dashed red lines).
Upper right panel:The number of identified galaxies which will eventually mexgith the
BCG by redshiftz: = 0 as a function of the lookback timé&lpper left panel:The total star
formation rate in the identified progenitors of the BCG atstatt - = 0 as a function of the
lookback time.Lower right panel: The total stellar mass in the identified progenitors of the
BCG at redshift: = 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 thenidfeed progenitors of the BCG at
redshiftz = 0 as a function of the lookback time.
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e 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 consisiiéh 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 withlanost identical stellar mass
predicted by the SAM at = 0 of about610!* = 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. Sinwido 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 ti&ig. 7.8 shows the cluster-
centric distance of the galaxy main progenitor as a funaifdhe lookback time. The central
galaxy is found at redshift = 0 at a distance of 2.5ry, from the cluster centre, while
the satellite galaxy is crossing the cluster virial radiasghly at a lookback time of 9
Gyrs and by: = 0 have done already 6 orbits around the centre of the clusteranperiod
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 apdeby > = 0 at a distance of
~ 0.5r909. Upper panels of Fig. 7.9 show the SPH simulation and SAMiptied 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 ¢hg 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 possiekxplanation 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. @mée SPH simulation assumes
that all the gas colder and denser than a certain threshatdmediately 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 galaxyrthiar the central galaxy. Both SPH
and SAM Type-1 satellite galaxies do not predict any sigaiftstar formation activity after
entering in the cluster environment. On the contrary, a Imidigéclining star formation rate
is predicted for the Type-0 central galaxy until= 0. These two behaviours are closely
related: as we have chosen two galaxies with the same pedditellar mass at= 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
T900 @t z = 0 as predicted by the SPH simulation (continuous black liaes) 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 galaxiythe centre of the cluster
as a function of the lookback time in units of the correspogdi, of the cluster at that
timeUpper left panel:The number of identified progenitors of the galaxy as a fumctf
the lookback timeLower left panelThe total star formation rate in the identified progenitors
of the galaxy as a function of the lookback timk@awer 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 identified mitprs 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 @.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 first 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 final stellar mass in the SAM run has a lower maas its counterpart in the
SPH run by~ 30%. As in Fig. 7.7, also the SPH Type-1 satellite galaxy has tiffereént
regimes. In the first- 3 Gyrs its stellar mass is larger than the integral of its stamftion
history. Later there is sharp drop in the stellar mass aasstwith the transition between
central Type-0 and satellite Type-1 galaxy, highlightedy dashed blue vertical line. A
part for same numerical noise, the accretion history of #dielkte galaxy clearly exhibits
a first faster decrease of stellar mass associated to thetiss and a smoother decrease
of stellar mass associated with the later orbits. Eventubll = = 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 igpe 0 central galaxy, is larger
for the satellite galaxy shown in the right panels than fercantral 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 predictgdalbbsemi-analytic code. Both
numerical predictions are based on stripped-down versibtige 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 mugfmér than the number
of galaxies predicted by the SPH-simulation. This is dueres@nce of a Type-2
galaxy population in the SAM which is not produced by the Siklgation and which
dominate mainly the inner regions of the cluster. Quite gsiqgly 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 cgpdingryy, of the cluster at
that time. Both galaxies have a predicted stellar masgs-at0 of ~ 6 x 101' A~ M, in
the SAM run. The dashed vertical blue line is placed at thétiposof 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 cparitefs 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 ttelite 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 arisesai$#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 discrgpamceases in galaxies
lying in deeper potential wells. We argue that the differeaatment 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 centigd&-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 galaxéa® a predicted stellar mass
atz = 0of ~ 60x10'° A=t M, inthe SAM run.Upper panelsThe total star formation rate
in the identified progenitors of the galaxy as a function eflibokback timeLower panels:
A comparison between the total stellar mass (dashed-d{feH) and continuous (SAM)
lines) and the integral of the star formation rate (dotteed) in the identified 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 e 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 temse environment, while sig-
nificant differences are found in overdense environmentpatticular predictions on the star
formation history of the BCG substantially disagree, ev¥éina 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 semliyioanodels 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 refine the analysesee=sl here, we plan undertake the
two following steps:

¢ We need to disentangle the effects of the different treatsneingas 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 inefficient treatment of the cold accretioad®a 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 péeanalyse the cluster

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

e The merging time associated to the Type-2 galaxy populatitine 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 artificially
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 Sectonaoutline 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 first part of the Thesis (Cteap 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 Hatfis 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 hydrodynahsieulations achieved a sufficient
numerical resolution and detailed description of the ptaigrocesses to provide predictions
on the statistical properties of galaxy populations in amasgical context.

