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List of Figures

2.7 Upper panels: Comparison between numerical predictions from semi–analytic
models and observational results from Prugniel & Simien (1996) regarding
the CMR inB−V as a function of theMB magnitude. Numerical predictions
are shown in the left panel, while observations are shown in the right panel,
where the continuous line shows the median, from Lanzoni et al. (2005).
Lower panels: As in the upper panels but for the CMR in theV − K as a
function of theMV compared with observations from Bower et al. (1992).
Plots from Lanzoni et al. (2005). . . . . . . . . . . . . . . . . . . . . . . .40

2.8 Comparison between numerical predictions from N–body hydro-dynamical
simulations and observational results from Bower et al. (1992)( continuous
line). CMR inU − V (a) andV −K (b) as a function ofMV , colour coded
in metalicity. (c) Relation between mean metalicity of galaxies andMV

magnitude and (d) between age of galaxies andMV magnitude, averaged in
mass (filled symbols) and luminosity (empty violet symbols), from Romeo
et al. (2004). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.9 Left panel: Mass to light ratio as a function of the cluster’s mass in theK
band (from Lin et al. 2004). Right panel: Same as left panel but in i band
within r500 (from Popesso et al. 2004). . . . . . . . . . . . . . . . . . . . . 43

2.10 Left panel: Relation between the number of galaxies with MK < −21 and
the cluster’s mass (from Lin et al. 2004). Right panel: Relation between the
number of galaxies withMr < −20 and the cluster’s mass withinr200 (from
Popesso et al. 2006b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.11 Luminosity function in the four SLOAN bandsu, r, i, z computed within
r200. Dots: Observational data. Continuous line: Best fit (from Popesso
et al. 2006a). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.12 Composite NDWFS andSpitzerIRAC BW , I, [4.5] colour image of clus-
ter ISCS J1438.1+3414 at〈zsp〉 = 1.413. North is up and east is left, and
the field size is 5’ square (∼ 2.4 − 2.5 Mpc for z = 1 − 1.5). Objects
with yellow circles are photometric redshift members, i.e., they have inte-
gratedP (z) > 0 : 3 in the rangezest ± 0.06(1 + zest), wherezest is the
mean estimated photometric redshift for the cluster. Spectroscopically con-
firmed cluster members are denoted by yellow squares. Not allspectroscopic
members fall within the 5’ field shown here. Blue diamonds indicate photo-
metric redshift members whose spectroscopic redshifts arenot in the range
zsp ± 2000(1 + zsp) km s−1 (from Eisenhardt et al. 2008). . . . . . . . . . 48

6



List of Figures

2.13 Composite image of a23′′ × 18′′ region at the core of the MRC 1138-262
proto-cluster taken with the ACS through theg475 + I814 filters, using a total
of 19 orbits. Also shown are rest-frameLyα emission velocities in kilometres
per second, measured through1′′ wide spectrograph slits in three position an-
gles indicated by the dashed lines. These were obtained using the FORS at
the VLT Kurk et al. 2003). The velocities were measured at thepeaks of
theLyα emission profiles and are relative to the median velocity ofLyα ab-
sorption. Following Kurk et al. (2003) the nucleus is taken to be the position
of the peak Ha. This coincides with the peak in ACS continuum emission,
indicated by the extrapolation of the arrow corresponding to 730 km s−1, the
velocity of the nuclearLyα emission. Eight of the satellite galaxies (flies)
that have chain, tadpole, or clumpy morphologies are indicated by numerals
18 (from Miley et al. 2006) . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.14 g475 image of MRC 1138-262 and surrounding15 × 18.5 region, smoothed
with a Gaussian of s = 0.05 arcsec. All regions identified as galaxies have
been removed and are coloured white. The intergalactic light is clearly visi-
ble between the radio and satellite galaxies (from Hatch et al. 2008). . . . . 53

2.15 The luminosity function of the galaxies within the Spiderweb complex. The
solid line is a Schechter function fit to the data. The dotted line indicates how
much of the luminosity function is missing if the intergalactic light results
from a population of fainter galaxies; approximately 15 galaxies with abso-
lute I814 magnitude (rest frame NUV) between19.5 < mag< 18.1 would
provide the necessary light (from Hatch et al. 2008). . . . . . .. . . . . . . 54

2.16 Slopeβ of UV spectrum of galaxies and intergalactic light of the Spiderweb
system. Data has been binned in 2D as described in the text. Galaxies are
outlined in black. TheLyα flux peaks on the galaxy that lies∼ 3 arcsec
West of the radio galaxy which has the bluest colour comparedto the other
satellite galaxies. Image is rotated 5 degrees East from North, with North Up
and East left (from Hatch et al. 2008). . . . . . . . . . . . . . . . . . . .. 55

3.1 Schematic illustration of theTREEcode scheme in two dimensions (Springel
et al. 2001). The particles on the left are enclosed in a first level cell (main
node) that is iteratively split into 4 squares (8 cubes for the three-dimensional
case) until one particle remains (the leaf of the tree). . . . .. . . . . . . . . 59

7



List of Figures

3.2 The dark matter density field on various scales from the Millennium simula-
tion. Each individual image shows the projected dark matterdensity field in
a slab of thickness15 h−1Mpc (sliced from the periodic simulation volume
at an angle chosen to avoid replicating structures in the lower two images),
colour-coded by density and local dark matter velocity dispersion. The zoom
sequence displays consecutive enlargements by factors of four, centred on
one of the many galaxy cluster halos present in the simulation (from Springel
et al. 2005). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.3 A 64h−1 Mpc-thick slice through this simulation showing the matterdensity
field in the past light cone as a function of look-back time allthe way to the
horizon from the Horizon simulation. The thickness of the wedge is constant
and the opening angle is 45 degrees. The Earth is at the vertexand the upper
boundary is the Big Bang surface at a look-back time of 13.6 billion years
(from Kim et al. 2008). . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3.4 The particle distribution with the imposed displacements, taken from the
same cosmological initial conditions, once based on an originally regular
grid (left panel) and once based on a glass like particle distribution (right
panel). Credits: Dolag et al. (2008). . . . . . . . . . . . . . . . . . . .. . 63

3.5 Evolution atz = 9, 5 and 0 of a TREE-SPH simulation realised with the
GADGET-2 code for aΛCDM within a cosmological box of 192 h−1 Mpc
(from Borgani et al. 2004). . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.6 The formation of a galaxy cluster in a cosmological context, as described by
a hydrodynamical simulation carried out with the Tree-SPHGADGET-2code
Springel (2005). Upper, central and bottom panels refer to the density maps
of dark matter, gas and star distributions, respectively. From left to right
we show the snapshots atz = 4, where putative proto-cluster regions are
traced by the observed concentrations of Lyman-break galaxies and Lyman-
α emitters Overzier et al. (2008), atz = 2, where highly star-forming radio-
galaxies should trace the early stage of cluster formation Miley et al. (2006);
Saro et al. (2009); see Chapter 5, and atz = 0. This cluster has a total virial
massMvir ≃ 1015 h−1 M⊙ at z = 0 (Dolag et al. 2008). Each panel covers
a comoving scale of about 24h−1Mpc, while the cluster virialised region at
z = 0 is nearly spherical with a radius of about 3h−1Mpc (from Borgani &
Kravtsov 2009, in preparation). . . . . . . . . . . . . . . . . . . . . . . .. 69

3.7 This picture shows the evolution of theM/L ratio inB, V andK band for a
Salpeter IMF with solar metalicity computed with the GALAXEV code. . . 77

8



List of Figures

3.8 Example for a sub-halo identification with SUBFIND. The top left panel
shows a small FOF-group (44800 particles). SUBFIND identifies 56 sub-
haloes within this group, the largest one forms the background halo and is
shown on the top right, while the other 55 sub-haloes are plotted on a com-
mon panel on the lower left. Particles not bound to any of the sub-haloes
form “fuzz”, and are displayed on the lower right (from Springel et al. 2001). 79

3.9 A comparison between the galaxy population of a simulated massive (M200 ∼
1015 h−1 M⊙ ) cluster atz = 0 as it is identified by the SKID and by the
SUBFIND algorithms. The simulation is based on theGADGET-2code and
includes radiative cooling, star formation but no feedback, in a similar way
as described in Chapter 7. Left panel shows the cumulative stellar mass
functions of galaxies identified withinr200 by both the SKID and the SUB-
FIND codes. Right panel shows a map in the plane x-y of the position of the
identified galaxies in cluster-centric coordinates. . . . . .. . . . . . . . . 80

3.10 Left panel: A schematic merger tree for a dark matter halo. The horizontal
lines represent snapshots in the evolution of the history ofthe halo, corre-
sponding to time-steps in an N-body simulation or Monte-Carlo realisation
of the merger tree (t1< t2). The size of the circle indicates the mass of the
halo. The haloes grow through merger events between haloes and by accre-
tion of objects below the (halo) mass resolution (e.g. as depicted between
steps t3 and t4). The final halo is shown at t5 (from Baugh 2006). Right
panel: A merging tree from a Monte Carlo simulation, showingthe forma-
tion history of a central dominant galaxy in a large DM halo with present
mass1013M⊙. Time runs from top to bottom, fromz = 10 to the present.
Each branch represents a progenitor of the final galaxy, and the colour code
(shown on the right in units of of5 × 1011M⊙) quantifies the mass of the
corresponding progenitor. A total of some103 progenitors are involved, with
the main one being represented on the rightmost branch (fromCavaliere &
Menci 2007). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

3.11 A schematic overview of the ingredients of a hierarchical galaxy formation
model (from Baugh 2006). . . . . . . . . . . . . . . . . . . . . . . . . . . 83

3.12 A schematic of the basic cooling model used in semi-analytical models (from
Baugh 2006). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

9



List of Figures

3.13 The K-band luminosity function of galaxies. The pointsshow the observa-
tional determinations of Cole et al. (2001, circles), Kochanek et al. (2001,
squares) and Huang et al. (2003,z < 0.1, stars). Lines show results from
different GALFORM models. Model 1 (dashed line) shows the result of con-
verting the dark matter halo mass function into a galaxy luminosity function
by assuming a fixed mass-to-light ratio chosen to match the knee of the lu-
minosity function. Model 2 (dotted line) shows the result from GALFORM
when no feedback, photoionization suppression, galaxy merging or conduc-
tion are included. Models 3 and 4 (long dashed and solid linesrespectively)
show the effects of adding photoionization and then galaxy merging (from
Benson et al. 2003). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

3.14 A schematic view of a merger between two dark matter haloes. The progeni-
tors of the final halo each contain a galaxy. After the haloes merge, the more
massive galaxy is placed at the centre of the newly formed halo. Any hot gas
that cools would be directed onto the central galaxy (for simplicity, in this
illustration, the haloes have exhausted their supply of hotgas). The smaller
galaxy becomes a satellite of the central galaxy. The orbit of the satellite
galaxy decays due to dynamical friction. The satellite may eventually merge
with the central galaxy (from Baugh 2006). . . . . . . . . . . . . . . .. . 89

4.1 We show in these panels a representation of the gas density for a sample of
8 analysed clusters. The brighter the colours are, the larger the density is. . 96

4.2 We show in these panels a representation of the gas temperature for a sample
of 8 analysed clusters. Brighter colours are for colder gas and redder colours
are for hotter gas. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.3 The number density profile of cluster galaxies. Left panel: the profiles of
galaxies of different stellar mass, averaged over all clusters, for the runs with
Salpeter IMF (filled symbols). Shown with the solid curve is the average
DM profile. All profiles are normalised to the total number density within
the virial radius. Right panel: The number density of galaxies, brighter than
r = −18.5, contained within a given radius, normalised to the total number
density found within ther200. Filled squares and open circles are by com-
bining all the simulated clusters, for the Salpeter and for the top-heavy IMF,
respectively. The solid curve is the best–fit King model to the number den-
sity profiles of cluster galaxies from the analysis of RASS–SDSS data by
Popesso et al. (2006b), here plotted with arbitrary normalisation. Error-bars
in the simulation profile correspond to Poissonian uncertainties. For reasons
of clarity they have been plotted only for the Salpeter runs.. . . . . . . . . 100

10



List of Figures

4.4 TheV –K vs. V colour–magnitude relation by combining all the galaxies
within the virial radii of the simulated clusters, for the Salpeter IMF (top
panel) and for the top–heavy IMF with normal feedback (bottom panel).
Straight lines in each panel show the observed CMR relationsby Bower et al.
(1992), with the corresponding intrinsic standard deviations. Big filled dots
mark the BCG of each cluster. Different symbols and colours are used for
galaxies having different metalicities. Magenta open circles: Z > 1.5Z⊙;
blue filled triangles:1.5 < Z/Z⊙ < 1; red open squares:1 < Z/Z⊙ < 0.7;
black open triangles:0.7 < Z/Z⊙ < 0.4; green filled squares:Z < 0.4Z⊙. . 103

4.5 The same as the top panel of Figure 4.4, but only includingin the computa-
tion of the luminosities the star particles having redshiftof formationzf > 1. 104

4.6 The comparison between simulated and observed relationbetween mass and
luminosity in thei band (left panel) and in the K band (right panel). In each
panel, squares are for the Salpeter IMF, circles for the top–heavy IMF with
normal feedback, triangles for the top–heavy IMF with strong feedback and
asterisks for the Salpeter IMF with no feedback. Filled squares and circles
are for the g676 and g51 runs, so as to make clear the effect of changing the
feedback strength. The straight solid lines are the best fitting results from
Popesso et al. (2005) for thei band and from Lin et al. (2004) for theK
band, with the dashed lines marking the corresponding observational scatter. 105

4.7 The number of galaxies within clusters above a given luminosity limit. Left
panel: results in ther band, compared to the observational best–fitting result
from SDSS data by Popesso et al. (2006b) (the dashed lines mark the intrinsic
scatter of the observational relation). Right panel: results in theK band,
compared to the observational best–fitting result from 2MASS data by Lin
et al. (2004). Symbols for the simulations have the same meaning as in
Figure 4.6. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4.8 The Comparison between the simulated (histograms) and the observed (curves)
luminosity functions of cluster galaxies in the Sloan-r (left panel) andz
(right panel) bands. The smooth curves are the best fit to the SDSS data
analysed by Popesso et al. (2006a). In each panel, the solid and the dashed
histograms are for the Salpeter and for the top–heavy IMF, respectively. Nor-
malisation of the simulated LF are choosen to match the observed one at
r = −20 andz = −20 with the Salpeter LF. Consistent with the observa-
tional analysis, the brightest cluster galaxies (BCGs) arenot included in the
computation of the luminosity function. . . . . . . . . . . . . . . . .. . . 109

4.9 The combined stellar mass function for the galaxies identified within r200 of
all clusters. The solid and the dashed histograms correspond to the Salpeter
and to the top-heavy IMF, respectively. . . . . . . . . . . . . . . . . .. . . 111

11



List of Figures

4.10 The effect of a stronger feedback on thez–band luminosity function. The
histograms show the combined luminosity function for the g51 and g676
clusters in the case of standard feedback (vw = 500 km s−1, dashed line) and
of strong feedback (vw = 1000 km s−1, solid line). The smooth curve is the
best–fit to the SDSS data by Popesso et al. (2006a). . . . . . . . . .. . . . 111

4.11 Left panel: The radial dependence of galaxy colours, averaged over all sim-
ulated clusters. In each panel, solid lines with filled squares are for the
Salpeter IMF, while dashed line with open circles are for thetop–heavy
IMF. The reported results are the average over all the simulated clusters.
Right panel: The fraction of galaxies younger that 8.5 Gyr, as a function of
cluster–centric distance, in units ofrvir. Symbols and line types have the
same meaning as in the left panel. . . . . . . . . . . . . . . . . . . . . . . 113

4.12 The specific mean star formation rate, averaged over allthe simulated clus-
ters, as a function of the cluster–centric distance. Symbols and line types
have the same meaning as in Figure 4.11. In the central bin we have ex-
cluded the contribution from the BCGs. . . . . . . . . . . . . . . . . . .. 114

4.13 Comparison between the observed and the simulated evolution of the SN-Ia
rate per unit B–band luminosity (SNUB). In both panels, filled symbols with
error-bars refer to observational data from Mannucci et al.(2008) (triangle),
Gal-Yam et al. (2002) (squares) and Sharon et al. (2007) (pentagon). Left
panel: the effect of changing the IMF. The open squares are for the Salpeter
(1955) IMF, the open triangles are for the top–heavy IMF by Arimoto &
Yoshii (1987a) and the open circles for the IMF by Kroupa (2001). For the
Salpeter IMF, the shaded area show the r.m.s. scatter evaluated over the four
simulated clusters, while for the other two IMFs only the result for the g51
cluster is shown. Right panel: the effect of suppressing low–redshift star
formation and of changing the binary fraction on the SNUB evolution of
the g51 cluster. The open squares and the open circles are forthe reference
run with Salpeter (1955) IMF and for the same run with coolingand star
formation stopped atz = 1 (CS run), respectively. The filled and the open
triangles are for the runs with Arimoto & Yoshii (1987a) IMF,usingA = 0.1
andA = 0.05 for the fraction of binary stars, respectively. . . . . . . . . . .115

4.14 The cumulative stellar mass function of the galaxies identified within the
virial radii of the most massive among the three simulated clusters described
in this Section (see also Borgani et al. 2006). All the simulations have been
done at fixed mass resolution, which correspond to an increase by a factor
10 with respect to the basic resolution (i.e.,mgas ≃ 6.9 × 107 M⊙ ; see
text). The four curves correspond to the different choices for the gravitational
softening. The labels indicate the factor by which the softening has been
changed, with respect to the standard choice of3.5h−1kpc. . . . . . . . . . 118

12



List of Figures

4.15 The combined cumulative stellar mass function of the galaxies identified
within the virial radii of the three clusters. The four curves correspond to
the different resolutions at which the clusters have been simulated. Continu-
ous, long–dashed, short–dashed and dotted curves are for the simulations at
progressively increasing resolution. The labels indicatethe factor by which
mass resolution is increased, with respect to the lowest resolution run (1x). . 119

5.1 The projected stellar mass density for the C1 (left panel) and C2 (right panel)
clusters atz ≃ 2.1, within a region of150 h−1kpc on a side, centred on the
most massive galaxy. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.2 The computed optical depthτV map in logarithmic scale for the C1 (left
panel) and C2 (right panel) clusters atz ≃ 2.1, within a region of150 h−1kpc
on a side, centred on the most massive galaxy. . . . . . . . . . . . . .. . . 127

5.3 The computed reddeningE(B − V ) map in logarithmic scale for the the
C1 (left panel) and C2 (right panel) clusters atz ≃ 2.1, within a region of
150 h−1kpc on a side, centred on the most massive galaxy. . . . . . . . . . 128

5.4 Galaxy luminosity function within the region shown in Figure 5.1, in the
F814W(I814) ACS filter band. Results for the C1 and for the C2 simulated
clusters are shown as solid and dashed histograms respectively. The dot-
ted blue histogram shows the observed luminosity function by Hatch et al.
(2008) within the same region. The shaded regions show the luminosity of
the observed and of the simulated BCGs, with the same colour code de-
scribed above. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

5.5 The projected surface brightness map in theI814 band for the C1 (left panel)
and C2 (right panel) clusters atz ≃ 2.1, within a region of150 h−1kpc on a
side, centred on the most massive galaxy. . . . . . . . . . . . . . . . .. . 130

5.6 The projected surface brightness map in theg475 band for the C1 (left panel)
and C2 (right panel) clusters atz ≃ 2.1, within a region of150 h−1kpc on a
side, centred on the most massive galaxy. . . . . . . . . . . . . . . . .. . 131

5.7 The map of star formation rate density for the C1 (left) and C2 (right) cluster,
within the same region shown in Figure 5.1. Red crosses mark the positions
of the 50 per cent most massive galaxies identified in projection within this
region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

5.8 Histogram of line-of-sight galaxy velocities the C1 (solid line) and C2 (dashed
line) clusters. Each histogram shows the average over threeindependent pro-
jections of a square region of150 h−1kpc on a side. . . . . . . . . . . . . . 133

13



List of Figures

6.1 Mean differential (left) and cumulative (right) mass functions of all sub-
haloes identified withinr200 and atz = 0, averaged over the four simulated
clusters used in this study. Solid black lines are for the DM runs, while dot-
dashed red lines are for GAS runs. For each cluster, we also show the main
halo, using the corresponding value ofM200. For all other substructures,
masses are given by the sum of the masses of all their bound particles. . . . 141

6.2 Density map of the g51 cluster for the DM run (left panels)and for the GAS
run (right panels), atz = 0 (upper panels) and atz = 2 (lower panels). Posi-
tions are in comoving units. In the upper panels, the positions of all galaxies
with stellar mass larger than1011h−1M⊙ are marked by circles whose radii
are proportional to the galaxy stellar mass. Different colours are used for dif-
ferent galaxy types: blue for Type-0, white for Type-1, and green for Type-2
galaxies. In the lower panels, we have marked by circles all galaxies more
massive than5 × 1010h−1M⊙, and used the same colour-coding. . . . . . . 143

6.3 Differential (left panels) and cumulative (right panels) stellar mass functions for all galaxies

within r200 at z = 0, in the four simulated clusters used in this study. The differential mass

functions have been normalised to the total number of galaxies withinr200 in each cluster.

The solid histograms show the mean of the distributions fromthe four clusters, while the

shaded region indicate, for each value of the stellar mass, the minimum and maximum

number of galaxies. Solid black lines are for the DM runs, while dot-dashed red lines are

for GAS runs. We show separately the stellar mass functions of the whole galaxy population

(upper panels), of the Type-2 satellite galaxy population (central panels) and the Type-0 and

Type-1 galaxies (lower panels).. . . . . . . . . . . . . . . . . . . . . . . . . . 145

6.4 Averaged radial density of galaxies identifiedz = 0 and withinr200 for the
four clusters used in our study. The distribution is normalised to the mean
density of galaxies withinr200. Histograms show the mean of the four clus-
ters, while their dispersion is indicated by the shaded regions. Solid black
lines are for DM runs, while dashed-dotted red lines are for GAS runs. The
dashed green line in each panel shows the mean density profileof dark mat-
ter. The three panels show separately the radial density of the whole galaxy
population (upper left panel), of the Type-2 satellite galaxy population (up-
per right panel), and of the Type-0 and Type-1 satellite galaxies (lower panel). 148

6.5 Distribution of lifetimes of Type-1 galaxies. The lifetime is defined here as
the time elapsed between the last time the galaxy was a Type-0galaxy and
the time the substructure mass was reduced below the resolution limit of the
simulation (the galaxy becomes a Type-2). Results from the four simulated
clusters have been stacked together. The solid black line isfor the DM runs,
and the red dashed line corresponds to the GAS runs. . . . . . . . .. . . . 150

14



List of Figures

6.6 Upper left panel: distributions of the merging times assigned to the Type-2
galaxies identified atz = 1 in the four simulated clusters. The solid black
line shows the result from the DM runs, while the dot-dashed red line is for
the GAS runs. The vertical green dotted line marks the value of the lookback
time atz = 1. All galaxies whose merging time is smaller than this value will
merge byz = 0. Upper right panel: distribution of the formation times of
the Type-2 galaxies, i.e. the lookback times when the galaxies first become
Type-2. Lower panel: distribution of the differences between the formation
and the merging times (Tdelay) of the Type-2 galaxies identifiedz = 1 (see
text). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

6.7 Dependence of satellite mass (upper left panel), distance from the centre
of the accreting halo (upper right panel), circular velocity of the accreting
halo at the virial radius (lower left panel), and ratio between the mass of
the accreting halo and the satellite mass (lower right panel) onTdelay. In all
panels, solid lines show the median of the distributions, while dot-dashed
lines show the 25th and 75th percentile of the distributions. Black lines are
used for the DM runs and red lines for the GAS runs. Quantitiesrefer to
Type-2 galaxies identified atz = 1. . . . . . . . . . . . . . . . . . . . . . . 152

6.8 Satellite mass as a function ofTdelay (as in the upper left panel of Figure 6.7),
for all Type-2 galaxies identified atz = 3.4. . . . . . . . . . . . . . . . . . 154

6.9 Evolution of the Type-0 progenitors of the BCG for the four simulated clus-
ters used in this study. In each panel, the solid black lines and the dashed
red lines show the integral of the SFR associated with the progenitors of the
BCG for the DM runs and for the GAS runs respectively. The black and the
red dotted lines show the total stellar mass of all Type-0 progenitors of the
BCGs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

6.10 Left panel: comparison between the trajectories of a sub-halo merging with
the g51 cluster, projected on thex–y plane. Open black diamonds are for the
DM run, while filled red circles are for the GAS run. At each redshift, the
coordinates of the merging sub-halo are computed with respect to the cluster
centre at the corresponding redshift. The big black circle shows the centre
of the cluster at each snapshot, and its radius is equal to thecorresponding
value ofr200 at the last snapshot in which the sub-halo was identified in the
DM run. Right panel: evolution of the cluster–centric distance of the same
sub-halo in the DM (black solid line) and GAS (red dot-dashedline) run. . . 157

6.11 Same as for the upper right panel of Figure 6.7, but only for Type-2 galaxies
with stellar masses larger than1011 M⊙ . . . . . . . . . . . . . . . . . . . 157

6.12 Total mass in the main progenitor of the BCG of the cluster g8 (dotted lines)
for the DM (black) and GAS (red) runs. The black solid line andthe red
dot-dashed line show the integral of the SFR in the main progenitor of the
BCG. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

15



List of Figures

7.1 Example of a merger tree of the fourth most massive in stellar mass galaxy
found in the simulation withinr200. Upper panel shows the merger tree of
the synthetic galaxy as computed in the SAM. Lower panel shows the merger
tree of the same galaxy as results directly from the simulation. Size of circles
are proportional to square root of the galaxy stellar mass. Different colours
are used for different galaxy types. Black is for Type-0 central galaxies,
green for Type-1 satellite galaxies and red for Type-2 satellite galaxies. Final
stellar mass of this galaxy is shown in the upper left corner of each panel. . 165

7.2 Stellar density map of a box placed at the centre of the analysed cluster
and of size10r200 (upper panels) and2r200 (lower panels). Positions are in
comoving units. The positions of all galaxies with stellar mass larger than
1011 h−1 M⊙ are marked by circles with larger radii corresponding to larger
stellar mass as computed in the simulation (left panels) andin the SAM (right
panels). Different colours are used for different galaxy types: red for Type-0,
black for Type-1, and green for Type-2 galaxies. . . . . . . . . . .. . . . . 166

7.3 Radial density of galaxies identified atz = 0 and within5r200 of the analysed
cluster used in our study. Solid black lines show the radial density of galaxies
directly identified in the simulation, while dashed-dottedred lines show the
SAM predictions. The dashed green line in each panel shows the density
profile of matter, normalised to match the radial density of SAM galaxies in
the inner regions of the cluster. The three panels show separately the radial
density of the whole galaxy population (upper panel), of theType-2 satellite
galaxy population (lower left panel), and of the Type-0 and Type-1 satellite
galaxies (lower right panel). . . . . . . . . . . . . . . . . . . . . . . . . .168

7.4 Differential (left panels) and cumulative (right panels) stellar mass functions for all galaxies

within 1.5r200 at z = 0 in the analysed simulated cluster as predicted by the SPH simula-

tion (black continuous lines) and by the SAM (red dashed lines). We show separately the

stellar mass functions of the whole galaxy population (upper panels), of the Type-2 satellite

galaxy population (central panels) and the Type-0 and Type-1 galaxies (lower panels). SAM

galaxies with a stellar mass lower than106 h−1 M⊙ are shown in the106 h−1 M⊙ bin . . 170

7.5 Comparison between the galaxy stellar masses as predicted by the SPH sim-
ulations (x axis) and by the SAM (y axis) at redshiftz = 0 in different radial
bins. Each symbol represent a galaxy which has the same position in both
analysis, thus it is considered assame galaxy. The cyan continuous line
represent the one to one correspondence. Black crosses are Type-0 central
galaxies and red diamonds are Type-1 satellite galaxies. . .. . . . . . . . . 172

16



List of Figures

7.6 We show in this Figure the evolution of the BCG of the analysed cluster as
predicted by the SPH simulation (continuous black lines) and by the SAM
(dashed red lines).Upper right panel: The number of identified galaxies
which will eventually merge with the BCG by redshiftz = 0 as a function of
the lookback time.Upper left panel:The total star formation rate in the iden-
tified progenitors of the BCG at redshiftz = 0 as a function of the lookback
time. Lower right panel:The total stellar mass in the identified progenitors
of the BCG at redshiftz = 0 as a function of the lookback time.Lower left
panel: A comparison between the total stellar mass (dashed-dotted(SPH)
and continuous (SAM) lines) and the integral of the star formation rate (dot-
ted lines) in the identified progenitors of the BCG at redshift z = 0 as a
function of the lookback time. . . . . . . . . . . . . . . . . . . . . . . . . 175

7.7 We show in this Figure the evolution of the fourth most massive galaxy
within r200 at z = 0 as predicted by the SPH simulation (continuous black
lines) and by the SAM (dashed red lines). Merger trees of thisgalaxy were
shown in Fig. 7.1.Upper right panel:Distance between the main progenitor
of the studied galaxy and the centre of the cluster as a function of the look-
back time in units of the correspondingr200 of the cluster at that time.Upper
left panel: The number of identified progenitors of the galaxy as a function
of the lookback time.Lower left panel:The total star formation rate in the
identified progenitors of the galaxy as a function of the lookback time.Lower
right panel: A comparison between the total stellar mass (dashed-dotted
(SPH) and continuous (SAM) lines) and the integral of the star formation
rate (dotted lines) in the identified progenitors of the galaxy as a function
of the lookback time. Dashed blue vertical line is placed at the lookback
time corresponding to the transition between Type-0 and Type-1 galaxy of
the galaxy main progenitor. . . . . . . . . . . . . . . . . . . . . . . . . . 177

7.8 We show in this Figure the evolution of the cluster-centric distance between
the main progenitor a central Type-0 galaxy (right panel) and of a satellite
Type-1 galaxy (left panel) as a function of the lookback timein units of the
correspondingr200 of the cluster at that time. Both galaxies have a predicted
stellar mass atz = 0 of ∼ 6 × 1011 h−1 M⊙ in the SAM run. The dashed
vertical blue line is placed at the position of transition between central Type-
0 and satellite Type-1 of the main progenitor of the galaxy. .. . . . . . . . 179

17



List of Figures

7.9 We show in this Figure the evolution of a central Type-0 galaxy (right panels)
and of a satellite Type-1 galaxy (left panels) as predicted by the SPH sim-
ulation (continuous black lines) and by the SAM (dashed red lines). Both
galaxies have a predicted stellar mass atz = 0 of ∼ 60 × 1010 h−1 M⊙ in
the SAM run. Upper panels:The total star formation rate in the identified
progenitors of the galaxy as a function of the lookback time.Lower pan-
els: A comparison between the total stellar mass (dashed-dotted(SPH) and
continuous (SAM) lines) and the integral of the star formation rate (dotted
lines) in the identified progenitors of the galaxy as a function of the lookback
time. Dashed blue vertical line is placed at the lookback time corresponding
to the transition between Type-0 and Type-1 galaxy of the satellite galaxy
main progenitor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

A.1 z–evolution of the Comoving Number Density of DM Haloes . . . . .. . . 197
A.2 Confidence regions forΩM andΩΛ. . . . . . . . . . . . . . . . . . . . . . 198

18



List of Tables

List of Tables

4.1 Characteristics of the clusters identified within the simulated regions atz =
0. Col. 1: name of the simulated region; Col. 2: name of the clusters within
each region; Col. 3: value of the total mass,M200, contained within the
radiusr200 encompassing an average density 200 times larger than the critical
cosmic densityρc (units of1014 M⊙ ); Col. 4: total number of galaxies,N200,
within r200, having a minimum number of 32 star particles. . . . . . . . . . 95

4.2 Characteristics of the simulations. Col. 1: simulationname; Col. 2: IMF
slope; Col 3: wind speed,vw (units of km s−1). . . . . . . . . . . . . . . . 100

5.1 Characteristics of the two simulated proto-clusters atz ≃ 2. Col. 2: mass
contained withinr200 (in units of 1013 M⊙ ). Col. 3: r200 (in physical
h−1kpc). Col. 3 and 4: total stellar mass (in units of1012 M⊙ ), and number
of identified galaxies withinr200. Col. 5: X–ray luminosity in the [0.5–
2.0] keV observer-frame energy band (units of1043 erg s−1cm−2). Col. 6:
spectroscopic–like temperature. Col. 7: emission weighted Iron metallicity
within r200. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6.1 Some numerical information about the four clusters usedin this study. Col-
umn 1: name of the run; Column 2:M200, in units of1014 M⊙ ; Column 3:
r200, in units ofh−1Mpc; Column 4: total number of sub-haloes withinr200. 140

7.1 Characteristics of the analysed cluster used in this study within r200 at z =
0. Column 1: name of the run; Column 2: number of identified galaxies;
Column 3: total stellar massM∗ in units of1013 h−1 M⊙ ; Column 4: total
gas massMgas in units of1013 h−1 M⊙ ; Column 5: total star formation rate
(SFR) in units of103 M⊙ yr−1. In the last row we show values for the Type-0
and Type-1 SAM galaxy population only. . . . . . . . . . . . . . . . . . .163

A.1 Equations of state for different matter–energy components in the Universe . 190



List of Tables

20



CHAPTER 1

INTRODUCTION

The Universe is currently thought to originate from a singularity in the space–time which be-
gan to expand – giving raise to the so–calledBig Bang– about∼ 14 Gyr ago. Theoreticians
succeed in conjecturing on the physics of the universe up to10−9 seconds after the time zero;
from these speculations we are able to make precise predictions on the pristine abundance
of cosmic elements (e.g. Burles & Tytler 1998) formed att = 3 minutes. Such a prediction
turns out to be in excellent concordance with estimates drawn from the signature left by the
recombination of free electrons and nuclei on the Cosmic Microwave Background (CMB) –
the relic of the pristine energy bath – , about4 × 105 yrs later (Komatsu et al. 2008). This
is probably one of the most important confirmations of the current Standard Cosmological
Model. Beside the study of the CMB anisotropies, other independent observations confirm
the well established so-calledΛCDMConcordance Model.

• Baryonic Acoustic oscillations arise from the competitionbetween gravitational attrac-
tion and gas pressure in the primordial plasma. These oscillations leave their imprint
on very large scales (∼ 100 h−1Mpc) on structures at every epoch of the evolution of
the Universe, providing a robust standard ruler from which the expansion history of
the Universe can be inferred (Percival et al. 2007a).

• Supernovae Ia (SN-Ia) are thought to be nuclear explosions of carbon/oxygen white
dwarfs in binary systems. The value of SN-Ia as cosmologicalprobes arises from
the high peak luminosity as well as the observational evidence (locally) that this peak
luminosity is the sought-after standard candle. In fact, the absolute magnitude, at
peak, varies by about 0.5 magnitudes which corresponds to a 50%-60% variation in
luminosity; this, on the face of it, would make them fairly useless as standard candles.
However, the peak luminosity appears to be well-correlatedwith decay time: the larger
Lpeak, the slower the decay (Kowalski et al. 2008).

• The term large-scale structure (LSS) refers to the characterisation of observable dis-
tributions of matter and light on the largest scales. Clustering properties of large-
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scale structures as voids, filaments and clusters of galaxies depend on the cosmological
models and can be thus used to constrain cosmological parameters (see, e.g., Borgani
2006).

All together, these independent observables, confirm that we are 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). The rest of the matter of
the Universe is in the form of an yet unknown non-baryonic matter which seems to interact
only gravitationally with baryons and energy, then not emitting 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 spiral galaxies, the mass–over–light ratio
for galaxy clusters, the velocity dispersion of galaxies inclusters, the large scale velocity
field, the power spectrum of CMB (for reviews see e.g. Sellwood 2004, Ellis 2003). All
together, baryonic and Dark Matter can account only for almost a25 ÷ 30% of the total
content of energy-mass of the Universe. The remaining∼ 70 ÷ 75 percent is in the form of
an even more unknown energy field (usually known asDark Energy, DE) which causes the
acceleration of the expansion of the Universe (see, e.g., Kowalski et al. 2008).

After the recombination, baryons – no longer impeded by the radiation pressure of pho-
ton which were coupled to them – were able to collapse and restin the potential well created
by DM. From that moment on, the Cosmology become the study of structure formation, that
is to say the infall of dark matter halos and baryons in those potential wells. It is believed
that a pristine field of very tiny fluctuations were superimposed to the otherwise homoge-
neous density field by some yet uncertain quantum mechanism;in this framework, with the
additional assumption of the Cold Dark Matter scenario, thestructure formation proceed in
aBottom-Updirection, the smallest structures forming first from the peaks of the primordial
density fluctuations and then merging as building–blocks for larger ones. The collapse of
matter can be described with linear perturbation theory until the contrast with respect to the
mean density approaches unity,(ρ − ρ̄)/ρ̄ ∼ 1; then, the collapse enters in thenon–linear
regime (see Appendix A).

At the top of the hierarchy of non–linear structures there are the Clusters of Galaxies,
which are the greatest virialised objects in the universe, collecting matter from regions of
about∼ 10 Mpc (1pc≃ 3.26 light years). Most of the baryons in clusters are in the form of a
hot, ionised gas which emits by thermal bremsstrahlung in the X–ray band, so that they can
be detected at large redshifts, probing the large scale structure in the universe. Originating
form the rare high peaks of primordial density perturbations, they probe the high–density tail
of the cosmic density field and thereby their evolution is very sensitive to the details of the
cosmological model. This is the reason why Galaxy Clusters are thought to be very useful
cosmological laboratories. Moreover, they can be considered as fair tracers for the baryon’s
history in the universe, thereby being also invaluable astrophysical laboratories.

Owing to the continuous improvement in both spatial and spectral resolution power of
modern X–ray, Optical and Infrared (IR) telescopes (as for example Chandra and XMM–
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Newton in the X-band, Hubble Space Telescope (HST) and Very Large Telescope (VLT)
in Optical bands and Spitzer in IR bands), more and more details on the inner properties
of galaxy clusters have been unveiled in the last decade. These objects, that in a first ap-
proximation were thought to be virialised and spherically symmetric, have very complex
dynamical features – such as strong asymmetries and clumpiness – witnessing for violent
processes being acting or having just played a role. They exhibit luminosity and temperature
functions which are not trivially related to their mass function, as one would expect for viri-
alised gravitation–driven objects. Moreover, the radial structure of baryons’ properties is far
to be completely understood: a number of observational facts pose a real challenge to our
ability in modelling the physics of the Intra Cluster Medium(ICM) and the closely related
physics of the galaxy population. Indeed a number of different physical processes are acting
together during the formation and evolution of galaxy clusters. Gas cooling, star formation,
chemical enrichment, feedback from Supernovae explosions(SN) and from Active Galactic
Nuclei (AGN), etc are physical processes at the base of galaxy formation, which are diffi-
cult to disentangle. In addition to this, galaxy formation and evolution in clusters take place
in extreme environments. Merging of galaxies, tidal interactions, ram pressure stripping,
galaxy harassment and galaxy strangulation are physical processes which act preferentially
in high-dense environments such as galaxy clusters.

A comprehensive description of the physics of baryons in a cosmological framework
needs both a very high resolution and efficient and detailed codes to take into account all
the complex interplay among different physical processes and reproduce reasonable galac-
tic populations. This is why, traditionally, galaxy formation was studied through the use of
semi-analytic models (SAMs) (see, e.g., Baugh 2006 for a review of semi-analytic models of
galaxy formation). These models assume that baryons followthe dynamics of Dark Matter
(computed either via numerical simulations or analytically). Then, within the DM haloes
of galaxies, physics of baryons is followed with “physical motivated recipes”. Thanks to
the enormous increase in the last decade in both the computational power and code efficien-
cies, recent direct hydrodynamical cosmological simulation achieved a sufficient numerical
resolution and detailed description of the physical processes that allows one to predict and
describe the cluster galaxy population with a reasonable realism (see, e.g., Dolag et al. 2008b
and Borgani & Kravtsov 2009 in preparation, for recent reviews).

The aim of this Thesis is to explore the potentiality of direct hydrodynamical cosmolog-
ical simulations and to study the complementarity of directsimulations and semi-analytic
models on the formation and evolution of the cluster galaxy population within the hierarchi-
cal cosmological framework.

This Thesis is structured as follow.

Chapter 2 provides an introduction to cluster studies. It first describes the properties of
the ICM in the X-ray band and through observations of SunyaevZeldovich (SZ) effect. Then
we describe in more detail the properties of the cluster galaxy population in the optical and
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near infrared bands. A picture of the evolution of galaxy clusters is also given. In particular
we reviewing observations of proto-cluster regions atz ∼ 2.

We provide inChapter 3 a brief overview of numerical methods developed to study the
process of cosmic structure formation. More in detail we first describe some numerical al-
gorithms to perform N-body cosmological hydrodynamical simulations, with particular em-
phasis on theTREE-SPHcodeGADGET-2(Springel et al., 2005), widely used in this Thesis
work. A brief description of the main features of two codes used to identify gravitationally
bound structures in simulations [SUBFIND (Springel, 2001)and SKID (Stadel, 2000)] and
of a spectro-photometric code aimed at computing luminosities of the simulated galaxies in
different bands [GALAXEV (Bruzual & Charlot, 2003)] is alsogiven. At the end of this
Chapter we provide a general description of another complementary technique widely used
to study galaxy formation within the hierarchical cosmological framework: the semi-analytic
model (SAM) approach. Indeed, on one hand direct simulations allow us to follow the dy-
namics and physical processes with great accuracy, while onthe other hand SAM allow us
to explore the parameter space and reach statistics which are un-comparable to the direct
simulation approach.

We have compared inChapter 4 the observed properties of the nearby cluster galaxy
population presented in Chapter 2 with the synthetic galaxies predicted by numerical hy-
drodynamical cosmological simulations. We will show how numerical predictions are in
reasonable agreement with observed properties as the colour-magnitude relation for the bulk
of the galaxy population, whereas brighter central galaxies appear far too massive, star form-
ing and bluer than the observed ones. Furthermore the numberof galaxies brighter than a
magnitude limit as a function of the cluster’s mass turns outto be underestimated by about
a factor of three in numerical simulations compared to the observed ones. The main results
reported in this Chapter have been published in Saro et al. (2006) and Fabjan et al. (2008).

A comparison between the observed properties of the ”Spiderweb system” briefly dis-
cussed in Chapter 2 and numerical predictions of high-resolution hydrodynamical cosmolog-
ical simulations are reported inChapter 5. We analyse two high-resolution proto-clusters at
z ∼ 2.1, one having a mass ofM200 ∼ 1014 h−1 M⊙

1 at z = 0 and the other on the mass
class ofM200 ∼ 1015 h−1 M⊙ at z = 0. We conclude that the the ”Spiderweb complex”
could correspond to the high-redshift progenitor of a rich galaxy cluster, whose BCG may
have already been partially quenched by a ’radio mode’ AGN feedback byz ∼ 2. The main
results reported in this Chapter have been published in Saroet al. (2009).

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

1We defineM∆ as the mass contained within a radius encompassing a mean density equal to∆ρc, with ρc

the critical cosmic density. ThusM200 is the mass within a radiusr200 which encompass a mean density equal
200 × ρc. See Appendix A.
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impact on the statistical properties of the galaxy population, but that its impact on the orbits
and merging times of haloes strongly influences the assemblyof the most massive galaxies.
The main results reported in this Chapter have been published in Saro et al. (2008).

A detailed comparison between stripped-down versions of SAM and direct simulation is
reported inChapter 7. We study here the synthetic cluster galaxy population in a massive
cluster predicted by these two techniques when a ”simplified” physics is implemented in
both techniques, so as to reduce the number of degrees of freedom in the comparison. We
include only gravitational dynamics, radiative cooling and star formation. We conclude that
while a good agreement is found in the predicted star formation histories of galaxies lying in
low density environment, the discrepancy is larger for galaxies sitting at the centre of deep
potential wells. In particular the direct simulated and SAMpredicted star formation histories
for the BCG substantially differs. Furthermore tidal stripping removes a non negligible frac-
tion of SPH-simulated satellite galaxies. These stellar material lost by the satellite galaxy
population is accreted by central galaxies in the form of a diffuse stellar component. The
main results reported in this Chapter will be published in a paper in preparation (Saro et al.
2009).

A detailed comparison between stripped-down versions of SAM and direct simulation is
reported inChapter 7. We study here the synthetic cluster galaxy population in a massive
cluster predicted by these two techniques when a ”simplified” physics is implemented in
both techniques, so as to reduce the number of degrees of freedom in the comparison

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

Finally, theAppendix describe the basic concepts of cosmology, which are used through
the Thesis. In particular, we briefly review the cosmological model 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 clusters of galaxies, with particular at-
tention to observations in the optical and near infrared bands. Providing a comprehensive
outline of that matter is far beyond the scope of this brief introduction, so that we address the
reader to other reviews (Rosati et al., 2002; Carlstrom et al., 2002; Yee & Gladders, 2002;
Demarco et al., 2005; Birkinshaw & Lancaster, 2007; Biviano, 2008; Diaferio et al., 2008;
Kaastra et al., 2008; Miley & De Breuck, 2008; Plionis et al.,2008), while in the following
we give only few basic ideas.

In Section 2.1 we will present a short introduction to observations of galaxy clusters in
the X–ray band and through the Sunyaev Zel’dovich effect. Then we will present in Section
2.2 some of the main observables in the optical and near infrared bands. We will discuss in
Chapter 4 how our numerical predictions compare with these observations. Finally, in Sec-
tion 2.4 we will briefly present some observational results about high–redshift progenitors of
galaxy clusters that we have compared with our numerical predictions in Chapter 5.

A first complete sample of clusters of galaxies was first provided by Abell (1958), who
identified clusters as over–dense regions in the projected number counts of galaxies. Indeed
they can include from tens to even few thousands of galaxies with velocity dispersion along
the line of sight as high asσv ∼ 103 km s−1 within the Mpc scale. Their corresponding
typical masses are of the order of1014 ÷ 1015 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 gas, the Intra-Cluster Medium
(ICM). During the process of cluster formation, this gas is shocked by merging and heated
by adiabatic compression, thus reaching the virial temperature (from∼ 1 keV to∼ 10 keV)
and densities of the order of one particle per10−3 cm−3. Only a very small fraction of baryon
gas (∼ 3% of the total mass) cools to form stars and galaxies, which arethe only component
visible at optical wavelengths. Due to their high luminosity, it is possible to identify clus-



CLUSTERS OF GALAXIES: AN OVERVIEW

ters of galaxies even to very large distances, corresponding to high redshifts of the order of
z ∼ 1.5 (Mullis et al. 2005, Stanford et al. 2006, Eisenhardt et al. 2008a).