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

B 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
identified as clumps in the distribution of star particleem@ations have been carried out
for a representative set of 18 cluster—sized halos, haviagsi,, in the ranges x 10!3—

1.8 x 10 M, . All simulations have been performed for two choices of tte#lar initial
mass function (IMF), namely using a standard Salpeter IMR power—law index: = 1.35,
and a top—heavy IMF withk = 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@®, F@bjan et al. 2008).

We found that several of the observational properties oftiaxy population in nearby clus-
ters are reproduced fairly well by simulations. A SalpeldFlis 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 significantly smaller thia@ observed one, falling short by
about a factor 2—-3. We have verified that this problem doefiaat an obvious numerical
origin, such as lack of mass and force resolution. Findtlg, 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 regidisimulated clusters, even in
the presence of the rather efficient supernova feedbackinges simulations.

B Simulating the core of a proto-cluster region atz ~ 2

In Chapter 5 we presented results from two high—resoluty@indrdynamical simulations of
proto—cluster regions at ~ 2.1 (Saro et al. 2009). The simulations have been compared
to observational results for the so-called Spiderweb gatystem, the core of a putative
proto—cluster region at = 2.16 described in Chapter 2, found around a radio galaxy. The
simulated regions have been chosen so as to form a poorraligtel/,,, ~ 10'* M., and

a rich cluster withM, ~ 2 x 10 M, atz = 0. The simulated proto-clusters show evi-
dence of ongoing assembly of a dominating central galaxg. Stéllar 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 mwhich is also larger than
indicated by observations. We found that the projectedoiiés 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 peBveb complex resemble
the high—redshift progenitor of a rich galaxy cluster. Oesults indicate that the included
supernovae feedback is not enough to suppress star formattbese systems, supporting
the need of introducing AGN feedback. According to our siatiohs, a diffuse atmosphere
of hot gas in hydrostatic equilibrium should already be pnésit 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

B The effect of gas-dynamics on semi-analytic modelling of ester galaxies

In Chapter 6 we studied the degree to which non-radiativelgaamics affects the merger
histories of haloes along with subsequent predictions @ami—analytic model (SAM) of
galaxy formation (Saro et al. 2008). To this aim, we used gpbaui 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-2Zgals, i.e. galaxies whose
parent substructures are reduced below the resolutiohdinhe simulation. In the model
employed in our study, these galaxies survive (unaffecyeith® tidal stripping process) for
a residual merging time that is computed using a variatiothefChandrasekhar formula.
Due to ram—pressure stripping, haloes in gas simulationtie 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 influences the orbits of haloes making them on averawe nircular and therefore
reducing the estimated merging times with respect to thk chatter only simulation. We
found that this effect is particularly significant for the stonassive 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 @rbits and merging times of
haloes strongly influences the assembly of the most masalagigs.

B SPH and semi-analytic modelling of cluster galaxies

In Chapter 7 we presented results from a detailed compakstween 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 withy, ~ 1.14 x 10 M, (Saro et al. 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 extdafrttam the SPH simulation. As
such, we identified a sample of "same galaxies” as the pdpuolatf 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@gges 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 e massive than their counter-
parts in the SAM run. In contrast SAM satellite galaxies hHavger stellar masses than their
SPH counterparts. We showed that these differences are doe diffuse stellar component
lost by satellite galaxies because of tidal stripping duéheomain halo. We presented a
detailed comparison of the evolution of SAM and SPH "samexdak”. While we found
a reasonable agreement for the predicted star formatidorpisf galaxies living in lower
density environment, a substantial discrepancy is founddtaxies lying in deeper potential
wells. Indeed the predicted star formation history for tf@G3 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 consti@ntformation along the
whole BCG history. We argued that these differences arelyndire to an underestimate of
the cold accretion mode implemented in the semi-analytidehd=inally we found that both
numerical techniques predict that satellite galaxies leaviker and more intense episodes of
star formation than central galaxies with similar integdastar formation rates.