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

tcr =
D

σv
≃ 1

(

D

1Mpc

)(

103 km/s

σv

)

Gyr, (2.1)

This is significantly shorter than the age of the Universe which is of the order of the Hubble
time tH ≃ 10 h−1 Gyr (see Appendix A).

It is worthwhile noticing that the first historical observational evidence for the existence of
dark matter is related to clusters of galaxies. Already Smith (1936) and Zwicky (1933, 1937)
have found that the inferred mass from the velocity dispersion of galaxies assuming the virial
equilibrium was higher than the estimated mass from opticalobservations.

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

• The mass function of nearby galaxy clusters provides constraints on the amplitude
of the power spectrum at the cluster scale (e.g., Rosati et al. 2002; Voit 2005 and
references therein). At the same time, its evolution provides constraints on the linear
growth rate of density perturbations, which translate intodynamical constraints on the
matter and Dark Energy (DE) density parameters.

• The clustering properties (i.e., correlation function andpower spectrum) of the large–
scale distribution of galaxy clusters provide direct information on the shape and am-
plitude of the underlying DM distribution power spectrum. Furthermore, the evolution
of these clustering properties is again sensitive to the value of the density parameters
through the linear growth rate of perturbations (e.g., Borgani & Guzzo 2001; Moscar-
dini et al. 2001 and references therein).

• The mass-to-light ratio in the optical band can be used to estimate the matter density
parameter,ΩM , once the mean luminosity density of the Universe is known and under
the assumption that mass traces light with the same efficiency both inside and outside
clusters (see Bahcall et al. 2000; Girardi et al. 2000; Carlberg et al. 1996, as examples
of the application of this method).

• The baryon fraction in nearby clusters provides constraints on the matter density pa-
rameter, once the cosmic baryon density parameter is known,under the assumption
that clusters are fair containers of baryons (e.g., Fabian 1991; White et al. 1993). Fur-
thermore, the baryon fraction of distant clusters provide ageometrical constraint on
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2.1. X–Ray properties of clusters of galaxies

the DE content and equation of state, under the additional assumption that the baryon
fraction within clusters does not evolve (e.g., Allen et al.2002; Ettori et al. 2003).

However, to fully exploit the potential of galaxy clusters as cosmological probes it is neces-
sary to achieve an accurate knowledge of their structure andproperties. In a simple picture
of structure formation, baryonic and dark matter collapse under the only action of the grav-
itational attraction. As we mentioned, during this process, the gas is shocked in accretion
and/or merging events and heated by adiabatic compression.Since gravity does not have
any preferred scale, this scenario predicts the formation of self-similar systems which basi-
cally appear as scaled versions of each other. By assuming that the gas lies in hydrostatic
equilibrium within the dark matter potential wells, this scenario predicts well defined scaling
relations between gas properties and total mass (see Kaiser1991; Rosati et al. 2002; Voit
2005, for reviews). However, the observed scaling relations deviate from those predicted
by self-similar scaling. This is a clear indication that non-gravitational processes, like ra-
diative cooling, star formation and consequent heating from SNe or feedback from AGNs,
are acting in the core of galaxy clusters. The correct interpretation of these processes makes
galaxy clusters interesting astrophysical laboratories,where to study, among other things,
the complex interplay between the ICM and the galaxies. At the same time, it indicates that
an accurate study of the thermo-dynamical structure of the ICM is required in order to use
galaxy clusters as precision tools for cosmology. In this Chapter we provide an introduction
to cluster studies with particular emphasis on their galaxypopulation.

2.1 X–RAY PROPERTIES OF CLUSTERS OF GALAXIES

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

The first X–ray mapping of the sky was performed by the satellite telescopeUHURU
(Giacconi et al. 1972) which has shown that at the position ofrich galaxy clusters already
identified in optical bands there was a enhancement of diffuse X–ray emission with a power
of 1043 ÷ 1045 erg s−1. Later, Felten et al. (1966) and more explicitly Cavaliere et al. (1971)
suggested that this radiation in the X–band was due to the thermal emission from the hot
Intra Cluster Medium. This prediction was later confirmed bythe first clusters’ high quality
spectra in the X–band (HEAO-1 AA2 Experiment Henriksen & Mushotzky 1986).

Dynamics of baryons is determined by the the dark matter potential wells, which grav-
itationally dominates. Gravitational collapse produces an adiabatic compression of the gas.
This compression heats the gas, as well as shock processes. For example, if the collapsing
mass is on the order of1015M⊙, the resulting temperature of the ICM can reach values of the
order of2× 107 − 108K (even more than 10 keV). At these temperatures the gas component
is completely ionised and emits in the X–band through thermal bremsstrahlung.
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For a gas temperatureT , the emissivity per unit frequencyν is given by (e.g. Rybicki &
Lightman 1986):

ǫν = nenHΛ(T, Z, ν) ≃ n2
eΛ(T, Z, ν) ≃ 5.44 · 10−52 Z2 T 1/2 n2

e g e
−hν/kT W m−3 Hz−1

(2.2)
whereZ2 is the meansquared atomic charge on the ions. The Gaunt factor, g ∼ 1.2 is a di-
mensionless quantity which depends on the range of distances between electrons and ions at
which the scatter process occurs, with a weak dependence onν.The quadratic term in density
of particlesne is due to the fact that the energy emitted from a volume is proportional to both
the number of electrons and the number of ions, and thecooling functionΛ(T ) depends only
on the chemical composition and temperature of the gas and it’s normalised to the density of
electrons and protons. Examples of X-ray spectra for typical cluster temperatures are shown
in Fig. 2.1. Due to the high temperature, the continuum emission is dominated by thermal
Bremsstrahlung, the main species by far contributing to theemission being H and He. The
emissivity of this continuum is very sensitive to temperature for energies greater thankT and
rather insensitive to it below. This is due to the exponential cut-off of the Bremsstrahlung
emission. Indeed, it scales asgT−1/2exp(−hν/kT ). The only line that clearly stands out
at all temperatures is the Iron K line complex around6.7 keV (see Fig. 2.1). We can also
observe the K lines of other elements (Z > 8, H and He-like ionisation states), as well as
the L-shell complex of lower ionisation states of Iron. However the intensity of these lines
rapidly decreases with increasing temperature. Except forthe cool clusters (kT . 4 keV) or
in the cool core present in some clusters, one cannot expect to measure the abundance of ele-
ments other than Iron because they are completely ionised. Most of the heavy elements with
the exception of Iron are synthesised by Supernovae (SN) Type-II, while Iron production has
a substantial contribution from SN Type-Ia supernovae (seee.g. Matteucci 2003). A detailed
treatment of the chemical and stellar evolution of galaxiestogether with a fair description of
feedback processes which pollute the ICM is thus needed for acomprehensive description
of the metal enrichment of the intra-cluster medium.

The surface brightness of clusters of galaxies in the X–bandis thus given by the following
integral along the line of sight:

SX =
1

4π(1 + z)4

∫

nenHΛ(T )dl. (2.3)

The study of the X–ray properties of clusters of galaxies hassustained a rapid growth since
the 90s, with the realisation of missions such as ROSAT, ASCAand Beppo-SAX and later
with the Chandra and Newton-XMM missions since 1999. As a result wider and deeper
fields together with better calibrations of theLX/M ratio are now established. Recently, for
example, Rykoff et al. (2008) analysed a sample of 17,000 optical selected galaxy clusters
in the max-BCG cluster sample and found the following correlation between the mean 0.1-
2.4 keV X-ray luminosity,〈LX〉, from theROSATAll-Sky Survey and the inferred mean
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Figure 2.1: The X-ray emission from a thin plasma with 0.35 solar abundance at different
temperatures, T = 1, 2 and 8 keV (from Arnaud et al. 2005).

mass〈M200〉, measured from weak gravitational lensing ofSLOAN DIGITAL SKY SURVEY
(SDSS)background galaxies (Johnston et al. 2007):

〈LX〉/1042 erg s−1 = (12.6+1.4
−1.3 (stat) ± 1.6 (sys)) (〈M200〉/1014 h−1 M⊙ )1.65±0.13, (2.4)

in reasonable agreement with previous results (e.g. Reiprich & Böhringer 2002; Stanek
et al. 2006). Therefore, thanks to their X–ray properties, clusters of galaxies are fair mass
estimator and can be used to constrain cosmological parameters (see also Appendix A and
Rosati et al. 2002).

2.1.1. The Sunyaev–Zel’dovich effect (SZ)

For a further and wider investigation of the topics presented in this section, we particullary
suggest to the reader the reviews by, e.g., Carlstrom et al. (2002); Birkinshaw & Lancaster
(2007).

Another interesting approach to the study of the extensive atmosphere of hot gas in clusters
of galaxies is provided by the Sunyaev-Zel’dovich effect (Sunyaev & Zeldovich 1970, 1972).
We can separate into two different aspects of the Sunyaev–Zel’dovich effect:

• The Thermal Sunyaev-Zel’dovich effect (tSZ)

• The Kinetic Sunyaev-Zel’dovich effect (kSZ)
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� The Thermal Sunyaev-Zel’dovich effect

As the cosmic microwave background radiation propagates through a cluster of galaxies to-
wards us, photons have a small probability of being inverse-Compton scattered by electrons
in the cluster gas. Since the CMB radiation has a temperatureof aboutTγ = 2.73 K, while
as we have seen the gas in a galaxy cluster may have temperatures as high asTel ∼ 108 K,
scattering tend to increase the photon energies, so causinga change in the microwave back-
ground radiation intensity and spectrum towards the cluster. The resulting energy variation
of each single photon can be expressed in the case ofEγ ≪ mec

2 as:

∆E

E
≈ kBTe

mec2
, . (2.5)

A photon crossing a region of the ionised plasma, will thus experience a number of
collisionsNu defined as:

Nu = neσT (2.6)

wherene is the electron’s density andσT is the Thompson cross–section
Thus we can define the parametery of Comptonisation which measures the entity of the

effect as:

y =

∫

ne
kBTe

mec2
σTdℓ, (2.7)

where the integral is along the line of sight.
As a consequence, there is an increase of the photons’ energy, which causes a deforma-

tion of the CMB spectra. The net observable result is that there is decrease of the intensity
of the CMB radiation at frequencies lower thanνcr ≃ 218 GHz, and an increase of inten-
sity for frequencies higher thanνcr. The distortion is represented in Fig.2.2 as computed for
a model cluster being 1000 times more massive than a typical massive cluster, to make it
clearly visible.

Typical values of the parametery of Comptonisation observed from the Sunyaev-Zel’dovich
effect are between10−6 ≤ y ≤ 10−4 ( Silverberg et al. 1997; Enßlin & Kaiser 2000; LaRoque
et al. 2006; Bonamente et al. 2008), depending on the plasma’s temperature.

� The Kinematic Sunyaev-Zel’dovich effect

Beside the thermal Sunyaev-Zel’dovich effect, there is theso called kinetic Sunyaev-Zel’dovich
effect. The kinematic effect is produced by clusters which are in motion relative to the frame
in which the CMB has a zero dipole. In the cluster frame, the CMB develops a dipole term
proportional to the cluster’s speed, and the scattering of this anisotropic radiation field causes
it to become slightly more isotropic.
Temperature variations are proportional to the plasma velocity vp,

∆T

T
= −τe

vp

c
, (2.8)
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Figure 2.2: The CMB spectrum, undistorted (dashed line) anddistorted by the tSZ effect
(solid line). The tSZ distortion shown is for a model cluster1000 times more massive than a
typical massive galaxy cluster (from Carlstrom et al. 2002).
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whereτe is the optical depth of the electronic cloud producing the distortion.
Typical values of distortions of the CMB induced by the kSZ are about one order of magni-
tude lower than those from the tSZ. From the analyses of the kinematic Sunyaev-Zel’dovich
effect, it is thus possible to obtain informations about thepeculiar velocities of clusters of
galaxies, in a redshift independent way.

The power of the SZ effect comes about because the effect is caused by scattering, rather
than emission, and so it scales with the density of the scattering electrons. A cluster of
galaxies may therefore appear quite different in its X–ray and SZ structures, and a compar-
ison of those structures can provide interesting informations on the physics of clusters and
their atmospheres.

As an example, we shows in Figure 2.3 an overlay of the optical, X–ray and SZ effect
images of Abell 1689 and 1914 massive clusters and illustrates all of the main components
of the clusters: the luminous stars, hot ICM observed via itsX-ray emission and the SZ ef-
fect, and even the presence of the unseen dark matter manifesting itself through gravitational
lensing of background galaxies. The figure shows several bright elliptical galaxies that are
typically located near the cluster centres. A salient feature of such central galaxies is that
they show little evidence of ongoing star formation, despite their extremely large masses.
Furthermore, a large amount of DM, extending well beyond theregion traced by the X-ray
emission, leaves its imprint in the pattern of gravitational lensing, which causes the distortion
of the images of background galaxies. In the inner regions ofclusters the gravitational lens-
ing can be easily seen in the long thin arcs curved around the cluster centre. At larger radii,
the effect is weaker. Although not easily visible by eye, it can still be reliably measured by
estimating shapes of many background galaxies and comparing their statistical average with
the expected value for an isotropic distribution of shapes.The gravitation lensing is a direct
probe of the total mass distribution in clusters, which makes it both extremely powerful in
its own right and a very useful check for other methods for measuring cluster masses.

2.2 OPTICAL AND NEAR INFRA–RED PROPERTIES OF

CLUSTERS OF GALAXIES

We will now review in this Section the observed optical and near infra–red (NIR) properties
of the galaxy population within nearby clusters. To give a comprehensive outline of that mat-
ter is far beyond the scope of this brief introduction, so that we address the reader to recent
review (e.g. Yee & Gladders 2002; Plionis et al. 2008; Biviano 2008), while in the following
we restrict our analyses to only few observed properties of the cluster galaxy population. In
Chapter 4 we will present a detailed comparison between these observations and the numer-
ical predictions of our cosmological hydro-dynamical simulations. More in detail, we will
focus on:

• The number–density profile of cluster galaxies;
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Figure 2.3: Left panel: composite X-ray/optical image of the galaxy cluster Abell 1689,
located at redshiftz ≃ 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 of about 108 K, as revealed by the
Chandra X-ray Observatory. Images of galaxies in the optical band, coloured in yellow, are
from observations performed with the Hubble Space Telescope. The long arcs in the optical
image are caused by gravitational lensing of background galaxies by matter in the galaxy
cluster, the largest system of such arcs ever found (Credit:X-ray: NASA/CXC/MIT; Opti-
cal: NASA/STScI). Right panel: optical image of cluster Abell 1914 from the Sloan Digital
Sky Survey with the superimposed map of the temperatures of the Cosmic Microwave Back-
ground observed by the Sunyaev-Zel’dovich array (SZA). Theimage illustrates the effect
of up-scattering of the CMB photons by the hot ICM from low frequencies to higher fre-
quencies. At the frequency of observation, the cluster appears as a temperature decrement in
the CMB temperature map. (Credit: John Carlstrom and SZA collaboration). Figure from
Borgani & Kravtsov (2009) in preparation.
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• The colour–magnitude relation;

• The mass–luminosity ratio;

• The number of galaxies as a function of the cluster’s mass;

• The luminosity function.

2.2.1. The number–density profile of cluster galaxies

Popesso et al. (2005) have analysed a sample of 217 galaxy clusters from the Sloan Digital
Sky Survey (SDSS) catalogues and have computed the number ofgalaxies as a function of
the cluster–centric distance. They have considered all galaxies with magnitude inr band
r < −18.5. To stack all the clusters together uniformly they have compute distances in units
of r2001 of each cluster. They have found a best fit of their data by comparing their results
with two different theoretical distributions.

They have first compared their results with a King profile (King 1962), which describes
the mass distribution of relaxed galaxy clusters. We recallthat by relaxed clusters we mean
all those clusters that have not experienced major merging processes for a sufficiently long
time. The King profile can be expressed in its 3D and projectedformulation with the follow-
ing expressions:

n(r) =
n0

(1 + (r/rc)2)3/2
(2.9)

σ(b) =
σ0

(1 + (b/rc)2)
, (2.10)

whererc is the so–calledcore radiusandσ0 = 2n0rc is a normalising factor.
The second theoretical profile they have compared with is theNFW profile (Navarro et al.

1997), which describes the density profile of dark matter haloes predicted by cosmological
N–body simulations and can be expressed as:

ρ(r) =
δ0

(r/rs)(1 + (r/rs)2)
(2.11)

whereδ0 is a normalisation factor andrs is a characteristic radius which is usually defined
as a function of the concentration parameterc in the formrs = r200/c.

Popesso et al. (2005) have found that the best fit to their results is given by a King profile
with a core radius ofrc/r200 = 0.224 ± 0.005 andσ0 = 0.153 ± 0.004, while for a NFW
profile they have found a concentration parameter3.9 < c < 4.2. Figure 2.4 shows the
observed number–density profile of galaxies and the best fitsfound by Popesso et al. (2005)
of the two different theoretical distributions of Eq. 2.9 and Eq. 2.11. It is worth to notice that

1We definer200 as the mass contained within a radius encompassing a mean density equal to200×ρc, with
ρc the critical cosmic density. See Appendix A.

36



2.2. Optical and near infra–red properties of clusters of galaxies

0.05 0.1 0.5 1 5

0.001

0.01

0.1

Figure 2.4: Number–density profile of galaxies as a functionof the cluster-centric distance
(from Popesso et al. 2005).

the number density profile of galaxies in the central regionsof the clusters has a shallower
distribution than the density profile of dark matter haloes predicted 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 reddening of the integrated colours of
galaxies with the increase of their luminosity, which was first observed by Baum (1959).

It is usually interpreted a a metalicity effect (Kauffmann &Charlot 1998, see also De
Lucia et al. 2004, 2007), whereas its scatter would mirror the natural spread in galaxy ages
(Kodama & Arimoto 1997). The more massive the galaxy is, the more metal rich is. Thus,
as a net result, galaxies more massive and older tend to be redder than the younger and less
massive ones. A good description of all processes related tothe metal enrichment is therefore
a crucial ingredient for a realistic description of the CMR.

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

For example, from a sample of 50 elliptical and lenticular galaxies in the Coma cluster
Bower et al. (1992) found a best fit forV −K as function ofMV andU − V as a function of
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MV :

V −K = −0.0743 ± 0.0011(MV + 34.92) + 4.21 ± 0.16 (2.12)

and
U − V = −0.0819 ± 0.008(MV + 34.92) + 2.61 ± 0.11. (2.13)

In Fig.2.5 we report the colour magnitude diagrams found by Bower et al. (1992) for the
Virgo cluster (empty symbols) and for the Coma cluster (filled symbols). The continuous line
shows the median fit. Dashed line shows the CMR predicted for the Coma cluster starting
from the Virgo cluster, shifted by a constant distance modulus of 3.6, thus showing the CMR
universality.

Figure 2.5: Colour magnitude relation for the Virgo cluster(empty symbol) and for the Coma
cluster (filled symbols): (a) CMR for theU − V colours; (b) CMR for theV −K colours.
Triangles are S0 galaxies, circles ellipticals and stars S0/a or s03 galaxies. Dashed line shows
the CMR predicted for the Coma cluster starting from the Virgo cluster (from Bower et al.
1992).

More recently López-Cruz et al. (2004) have analysed the CMR from a sample of 57
clusters in the Einstein IPC database (Jones & Forman 1999) identified in the X–band in the
redshift range0.02 ≤ z ≤ 0.18. They have confirmed the universality of the CMR at low
redshift inB − R as a function of theMR magnitude. They also have studied the redshift
dependence of the CMR. Fig.2.6 shows this relation for a subsample of six galaxy clusters.

A number of theoretical predictions have been compared to these observations. For ex-
ample Lanzoni et al. (2005) and Romeo et al. (2004), have compared their semi–analytic
model (SAM) and hydro-dynamical N–body simulation predictions respectively with obser-
vational results from Prugniel & Simien (1996) and Bower et al. (1992).

Figure 2.7 from Lanzoni et al. (2005), indeed shows their semi–analytic prediction for
the CMR inB − V as a function ofMB andV − K as a function ofMV compared with
observational data from Prugniel & Simien (1996) and Bower et al. (1992).
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Figure 2.6: CMR in theB − R as a function ofMR respectively for :a) A21; b) A690; c)
A1213; d) A1656 (Coma); e) A2152; f) A2399 (from López-Cruzet al. 2004).
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Figure 2.7: Upper panels: Comparison between numerical predictions from semi–analytic
models and observational results from Prugniel & Simien (1996) regarding the CMR in
B − V as a function of theMB magnitude. Numerical predictions are shown in the left
panel, while observations are shown in the right panel, where the continuous line shows the
median, from Lanzoni et al. (2005). Lower panels: As in the upper panels but for the CMR
in theV −K as a function of theMV 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 fromN–body hydro-dynamical sim-
ulations and observational results from Bower et al. (1992)( continuous line). CMR inU−V
(a) andV − K (b) as a function ofMV , colour coded in metalicity. (c) Relation between
mean metalicity of galaxies andMV magnitude and (d) between age of galaxies andMV

magnitude, averaged in mass (filled symbols) and luminosity(empty violet symbols), from
Romeo et al. (2004).

Figure 2.8 shows instead a comparison with predictions fromhydro-dynamical cosmo-
logical simulations of Romeo et al. (2004) with the observational results from Bower et al.
(1992). More in detail they have compared the CMR inU − V as a function ofMV and
V −K as a function ofMV , by distinguishing between different contribution from galaxies
with different metalicities. Furthermore they have studied the relation of mean age and met-
alicity of galaxies as a function of magnitude in theV band.
We will discuss more in detail the different assumptions andimplementations of both SAM
and direct hydro-dynamical simulations in Chapter 3.

The presence, as early asz ∼ 1.5, of a prominent and low-scatter red sequence in galaxy
clusters places useful constraints on the possible evolutionary pathways in galaxy colour and
luminosity (Mullis et al. 2005; Stanford et al. 2005, 2006; Bell et al. 2004; Faber et al. 2007;
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De Lucia et al. 2004c, 2007). Indeed both the low-scatter of the CMR and its little evolution
with redshift are challenging properties to be reproduced by numerical models of galaxy
formation (see e.g. Diaferio et al. 2001a; De Lucia et al. 2004c; Menci et al. 2008; Romeo
et al. 2008 and references therein).

2.2.3. The mass–luminosity ratio

From the cluster’s mass to light ratio, assuming that it is representative of the Universe, is
possible to computeΩM by multiplying it by the observed mean luminosity density ofthe
Universe (see e.g. Bahcall et al. 2000; Girardi et al. 2000; Carlberg et al. 1996):

ΩM = M/L× ρL. (2.14)

Assuming a mass to light ratioM/L ∝ Mα, a number of authors have found a value ofα
between 0.2 and 0.4. For example Girardi & Mezzetti (2001) have analysed a sample of 141
clusters, 36 poor clusters, seven rich groups and two samples of∼ 500 groups of galaxies
from the Nearby Optical Galaxy catalogue findingM ∝ L1.34±0.03

B which implies a values of
α ∼ 0.25. A possible explanation of this shallower dependence of theluminosity from the
cluster’s mass is that the more massive clusters are also theolder, thus a lower luminosity
especially in the bluer and optical bands is expected.

Another possible explanation given by Lin et al. (2003) is that systems with virial temper-
atures higher than107K have a lower efficiency of forming cooling flows at cluster’s cores.
thus possibly implying a relatively lower stellar mass fraction:

Mstar/Mtot ∝M−0.26
tot . (2.15)

This also may explain the fact that theM/L is higher in theK band, which is dominated by
old red–giant stars.

In another work Lin et al. (2004) have observed the relation between theM/L ratio and
the cluster’s mass in the NIRK band (left panel of Fig. 2.9). They have analysed a sample
of 93 clusters and groups of galaxies of the Two Micron All SkySurvey (2MASS) finding
a value ofα for the best fit ofα = 0.26 ± 0.04 within r200. In a similar way Popesso et al.
(2004) have analysed a sample of 130 clusters of the RASS-SDSS catalogue focusing on the
red galaxy population findingM/L ∝ M0.2±0.08 in the i band withinr500. As shown in the
right panel of Fig. 2.9, for the whole galaxy population theyhave found a best fit of:

log(L/1012L⊙) = (0.90 ± 0.05) × log(M500/1014M⊙) − 0.06 ± 0.03. (2.16)

Rines et al. (2004a) analysed nine nearby rich, X-ray luminous clusters from the Cluster
And Infall Region Nearby Survey (CAIRNS) catalogue. CAIRNSis a spectroscopic survey
of the infall regions surrounding nine nearby rich clustersof galaxies. They observed the
relation between theM/L ratio and the cluster’s mass in the NIRK band. They found a large
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Figure 2.9: Left panel: Mass to light ratio as a function of the cluster’s mass in theK band
(from Lin et al. 2004). Right panel: Same as left panel but ini band withinr500 (from
Popesso et al. 2004).

scatter but the CAIRNS clusters show an increase in M/L (evaluated atr200) with increasing
mass. Rines et al. (2004) found a similar correlation between X-ray mass and near-infrared
mass-to-light ratios to the one found by Lin et al. (2004); more massive clusters have larger
mass-to-light ratios with a best-fit relation:

(M/LKs
)(< r500) = (67 ± 4)h(

M500

2.1 × 1014 M⊙

)0.31±0.09. (2.17)

2.2.4. Number of galaxies versus cluster’s mass

Another property that is possible to observe and gives important informations on both physics
of galaxy formation and merging rate of galaxies is the number of galaxies as a function of
the cluster mass. For example, Lin et al. (2004) have shown that the number of galaxies
within r500,N500, with magnitudeMK ≤ −21 is proportional toM0.84

500 (see left panel of Fig.
2.10). More in detail they have found that:

N500(MK ≤ −21) = 56 ± 2

(

M500

2 × 1014 × 0.7 h−1 M⊙

)

)0.84±0.04

. (2.18)

In a similar way Popesso et al. (2006b) have found that the number of galaxies increases
slower than the cluster’s mass. More in detailed they found in ther band that the number of
galaxies with magnitude less than−20 lies on the relation:

N = 10−11.60±0.59(M200/M⊙)0.91±0.04, (2.19)
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as shown in the right panel of Fig. 2.10.

Figure 2.10: Left panel: Relation between the number of galaxies withMK < −21 and the
cluster’s mass (from Lin et al. 2004). Right panel: Relationbetween the number of galaxies
with Mr < −20 and the cluster’s mass withinr200 (from Popesso et al. 2006b).

2.2.5. The luminosity functions

One of the most studied property of the cluster galaxy populations is their luminosity func-
tion, which is defined as the number of galaxies per unit volume within a given magnitude
bin.
Despite (or because of) its conceptual simplicity the LF hasbeen for many years one of the
most popular tools for the interpretation of galaxy observations at all redshifts and in very
different environments. The comparison of the LF at different redshifts constrains models of
galaxy formation and evolution (Kauffmann & Charlot 1998),while the comparison of the
LF in low and high density environments probes the relevanceof the environmental effects
on the galaxy populations. The LF is historically best studied in rich clusters of galaxies,
which provide large numbers of galaxies at the same distanceand, at low redshift, with high
contrast against the background, allowing an efficient identification of cluster members with
small contamination from background galaxies.

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

φ(L)dL = φ⋆(L/L⋆)
αe−(L/L⋆)d(L/L⋆). (2.20)

WhereL⋆ is a characteristic luminosity,φ⋆ is the density of galaxies per units of magnitude
at the luminosityL⋆ andα is a constant which indicates the slope of the relation at thefaint
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end. Typical values ofφ∗, the characteristic magnitudeM∗ andα for field galaxies in the
B-band areφ∗ = 0.0156 ± 0.004,M∗ = −19.2 ± 0.27 andα = −1.30 ± 0.069 (Fried et al.
2001).

Recently, with the increase of the accuracy and completeness of samples, observations
have started to show a bimodal behaviour in the luminosity function. For example Popesso
et al. (2006a) have studied a sample of 97 clusters of galaxies from the ROSAT All-Sky
Survey in the X–band and from the RASS-SDSS in the optical bands (York et al. 2000,
Stoughton et al. 2002, Abazajian et al. 2004) with redshift distributionz ≤ 0.25. Popesso
et al. (2006a) have computed the combined luminosity functions in theg, r, i andz. Their
results are shown in Fig. 2.11. It clearly exhibits the bimodal behaviour of the luminosity
function (LF), well described by the following equation:

φ(L)dL = φ⋆

[

(

L

L⋆
b

)αb

exp

(−L
L⋆

b

)

+

(

L

L⋆
f

)αf

exp

(

−L
L⋆

f

)]

d(L/L⋆). (2.21)

The large uncertainties associated to the exponential cut–of at the bright end of the LF is
due to the low statistics of galaxies at this magnitudes. Popesso et al. (2006) have also
computed the separate contribution of the early type and late type populations of galaxies to
the LF, based on a colour cut. They have found that the bluer population is well described
by a simple Schechter function, while the bimodal behaviourof the LF is mainly due to the
redder population of galaxies. Furthermore the exponential cut–of at the bright end is similar
in both early and late type galaxies. They have therefore argued that the differences in the
faint end are not due to merging processes associated to the central galaxies, but may lie in the
transformation of spiral and irregular galaxies into earlytype dwarf galaxies.However, these
results is at variance with other analyses. For instance, Adami et al. (2000) and Mobasher
et al. (2003) performed deep spectroscopic survey of the Coma cluster and found no evidence
for an upturn of the LF at faint magnitudes.

2.3 CLUSTERS OF GALAXIES AT REDSHIFT z & 1

Despite the advent of the era of precision cosmology usheredin by observations of SNe and
the cosmic microwave background (see Appendix A), significant uncertainty remains in the
expected numbers of galaxy clusters atz > 1. Moreover, the CMB temperature anisotropies
on scales corresponding to clusters are not accurately known, leading to values forσ8, the
rms matter fluctuation in a sphere of radius8h−1 Mpc atz = 0 (Appendix A), which cover
the range0.67+0.18

−0.13 (Gladders et al. 2007) to0.98 ± 0.10 (Bahcall et al., 2003).
The rangeσ8 = 0.7 to 1 corresponds to a variation of a factor of nearly 20 in the predicted
numbers ofz > 1 clusters withMtot > 1014M⊙ (e.g. Sheth & Tormen, 1999). Obtaining
substantial samples of galaxy clusters atz > 1 has proved challenging, largely because such
objects are difficult to detect using only optical data. Due to their greatly enhanced rate of
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Figure 2.11: Luminosity function in the four SLOAN bandsu, r, i, z computed withinr200.
Dots: Observational data. Continuous line: Best fit (from Popesso et al. 2006a).

star formation byz ∼ 1, the UV emission from modest sized field galaxies overwhelmsthat
from the intrinsically red spectra of quiescent, early typegalaxies preferentially found in
clusters. The Red Sequence Cluster Survey (Gladders & Yee, 2000, 2005) uses the observed
colour-magnitude relationship in cluster galaxies to improve the contrast and has proven
highly efficient toz ∼ 1, but the optical colours of the red sequence become increasingly
degenerate at higher redshifts, as they no longer span the rest 4000̊A break. Wilson et al.
(2008) describe a program to extend the red sequence technique to higher redshift using
Spitzer data, but it is also important totestfor the existence of red sequences inz > 1 clusters
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rather than preselecting for them, if possible. Another powerful approach is to target for IR
followup extended sources in deep X-ray surveys lacking prominent optical counterparts.
This technique yielded confirmed clusters atz = 1.10, 1.23, and 1.26 (Stanford et al., 2002;
Rosati et al., 1999, 2004) and more recently atz = 1.39 (Mullis et al., 2005) and 1.45
(Stanford et al., 2006). The UKIDSS Ultra Deep Survey provides another recent example,
finding 13 cluster candidates with0.6 < z < 1.4 in a 0.5 deg2 survey (van Breukelen
et al., 2006), one of which has 4 spectroscopic redshifts atz = 0.93 (Yamada et al., 2005).
Eisenhardt et al. (2008a) identified 335 galaxy cluster and group candidates from a4.5µm
selected sample of galaxies in the IRAC Shallow Survey. Candidates were identified by
searching for over-densities in photometric redshift slices, and 106 clusters are atz > 1.
They claimed that roughly 10% of these candidates may be expected to arise by chance or
from projection effects. Nevertheless, 12 clusters have been spectroscopically confirmed at
z > 1, as have 61 of the 73 clusters observed with AGES atz < 0.5. For the twoz > 1
clusters with 20 or more spectroscopic members, they have estimated total cluster masses of
several1014M⊙, and the total mass estimated from the stellar luminosity yields comparable
values. They also found colour-magnitude diagrams inI − [3.6] vs. [3.6] for thez > 1
spectroscopically confirmed clusters, revealing that a redsequence is generally present, even
though clusters were not selected for this (see also Zirm et al. 2008). Moreover they found
that for the full cluster sample, the mean colour of brightergalaxies within each cluster is
systematically redder than the mean colour of all probable cluster member galaxies, implying
that the mass-metalicity relation is already in place atz ∼ 1.5. We report as example in
Figure 2.12 by Eisenhardt et al. (2008) the cluster ISCS J1438.1+3414 at〈zsp〉 = 1.413.
It clearly exhibits a large concentration of red galaxies inthe region. Both photometric
redshift members and spectroscopically confirmed cluster members are shown in the picture.
Presence of photometric redshift members which are not spectroscopically confirmed are
also shown as blue diamonds.

Recently, Castellano et al. (2007) discovered a localised over-density at z∼1.6 in the
GOODS-South Field. They compared the properties of the member galaxies to those of the
surrounding field and they found that the two populations aresignificantly different, support-
ing the reality of the structure. Castellano et al. (2007) showed that the reddest galaxies, once
evolved according to their best fit models, have colours consistent with the red sequence of
lower redshift clusters. The estimatedM200 total mass of the cluster they found is in the
range1.3× 1014 − 5.7× 1014 M⊙, depending on the assumed bias factorb. Castellano et al.
(2007) provided also an upper limit for the 2-10 keV X-ray luminosity, based on the 1Ms
Chandra observations. They foundLX = 0.5 · 1043 erg s−1, suggesting that the cluster has
not yet reached the virial equilibrium.
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Figure 2.12: Composite NDWFS andSpitzerIRAC BW , I, [4.5] colour image of cluster
ISCS J1438.1+3414 at〈zsp〉 = 1.413. North is up and east is left, and the field size is 5’
square (∼ 2.4 − 2.5 Mpc for z = 1 − 1.5). Objects with yellow circles are photometric
redshift members, i.e., they have integratedP (z) > 0 : 3 in the rangezest ± 0.06(1 + zest),
wherezest is the mean estimated photometric redshift for the cluster.Spectroscopically
confirmed cluster members are denoted by yellow squares. Notall spectroscopic members
fall within the 5’ field shown here. Blue diamonds indicate photometric redshift members
whose spectroscopic redshifts are not in the rangezsp±2000(1+zsp) km s−1 (from Eisenhardt
et al. 2008).
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2.4 HIGH–REDSHIFT PROTO–CLUSTERS

We will now focus our attention on the observed properties ofhigh redshift proto–clusters.
As we discussed in previous Section, in recent years a numberof observations has shed a light
to the evolution of clusters with redshift up toz ∼ 1.5 (e.g. Mullis et al. 2005, Eisenhardt
et al. 2008b, Stanford et al. 2005 and references therein). Acommon technique for the
search of over–dense regions to even higher redshift is to look for over-densities of emission
line galaxies in the neighbourhood of luminous high-redshift radio galaxies (e.g. Pentericci
et al. 1998). These regions likely trace proto–clusters andpresent merging and putative BCG
assembly processes located at the peaks of the density fields, which are usually associated
to the radio–galaxy. We will discuss here some observational results concerning the radio–
galaxy MRC-1138-262 at redshiftz ∼ 2. This is probably the most studied putative proto-
cluster region in literature (e.g. Pentericci et al. 1997, 1998, 1999, 2000; Carilli et al. 2002;
Kurk et al. 2000, 2004; Miley et al. 2006; Venemans et al. 2007; Hatch et al. 2008; Zirm et al.
2008 and references therein) . For a comprehensive discussion about distant radio galaxies
and their environment we address the reader to the review by Miley & De Breuck (2008). In
Chapter 5 we will present a detail comparison between these observations and the predictions
of our cosmological hydro-dynamical simulations.

Figure 2.13 shows a deep image taken with the Advanced Camerafor Surveys (ACS)
of the Hubble Space Telescope (HST). The morphology of the galaxy distribution shown
on this deep HST ACS image is reminiscent of what has been called aSpiderweb. More
than 10 individual clumpy features are observed, apparently star-forming satellite galaxies
in the process of merging with the progenitor of a dominant cluster galaxy, at a look-back
time of about 11 Gyr. There is an extended emission component, implying that a high star
formation rate was occurring within a40 − 50 kpc region surrounding the most luminous
galaxy. A striking feature of the Spiderweb complex is the presence of several faint linear
galaxies within the merging structure. The dense environments and fast galaxy motions at
the centrers of proto-clusters may stimulate the formationof these structures, which domi-
nate the faint resolved galaxy populations in the Hubble Ultra Deep Field. We address the
attention’s reader to the very high velocities associated to the satellite galaxies (the flies of
the Spiderweb), reaching velocities along the line of sightof roughly 2000 km s−1. Another
important feature is the presence of an evident diffuse stellar component surrounding the
disturbed morphology of the central radio galaxy.

In Fig. 2.14 by Hatch et al. (2008), an image of the region around the Spiderweb
galaxy is shown in theg475 band. Galaxies were identified with theSEXTRACTORalgo-
rithm (Bertin & Arnouts 1996) and are shown as white regions.This picture clearly exhibit
the difficulties of deciding whether assigning pixels to galaxies or to the diffuse component.
Hatch et al. (2008) examined the possibility that the intergalactic UV light may be caused
by a fainter population of cluster galaxies that lie betweenthe detected satellite galaxies.
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Figure 2.13: Composite image of a23′′×18′′ region at the core of the MRC 1138-262 proto-
cluster taken with the ACS through theg475 + I814 filters, using a total of 19 orbits. Also
shown are rest-frameLyα emission velocities in kilometres per second, measured through
1′′ wide spectrograph slits in three position angles indicatedby the dashed lines. These were
obtained using the FORS at the VLT Kurk et al. 2003). The velocities were measured at the
peaks of theLyα emission profiles and are relative to the median velocity ofLyα absorption.
Following Kurk et al. (2003) the nucleus is taken to be the position of the peak Ha. This
coincides with the peak in ACS continuum emission, indicated by the extrapolation of the
arrow corresponding to 730 km s−1, the velocity of the nuclearLyα emission. Eight of the
satellite galaxies (flies) that have chain, tadpole, or clumpy morphologies are indicated by
numerals 18 (from Miley et al. 2006)

Fig. 2.15 by Hatch et al. (2008)2 plots the rest-frame NUV (I814 band) luminosity func-
tion of the detected galaxies with the solid line showing thebest fitting Schechter function
φ(M) = 0.4φ∗log10[100.4(M∗−M)]α−1 exp[−100.4(M∗−M)] (Schechter, 1976). The best fit-

2The luminosity function published by Hatch et al. (2008) didnot include the correction factor2.5 ×
log10(1 + z) (R.A. Overzier, private communication).
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ting parameters were found to beM∗ = −24.3, φ∗ = 198.3 mag−1Mpc−3 and the slope
α = −1.26. The slope of the faint end,α, is found to be similar to that of a sample of
z = 2.2 galaxies from Sawicki & Thompson (2006). The brightM∗ and largeφ∗ are a direct
consequence of the fact that the region of interest is associated with a massive galaxy at the
centre of a forming cluster, and should not be taken as a measure of the luminosity function
beyond this region. The luminosity function is complete to –19.5 mag and encompasses al-
most all of the galaxies detected, therefore the integral ofthe Schechter function from−19.5
to −24.5 results in the totalI814 flux from the galaxies in the Spiderweb complex. The
intergalactic UV light in this bandpass accounts for 39% of the total flux above a surface
brightness of 27.0 mag arcsec−2. The authors argued therefore that if the IGL resulted from a
population of fainter cluster galaxies, the missing galaxies would fill up the Schechter func-
tion up to−18.1 mag (indicated by the dotted line in Fig. 2.15). Therefore the IGL would
comprise of approximately 15 galaxies with absolute magnitudes between−19.5 mag and
−18.1 mag. The IGL extends across a region 4243 kpc2 (∼ 60 arcsec2). Therefore each of
the 15 faint galaxies would have to extend across∼4 arcsec2 – larger than the massive radio
galaxy, or be distributed in a very ordered arrangement around the radio galaxy. Hatch et
al. (2008) claimed that such an ordered distribution is unlikely and any faint galaxies are
not likely to have such a large extent, therefore the IGL cannot be caused by a non-detected
faint cluster galaxy population, but rather it must be due toan intrinsically diffuse source or
very many unresolved radiation sources. In a previous work,Pentericci et al. (1998) have
estimated the total stellar mass of the central radio galaxyfrom theK band luminosity and
foundM⋆ ∼ 1012M⊙.

Hatch et al. (2008) have also computed the UV slopeβ which measures the UV contin-
uum through

β =
0.4 × (g475 − I814)

log λ475

λ814

− 2. (2.22)

Figure 2.16 shows the resulting map of the UV slopeβ. Data has been binned in 2D so that
each bin within a galaxy has a S/N greater than 10, and each binoutside a galaxy has a S/N of
∼ 5. Hatch et al. (2008) have found that for the majority of the inter galactic light component
a value of−2 < β < −1, which implies a reddening value ofE(B−V ) ∼ 0.1−0.25. They
have also found a trend in the IGL to be bluer with the increasing distance from the nearest
galaxies. They have therefore argued that a process of diffuse star formation was taking place
in the Spiderweb region. They have computed a total SFR from the UV continuous in the
whole region of∼ 142M⊙ yr−1 without dust correction. When applying a minimum dust
correction ofE(B−V ) = 0.1 they have put a lower limit on the total SFR of∼ 325M⊙ yr−1,
44% of which is due to the IGL, implying a vigorous star formation, before it is quenched
by AGN feedback.

Pentericci et al. (2000) performed VLT spectroscopic observations ofLyα–excess ob-
jects in the field of the Spiderweb complex within a projectedphysical distance of 1.5 Mpc
from the radio-galaxy. They found 14 galaxies and one QSO at approximately the same dis-
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tance as the Spiderweb galaxy. All identified galaxies have redshifts in the range 2.16±0.02,
centrered around the redshift of the radio galaxy. The velocity distribution found by Penter-
icci et al. (2000) suggested that there are two galaxy subgroups having velocity dispersions
of ∼ 500 km s−1 and∼ 300 km s−1 and a relative velocity of 1800 km s−1. They have
estimated the dynamical masses in the case these structuresare virialised, and found∼9 and
∼3 × 1013 M⊙ respectively, implying a total mass for the structure of more than 1014 M⊙.

More recently, Kurk et al. (2004) have performed infrared spectroscopy and established
the presence of nine line emitters within 0.6 Mpc of the radio-galaxy. They have found
three emitters showing an additional line which confirms theidentification withHα at z =
2.15, while four more have spectra consistent withHα at this redshift, one being a QSO as
indicated by the broadness of its emission line. One emittershows only a single strong line,
which is possiblyHα and one emitter exhibits two lines which probably originatefrom two
emission line regions within one galaxy atz = 2.16. Additional evidence for identification
of all observed lines withHα is the small velocity dispersion (360 km s−1) as compared with
the width of the selection filter. This dispersion is also smaller than the dispersion of theLyα

emitters found by Pentericci et al. (2000).
Carilli et al. (2002) performed a high resolution X-ray observations of the Spiderweb

galaxy with the ACIS-S detector on the Chandra observatory.They showed that the X-ray
emission from the radio-galaxy is dominated by emission from the active galactic nucleus
(AGN) with a 2 to 10 keV luminosity of4 × 1045 erg s−1. Moreover they found that the
relative X-ray and radio properties of the AGN in the Spiderweb galaxy are similar to those
seen for the AGN in the archetype powerful radio galaxy Cygnus A. Carilli et al. (2002)
estimated that between 10% and 25% of the X-ray emission from the Spiderweb complex
is spatially extended on scales of 10′′ to 20′′. The extended X-ray emission is elongated,
with a major axis aligned with that of the radio source. Whilethe X-ray and radio emissions
are elongated on similar scales and position angles, there is no one-to-one correspondence
between the radio and X-ray features in the source. They concluded that most likely origin
for the extended X-ray emission in the observed region is thermal emission from shocked
gas, although they could not rule-out a contribution from inverse Compton emission. If the
emission is from hot gas, the estimated gas density is 0.05 cm−3 and the estimated gas mass is
2.5×1012 M⊙. Thus, pressure in this hot gas is adequate to confine the radio emitting plasma
and the optical line emitting gas. Carilli et al. (2002) set an upper limit of1.5× 1044 erg s−1

to the (rest frame) 2 to 10 keV luminosity of any normal cluster atmosphere associated with
the Spiderweb complex.