8.2 FUTURE PERSPECTIVES

[ 1] We statistically studied hydrodynamical cosmologicatiicgons on the cluster galaxy
population only at: = 0. Obviously, a more comprehensive study have to take into
account also the evolution of the galactic population. Tivesplan to compare ob-
served properties of cluster galaxies with the numericadijotions 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 ~ 1.5 it is rec-
ommendable to reach first a good agreement with observasiaresarby clusters, for
which data are much more precise. Since we already know thdtave 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 clster

[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 find an excess of star formationd8#sbN feedback,
we plan to adopt alternative and more physically motivatdeemes of star formation
and SN feedback, which should also help in providing a moaéstec population of
cluster galaxies, e.g. preventing the suppression of/sutpalaxies associated to the
galactic ejecta included in the simulations presentedighhesis.

[ 3] We plan to investigate the uncertainties associated tdarspphotometric codes. In the
recent literature, significant differences have emerggdrcéng the implementation of
the Thermally-Pulsing Asymptotic Giant Branch (TP-AGB)ghk 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 range 2 +— 3 and by 1 magnitude at ~ 1
(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 reédyi 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 efficiency. These teahimmprovements need to be
parallelled by a continuous refinement of the descriptiothefphysical 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 flexibility irhé 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 refine 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 first objects at ~ 10 to 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 confirmed by observationsefihss distribution on large
scale, the Large Scale Structure (LSS), of the Cosmic MiavenBackground (CMB), of
the cosmic velocity field and of the cosmological X—ray baokad. 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 fieldclig superimposed to an other-
wise homogeneous mass distribution. These tiny deparfarashomogeneity subsequently
grow forming the currently observed cosmic structures.dgethe cosmological theory must
solve a twofold problem: the evolution of the Universe as ahand 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 evolutiomefUniverse on large scales
through the Einstein’s Theory of General Relativity andt{® metric tensor of the Universe
is given by the Friedmann—Robertson-Walker (FRW) metee (er e.g. Weinberg 1972):

dr?
1 —kr?

ds* = dt* — a(t)? +r? (df? + sin*09) (A.1)

where theexpansion factor(¢) describes how distances scale with time as a consequence
of the Hubble expansion aridis the spaceurvature We know (Hubble & Humason 1931)
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Component Egq. of State
Relativistic Matter p = 1/3p
Non—Relativistic Matter p = 0
Vacuum energy p = —p
Curvature p=—1/3p

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 distanée TheHubble constant? (¢) at a timet is
defined as:

_ dloga(t)
ot
and has the units of km™$ Mpc~!. H, is at present and is commonly parametrised as
Hy =100 hkm st 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 time= 0 red-shifted by a factor = 1/a(t) — 1 which is exactly called
redshift here we set(t = 0) = 1.

The Einstein’s field equation

H(t) (A.2)

1
G = R, — ingj = 87GT, + Agw (A.3)

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

T;w = Puv + (p + p)”uuu' (A4)

wherep andp are related by an equation of state-= p(p). The form of such equation for
each component is reported in Tab. (A.1).

Substituting the FRW form of metric and the perfect fluid tanis the field equations
gives theFriedmann’s Equationthat describe the expansion of the Universe:

. 2
a k 87
— —_— s — A-
() Ly (A5)
a A7 A
- = A.6
” 3 (p+3p)+3 (A.6)

Itis useful to define theritical densityp,. as the density needed fbr= 0; then, it results:

_ 3H*(1)
Pe = 87G

~ (1.9 x 1072 (g em) )2, (A7)
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The densityp, of a component of the universe is commonly expressed in unitpof
defining the quantity, as

The first of the Friedmann equations can be recasted as:

k= a>H*(Q — 1) (A.9)

where(2 accounts for overall the density of the matter—energy dgndence, the Universe
will be spatially closed flat or openif its means density is respectively smaller, equal or
larger than the critical density.