They did not detected any emission associated to any of the Lyα emitting galaxies in
the putative proto-cluster, outside of the Lyα halo of the Spiderweb galaxy itself, to a (rest
frame) 2 to 10 keV luminosity limit of1.2 × 1043 erg s−1. Carilli et al. (2002) also detected
emission from az = 2.183 QSO located 2′ west of the Spiderweb system, with a luminosity
of 1.8 × 1044 erg s−1.
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Figure 2.14:g475 image of MRC 1138-262 and surrounding15 × 18.5 region, smoothed
with a Gaussian of s = 0.05 arcsec. All regions identified as galaxies have been removed and
are coloured white. The intergalactic light is clearly visible between the radio and satellite
galaxies (from Hatch et al. 2008).
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Figure 2.15: The luminosity function of the galaxies withinthe Spiderweb complex. The
solid line is a Schechter function fit to the data. The dotted line indicates how much of the
luminosity function is missing if the intergalactic light results from a population of fainter
galaxies; approximately 15 galaxies with absoluteI814 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: Slopeβ of UV spectrum of galaxies and intergalactic light of the Spiderweb
system. Data has been binned in 2D as described in the text. Galaxies are outlined in black.
TheLyα flux peaks on the galaxy that lies∼ 3 arcsec West of the radio galaxy which has the
bluest colour compared to the other satellite galaxies. Image is 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 numerical techniques developed for cos-
mological purposes. We address the reader to more comprehensive reviews for a detailed
treatment of the topics discussed in next Sections (e.g. Hockney & Eastwood 1988; Bagla
2005; Dolag et al. 2008b).
This Chapter is structured as follow. Section 3.1 we will provide an overview of the nu-
merical methods that have been developed for solving the N-body problem, with particular
emphasis to the TREE algorithm implemented in theGADGET-2code1 (Springel et al., 2001;
Springel, 2005). In Section 3.2 we will describe picture thetechnique aimed at generating the
initial conditions (ICs) used in our cosmological simulations. In Section 3.3 we will present
hydrodynamical methods which are used to follow cosmic structure formation. In particular,
we will focus on the SPH algorithm implemented in theGADGET-2 code (Springel et al.,
2001; Springel, 2005) applied to obtain the results of the following Chapters. In Section
3.4 we will shortly describe the main characteriscs and features of theGADGET-2code. In
Section 3.5 we will present the basic principles of spectro-photometric codes, with particular
emphasis on the GALAXEV code by Bruzual & Charlot (2003). We will then present two
algorithms [SKID2 by Stadel 2001 and SUBFIND by Springel et al. 2001] for the identifi-
cation of gravitationally bound substructures in cosmological hydrodynamical simulations
in Section 3.6. Finally, in Section 3.7, we will briefly review about a widely used tech-
nique in galaxy formation’s models complementary to directhydrodynamical cosmological
simulations: the semi-analytic approach.

1http://www.MPA-Garching.MPG.DE/gadget/
2Seehttp://www-hpcc.astro.washington.edu/tools/skid.htm l
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3.1 GRAVITATIONAL DYNAMICS: THE N–BODY TREE
CODE

The study of the N-body problem was topic of interest since already the XVIII century. It
consists in finding the solutions of the equation of motion for a numberN of point-like par-
ticles with massmi whose dynamics is purely gravitational. From the Kepleriantheory it
is possible to show that an analytical solution to this problem exists forN = 2. Already
Poincaré (1891) highlighted that forN ≥ 3 it does not exist a general analytical solution to
the N-body problem, and the only way to face the problem is numerically. N–body numer-
ical simulations were used for the first time in the sixties for the study of cosmic structure
formation. They become a fundamental part of the study of cosmology only in the eighties,
thanks to the development of fast computers and efficient computing algorithms. Now, a
large part of our knowledge on the formation and evolution ofcosmic structures is based
on the results from numerical simulations. For reviews of this topics, see e.g. Hockney &
Eastwood (1988); Bagla (2005); Dolag et al. (2008b).

A typical simulation which aims at describing a portion of the Universe and the gravita-
tional evolution of the dark matter component uses a large numberN of collisionless parti-
cles in a cubic box. This box, has to be sufficiently large to reach scales within which the
Universe is nearly homogeneous. However, simulations are limited by the total number of
particles, since the computational cost increases rapidlywith it. Each simulation essentially
represents a compromise between its mass resolution and itsdimension, given the available
computing resources.

Given the initial conditions (see Section below), one essentially needs to compute, for
each particle, the resulting force due to the gravitationalattraction of all the other particles.
We first consider the simplest case of two particlesi andj. The two particles attract each
other with force:

~Fij =
Gmimj(~xi − ~xj)

(|~xi − ~xj |2 + ǫ2)3/2
, (3.1)

whereG is the gravitational constant,mi andmj are the masses of the particles,xi andxj are
the coordinates of the particles andǫ is the softening parameter. Since nothing prevents two
particles to be very close, the gravitational force could inprinciple diverge, thus requiring an
infinite accuracy in the integration of the orbits. To prevent this, theǫ term is added to the
denominator. This term essentially represents the spatialresolution of the particle dynamics.
At each time-step it is necessary to compute the global gravitational force acting on each
particle, due to the distribution of all the other particles. The simplest way to do so is to
compute~Fij for all pairs of particles. This method was adopted by early simulations and is
calledParticle-Particle method (PP). It provides a very accurate estimate of the gravitational
force, but its computational cost rapidly increases with the number of particles, since the
number of operations required at each time-step isN(N − 1)/2. In order to treat more
complex systems, it is necessary to reduce the number of operations.
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The solution adopted by a large part of N–body codes calledParticle-Mesh codes (PM), is
to compute the large–scale gravitational field over a grid. In this case the Poisson’s equation:

~∇2Φ(~x, t) = 4πGa2 [ρ(~x, t) − ρ̄(t)] , (3.2)

whereΦ is the gravitational potential and̄ρ(t) is the background density, is solved in the
Fourier space. The computational cost is sensitively reduced (O (N logN), whereN is
the number of grid points), but the resolution is limited by the grid spacing. To solve this
problem, modern versions of these codes supplement the force computation on scales be-
low the mesh size with a direct summation. Codes implementedwith this philosophy are
calledParticle-Particle-Particle-Mesh codes (P3M). Another possibility is to place mesh re-
finements on highly clustered regions. These family of codesare thus calledAdaptiveMesh
Refinements (AMR) codes.

TheTREEalgorithm follows a completely different approach; the idea is to treat distant
particles as one single particle by adopting a hierarchicalpartitioning system, which has
been developed by Barnes & Hut (1986). The structure may be thought as an ideal tree. The
smallest elements are cells containing one single particle, which can be thought as the leaves
of the tree. These particle-bearing cells are grouped into larger cells, the nodes, which are in
turn grouped into larger nodes down to the root, i.e. the whole simulation box. Each small
and large cell will be characterised by the total mass and centre-of-mass of the particle(s) it
contains. The construction of the tree follows a partitioning procedure, which is sketched in
Fig. 3.1 for the case of a two-dimensional simulation.

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

The process starts by considering the largest cell, which contains the whole simulation
box. It is divided into23 sub-cells, each having side equal to one half of the side of the
parent cell. If a cell contains two or more particles, it is inturn divided into sub-cells and
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the division process continues until each cell contains no more than one particle. When the
partitioning process is finished, the space is divided into anumber of cells of different size,
which either contain exactly one particle or are progenitors to further cells, in which case
each cell carries the monopole and quadrupole moments of allthe particles that lie inside its
volume. The force computation proceeds by an iterative process, which walks up the tree,
summing the appropriate contribution from each node, whichis determined by the accuracy
parameterθ (typically θ ∼ 1) in the following way. Letl be the length of a cell andD the
distance from the cells centre-of-mass and the particle. Then if l/D < θ the contribution of
the cell content to the total force acting on the particleP is computed by treating it a single
particle, otherwise its sub-cells are considered. This process is repeated iteratively until the
resolution criterion is satisfied or a one-particle cell is reached. Recent numerical simulations
achieved very high resolution within very large simulated volumes. For examples the so-
called Millennium Run (Springel et al. 2005a) based on theGADGET-2 code traced more
than 10 billion particles within a simulated cube box of500 h−1Mpc. Figure 3.2 shows the
complex topology of the “cosmic web” in aΛCDM universe. The zoomed out panel at the
bottom of the figure reveals a tight network of cold dark matter clusters and filaments of
characteristic size∼ 100 h−1Mpc. On larger scales, there is little discernible structure and
the distribution appears homogeneous and isotropic. Subsequent images zoom in by factors
of four onto the region surrounding one of the many rich galaxy clusters in the simulation.
The final image reveals several hundred dark matter substructures, resolved as independent,
gravitationally bound objects orbiting within the clusterhalo. These substructures are the
remnants of dark matter halos that fell into the cluster at earlier times.

More recently Kim et al. (2008) presented The Horizon Run N–body simulation, using
41203 ≃ 69.9 billion particles, and covering a volume of(6.592 h−1Gpc)3 which corner-
to-corner stretches all the way to the horizon of the visibleUniverse. Figure 3.3 shows
a 64h−1 Mpc-thick slice through the Horizon simulation showing thematter density field
in the past light cone all the way to horizon. The thickness ofthe wedge is constant and
the opening angle is 45 degrees. The Earth (the observation point) is at the vertex and the
upper boundary is the Big Bang surface atz = ∞. The distribution of the CDM particles
is converted to a density field using the Triangular Shaped Cloud binning method (Hockney
& Eastwood 1981), and the density field beforez = 23 was obtained by linearly evolving
the initial density field backward in time. The radial scale of the slice is the look-back time,
so the upper edge corresponds to the age of the universe, 13.6billion years located at the
comoving distance of 500h−1Mpc.

We just mention that on small scales, other two recent projects have tried to reproduce
a Milky Way-sized dark matter halo with extremely high-resolution: The Aquarius Project
(Springel et al. 2008) and the Via Lactea Projects (Diemand et al. 2008, and references
therein). The first group have simulated 6 different halos, each at several different numerical
resolutions, finding in the largest simulation, nearly 300,000 gravitationally bound sub-halos
within the virialised region of the halo. The latest simulation of the Via Lactea Project took
one million CPU hours to finish and has over one billion particles with a mass of only 4.1
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3.1. Gravitational dynamics: the N–body TREE code

Figure 3.2: The dark matter density field on various scales from the Millennium simulation.
Each individual image shows the projected dark matter density field in a slab of thickness
15 h−1Mpc (sliced from the periodic simulation volume at an angle chosen to avoid replicat-
ing structures in the lower two images), colour-coded by density and local dark matter ve-
locity dispersion. The zoom sequence displays consecutiveenlargements by factors of four,
centred on one of the many galaxy cluster halos present in thesimulation (from Springel et
al. 2005).
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Figure 3.3: A64h−1 Mpc-thick slice through this simulation showing the matterdensity
field in the past light cone as a function of look-back time allthe way to the horizon from
the Horizon simulation. The thickness of the wedge is constant and the opening angle is
45 degrees. The Earth is at the vertex and the upper boundary is the 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 displacements, taken from the same
cosmological initial conditions, once based on an originally regular grid (left panel) and once
based on a glass like particle distribution (right panel). Credits: Dolag et al. (2008).

thousand solar masses.

3.2 INITIAL CONDITIONS

Having robust and well justified initial conditions is one ofthe key points of any numeri-
cal simulation. For cosmological purposes, observations of the large–scale distribution of
galaxies and of the CMB agree to good precision with the theoretical expectation that the
growth of structures starts from a Gaussian random field of initial density fluctuations (see
also Appendix A.); this field is thus completely described bythe power spectrumP (|~k|)
whose shape is theoretically well motivated and depends on the cosmological parameters
and on the nature of Dark Matter.

To generate the initial conditions, one has to generate a setof complex numbers with a
randomly distributed phaseφ and with amplitude normally distributed with a variance given
by the desired spectrum (e.g. Bardeen et al., 1986). This canbe obtained by drawing two
random numbersφ in ]0, 1] andA in ]0, 1] for every point ink-space

δ̂~k =

√

−2P (|~k|)ln(A)ei2πφ. (3.3)

To obtain the perturbation field generated from this distribution, one needs to generate the
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potentialΦ(~q) on a grid~q in real space via a Fourier transform, e.g.

Φ(~q) =
∑

k

δ̂~k
~k2

ei~k~q. (3.4)

The subsequent application of the Zel’dovich approximation (Zel’Dovich, 1970) enables one
to assign the initial positions

~x = ~q −D+(z)Φ(~q) (3.5)

and velocities
~v = Ḋ+(z)~∇Φ(~q) (3.6)

of the particles, whereD+(z) andḊ+(z) indicate the cosmological linear growth factor and
its derivative at the initial redshiftz (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 mentioned. The first is that one can
try to reduce the discreteness effect that is induced on the density power spectrum by the
regularity of the underlying grid of the particle positions~q that one has at the start. This can
be done by constructing an amorphous, fully relaxed particle distribution to be used, instead
of a regular grid. Such a particle distribution can be constructed by applying negative gravity
to a system and evolving it for a long time, including a damping of the velocities, until it
reaches a relaxed state, as suggested by White (1996). Fig. (3.4) gives a visual impression
on the resulting particle distributions.

A second complication is that, even for studying individualobjects like galaxy clusters,
large-scale tidal forces can be important. A common approach used to deal with this problem
is the so-called “zoom” technique: a high resolution regionis self-consistently embedded
in a larger scale cosmological volume at low resolution (seee.g. Tormen et al., 1997). This
approach usually allows an increase of the dynamical range of one to two orders of magnitude
while keeping the full cosmological context. For galaxy simulations it is even possible to
apply this technique on several levels of refinements to further improve 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, it is possible to find numerical so-
lutions to the N-body gravitational problem. Nevertheless, baryonic matter has a much more
complicated physics and behaviour. Therefore to have a complete and coherent description
of cosmology, we need to implement models which describe thebehaviour of gas and stars,
besides the dark matter. Related to the physical processes of the baryonic 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 populationand Active Galactic Nuclei
(AGN).

The basic ingredient of these models is fluidodynamics, therefore numerical methods with
the aim of describe these processes are called hydrodynamical methods.

The description of hydrodynamical processes through numerical methods can be basically
classified in two general categories (see Dolag et al. 2008 for a more comprehensive descrip-
tion of the topics treated in this Section):

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

• Lagrangian techniques
In Lagrangian techniques instead physical quantities are associated to each particle
representing the fluid element and their evolution is followed as a function of time and
space along the particles trajectory. These techniques, therefore, need a discretisation
of the fluid in particles, which generally will occupy different positions at different
times. To each particle will be then associated the physicalquantities of interest.

We will focus the rest of this Section on the description of a Lagrangian technique to solve
hydrodynamics called Smoothed Particle Hydrodynamics (SPH), originally introduced by
Lucy (1977) and Gingold & Monaghan (1977) (for recent reviews, see Springel 2005; Mon-
aghan 2006). The simulations analysed in this Thesis are indeed based on the SPH technique.
SPH avoids the main limitation due to the use of a grid on the dynamic range in spatial reso-
lution or on the global geometry. Its main limitations are the treatment of the shocks, which
is done by introducing an artificial viscosity, and the fact that it is not possible to represent
an arbitrarily large density gradient with a finite number ofparticles. The SPH is particu-
larly well suited to be used in association with a TREE N-bodycode, since their underlying
principles are similar. Both techniques are fully Lagrangian and neither use a grid. The re-
sulting code naturally allows to follow the evolution of a large number of particles within a
Lagrangian framework (Hernquist & Katz 1989). In the SPH, the fluid is modelled as com-
posed by a number of elements which are represented by particles. Thus, if the system is
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evolved according to the laws of hydrodynamics, the densityfield ρ can be estimated form
the local density of particles. Since the computational model consists of a finite number
of fluid elements, local averages must be performed over volumes of nonzero extent. This
is conveniently accomplished by introducing a systematic procedure for smoothing out lo-
cal statistical fluctuations in the particle number. The mean value of a physical field,f(~r),
within a given interval can be determined through kernel estimation according to

〈f(~r)〉 =

∫

W (|~r − ~r ′|, h)f(~r ′)d3~r ′. (3.7)

whereW (~r) is known as the smoothing kernel,h is the smoothing length, which specifies
the extent of the averaging volume, and the integration is over all space. The smoothing
kernel is normalised to unity. It is also required that〈f(~r)〉 → f(~r) for h → 0. Within
reasonable assumptions on the kernel functionW (~r), Hernquist & Katz (1989) show that
the error made in approximatingf(~r) by its smoothed estimate〈f(~r)〉 isO(h2). If the values
of f(~r) are known only at a finite number of discrete points, distributed with number density
n(~r) =

∑N
j=1 δ(~r~r

′), then the smoothed equivalent can be written as (Hernquist &Katz
1989):

〈f(~r)〉 =
N
∑

j=1

f(~r)

〈n(~r)〉W (|~r − ~rj; h). (3.8)

In particular, if a massmj is associated with each fluid element of densityρj then:

〈ρ(~r)〉 =

N
∑

j=1

mjW (|~r − ~rj |, h). (3.9)

In every time-step the SPH code must solve the fluid equations: the mass conservation is
assured by the fact that the kernel function is normalised tounity (

∫

W (~r)d~r = 1), while in
the adiabatic regime the Euler and the energy conservation equations become:

(

d~v

dt

)

= −
N
∑

j=1

mj

[

P

ρ2
+
Pj

ρ2
j

]

~∇W (|~r − ~rj |, h) (3.10)

and
(

dǫ

dt

)

=
P

ρ2

N
∑

j=1

mj(~v − ~vj) · ~∇W (|~r − ~rj |, h). (3.11)

respectively. The description of a non-conservative physical system can be implemented by
modifying Eq. 3.11. For example a radiative gas is obtained by adding a cooling term. On
the contrary the description of phenomena like shock-heating requires the addition of arti-
ficial viscosity terms in Eq. 3.10. An important advantage ofthe SPH formalism is that
it provides a natural means for estimating gradients of the local fluid properties. Gradients
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of the physical variables are replaced by derivatives of thesmoothing kernel, thereby con-
strainingW (~r) to be differentiable or at least the same order as that of the terms present in
the dynamical equations. In addition, the kernel should be sharply peaked and approach a
delta function ash → 0, in order that the smoothing estimates retain a local character. A
kernel with compact support is generally preferred for reasons of computational cost, so as
to perform the integration over a finite portion of volume. The GADGET-2 code on which
our simulations are based, adopts the following kernel:

W (r, h) =
8

πh3







1 − 6(r/h)2 + 6(r/h)3 0 ≤ r ≤ h/2
2(1 − r/h)3 h/2 ≤ r ≤ h
0 r ≥ h

(3.12)

wherer is the distance from the particle position. Note that both the first and the second
derivatives of the above kernel are continuous. The local spatial resolution is determined
by the smoothing lengthh. A more traditional approach adopts the sameh for all particles.
However, a constanth would yield relatively more accurate estimates in regions with a high
density of particles than in lower density regions. Furthermore, all the structures smaller
thanh would not be resolved, thus not taking full advantage of the adaptive Lagrangian
nature of the SPH method. An adaptiveh instead allows at the same time to achieve the
necessary resolution in denser regions and to maintain the same level of accuracy at all
points on the fluid, thus improving consistency and efficiency of the code. The value ofh is
then determined from the local particle density, by keepingthe number of neighbourhoods
either exactly, or at least roughly, constant.

3.4 THE GADGET-2 CODE

The simulations analysed for our work have been realised with theGADGET-2code (Springel
et al. 2001; Springel 2005). GADGET-2 (Galaxies withDark matter andGas intEracT) is
a TREE-SPH algorithm with a fully adaptive step refinement integration scheme. It is also
possible to choose between a full TREE algorithm or a combined PM-TREE algorithm for
the gravitational treatment.

Figure 3.5 is an example of the evolution at redshiftz= 9, 5 and 0 of the gas density within
a cosmological hydrodynamical simulation that has been realised with theGADGET-2code
within a cosmological box of 192 h−1 Mpc side and containing 2×4803 DM and gas particles
for aΛCDM cosmology (Borgani et al. 2004). This sequence shows thehierarchical growth
of structure along filaments and groups and clusters placed at the intersection of filaments.

We show in Figure 3.6 (Borgani & Kravtsov 2009) how the distributions of DM (upper
panels), gas (central panels) and star (lower panels) evolve across cosmic time inside the
region forming a cluster, as predicted by a cosmological hydrodynamical simulation based
on theGADGET-2code. The gas distribution generally traces the DM distribution, with its
pressure support making it smoother below the Jeans length scale. Furthermore, stars form
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Figure 3.5: Evolution atz = 9, 5 and 0 of a TREE-SPH simulation realised with the
GADGET-2 code for aΛCDM within a cosmological box of 192 h−1 Mpc (from Borgani
et al. 2004).

since early epochs within high density halos, where gas can efficiently cool over a short
time scale, thus making their distribution quite clumpy. These density maps highlight the
hierarchical fashion in which the formation of cosmic structures proceeds. At early epochs a
large number of small DM halos are already in place and their distribution traces the nodes of
a complex filamentary structure, the so-called cosmic web. As time goes on, these filaments
keep accreting matter, while small halos flows along them, finally merging onto larger halos,
placed at the intersection of filaments, where galaxy clusters form (see also Chapter 5). By
the present time (left panels) a rather massive galaxy cluster has formed at the intersection
of quite large filamentary structures.

More in detail the following astrophysical processes were implemented in the SPH scheme
of theGADGET-2code:

3.4.1. Radiative cooling

In a simple view, radiative cooling is computed assuming an optically thin gas of primordial
composition (mass-fractions ofX = 0.76 for hydrogen and1 − X = 0.24 for helium) in
collisional ionisation equilibrium, following Katz et al.(1996). The code also includes a
photo-ionising, time-dependent, uniform ultraviolet (UV) background expected from a pop-
ulation of quasars (e.g. Haardt & Madau 1996), which reionises the Universe atz ≃ 6.
The effect of a photo-ionising background is that of inhibiting gas collapse and subsequent
star formation within the haloes of sub-L⋆ galaxies (e.g. Benson et al. 2002), thus having
a secondary impact at the resolution of our simulations. Additionally, one should take into
account the effect of metal species. The presence of metals will drastically increase the pos-
sible processes by which the gas can cool. As it becomes computationally very demanding
to calculate the cooling function in this case, one usually resorts to a pre-computed, tabu-
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Figure 3.6: The formation of a galaxy cluster in a cosmological context, as described by a
hydrodynamical simulation carried out with the Tree-SPHGADGET-2code Springel (2005).
Upper, central and bottom panels refer to the density maps ofdark matter, gas and star
distributions, respectively. From left to right we show thesnapshots atz = 4, where putative
proto-cluster regions are traced by the observed concentrations of Lyman-break galaxies and
Lyman-α emitters Overzier et al. (2008), atz = 2, where highly star-forming radio-galaxies
should trace the early stage of cluster formation Miley et al. (2006); Saro et al. (2009); see
Chapter 5, and atz = 0. This cluster has a total virial massMvir ≃ 1015 h−1 M⊙ at z = 0
(Dolag et al. 2008). Each panel covers a comoving scale of about 24 h−1Mpc, while the
cluster virialised region atz = 0 is nearly spherical with a radius of about 3h−1Mpc (from
Borgani & Kravtsov 2009, in preparation).
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lated cooling function. Note that almost all implementations solve the cooling of the gas as
a “sub time step” problem, decoupled from the hydrodynamical treatment. In practice this
means that one assumes that the density is fixed across the time step. Furthermore, the time
step of the underlying hydrodynamical simulation are in general, for practical reasons, not
controlled by or related to the cooling time-scale. The resulting uncertainties introduced by
these approximations have not yet been deeply explored and clearly leave room for future
investigations. For the formation of the first objects in haloes with virial temperatures below
104 K, the assumption of ionisation equilibrium no longer holds. In this case, one has to fol-
low the non-equilibrium reactions, solving the balance equations for the individual levels of
each species during the cosmological evolution. In the absence of metals, the main coolants
are H2 and H+

2 molecules (see Abel et al., 1997). HD molecules can also playa significant
role. When metals are present, many more reactions are available and some of these can
contribute significantly to the cooling function below104 K. For more details see Galli &
Palla (1998), Maio et al. (2007), Tornatore et al. (2007a) and references therein.