If €2, represents the density from the radiation fiélg, the density from matter (both bary-
onic and dark mattery}, is due to the Cosmological Constanand we sef), = —k/HZ =

1 — )y the second Friedmann equation can be rewritten as:

@:{Qr O S } (A.10)

—+ =+ +N%|.
HO a? A

a* a3
The Simplest case @b, = 2, = 0 is called theEinstein—de Sittemodel; in this case
the scaling factor varies with time as(t) o t?/3. It is note-worthing that all models with
non-zerd2, and(2, approach the Einstein—de Sitter behaviour when

(1= Q=) ()"
1 — : All
(1+2) > max 0 Ao ( )
Finally, we can express(t) as:
a(t) = ap [1 — Ho(t —to) — qohg(to — t)* + .. ] (A.12)
where

do&o 1
G =——5 = 5Q0m — (A.13)

ag 2

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 larggesdistribution of matter. To
give a comprehensive outline of that matter is far beyondgtope of this brief introduction,

191



APPENDIX - Basics of Cosmology

so that we address the reader to dedicated reviews (e.gleB&IRatra 2003,Coles 2000
and Peacock 2001), while in the following we give only fewibadeas.

The Universe shows locally a very rich hierarchical pattefigalaxies, galaxy clusters
and clusters of clusters; however, the primeval universealimost smooth with slight ‘rip-
ples’ that can be seen as relics in the CMB spectrum. Modeswéture 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 define the
density contrast with respect to the mean densjias:

s=L—""

P
the initial fluctuations in the density field are likely to besaperposition of waves, which
can be better expressed by a Fourier transform:

ey

(A.14)

5(k) — (Qi)g / B 6 (x)e (A.15)

For later use, we also define tRewer—Spectrun® of this field as basically the variance
of amplitudes of different waves at a given valug:of

(50c1)d(ka) ) = ()6 (ks + ko). (A.16)

whered?, is the three—dimensional Diraafeltafunction.

Those initial departures from a complete smoothness agosep to have been adiabatic
and scale invariant. This means (1) that fluctuations inenattd energy are coupled in such
a way that the total entropy does not change, and (2) thattlverp-spectrum of such density
fluctuation field looks likeP(k) = Ak™ wherek has the usual meaning of a wavenumber.
The favoured value as for the exponeris n = 1. The fact that the universe is isotropic is
expressed by (k) = P(k).

Currently accepted models predict that Gaussian quantwtufitions in a scalar field at
very early times (e.g. Guth & Pi 1982) have generated theitygmarturbation field. Since
the power—spectrum completely characterises in a statigense the Gaussian stochastic
processes, we are provided with a complete statisticalriggien of the initial ‘seed’ of
structure formation once we have the power—spectrum of gustine perturbation field.
Besides gravitation, other astrophysical process aretaftgthe growth of perturbations;
they are accounted throughTaansfer FunctionT'(k) which is simply a function of the
wavenumbert. The final power spectrum relates to the original onefy) = Fy(k) x
T?(k). For the sake of clarity, here below we just remind some afe¢heon—gravitational
effects. As already mentioned, the coupling of baryons withradiation field or the bary-
onic pressure can cause the dissipation of perturbationeraryonic 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 kinematipgression 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 frteeassiing across the small potential
wells, so thatl'(k) vanish for largek. At the opposite, slow moving (‘cold’) dark matter
particles suffer for a smaller dissipation at the horizaredi; = ¢/H at matter—radiation
equality; nevertheless, a significant signal remains orlsoales. Hence, two completely
different scenarios results in each case: if the dark magee ‘hot’ — which is called HDM
scenario — the largest structures form first, and the smalie=s descend by fragmentation.
In such scenario, galaxies form at late time, after galaxygtelrs. On the other hand, in
the CDM scenario — in which the dark matter is ‘cold’ — the dewsdlstructures, namely the
galaxies — are those who form first, becoming the buildinglkddor the largest ones. These
two scenario are also called ‘top—down’ (the first) and ‘bott-up’ (the second). There is no
need to say that the HDM scenario has been ruled out by olisersawhich for instance
definitively state, roughly speaking, that galaxies formlwefore 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) oc 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 senpyturbative approach
can be adopted, at least as a first approximation. Furthernfdhe length scale of pertur-
bations is smaller than the effective cosmological horizgn= ¢/ H a Newtonian treatment
is physically grounded. If the mean free path of particlesmsll, matter can be treated as an
ideal fluid. Hence, the equations of mass conservationyBu@quation and Poisson’s equa-
tion (see Chapter 3), must be re—written using comovingdinatesx = r/a(t) (spatial co-
ordinates, fixed for an observer moving along with the Hulelalgansion)y = r — Hr = ax
(the peculiar velocity field, which represents the propetions of particles besides the Hub-
ble expansion)y(x, t) (the density field) and(x, ¢) (the local value of Newtonian potential,
which relates to the fluctuations in the density field). F@ #&xact equations in comoving
form see, for instance Coles & Lucchin (1995).