3.4.2. Star formation

Star formation is treated using the hybrid multiphase modelfor the interstellar medium in-
troduced by Springel & Hernquist (2003a). We refer to this paper for a detailed description
of the method, providing here only a short summary of the model. The ISM is pictured as
a two-phase fluid consisting of cold clouds that are embeddedat pressure equilibrium in an
ambient hot medium. The clouds form from the cooling of high-density gas, and represent
the reservoir of baryons available for star formation. For agas particle to be eligible to form
stars, it must have a convergent flow, and have density in excess of some threshold value, e.g.

ρi > 0.1 atoms cm−3. (3.13)

These criteria are complemented by requiring the gas to be Jeans unstable, that is

hi

ci
>

1√
4πGρi

, (3.14)

wherehi is either theSPHsmoothing length andci is the local sound speed. This indicates
that the individual resolution element gets gravitationally unstable. At high redshift, the
physical density can easily exceed the threshold given in Eq. 3.13, even for particles not
belonging to virialised halos. Therefore one usually applies a further condition on the gas
over-density,

ρi

ρmean
> 55.7, (3.15)

which restricts star formation to collapsed, virialised regions. Note that the density criterion
is the most important one. Particles fulfilling it in almost all cases also fulfil the other two
criteria.
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Once a gas particle is eligible to form stars, its star formation rate can be written as

dρ∗
dt

= −dρi

dt
=
c∗ρi

t∗
, (3.16)

wherec∗ is a dimensionless star formation rate parameter andt∗ the characteristic timescale
for star formation. The value of this timescale is usually taken to be the maximum of the
dynamical timetdyn = (4πGρi)

−0.5 and the cooling timetcool = ui/(dui/dt). In principle,
to follow star formation, one would like to produce continuously collisionless star particles.
However, for computational and numerical reasons, one approximates this process by wait-
ing for a significant fraction of the gas particle mass to haveformed stars according to the
above rate; when this is accomplished, a new, collisionless“star” particle is created from the
parent star-forming gas particle, whose mass is reduced accordingly. This process takes place
until the gas particle is entirely transformed into stars. In order to avoid spurious numeri-
cal effects, which arise from the gravitational interaction of particles with widely differing
masses, one usually restricts the number of star particles (so calledgenerations) spawned by
a gas particle to be relatively small, typically2−3. Note that it is also common to restrict the
described star-formation algorithm to only convert a gas particle into a star particle, which
correspond to the choice of only onegeneration. In this case star and gas particles have
always the same mass.

To get a more continuous distribution of star particle masses, the probability of forming
a star can be written as

p = 1 − exp

(

−c∗
∆t

t∗

)

(3.17)

and a random number is used to decide when to form a star particle.
According to this scheme of star formation, each star particle can be identified with a

Simple Stellar Population (SSP), i.e. a coeval population of stars characterised by a given
assumed initial mass function (IMF) and same metalicity. Further, assuming that all stars
with masses larger than 8 M⊙ will end as type-II supernovae (SN II), one can calculate the
total amount of energy (typically1051 erg per supernova) that each star particle can release
to the surrounding gas. Under the approximation that the typical lifetime of massive stars
which explode as SN II does not exceed the typical time step ofthe simulation, this is done in
the so–called “instantaneous recycling approximation”, with the feedback energy deposited
in the surrounding gas in the same step. In addition, clouds in supernova remnants are
evaporated. These effects establish a tightly self-regulated regime for star formation in the
ISM.

3.4.3. The chemical evolution model

In this section we provide a basic description of the key ingredients required by a model
of chemical evolution. For a more detailed description we refer to Tornatore et al. (2007a),
Borgani et al. (2008) and Matteucci (2003).
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As we described in the previous Section, each star particle must be treated as a simple
stellar population (SSP), i.e. as an ensemble of coeval stars having the same initial met-
alicity. Every star particle carries all the physical information (e.g. birth timetb, initial
metalicity and mass) that is needed to calculate the evolution of the stellar populations that
they represent, once the lifetime function, the IMF and the yields for SNe and intermediate
and low mass stars (ILMS hereafter) have been specified. Therefore, we can compute for
every star particle at any given timet > tb how many stars are dying as SN II and SN Ia, and
how many stars undergo the AGB phase. An important parameterentering in the model of
chemical evolution is the fractionA of stars, in the mass range 0.8–8M⊙, belonging to bi-
nary systems which explodes as SN-Ia in the single–degenerate scenario (Greggio & Renzini
1983; Matteucci & Greggio 1986).

It is generally assumed that the stars having mass above8 M⊙ at the end of the hydro-
static core burning undergo an electron capture process, leading to a core collapse. A large
amount of energy can be transferred to the outer layers during this phase due to a substantial
production of neutrinos that easily escape from the centralcore. Although theoretical work
has not yet been able to reproduce a sufficient energy deposition, it is currently supposed
that this process leads to an explosive ejection of the outerlayers, giving rise to a SN II. We
remind the reader that8 M⊙ is a commonly adopted fiducial value, although the limiting
mass for the onset of explosive evolution is still debated (e.g., Portinari et al. 1998).

A different ejection channel is provided by the SN Ia that arebelieved to arise from
thermonuclear explosions of white dwarfs (WD hereafter) inbinary stellar systems as a con-
sequence of the matter accretion from the companion (e.g., Nomoto & et al. 2000). However,
there are still a number of uncertainties about the nature ofboth the WD and the companion
and about the mass reached at the onset of the explosion (e.g., Matteucci & Recchi 2001,
Yungelson & Livio 2000). Finally, a third way to eject heavy elements in the interstellar
medium is the mass loss of ILMS by stellar winds.

In summary, the main ingredients that define a model of chemical evolution are the fol-
lowing: (a) the adopted lifetime function,(b) the adopted yields and(c) the IMF which fixes
the number of stars of a given mass. We describe each of these ingredients in the following.

As for the mass-dependent lifetime function, different choices have been proposed in
the literature, assuming them either to be independent of metallicity (Padovani & Matteucci
1993; Maeder & Meynet 1989; Chiappini et al. 1997), or by explicitely including the depen-
dence on the metallicity (Raitieri et al. 1996; Portinari etal. 1998).

As for the stellar yields, they specify the amount of different metal species which are re-
leased during the evolution of a SSP. A number of different sets of yields have been proposed
in the literature for the ILMS (Renzini & Voli 1981a; Marigo 2001) and for SN-Ia (Nomoto
et al. 1997a; Iwamoto et al. 1999; Thielemann et al. 2003). Asfor SN-II, there are many pro-
posed sets of metallicity-dependent yields (Woosley & Weaver 1995a; Portinari et al. 1998;
Chieffi & Limongi 2004), which are based on different assumptions of the underlying model
of stellar structure and evolution.

As for the initial mass function (IMF),Φ(m), it is defined as the number of stars of a
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given mass per unit logarithmic mass interval. It directly determines the relative ratio be-
tween SN-II and SN-Ia and, therefore, the relative abundance of α-elements and Fe-peak
elements. The shape of the IMF also determines how many long-living stars will form with
respect to massive short-living stars. In turn, this ratio affects the amount of energy released
by SNe and the present luminosity of galaxies, which is dominated by low mass stars, and
the (metal) mass-locking in the stellar phase. As of today, no general consensus has been
reached on whether the IMF at a given time is universal or strongly dependent on the en-
vironment, or whether it is time- dependent, i.e. whether local variations of the values of
temperature, pressure and metallicity in star-forming regions affect the mass distribution of
stars. The most famous and widely used single power-law IMF is the Salpeter one (Salpeter
1955), while Arimoto & Yoshii (1987) proposed a flatter IMF, which predicts a relatively
larger number of massive stars. In general, IMFs providing alarge number of massive stars
are usually called top-heavy. More recently, different expressions of the IMF have been pro-
posed in order to model a flattening in the low-mass regime that is currently favoured by a
number of observations. Kroupa (2001) introduced a multi-slope IMF, while Chabrier (2003)
proposed another expression, with a smoothly varying slope, which is quite similar to that
one proposed by Kroupa. Theoretical arguments (Larson 1989) suggest that the present-day
characteristic mass scale, where the IMF changes its slope,∼ 1 M⊙ should have been larger
in the past, so that the IMF at higher redshift was top-heavier than at present. While the
shape of the IMF is determined by the local conditions of the inter-stellar medium, direct
hydrodynamical simulations of star formation in molecularclouds are only now approach-
ing the required resolution and sophistication level to make credible predictions on the IMF
(Bonelli et al. 2006; Padoan et al. 2007).

Clearly, a delicate point in hydrodynamical simulations isdeciding how metals are dis-
tributed to the gas surrounding the star particles. The physical mechanisms actually re-
sponsible for enriching the inter-stellar medium (ISM; e.g., stellar winds, blast waves from
SN explosions, etc.) take place on scales which are generally well below the resolution of
current cosmological simulations. For this reason, the usually adopted procedure is that of
distributing metals according to the same kernel which is used for the computation of the
hydrodynamical forces, a choice which is anyway quite arbitrary.

3.4.4. Feedback from galactic winds

If not counteracted by some sort of feedback process, cooling is well known to overproduce
the amount of stars both in the average environment and in thegroup/cluster over-dense
environment (e.g. Balogh et al. 2001; Borgani et al. 2004, and references therein). As dis-
cussed by Springel & Hernquist (2003a), their multiphase ISM model alone does, however,
not fully resolve this problem, despite its ability to regulate the consumption of cold gas
into stars within the ISM. This is because the cooling rates within haloes remain essentially
unaffected in the model, i.e. the supply of gas to the dense star-forming ISM is largely un-
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changed, while by construction the phases of the ISM remain coupled to each other, prevent-
ing baryons to leave the ISM (except for dynamical effects such as gas stripping in mergers).
However, galactic outflows are observed and expected to playa key role in transporting en-
ergy and metals produced by the stellar population into the IGM/ICM. To account for them,
Springel & Hernquist (2003a) suggested a phenomenologicaldescription of galactic winds
as an extension of their model, which has been included in thesimulation. According to
their implementation , the wind velocity,vw, scales with the fractionη of the SN-II feedback
energy that contributes to the winds, asvw ∝ η1/2 [see equation (28) in Springel & Hernquist
2003]. The total energy provided by SN-II is computed by assuming that they originate from
stars with mass> 8 M⊙ for a Salpeter (1955) initial mass function, with each SN releasing
1051 erg. For example, assumingη = 0.5 and 1, yield tovw ≃ 340 and 480km s−1, respec-
tively.

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

• TREE algorithm for the computation of the gravitational forces;

• SPH algorithm for the computation of the hydrodynamical forces;

• Cooling processes with a UV background and star formation;

• A detailed treatment of stellar evolution and chemical enrichment;

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

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

3.5 SPECTRO-PHOTOMETRIC CODES

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

Integrated light from galaxies is a unique source of informations to understand the evo-
lution of the Star Formation Rate (SFR) and the Initial Mass Function (IMF). Observable
properties of galaxies such as magnitudes, colours, metalicities of stars and gas, intensity
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of emission and absorption lines, will generally be a function of both galaxy’s age and cos-
mological evolution. Thus, it is very important to disentangle these two effects. In this
framework, synthetic stellar population models are a powerful tool to compute the separate
contribution of intrinsic and apparent (due to cosmology) galaxy evolution.

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

• The Initial Mass Function (IMF)φ(m);

• The Star Formation Rate (SFR)ψ(t);

• The evolution of metalicityZ(t).

The basic ingredients of these models are the stellar evolutionary tracks and the spec-
tral libraries, which can be both empirical or based on stellar atmosphere models. For a
star of massm and metalicityZ it is thus possible to compute the effective temperature
Teff (m,Z, t) and luminosityL(m,Z, t) at any given timet. We can therefore describe para-
metrically the evolution of every star in the Hertzsprung-Russel diagram both in the main
sequence and post main sequence phases.

3.5.1. Basic principles

The fundamental brick in synthetic stellar population models is represented by thesimple
stellar population (SSP). By SSP we mean population of coheve stars born all at the same
time with an instantaneous burst of star formation (e.g. Renzini & Voli 1981b). After their
formation, the evolution of a SSP will be purely passive. SSPs are computed from the stellar
evolutionary tracks, for a given IMF and metalicityZ.

Let us calllλ(Z,M, t− τ) the luminosity emitted at the timet at the wavelengthλ from
a star of massM ,metalicityZ and ageτ . The luminosity at the wavelengthλ of a SSP
characterised by an IMFφ(m) can be computed as:

LSSP,λ(Z, t− τ) =

∫ Mmax

Mmin

φ(m)lλ(Z,M, t− τ)dM, (3.18)

whereMmin andMmax are the minimum and maximum mass of stars in the stellar popula-
tion.

At this point we define theComposite Stellar Population (CSP)as the sum of differ-
ent SSP, which will be in general characterised by differentages, metalicities and masses.
Luminosity of a CSP at the timet at a given wavelengthλ can be thus computed as:

Lλ(t) =

∫ t

0

∫ Zf

Zi

ψ(t− τ)LSSP,λ(Z, t− τ)dZdτ, (3.19)

75



NUMERICAL COSMOLOGY AND GALAXY FORMATION

whereZi andZf are respectively the initial and final metalicities,ψ(t− τ) is the SFR at the
time (t− τ) andτ is the age of each SSP.

3.5.2. The GALAXEV code

GALAXEV is a library of evolutionary synthetic stellar population models computed with
the code by Bruzual & Charlot (2003). This code allows us to compute spectral evolution
of stellar populations in a wide range of metalicities with aresolution of 3Å in the band
between 3200̊A and 9500Å and with a lower resolution in the other bands. The stellar
evolution tracks are based on the Padova library (1994) (Alongi et al. 1993; Bressan et al.
1993; Fagotto et al. 1994a; Fagotto et al. 1994b; Fagotto et al. 1994c; Girardi et al. 1996).
This library includes tracks for initial metalicitiesZ = 0.0001, 0.0004, 0.004, 0.008, 0.02
(solar) andZ = 0.05 and ages between105 and2 × 1010 years, for different IMFs. A dust
attenuation model based on the two simple components by Charlot & Fall (2000) is also
implemented. As a result, the code gives at each time-step:

• Magnitudes of the CSP computed in different bands;

• Intensity of spectral indexes;

• Supernova rates per year per luminosity;

• Planetary nebula formation rate;

• Number of white dwarf, neutron stars and black holes;

• Total mass in stars and in gas;

• Star Formation Rates.

We report in Fig. 3.7 an example of the evolution of the mass-to-luminosity ratio inB, V
andK band computed with the GALAXEV libraries for a single SSP with a Salpeter IMF
with solar metalicity. As long as the SSP isyoung, blue stars dominate, thus the mass to light
ratio is lower in theB andV bands, rather than theK band. While the SSP is becoming
older, stars which dominate are the redder ones, therefore theM/L ratio is lower in theK
band than in theB andV bands.

3.6 IDENTIFYING GALAXIES

In this section we briefly discuss two codes which we have usedin our work to identify
gravitationally bound structures in simulations. For our purposes, we focused on the identifi-
cation methods of gravitationally bound star particles which we identify asbona fidegalaxies
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Figure 3.7: This picture shows the evolution of theM/L ratio inB, V andK band for a
Salpeter IMF with solar metalicity computed with the GALAXEV code.

within our simulations. More in detail we will briefly describe the SKID algorithm3 (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 algorithm, while a more detailed
discussion and presentation of tests is provided elsewhere(e.g. Murante et al. 2007; Saro
et al. 2006 and Borgani et al. 2006). An overall density field is computed by using the
distribution of all the particle species, by using a SPH spline-kernel. The star particles are
then moved along the gradient of the density field in steps ofτ/2, where we assumeτ ≃ 3ǫPl

as the typical SKID length scale comparable to the simulation force resolution. When a
particle begins to oscillate inside a sphere of radiusτ/2, it is stopped. Once all particles
have been moved, they are grouped using a friends-of-friends (FOF) algorithm, with linking
lengthτ/2, applied to the new particle positions. The binding energy of each group identified
in this way is then used to remove from the group all star particles which are recognised as
unbound. All particles in a sphere of radiusτ , centred on the centre of mass of the group,
are used to compute such a gravitational binding energy. Finally, we identify as “bona fide”
galaxies only those SKID-groups containing at least 32 starparticles after the removal of
unbound stars.

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

Similar to the SKID algorithm, also the starting point of theSUBFIND algorithm is the
computation of an overall density field by using the distribution of all the particle species,
based on a SPH spline-kernel. At this point, SUBFIND descendthe potential gradient until
a saddle point is found. This saddle point allows one to distinguish between substructure
candidates and the main halo, which is the structure containing the largest number of particles
of a friend-of-friend (FOF) group. Up to this point, the construction of sub-halo candidates
has been based on the spatial distribution of particles alone. A more physical definition
of substructure is obtained by adding the requirement of self-boundedness. The SUBFIND
code therefore subject each sub-halo candidate to an un-binding procedure to obtain the
true substructure. To this end, it successively eliminatesparticles with positive total energy,
until only bound particles remain. We note that the algorithm is in principle fully capable
of detecting arbitrary levels of sub-haloes within sub-haloes. Finally only structures with
minimum number of particles larger than a certain valueNngb (Nngb = 20, typically) are
considered asbona fidestructures. In Figure 3.8 from Springel et al. (2001), we show a
typical example of substructure identified using SUBFIND. By eye, one can clearly spot
substructure embedded in the FOF-group. The algorithm SUBFIND finds 56 sub-haloes in
this case. The largest one is the ‘background’ main halo, shown in the top right panel of
Fig. 3.8. It represents the backbone of the group, with all its small substructure removed.
This substructure is made up of 55 sub-haloes, which are plotted in a common panel on the
lower left. Particles not bound to any of the sub-haloes form“fuzz”, and are displayed on
the lower right. These particles primarily lie close to the outer edge of the group.

The main difference between the SKID and the SUBFIND algorithms is that SUBFIND,
by construction, assigns all the bound particles of a FOF group which are not assigned to
any substructure to the main halo. This choice mostly affects the identification of the central
galaxy of a cluster halo. As shown by Murante et al. (2007), simulations predict the forma-
tion of a significant amount of Intra-Cluster light associated to the build-up of the BCG by
repeated mergers. These star particles are still gravitationally bound to the main halo (which
is the cluster itself), therefore SUBFIND is not able to separate the diffuse component from
the true BCG stellar population, contrary to the SKID algorithm. Figure 3.9 shows the com-
parison between the galaxy population of a simulated massive (M200 ∼ 1015 h−1 M⊙ ) cluster
at z = 0 as it is identified by the SKID and by the SUBFIND algorithms. The simulation is
based on theGADGET-2code and includes radiative cooling, star formation but no feedback,
in a similar way as the simulation described in Chapter 7. Left panel shows the cumulative
stellar mass functions of galaxies identified withinr200 by both the SKID and the SUBFIND
codes. We note that the stellar mass of galaxies identified bySKID and by SUBFIND are
in excellent agreement, apart from the most massive galaxy in the cluster, the BCG. The
difference in the first bin is due to the diffuse stellar component which the SUBFIND algo-
rithm assigns to the BCG’s stellar mass, while it is considered as a separate component in
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Figure 3.8: Example for a sub-halo identification with SUBFIND. The top left panel shows
a small FOF-group (44800 particles). SUBFIND identifies 56 sub-haloes within this group,
the largest one forms the background halo and is shown on the top right, while the other 55
sub-haloes are plotted on a common panel on the lower left. Particles not bound to any of
the sub-haloes form “fuzz”, and are displayed on the lower right (from Springel et al. 2001).
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Figure 3.9: A comparison between the galaxy population of a simulated massive (M200 ∼
1015 h−1 M⊙ ) cluster atz = 0 as it is identified by the SKID and by the SUBFIND algo-
rithms. The simulation is based on theGADGET-2code and includes radiative cooling, star
formation but no feedback, in a similar way as described in Chapter 7. Left panel shows the
cumulative stellar mass functions of galaxies identified within r200 by both the SKID and the
SUBFIND codes. Right panel shows a map in the plane x-y of the position 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 the position of the identified
galaxies in cluster-centric coordinates. We note that the positions of identified galaxies are in
remarkably good agreement and that galaxies which have no counterparts are preferentially
placed in the outer region of the cluster and have stellar masses close to the resolution limit
of the simulation.

3.7 SEMI-ANALYTIC MODELS: AN OVERVIEW

We briefly present in this Section the basic principles behind a widely used family of tech-
niques to study galaxy formation within the cosmological hierarchical framework, which is
complementary to direct hydrodynamical cosmological simulations: the semi-analytic ap-
proach. These models assume that baryons follow the dynamics of Dark Matter (computed
either via numerical simulations or analytically). Then, within the DM haloes of galaxies,
physics of baryons is followed with “physical motivated recipes”. 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. Hierarchical galaxy formation mod-
els require three basic pieces of information about dark matter haloes:

• The abundance of haloes of different masses.

• The formation history of each halo, commonly called the merger tree.

• The internal structure of the halo, in terms of the radial density profile and their angular
momentum.

These fundamental properties of the dark matter distribution are now well established, thanks
mainly to the tremendous advances made possible by N-body simulations.

The merger histories of dark matter haloes can be extracted from N-body simulations
which have sufficiently frequent outputs. SAMs which compute the merging history of dark
matter haloes in this way (e.g. De Lucia & Blaizot 2007) are commonly known as hybrid N-
body semi-analytic models. Alternatively, merger trees can also be generated using a Monte-
Carlo approach by sampling the distribution of progenitor masses predicted using extended
Press-Schechter theory (Lacey & Cole 1993; Somerville & Kolatt 1999; Cole et al. 2000a;
Menci 2002). Left panel of Figure 3.10 by Baugh (2006) shows aschematic merger tree for
a dark matter halo. The horizontal lines represent snapshots in the evolution of the history
of the halo, corresponding to time-steps in an N-body simulation or Monte-Carlo realisation
of the merger tree (t1< t2). The size of the circle indicates the mass of the halo. Thehaloes
grow through merger events between haloes and by accretion of objects below the (halo)
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Figure 3.10: Left panel: A schematic merger tree for a dark matter halo. The horizontal lines
represent snapshots in the evolution of the history of the halo, corresponding to time-steps
in an N-body simulation or Monte-Carlo realisation of the merger tree (t1< t2). The size
of the circle indicates the mass of the halo. The haloes grow through merger events between
haloes and by accretion of objects below the (halo) mass resolution (e.g. as depicted between
steps t3 and t4). The final halo is shown at t5 (from Baugh 2006). Right panel: A merging
tree from a Monte Carlo simulation, showing the formation history of a central dominant
galaxy in a large DM halo with present mass1013M⊙. Time runs from top to bottom, from
z = 10 to the present. Each branch represents a progenitor of the final galaxy, and the colour
code (shown on the right in units of of5×1011 M⊙) quantifies the mass of the corresponding
progenitor. A total of some103 progenitors are involved, with the main one being represented
on the rightmost branch (from Cavaliere & Menci 2007).

mass resolution (e.g. as depicted between steps t3 and t4). The final halo is shown at t5. In
the right panel of Fig. 3.10 by Cavaliere & Menci (2007) it is shown instead a merging tree
from a Monte Carlo simulation, showing the formation history of a central dominant galaxy
in a large DM halo with present mass1013M⊙. Each branch represents a progenitor of the
final galaxy, and the colour code (shown on the right in units of of 5 × 1011M⊙) quantifies
the mass of the corresponding progenitor. A total of more than 103 progenitors are involved,
with the main one being represented on the rightmost branch.The internal structure of dark
matter haloes is important for determining the rate at whichgas 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 a hierarchical galaxy formation
model (from Baugh 2006).
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3.7.2. Astrophysical gas processes

In this section, we describe the more complicated elements entering in a hierarchical galaxy
formation. These processes are far more difficult to deal with than gravitational instabil-
ity, and are often dissipative and nonlinear. The physics behind the phenomena that are
described in this section are in general poorly understood.To counter this, recipes or pre-
scriptions which contain parameters are employed. The values of the parameters are set by
requiring that the model reproduces a subset of the available observations, both at low and
high redshift. In general, the form of the rule adopted to describe a given process is motivated
by a result from a more detailed numerical simulation or fromobservations. An overview
of the processes typically incorporated in semi-analytical models and the interplay among
them is shown in Fig. 3.11. More in detail semi-analytic models should take into account
the astrophysical processes described here below.

3.7.3. The cooling of gas

Gas cooling is central to the process of galaxy formation, asit sets the rate at which the
raw material for star formation becomes available. The basic model of how gas cools inside
dark matter haloes was set out in detail by White & Frenk (1991). Figure 3.12 shows a
schematic of the basic cooling models used in SAMs. Each linerepresents a stage in the
cooling process. In the first step (t1), baryons fall into the gravitational potential well of the
dark matter halo. The presence of a photo-ionising background may reduce the fraction of
baryons that fall into low mass haloes. This gas is assumed tobe heated by shocks as it falls
into the potential well, attaining the virial temperature associated with the halo (t2). In the
third step (t3), the inner parts of the hot gas halo cool, forming a rotationally supported disc.
At a later stage (t4), the radius within which gas has had time to cool advances outwards
towards the virial radius of the halo and the cold gas disc grows in size. More in detail the
system is assumed to be in hydrostatic equilibrium at the time t = 0. For each mass shell at
radiusr a cooling time can be defined as:

tcool(r) :=

∣

∣

∣

∣

d lnT

dt

∣

∣

∣

∣

−1

=
3kBTg(r)µmp

2ρg(r)Λ(Tg(r))
, (3.20)

whereΛ is the cooling function. The left-hand-side of the above equation follows from the
assumption thatdT is computed for an isobaric transformation. The cooling radius at the
time t for the classical model,rC(t), is the defined through the relation

rC(t) : tcool(rC) = t . (3.21)

In other words, the functionrC(t) is the inverse of the functiontcool(r). It is then assumed
that each shell cools after one cooling time. The resulting mass deposition rate reads

Ṁcool = 4πr2ρg(rC)
drC
dt

. (3.22)
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Figure 3.12: A schematic of the basic cooling model used in semi-analytical models (from
Baugh 2006).

where a dot denotes a time derivative. Recently, Viola et al.(2008) compared the resulting
evolution of the cooled mass with the predictions of the classical cooling model of White
& Frenk with the numerical results of a set of radiative SPH hydrodynamical simulations
of isolated halos, with gas sitting initially in hydrostatic equilibrium within NFW potential
wells. They concluded that the classical cooling model of White & Frenk systematically
underestimates the cooling rate. This disagreement is ascribed to the lack of validity of the
assumption that each mass shell takes one cooling time, computed on 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, appear to thwart any attempt to
produce a theory of galaxy formation. Semi-analytical modellers have instead be forced to
take a more pragmatic, top-down approach. A simple estimateof the global rate of star
formation in a model galaxy can be made on dimensional grounds:

Ṁ∗ ∝
Mcold

τ
, (3.23)
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where the star formation rate,̇M∗, depends upon the amount of cold gas available,Mcold,
and a characteristic timescaleτ . The timescale could be chosen to be proportional to the
dynamical time within the galaxy,τdyn = rgal/vgal, or to be some fixed value. Typically,
some additional dependence on the circular velocity is incorporated into the definition ofτ ,
which is important when attempting to reproduce the observed gas fractions in spirals as a
function of luminosity (e.g. Cole et al. 1994; Cole et al. 2000b). Theeffectivestar formation
timescale is in practice a modified version ofτ , due to feedback processes, which deplete
the reservoir of cold gas, and the replenishment of the cold gas supply by material that is
recycled by stars.

Schmidt (1959) proposed a model in which the star formation rate per unit area of a
galaxy (Σ̇∗) scales with a power of the surface density of the cold gas,Σg: Σ̇∗ ∝ Σn

g .
Kennicutt (1998) verified this form for a large sample of spiral and star-burst galaxies, finding
n ∼ 1.4. The Schmidt law can be rewritten in the form of Eq. 3.23, withτ replaced by the
dynamical time of the galaxy. A process closely correlated with the description of the star
formation is the chemical evolution of the gas and stellar component. A good description of
the chemical evolution is indeed strongly affecting the cooling function and the cooling rate,
thus the whole star formation history (see also Section 3.4.3).

3.7.5. Feedback processes

The need for physical mechanisms that are able to modulate the efficiency of galaxy forma-
tion as a function of halo mass, over and above the variation in the cooling time of the hot gas
with halo mass, was recognised from the first calculations ofthe galaxy luminosity function
in hierarchical clustering cosmologies. White & Rees (1978) found that their prediction for
the faint end of the luminosity function was steeper than theobservational estimates avail-
able at the time, leading them to speculate that this discrepancy could be resolved if there
was a process that would make low-mass galaxies relatively more vulnerable to disruption.
Such processes are included in modern models under the blanket heading of ‘feedback’. The
most common form of feedback used in hierarchical models is the ejection of cold gas from
a galactic disk by a supernova driven wind (e.g. Larson 1974;Dekel & Silk 1986). The
reheated cold gas could be blown out to the hot gas halo, from which it may subsequently
recool, or it may even be ejected from the halo altogether andleft unable to cool until it
is incorporated into a more massive halo at a later stage in the merger hierarchy. There is
now convincing observational evidence for the existence ofsupernova driven winds in dwarf
galaxies (Martin 1999; Ott et al. 2005). Other forms of feedback act to modify the rate at
which gas cools, either by altering the density profile or entropy of the hot gas halo (follow-
ing the injection of energy into the hot gas halo) or by reducing the fraction of baryons that
fall into dark matter haloes and changing the cooling rate (i.e. photo-ionisation suppression
of cooling in low mass haloes) or by stifling the cooling flow byinjecting energy. Initially,
as remarked upon above, the motivation for invoking feedback was to reduce the efficiency
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of star formation in low mass haloes, in order to flatten the slope of the faint end of the pre-
dicted galaxy luminosity function, thus bringing it in linewith the extant observations (Cole
1991; White & Frenk 1991).

In recent years, the focus has shifted to reproducing the break at the bright end of the
luminosity function. The overproduction of bright galaxies is a problem that has dogged
hierarchical galaxy formation models for more than a decade. It turns out that, in order to
produce a good match to the exponential break in the luminosity function, the super-wind is
required to be extremely efficient (perhaps implausibly so)at coupling the energy released
by supernovae into driving cold gas from the disk. Benson et al. (2003) remarked that such a
super-wind may be feasible if it is driven by the energy released by the accretion of material
onto a black hole at the centre of the galaxy.

Building upon previous work which examined the impact of AGNon aspects of galaxy
formation (e.g. Granato et al. 2004; Monaco & Fontanot 2005;Cattaneo et al. 2005; Di
Matteo et al. 2005), a lot of groups have also developed semi-analytical models in which
AGN act to suppress cooling (Croton et al. 2006; Bower et al. 2006; Cattaneo et al. 2006;
Fontanot et al. 2006; Menci et al. 2006; De Lucia & Blaizot 2007; Fontanot et al. 2007), even
if with different implementations. They have successfullyrepresented both the Magorrian
relation (Magorrian et al. 1998) which correlates the blackhole mass and bulge mass and the
break at the bright end of the luminosity function. Figure 3.13 (Benson et al. 2003) shows
how the observed mass function of galaxies (points) compares with the halo mass function
derived from simulations (dashed line). In this model, the mass function of dark matter halos
(Jenkins et al., 2001) has been converted into a luminosity function simply by assuming a
fixed mass-to-light ratio (M/LK = 11M⊙/LK,⊙), chosen so as to match the knee of the
observed luminosity function. As is well known, this produces a luminosity function which
is much steeper at the faint end than is observed, and also fails to cut off at bright magnitudes.
The majority of current models of galaxy formation explain the lack of galaxies in the low-
mass end compare to the mass function of DM haloes in terms of efficient feedback from
galactic winds due to SNe explosions. The few cut-off of galaxies at the high-mass end is
instead usually interpreted as an effect of efficient feedback from AGN.

3.7.6. Galaxy mergers

In the two-stage model of galaxy formation proposed by White& Rees (1978) dark haloes
are assumed to grow through mergers and accretion, with dynamical relaxation effects eras-
ing any trace of the progenitor haloes at each stage of the merging hierarchy (see Press &
Schechter 1974). The halo resulting from a merger or accretion event is assumed to be
smooth and devoid of any substructure. White & Rees argued that galaxies survive the
merger of their parent haloes as a result of them being more concentrated than the dark
matter, due to the dissipative cooling of gas.

The White & Rees picture of galaxy formation leads naturallyto a scenario in which a
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Figure 3.13: The K-band luminosity function of galaxies. The points show the observational
determinations of Cole et al. (2001, circles), Kochanek et al. (2001, squares) and Huang
et al. (2003,z < 0.1, stars). Lines show results from different GALFORM models.Model 1
(dashed line) shows the result of converting the dark matterhalo mass function into a galaxy
luminosity function by assuming a fixed mass-to-light ratiochosen to match the knee of
the luminosity function. Model 2 (dotted line) shows the result from GALFORM when no
feedback, photoionization suppression, galaxy merging orconduction are included. Models
3 and 4 (long dashed and solid lines respectively) show the effects of 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 dark matter haloes. The progenitors
of the final halo each contain a galaxy. After the haloes merge, the more massive galaxy is
placed at the centre of the newly formed halo. Any hot gas thatcools would be directed onto
the central galaxy (for simplicity, in this illustration, the haloes have exhausted their supply
of hot gas). The smaller galaxy becomes a satellite of the central galaxy. The orbit of the
satellite galaxy decays due to dynamical friction. The satellite may eventually merge with
the central galaxy (from Baugh 2006).
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dark halo contains a massive central galaxy surrounded by smaller satellite galaxies. These
satellites were formerly central galaxies in the progenitors of the current halo which were
present in the earlier stages of the merger hierarchy. The satellite galaxies retain their identity
after their parent halo merges with a more massive object dueto their high concentration.
However, as the satellites orbit the central galaxy in theircommon dark halo, they gradually
lose energy through dynamical friction, an effect originally calculated for star clusters by
Chandrasekhar (1943). The gravitational attraction exerted by the mass of the satellite galaxy
on its surroundings draws the material in the halo towards it. This produces a wake of
higher density material along the path of the satellite. Thesatellite therefore feels a stronger
gravitational pull from the region of the halo that it has just passed through compared with
the region is it about to travel through, which acts as a breakon its motion. The orbital
energy of the satellite decays as a result and it spirals in towards the central galaxy (Binney &
Tremaine 1987). A timescale can be computed for the dynamical friction process to remove
the orbital energy of the satellite completely. If this timescale is shorter than the lifetime
of the dark halo, then the satellite merges with the central galaxy (see Fig. 3.14). We will
show in Chapter 6 how this merging-time is affected by the presence of gas related physical
processes.

We will describe in Chapters 4 and 5 how we have applied the numerical methods pre-
sented in Sections 3.4, 3.5 and 3.6 to analyse and compare oursimulations with the observed
properties of the galaxy population described in Chapter 2.In Chapter 6 we will apply the
SAM by De Lucia & Blaizot (2007) to estimate the effect of gas-dynamics on the predicted
cluster galaxy population. Finally in Chapter 7 we will compare the cluster galaxy popula-
tion predicted by stripped-down versions of the same SAM andby direct 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 the global properties of nearby galaxy
clusters to the observational results shown in Chapter 2. The content of this Chapter largely
reflects the results presented in two papers which have already been published (Saro et al.
2006 and Fabjan et al. 2008). The plan of this Chapter is as follow. In Section 4.1 we pro-
vide the general characteristics of the simulated clustersand describe the relevant features of
theGADGET-2version used for this analysis. In Section 4.2 we will describe the method of
galaxy identification and how luminosities in different bands are computed. Section 4.3 con-
tains the description of the properties of the simulated galaxy population and their compari-
son with observational data. In particular, we will discussthe radial distribution of galaxies,
the CMR, the mass–luminosity ratio, the luminosity function, the star formation rate and the
colour and age gradients and the SN-Ia rate. We will discuss in Section 4.4 the effects of
numerical resolution on the stability of the results of our analysis. Our main results will be
summarised and discussed in Section 4.5.

Within the general framework of theΛCDM cosmological scenario, galaxies arise from
the hierarchical assembly of dark matter (DM) halos. The gravitational dynamics of these
halos is relatively simple to describe to high precision with modern large supercomputer sim-
ulations (e.g., Springel et al., 2005b) (see Chapter 3). However, the observational properties
of galaxies are determined by the combined action of the assembly of DM halos and by the
physical processes which define the evolution of the cosmic baryons. A complex interplay
between radiative gas cooling, star formation, chemical enrichment and release of energy
feedback from supernovae (SN) and active galactic nuclei (AGN) is expected to determine
the properties of the stellar population in galaxies. At thesame time, the cluster environment
is expected to play a significant role in altering the evolution of galaxies. For instance, ram
pressure exerted by the hot intra-cluster medium (ICM) can lead to the removal of a substan-
tial fraction of the interstellar medium (ISM; Gunn & Gott 1972), thereby affecting galaxy
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morphology, star formation and luminosity (e.g., Abadi et al., 1999; Kenney et al., 2004, ,
and references therein).

In this context, semi–analytical models of galaxy formation have been used since sev-
eral years as a flexible tool to study galaxy formation withinthe cosmological hierarchi-
cal framework as we discussed in Chapter 3 (e.g., Kauffmann et al., 1993; Somerville &
Primack, 1999; Cole et al., 2000a; Menci et al., 2002; Monacoet al., 2007; De Lucia &
Blaizot, 2007, and references therein). A powerful implementation of this method is that
based on the so–called hybrid approach, which combines N–body simulations, to accurately
trace the merging history of DM halos, and semi–analytic models to describe the physics
of the baryons (e.g., Kauffmann et al., 1999a). Springel et al. (2001) applied this method
to a DM simulation of a cluster, with high enough resolution to allow them resolving the
population of dwarf galaxies. As a result, they found that several observational properties
(e.g., luminosity function, mass-to-light ratio and morphological types) are rather well re-
produced. Diaferio et al. (2001b) applied a semi–analytical model to a DM simulation of a
large cosmological box, with the aim of performing a combined study of kinematics, colours
and morphologies for both cluster and field galaxies. They concluded that a good agreement
with observations holds for cluster galaxies, while colours and star formation rates of field
galaxies were shown to evolve more rapidly than observed. Casagrande & Diaferio (2006)
applied the same semi–analytical model to a constrained simulation of the local universe and
concluded that significant differences exist between the observed and the predicted proper-
ties of the large–scale distribution of galaxy groups. De Lucia et al. (2004b) incorporated in
their model also a scheme of metal production to follow the enrichment of ICM and galaxies
(see also Cora 2006). Among their results, they found that the colour–magnitude relation
(CMR) is mainly driven by metalicity effects, the redder galaxies on the sequence being on
average the more metal rich. Lanzoni et al. (2005) applied their semi–analytical model to a
set of DM cluster simulations. They also included a prescription to account for the effect of
ram–pressure stripping of the ISM as the galaxies move in thehot cluster atmosphere, and
found it to have only a very little effect on the galaxy population.

A complementary approach to the semi–analytical models is represented by using full
hydrodynamical simulations, which include the processes of gas cooling and star formation.
The clear advantage of this approach, with respect to semi–analytical models, is that galaxy
formation can be now described by following in detail the evolution of the cosmic baryons
while they follow the formation of the cosmic web. However, the limitation of this approach
lies in its high computational cost, which prevents it to cover wide dynamic ranges and to
sample in detail the parameter space describing the processes of star formation and feed-
back. For these reasons, describing the process of galaxy formation with a self–consistent
hydrodynamic approach within the typical cosmological environment of∼ 10 Mpc, relevant
for galaxy clusters, represents a challenging task for simulations of the present generation.

In a pioneering paper, Metzler & Evrard (1994) studied the effect of including galaxies
for the energy feedback and chemical enrichment of the ICM. Since these simulations did not
have enough resolution to identify galaxies, they have beenplaced by hand, identifying them
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with the peaks of the initial density field. Frenk et al. (1996) used for the first time a radiative
simulation of a cluster and identified galaxies as concentrations of cooled gas. The aim of
their study was to compare the dynamics of member galaxies tothat of DM particles. They
concluded that galaxies suffer for a substantial dynamicalbias, a result which has not been
confirmed by more recent hydrodynamical simulations (e.g.,Faltenbacher et al., 2005; Bi-
viano et al., 2006). Thanks to the ever improving supercomputing capabilities and efficiency
of simulation codes, a number of groups have recently completed hydrodynamical simula-
tions of galaxy clusters, which have good enough resolutionto trace the galaxy population
with better reliability. Nagai & Kravtsov (2005) used simulations of eight groups and clus-
ters, performed with an adaptive mesh refinement code, including star formation, feedback
from supernovae and chemical enrichment, to describe the spatial distribution of galaxies
inside clusters. They found that galaxies are more centrally concentrated than DM sub–
halos, with their number density profile described by a NFW shape (Navarro et al., 1996),
although with a smaller concentration parameter than for the DM distribution. Romeo et al.
(2005) used SPH simulations of two clusters, including a similar physics, used spectropho-
tometric code to derive galaxy luminosities in different bands. They analysed the resulting
colog–magnitude relations (CMR) and luminosity functions, claiming for an overall general
agreement with observations. More recently Romeo et al. (2008) analysed a set of 12 groups
and 2 simulated cluster in order to follow the building-up ofthe the colour-magnitude re-
lation. They have found that the evolution of the colour-magnitude properties of galaxies
within the hierarchical framework is mainly driven by star formation activity during dark
matter haloes assembly. Galaxies progressively quenchingtheir star formation settle to a
very sharp ‘red and dead’ sequence, which turns out to be universal, its slope and scatter
being almost independent of the redshift (since at leastz ∼ 1.5) and environment.

In this Chapter will present a detailed analyses of the galaxy population for a set of 18
simulated clusters, which span the mass range from≃ 5× 1013 M⊙ to≃ 2× 1015 M⊙ . The
simulations have been performed with the Tree-SPH codeGADGET-2(Springel, 2005). They
include the effect of radiative cooling, an effective modelfor star formation from a multi-
phase ISM (Springel & Hernquist, 2003b), a phenomenological recipe for galactic winds, a
detailed stellar evolution model, thereby accounting alsofor life–times and metal production
from different stellar populations (Tornatore et al. 2004;Tornatore et al. 2007a).

These simulations have been carried out also by varying boththe shape of the initial mass
function (IMF) and the feedback strength. The inclusion of adetailed model of chemical en-
richment allows us to compute luminosities and colours for galaxies of different metalicities,
by using the GALAXEV spectrophotometric code (Bruzual & Charlot, 2003). In this Chap-
ter we will concentrate on the properties of galaxy clustersatz = 0 and we will consider also
the evolution of the SN-Ia rate in clusters. As we will discuss, several observational trends
are reproduced quite well by our simulations, although a number of significant discrepan-
cies are found. For this reason, the aim of our analysis will be more that of understanding
the directions to improve simulations, rather than seekingfor a 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 Lagrangian regions, centred around as many
main clusters (see also Dolag et al. 2008a for a detailed description of the simulated clusters).
They were extracted from a DM–only simulation with a box sizeof 479 h−1Mpc of a flat
ΛCDM model withΩm = 0.3 for the matter density parameter,h = 0.7 for the Hubble
constant in units of 100 km s−1Mpc−1, σ8 = 0.9 for the r.m.s. fluctuation within a top–hat
sphere of8 h−1Mpc radius andΩb = 0.04 for the baryon density parameter (Yoshida et al.,
2001).

Thanks to the fairly large size chosen for these Lagrangian regions, several of them con-
tain other interesting clusters, besides the main one. In this way, we end up with 18 clusters
with massM200 in the range1 5 × 1013 − 1.8 × 1015 M⊙ , out of which 4 clusters have
M200 > 1015 M⊙ (see Table 4.1). Figures 4.1 and 4.2 show a representation ofa sample of 8
analysed clusters colour coded respectively in gas densityand gas temperature. They exhibit
how structure formation grows preferentially along filaments of cold and dense gas which
can even penetrate the shock heated diffuse atmosphere of virialised gas permeating the in-
ner cluster regions. Mass resolution is increased inside the interesting regions by using the
Zoomed Initial Condition (ZIC) technique by Tormen et al. (1997). Unperturbed particles po-
sitions were placed on a ‘glass’ (White, 1996), and initial displacements were then assigned
according to the Zel’dovich approximation (e.g. Shandarin& Zeldovich, 1989). Besides
the low–frequency modes, which were taken from the initial conditions of the parent sim-
ulation, the contribution of the newly sampled high–frequency modes was also added. The
mass resolution was progressively degraded in more distantregions, so as to save computa-
tional resources while still correctly describing the large–scale tidal field of the cosmological
environment.

Once initial conditions are created, we split particles in the high–resolution region into a
DM and a gas component, whose mass ratio is set to reproduce the assumed cosmic baryon
fraction. Instead of placing them on top of each other, in order to avoid spurious numerical
effects, we displace gas and DM particles such that the centre of mass of each parent particle
is preserved and the final gas and dark matter particle distributions are interleaved by one
mean particle spacing. In the high–resolution region, the masses of the DM and gas particles
are set tomDM = 1.13 × 109 h−1M⊙ andmgas = 1.7 × 108 h−1M⊙, respectively. The
Plummer–equivalent softening length for the gravitational force is set toǫPl = 5.0 h−1kpc,
kept fixed in physical units fromz = 5 to z = 0, while beingǫPl = 30.0 h−1kpc in comoving
units at higher redshift.

1We defineM∆ as the mass contained within a radius encompassing a mean density equal to∆ρc, with ρc

the critical cosmic density. See Appendix A.
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Table 4.1: Characteristics of the clusters identified within the simulated regions atz = 0.
Col. 1: name of the simulated region; Col. 2: name of the clusters within each region; Col.
3: value of the total mass,M200, contained within the radiusr200 encompassing an average
density 200 times larger than the critical cosmic densityρc (units of1014 M⊙ ); Col. 4: total
number of galaxies,N200, within r200, having a minimum number of 32 star particles.

Region name Cluster nameM200 N200

g1 g1.a 12.9 418
g1.b 3.55 149
g1.c 1.39 51
g1.d 0.96 33
g1.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 g51.a 10.9 371
g72 g72.a 10.7 440

g72.b 1.55 60
g676 g676.a 0.89 23
g914 g914 a 0.86 16
g1542 g1542.a 0.89 34
g3344 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 the gas density for a sample of 8
analysed clusters. The brighter the colours are, the largerthe density is.