Expandingp, v and¢ perturbatively and taking only terms which are linead igives :

o+ 2HS — ngHQ(F =0 (A.17)

This linear equations has two independent solutibns= D_ (t)d(x), whereD_(t) is
the decaying modend D (¢) is the growing modewhich shortly comes to dominate the
evolution ofd. In an Einstein—de Sitter cosmology, for instance, the tvonles are) o ¢+
andd oc 2% which also hasD, (t) o a(t). The solution for the growth factab, (¢) in
general cosmologies are given by Peebles (1980).

As long as each Fourier modék) is small,0(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 factos. i$kvhat is called thénear
regimein which larger scales persist longer than the smallest,on@ish are those entering
first in thenon—linear regime

An important difference holds between the collapse of daklzaryonic matter. In fact,
baryons suffer for more interactions than dark matter glagi 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 pressypport due to baryon—baryon
interaction. Jeans (1928) defined, as a function of the leraperaturd” 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 infinite, uniform and stationdistribution of gas. The mass
scale)M is defined as the mass encompassed in a sphere of radiisso that perturbation
having mass below this limit are not able to undergo the petta 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, sincé/; is once more a perturbative result and thus it can only dasche first
phases of the process.

It is worth noting that the Jeans mass represents only a segdsut not a sufficient 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 first sources of light, magnetic fields — affect the baiyseettling 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 field; hence, densityrasts in this component start to
collapse at earlier times than the baryonic component. Wheperturbatiod 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 first non—linear objects are sheet-like stngd, resulting from the contraction
along one of the principal axis. As the probability of sinaméous contraction along two (fil-
amentary structures) or three (point-like structures3 axmuch less, ‘pancakes’ dominate
the first stage of non—linear evolution. At later times, thediction of the Zel'dovich model
are no longer accurate. Then, the simplest case for whichawdicd an analytical solution
is that of a spherically symmetric perturbation, having@tmat distribution of uniform den-
sity §; inside a sphere or radius;. 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 propeaiesdistribution of halos in the
CDM model.
The collapse of such a spherical top—hat is described, indfean formalism, by:

2

% = HZQnr — GT—JQ\/[ (A.18)
wherer is the radius in a fixed coordinate fram#éy is the present value for the Hubble
constant)M/ is the total mass enclosed in the raditend the initial velocity field is given by
the Hubble flow. Initially, the enclosetgrows linearly a$; 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) = 1.686 in an Einstein—de Sitter universe (Peebles 1980) . Thusp-ehted
collapse at redshift if its linear over-density extrapolated to the present ¢itigcal density

IS:
~1.686

5crit(2) = W

whereD(z = 0) = 1. Instead, the halo reaches the virial equilibrium by vibletaxation
(which basically means a phase mixing); using the viriabthen we obtain as for the final
over-density at the redshift of collapse (Peebles 1980) :

(A.19)

A, = 187% ~ 178 (A.20)
that in a universe having, + €2, = 1 becomes (Bryan & Norman 1998):

A, = 187% + 82z — 3922 (A.21)
wherex = 7, — 1 is evaluated at the same collapse redshift:
Qn (1 + 2)°
QF —1= : A.22
m Qn (14 2)3 + Qp + Qp(1 + 2)? ( )

ThusA,. ~ 100 for 2, = 0.3. We therefore define;o, as the radius encompassing a
mean over-density of 100 times the critical density of the/8&rse and\/;(, as the total mass
contained within the same radius. In general, we defiheas the mass contained within a
radius encompassing a mean density equalgg with p,. the critical cosmic density. In this
Thesis we often refer to other over-densities (&g, Msq)-

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

1/3 ~1/3 —1
Tvir = 0.784 (L) |:Qm A :| (1 i Z) hilkpC (A.23)

105h— 1M, Q: 1872 10
M 2810, ATV 142
Ty —1.98 x 1 4<ﬁ) . m _Se K (A24
v = L9810 G5) \Tosnm Q: 1872 10 (A-24)
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where . is the mean molecular weight: (= 0.59 for a fully ionised primordial gas,
1 = 0.61 for primordial gas with fully ionised Hydrogen but neutra¢lim, 1 = 1.22 for
neutral primordial gas).
Since density fluctuations may exist on all scales, in ordestetermine the formation of
objects of a given size or mass it is useful to consider thesstal distribution of the
smoothed density field. Using a window function W(y) norrsedi so thaf &*yW (y) = 1,
the smoothed density perturbation fiefd¢®yd(x + y )W (y), itself follows a Gaussian dis-
tribution with zero mean. For the particular choice of a spla¢top-hat, in which? = 1in
a sphere of radiug and is zero outside, the smoothed perturbation field messuedluctu-
ations in the mass in spheres of radiisThe normalisation of the present power spectrum
is often specified by the value of = o(R = 8 h~'Mpc). For the top—hat, the smoothed
perturbation field is denotet}; or §,;, whereM is the mass related to the comoving radius
R by M = 4mp,,R?/3 in terms of the current mean matter densgity. The functiono (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 field of gegesturbations, linear grav-
itational growth, and spherical collapse. To determineattiendance of halos at a redshift z,
we used,,, the density field smoothed on a mass scdleas previously defined. Although
the model is based on the initial conditions, it is usuallpressed in terms of redshift-zero
guantities. Thus, we use the linearly extrapolated defisity, i.e., the initial density field at
high redshift extrapolated to the present by simple mudtgtion by the relative growth fac-
tor. Similarly, here the present power spectrum refersdritiial power spectrum, linearly
extrapolated to the present without including non-linea&tion.

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

dn 2pmd(=Ino) 2,
- - —— . e c
dns M dM ¢

(A.25)

wherev, = dqit(z)/o(M) is the number of standard deviations which the criticalaymsle
over-density represents on mass scéle Although this distribution function represents
fairly well the observations and also the numerical N-Boxlyegiments, a significantly bet-
ter agreement can be achieved using an ellipsoidal collajps#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 identified in a dark matterudation 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 Diatter simulations.

We address the reader to the following references for a moeaéed discussion on these
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Figure A.1: Points with error-bars represent the mass function of daakem halos identified 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 & Lucchiff)lLoles (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 flat or open, whether or not there is a Dark Enetgyoak etc. rests upon ob-
servational constraints. The impressive technologicgravement 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 ACDM model, hav-
ingQ~1,Q, ~0.3,Qy ~0.7.

It is note-worthing that the WMAP experiment (e.g. Bennetale2003, 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 dengitparyonic density, the ampli-
tude of density fluctuations, the redshift of decoupling atiters have been constrained by
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measures on CMB of unprecedented precision. Although a eupfldiscrepancies among
independent methods are still there, the “concordance Fhapleears more and more obser-
vationally grounded.

Figure A.2 (Kowalski et al. 2008) shows the confidence regjion (2,, and(2, from a
combination of different datasets (namely the CMB, the 8Nuhd the Baryonic Acoustic
Oscillations). Different and independent methods coreéoghe concordance model.

2.0

Figure A.2: 68.3 %, 95.4 % and 99.7% confidence level contoni®,, and{2, obtained
from CMB, BAO and SN-la, as well as their combination (assumb = —1), from the
Supernova Cosmology Project (Kowalski et al., 2008).
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B The Curvature of the Universe

The most powerful technique to measure the curvature oftherse relies on the position
of the acoustic peak of the CMB spectrum. Before redshiftexfodiplingzgec = 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 fluid” sets up acoustic oscillations. Once the mateombines, at = 2z, photon
last scatter on electrons and suffer for gravitationalmétiehen leaving the potential well of
the last scattering surface. The signature of this lasteyaata fluctuation field on the CMB
spectrum which appears today as anisotropies on the sKyflsigtuations are called primary
anisotropies, whereas secondary anisotropies will bealiagdr gravitational effects, Sachs—
Wolfe effect, Rees—Sciama effects and others. On largesta fluctuations of CMB must
origin from the primordial fluctuation spectrum as no sigoah 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 fluctuation spectrum should exhibit a haimearies of fluctuation 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¢astering surface. Briefly, in
the case of a flat space we expect the second acoustic peakvahaggular extent, which
will be larger or smaller respectively for positive or nagatcurvatures. Before WMAP
many other experiments (see for example Benoit & coauth@@s) provided measures of
the acoustic peak positions, and all estimates are in gefeeement with the WMAP result,
though its error is much smaller. Recently, Komatsu et 8008} from the analyses of the
WMAP-5 years found:

Qe =1— O —Qy =[—0.0179,0.0081], (A.26)

within a confidence level of 95%.

B The Cosmological Acceleration

If an observed object is nearby the observer, its luminas#iance 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 parametethen 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$ia characteristic brilliance
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decaying—time which is instead tightly constant. Hencecaminfer the distance of an ob-
served Snla from its luminosity and also its receding v&jyocom the spectrum. In the case
of unaccelerated expansion, a given Snla at distaniseexpected to recede at a velocity
v = Hyd, whereH, is the present value of the Hubble constant. Instead, in @iaseceler-
ated or decelerated expansion, the valué/of) at a given time (redshift) is different than
H, and the recession velocity will also be different than theeeted value. Results on Snla
atz 2 3 from theSupernova Cosmology Proje€bwalski et al. (2008) give a negative value
of ¢p, indicating the presence of a positive cosmological corsta

Q= 0.71375:927 (stat) 0 a0 (sys), (A.27)

for a flat, AC DM Universe.

B The Matter and Baryon Density

Both the amplitude of acoustic peaks of the CMB spectrum (B&rEfstathiou 1984) and
the Deuterium abundan¢®/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. ¢/#e Baryon—photon ratio
inferred from WMAP-5 years resulf$,h? = 0.02267) 05025 (Komatsu et al. 2008), the stan-
dard Big Bang nucleosynthesis givigs/ H| = 2.62*035. Estimates froniD/H] measures
in Lya clouds and DLA give respectivefy,h? = 0.0214+0.0020 and€2,h? = 0.02540.001,
with a good agreement which was far to be obvious a priori.a@allusters observations
provide estimates d?,,, through the evolution with of their number counts. Fairly different
results are obtained by different author: Bahcall & BodeD@btainos = 0.95 + 0.1 for
Q,, = 0.25, Borgani et al. (2001) obtaing = 0.667( 2 and(,, = 0.35:7;°, Reiprich &
Bohringer (2002) findrs = 0.967015 and(2,,, = 0.127500%. Origins of such significative
discrepancy are discussed by Pierpaoli et al. (2003).

B Baryonic Acoustic Oscillations

Baryonic Acoustic Oscillations (BAO) are predicted in thatter distribution with a calibra-
tion that depends of,,h? (Silk, 1968; Peebles & Yu, 1970; Sunyaev & Zeldovich, 1970).
The oscillations arise because sound waves in the couplgdribahoton plasma after an
inflationary epoch will lead to the expansion of the baryamiaterial in a spherical shell
around a small perturbation, reaching a radiy&:..), the comoving sound horizon size at
recombination, before sound waves are no longer supporitéchvihe plasma (Bashinsky
& Bertschinger, 2001). A baryon densify,h? ~ 0.02, ©,, = 0.24 andh = 0.73 give
rs(z.) = 109 h~'Mpc. In real space this leads to a peak in the correlation funettog(z,).

In Fourier space, this process leads to oscillations in tneep spectrum in the same way that
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the transform of a top-hat function yields a sinc functiomewavelength of these oscilla-
tions forQy; = 0.24 andh = 0.73isks = 27/109 = 0.06 h~'Mpc'. Percival et al. (2007b)
measured the cosmological matter density by observingdhitipns 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 eea Imillion galaxies in
total. The oscillations were detected with 99.74% confiéef®Q® 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-fit vabfe,; = 0.25670 03 (68%
confidence interval), for a flat cosmology when marginalising over the Hubble parameter
and the baryon density.
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