4.1.2. The code

Our simulations are based on an evolution ofGADGET-22 (Springel et al., 2001; Springel,
2005), which includes a detailed treatment of chemical enrichment from stellar evolution
(Tornatore et al. 2004; Tornatore et al. 2007a). As we discuss in Chapter 3,GADGET-2 is

2http://www.MPA-Garching.MPG.DE/gadget/
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Figure 4.2: We show in these panels a representation of the gas temperature for a sample of
8 analysed clusters. Brighter colours are for colder gas andredder colours are for hotter gas.

a parallel Tree+SPH code with fully adaptive time–stepping, which includes an integration
scheme which explicitly conserves energy and entropy (Springel & Hernquist, 2002), radia-
tive cooling, the effect of a uniform and evolving UV background (Haardt & Madau, 1996),
star formation from a multiphase interstellar medium and a prescription for galactic winds
triggered by SN explosions (see Springel & Hernquist 2003b for a detailed description, SH03
hereafter), and a numerical scheme to suppress artificial viscosity far from the shock regions
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(see Dolag et al. 2005). In the original version of the code, energy feedback and global
metalicity were produced only by SN-II under the instantaneous–recycling approximation
(IRA).

We have suitably modified the simulation code, so as to correctly account for the life–
times of different stellar populations, to follow metal production from both SN-Ia and II,
while self–consistently introducing the dependence of thecooling function on metalicity by
using the tables by Sutherland & Dopita (1993). A detailed description of the implementation
can be found in Tornatore et al. (2007a), while we provide here a short descriptions of the
most relevant features of the code.

In order to maintain the general approach of the multiphase model by SH03, we as-
sume that stars with masses> 40M⊙ explode into SN-II soon after their formation, thereby
promptly releasing energy and metals. In contrast, we correctly account for the lifetime of
stars having masses smaller than40M⊙. The simulations that we will discuss here use the
lifetimes provided by Maeder & Meynet (1989), which have been shown to reproduce the
abundance pattern in the Milky Way (Chiappini et al., 1997).Within the stochastic approach
to star formation (SH03), each star particle is generated with a mass equal to one third of the
mass of its parent gas particle.

Therefore, each star particle is considered as a SSP, with its own mass, metalicity and
redshift of formation. For each SSP we compute both the number of stars turning into SN-II
and Ia at each time-step and the number of stars ending their AGB phase. Then we calculate
the amount of energy and metals produced by each star particle in a given time interval,
decreasing accordingly the mass of the particle. In this way, each star particle is characterised
by both its initial mass, assigned at the time of its formation, and its final mass, which
is updated during the evolution. Both SN-II and SN-Ia are assumed to release1051 ergs
each, while no energy output is associated to the mass loss from AGB stars. The relative
number of SN-II and SN-Ia depends on the choice of the stellarinitial mass function (IMF).
In the following, we will assume for the IMF the power–law shape dN/d logm ∝ m−x.
Simulations will be run by assuming the Salpeter IMF withx = 1.35 (Salpeter, 1955, Sa-
IMF hereafter) and a top–heavy IMF withx = 0.95 (Arimoto & Yoshii 1987a, TH-IMF
hereafter).

The SN-Ia are associated to binary systems whose componentsare in the 0.8–8M⊙ mass
range (Greggio & Renzini, 1983), while SN-II arise from stars with mass> 8M⊙. In the
following, we will assume that 10 per cent of stars in the 0.8–8M⊙ mass range belongs to
binary systems, which then produces SN-Ia. We use the analytical fitting formulas for stellar
yields of SN-Ia, SN-II and PNe provided by Recchi et al. (2001), and based on the original
nucleosynthesis computations of Nomoto et al. (1997b), using their W7 model, Woosley &
Weaver (1995b) and Renzini & Voli (1981a). The formulation for the SN-Ia rate has been
calculated as in Matteucci & Recchi (2001). In the simulations that we present, besides H
and He, we have followed Fe, O, C, Si, Mg, S. Once produced by a star particle, metals
are spread over the same number of neighbours, 64, used for the SPH computations, also
using the same kernel. We normalise the IMFs in the mass range0.1–100M⊙. Owing to the
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uncertainty in modelling yields for very massive stars, we take yields to be independent of
mass above40M⊙. While any uncertainty in the yields of such massive stars has a negligible
effect for the Salpeter IMF, their accurate description (e.g., Thielemann et al., 1996; Heger
& Woosley, 2002) is required when using a top–heavier IMF.
Our prescription to account for stellar evolution in the simulations implies a substantial
change of the multiphase “effective model” by SH03, which wehave suitably modified to
account for(a) the contribution of the energy reservoir provided by the SN which are treated
outside the IRA, and(b) the metal–dependence of the cooling function, that we introduce
using the tables from Sutherland & Dopita (1993). The resulting density threshold for a
gas particle to become multiphase, thereby being eligible to undergo star formation, is fixed
to nH = 0.1 cm−3 at zero metalicity. According to Eq.(23) of SH03, this threshold is in-
versely proportional to the cooling function. Since the latter depends on metalicity, we take
self–consistently a metalicity–dependent star–formation threshold for gas having a non-zero
metalicity.
SH03 also provided a phenomenological description for galactic winds, which are triggered
by SN energy release and whose strength is regulated by two parameters. The first one gives
the wind mass loading according to the relation,ṀW = ηṀ∗, whereṀ∗ is the star formation
rate. Following SH03, we assumeη = 3. The second parameter is the wind velocity,vw.
For the runs based on the Salpeter IMF, we always usevw = 500 km s−1. For the above
values ofη andvw, all the energy from SN-II is converted in kinetic energy, asin the orig-
inal SH03 paper. Springel & Hernquist (2003c) made a study ofthe star formation history
predicted by hydrodynamical simulations which include galactic winds with a similar ve-
locity. They concluded that the resulting star fraction atz = 0 and high–z star formation
history are comparable to the observed ones. In order to verify the effect of galactic ejecta,
the g676 and g51 regions are also simulated with the SalpeterIMF, but setting to zero the
wind velocity (Sa-NW runs). As for the runs based on the top–heavy IMF, we will also use
vW = 500 km s−1 for all clusters, with the exception of g676 and g51 regions,for which we
also usevw = 1000 km s−1 (TH-SW runs). In this case, the two wind speeds correspond
to an energy budget of about 0.4 and 1.4 times the energy provided by SN-II. An efficiency
larger than unity can be justified on the ground of the large uncertainties on the actual en-
ergy released by SN-II explosions. In this perspective, we also take the value of the wind
velocity as a confidence value. A wind velocityvW = 1000 km s−1 is intended to represent
an extreme feedback case, so that comparing the results withthe two values of wind veloc-
ity allows us to check the effect of a stronger feedback on thefinal properties of the galaxy
population. We summarise in Table 4.2 the IMFs and feedback used in our simulations.
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Table 4.2: Characteristics of the simulations. Col. 1: simulation name; Col. 2: IMF slope;
Col 3: wind speed,vw (units of km s−1).

Name IMF slope vw

Sa 1.35 500
Sa-NW 1.35 0

TH 0.95 500
TH-SW 0.95 1000

Figure 4.3: The number density profile of cluster galaxies. Left panel: the profiles of galaxies
of different stellar mass, averaged over all clusters, for the runs with Salpeter IMF (filled
symbols). Shown with the solid curve is the average DM profile. All profiles are normalised
to the total number density within the virial radius. Right panel: The number density of
galaxies, brighter thanr = −18.5, contained within a given radius, normalised to the total
number density found within ther200. Filled squares and open circles are by combining
all the simulated clusters, for the Salpeter and for the top-heavy IMF, respectively. The
solid curve is the best–fit King model to the number density profiles of cluster galaxies
from the analysis of RASS–SDSS data by Popesso et al. (2006b), here plotted with arbitrary
normalisation. Error-bars in the simulation profile correspond to Poissonian uncertainties.
For reasons of clarity they have been plotted only for the Salpeter runs.

4.2 ASSIGNING LUMINOSITIES TO GALAXIES

As a first step, we identify galaxies from the distribution ofstar particles by applying the
SKID algorithm3 (Stadel, 2001) as already discussed in Chapter 3. We recall to the reader

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

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

To this purpose, we have used the outputs of the GALAXEV code by Bruzual & Char-
lot (2003) (see Chapter 3) to create a grid of metalicity and age values for a SSP of1M⊙.
Luminosities in different bands are then assigned to each SSP of this grid. Since two dif-
ferent IMFs are used for our simulations, this grid is also computed for both the Salpeter
(1955) and the top–heavy IMF. Note that GALAXEV assumes thatcontributions of different
metal species to the total metalicity are in solar proportions, while this is not necessarily
true for the star particles in our simulations. For this reason, we use the total metalicity of
each star particle (i.e., the sum of the contributions from the different elements) as input for
GALAXEV. We have verified that, using instead Iron or Oxygen as proxy for the global met-
alicity, our final results are left essentially unchanged. Consistent with the stellar evolution
implemented in the simulation code, GALAXEV accounts for stellar mass loss. Therefore,
we use the initial mass of each star particle in the simulations as input to GALAXEV to
compute the corresponding luminosities. For each star particle we interpolate its age and
metalicity with the appropriate entries of the grid. Finally, we evaluate the luminosityL⋆,ν

of each star particle, which is treated as a SSP of massM⋆ and aget, in theν band by:

L⋆,ν(t) =
M⋆(t)

M⊙

Lν(1M⊙) (4.1)

In this way, the luminosity in theν band of each galaxy is given by the sum of the luminosi-
ties contributed by each member star particle. As a final result, for each galaxy our analysis
provides stellar mass, mean stellar age, metalicity, star-formation rate (SFR), absolute mag-
nitudes in theU,B, V,R, I, J,K, bolometric standard Johnson bands and in theg, u, r, i, z
SLOAN bands.

We note that GALAXEV accounts for metalicity values in the range 0.005–2.6Z⊙.
While only a negligible number of stars have a metalicity below the lower limit of this
interval, a sizeable number of particles, especially for the top–heavy IMF, are found with
metalicities exceeding the upper limit. Whenever the particle metalicity 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 simulations of galaxy clusters is that the radial
distribution of galaxy–sized sub-halos is less concentrated than that of DM (e.g. Ghigna
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et al., 2000a; Springel et al., 2001; De Lucia et al., 2004a),and also less concentrated and
more extended than the observed radial distribution of cluster galaxies (e.g. Diemand et al.,
2004; Gao et al., 2004a). While some residual numerical over-merging can still be present
at the high resolution achieved in DM–only simulations, it has been suggested (Diemand
et al., 2004) that over-merging may be physical in origin andrelated to the dissipation-less
dynamics. The possibility to include radiative cooling andstar formation in hydrodynamical
simulations allows one to verify whether the same result holds also for the galaxies identified
from the star distribution. The general conclusion from these analyses is that the radial dis-
tribution of simulated galaxies is indeed more concentrated than that of DM sub-halos (e.g.,
Nagai & Kravtsov, 2005). An intermediate approach, based oncoupling semi–analytical
models of galaxy formation with high resolution collisionless simulations (e.g., Springel
et al., 2001; Kravtsov et al., 2004; Gao et al., 2004a; De Lucia et al., 2004b; Lanzoni et al.,
2005), confirms that the radial distribution of galaxies is more extended compared to DM.
Clearly, the dynamics of halo formation in these studies is driven by the collisionless com-
ponent. Therefore, suitable effective recipes should be included to prevent physical over-
merging of galaxies within DM halos, so as to achieve agreement with the observed radial
galaxy distribution (e.g. Springel et al., 2001; De Lucia etal., 2004b).

We show in the left panel of Figure 4.3 the number density profiles of cluster galaxies,
after averaging over all the simulated clusters, compared to the corresponding average DM
density profile. As discussed by Nagai & Kravtsov (2005), selecting galaxies in hydrody-
namical simulations of clusters, which include star formation, produces profiles which are
generally steeper than those of DM halos. We confirm here thatgalaxy profiles become
closer to the DM profile as more massive galaxies are selected, with objects more massive
than1010 M⊙ tracing a distribution quite close to the DM one. This is justthe consequence
of the improved capability of more massive galaxies to preserve their identity within merg-
ing halos. Indeed, since galaxies are more concentrated than their hosting DM halos, they
are able to better survive to disruption and merging, thereby providing a better sampling of
the underlying DM distribution. While this trend is generally consistent with observations,
a close comparison with data requires assigning luminosities to simulated galaxies. For this
reason, we also show in the right panel of Fig.4.3 the number density profiles of galaxies
brighter thatr = −18.5 and compare it to the best fit to the observed profiles by Popesso
et al. (2006b), who trace these profiles out to≃ 2r200. Galaxies of this luminosity have a typ-
ical stellar mass of the order of5× 109M⊙ in the simulations with Salpeter IMF. In general,
the observed and the simulated profiles are quite similar down to≃ 0.4r200. At smaller radii
there is a trend for simulated galaxies to have a lower numberdensity than in real clusters.
Therefore, although tracing galaxies instead of DM halos helps in the comparison with the
observed galaxy profiles, still over-merging is the likely reason for the shallower profile as
traced by simulated galaxies.
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Figure 4.4: TheV –K vs.V colour–magnitude relation by combining all the galaxies within
the virial radii of the simulated clusters, for the SalpeterIMF (top panel) and for the top–
heavy IMF with normal feedback (bottom panel). Straight lines in each panel show the
observed CMR relations by Bower et al. (1992), with the corresponding intrinsic standard
deviations. Big filled dots mark the BCG of each cluster. Different symbols and colours
are used for galaxies having different metalicities. Magenta open circles:Z > 1.5Z⊙; blue
filled triangles:1.5 < Z/Z⊙ < 1; red open squares:1 < Z/Z⊙ < 0.7; black open triangles:
0.7 < Z/Z⊙ < 0.4; green filled squares:Z < 0.4Z⊙.

4.3.2. The colour–magnitude relation

As discussed in Chapter 2, bright massive ellipticals, which dominate the population of clus-
ter galaxies, are observed to form a tight correlation between galaxy colours and magnitudes,
the so–called red sequence or colour–magnitude relation (CMR) (e.g., Bower et al., 1992;
Prugniel & Simien, 1996; Andreon et al., 2004; López-Cruz et al., 2004; Gladders & Yee,
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Figure 4.5: The same as the top panel of Figure 4.4, but only including in the computation
of the luminosities the star particles having redshift of formationzf > 1.

2005; McIntosh et al., 2005). Attempts to compare the observed CMR to that predicted by
cosmological models of galaxy formation have been performing both using semi–analytical
approaches (e.g., De Lucia et al., 2004b; Lanzoni et al., 2005) and full hydrodynamical sim-
ulations (Romeo et al., 2005). As a general results, model predictions reproduce the slope of
the CMR reasonably well, but with a scatter which is generally larger than observed. Romeo
et al. (2005) simulated one Virgo–sized and one Coma–sized cluster. They found that a top–
heavy IMF reproduces the normalisation of the CMR better than a Salpeter IMF, which gives
too blue colours as a consequence of the too low metalicity. This conclusion is at variance
with respect to that reached by De Lucia et al. (2004a) who, instead, reproduce the correct
CMR normalisation with a Salpeter IMF. Thanks to the larger number of simulated clusters,
we can perform the comparison between simulated and observed CMR with much improved
statistics. The results of this comparison are shown in Figure 4.4. As a term of compar-
ison, we use the observational determinations by Bower et al. (1992) (see also Terlevich
et al. 2001) for theV −K vs. V CMR, which has been determined in the magnitude range
[−18,−23]. Quite apparently, a Salpeter IMF is successful in reproducing the correct ampli-
tude of the CMR at the bright end,V∼< −20, while it tends to produce too blue faint galaxies.
The slope of the CMR appears to be driven by metalicity, the brighter galaxies being redder
mainly as a consequence of their higher metal content, thus in line with the interpretation by
Kodama & Arimoto (1997). At the same time, we note that a top–heavy IMF produces too
metal–rich galaxies, thereby inducing too high a normalisation of the CMR.
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Figure 4.6: The comparison between simulated and observed relation between mass and
luminosity in thei band (left panel) and in the K band (right panel). In each panel, squares
are for the Salpeter IMF, circles for the top–heavy IMF with normal feedback, triangles
for the top–heavy IMF with strong feedback and asterisks forthe Salpeter IMF with no
feedback. Filled squares and circles are for the g676 and g51runs, so as to make clear the
effect of changing the feedback strength. The straight solid lines are the best fitting results
from Popesso et al. (2005) for thei band and from Lin et al. (2004) for theK band, with the
dashed lines marking the corresponding observational scatter.

The metal content of galaxies is clearly determined by the combined action of stellar
nucleosynthesis and other processes which bring enriched gas far from star forming regions,
thus preventing all metals from being locked back in newly forming stars. Processes, such as
ram pressure stripping (e.g., Domainko et al., 2006) and galactic winds (e.g., Aguirre et al.,
2001) have been suggested as the possible mechanisms to enrich the diffuse intergalactic
medium. Clearly, the more efficient these mechanisms, the lower the expected metalicity of
stars and, therefore, the bluer their colours. In order to verify whether more efficient galactic
winds may decrease the metalicity of galaxies in the runs with top–heavy IMF, we have re–
simulated the g676 and g51 clusters usingvw = 1000 km s−1 for the galactic winds (TH-SW
runs). However, while the effect of the stronger feedback isthat of decreasing the number of
galaxies, (see also Sect. 4.3.4 below), it leaves their metal content, and, therefore, the high
CMR normalisation, almost unchanged.

Although a Salpeter IMF fares rather well as for the CMR, we note that all the BCGs
(big filled circles in Fig.4.4) are much bluer, by about 0.5 magnitude, than expected from the
red sequence. Such a blue excess of the colours of the BGCs, which takes place despite their
high metalicity, finds its origin in the large star formationrate, associated to over-cooling,
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which takes place in the central cluster regions. Typical values for the star formation rate
of the BCG in our simulations are in range 600–1000M⊙/yr for the most massive clusters
(M200 ≃ 1015 M⊙ ) and∼ 100M⊙/yr for the least massive ones (M200 ≃ 1014 M⊙ ). Al-
though observations indicate the presence of some ongoing star formation in some BCGs
located at the centre of cool core clusters, they are always at a much lower level and consis-
tent with a star formation rate of∼ 10–100M⊙/yr for clusters of comparable richness (e.g.,
Johnstone et al., 1987; Bregman et al., 2006; McNamara et al., 2006, and references therein).

The effect of recent star formation on the CMR is explicitelyshown in Figure 4.5. We
show here the case in which all star particles, formed at redshift z < 1 are excluded from
the computation of the galaxy luminosities. This is equivalent to assume that we completely
quench star formation sincez = 1. Neglecting recent star formation has the twofold effect of
reducing the scatter in the CMR and of making BCG colours significantly 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 analyseswhich have established that
the mass–to–light ratio in clusters generally increases with the cluster mass,M/L ∝ Mγ

with γ ≃ 0.2–0.4, over a fairly large dynamic range, from poor groups to rich clusters (e.g.,
Adami et al., 1998; Girardi et al., 2000, 2002; Bahcall & Comerford, 2002; Lin et al., 2003,
2004; Rines et al., 2004b; Ramella et al., 2004; Popesso et al., 2005). A likely explana-
tion for this trend is the reduced cooling efficiency within more massive, hotter halos (e.g.,
Springel & Hernquist, 2003c), which reduces star formationwithin richer clusters. In fact, an
increasing trend ofM/L with cluster mass is naturally predicted by semi–analytical models
of galaxy formation (e.g., Kauffmann et al., 1999a).

In Figure 4.6 we compare the relation between mass and luminosity within r500 for our
simulated clusters, and compare it to thei–band results by Popesso et al. (2005) and to the
K–band results by Lin et al. (2004). In general, we find that theM/L from simulations is
rather close to the observed one in thei band, also with a comparably small scatter. In theK
band, a Salpeter IMF still agrees with observations within the statistical uncertainties, while
the top–heavy IMF produces too red galaxies, thus consistent with the results of the CMR,
as shown in Fig.4.4. We fit our mass–luminosity relation witha power–law

L

1012L⊙

= β

(

M500

1014M⊙

)α

, (4.2)

we find (α, β)i = (0.74, 0.92) and(α, β)K = (0.76, 3.2) in the i andK band, respec-
tively, for the runs with Salpeter IMF, while(α, β)i = (0.70, 0.91) and(α, β)K = (0.74, 4.7)
for the top–heavy IMF. Therefore, our simulations agree with the observational trend for an
increasing mass-to-light ratio with cluster mass, independent of the IMF and luminosity
band. Using the stronger feedback for the top–heavy IMF turns into a sizeable suppression
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of the luminosity, especially for g51.
The reasonable level of agreement between the observed and the simulatedM/L may

suggest that our simulations produces a realistic population of galaxies. However, as demon-
strated in Figure 4.7, this is not the case. In this figure, we compare the simulated and ob-
served number of cluster galaxies, brighter than a given luminosity limit, both ini and in the
K bands. Clearly, simulations under-predict such a number, by a factor∼ 2–3. This result
is at variance with respect to that from semi–analytical models of galaxy formation, which
instead predict the correct number of cluster members (e.g., De Lucia et al., 2004b; Lan-
zoni et al., 2005). However, semi–analytical models are generally successful in producing
the correct LF. They employ a suitable technique to track galaxies, based on the assumption
that, once a ”satellite” galaxy is formed inside a DM halo, itpreserves its identity and survive
to a possible disruption of the hosting halo (Springel et al., 2001). Accordingly, the position
of a galaxy is later assigned to the position of the DM particle which was most bound within
the DM halo before it was disrupted, thereby preventing an excessive merging rate between
galaxies.

On the one hand, it is tempting to explain the lack of galaxiesin our simulations as the
result of an excessive merging. On the other hand, the inclusion of radiative cooling and star
formation should produce galaxies in our simulations which, in fact, survive to the merg-
ing of DM halos, and behave as the “satellite” galaxies introduced in the semi–analytical
models. Clearly, a reason of concern in our simulations is related to the force and mass reso-
lutions adopted (see Section 4.1), which may produce fragile galaxies and/or induce spurious
numerical over-merging. In Section 4.4 we present a resolution study which is aimed at ver-
ifying whether and by how much the cluster galaxy populationchanges when increasing the
resolution. After varying the mass resolution by a factor 45, and the corresponding softening
parameters by a factor≃ 3.6, we find no appreciable variations of the stellar mass function of
cluster galaxies. We also verified that the lack of galaxies is not related to numerical heating
induced by an non optimal choice of gravitational softening(e.g., Thomas & Couchman,
1992). After running a series of simulations, using different choices forǫP l, we find that
our softening choice is very close to that maximising the lowend of the galaxy stellar mass
function.

As for the effect of feedback, a wind velocity of500 km s−1 is large enough to devoid
the gas content of galaxies with massM∼< 1011M⊙ and, therefore, to suppress the number
of galaxies above the luminosity limits considered in Fig. 4.7. Wind velocities this high are
generally expected for star-burst galaxies (e.g., Heckman, 2003), while they may be too high
for the general galaxy population. In order to test this effect, we have performed simulations
of g676 and g51 with Salpeter IMF in the extreme case in which winds are excluded. In
these cases, the numbers of galaxies reported in Fig.4.7 increase by more than a factor of
two, thus bringing simulation results into much better agreement with observational data.
However, the price to pay for this is the increased total luminosities, as a result of the larger
number of stars formed, which introduces a tension between simulations and observations,
as shown in Fig.4.6. The need to reconcile at the same time thenumber of galaxies and
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the total luminosity points toward a scenario in which feedback is relatively less effective
in small galaxies, while being more effective in suppressing star formation in massive rare
objects. Since massive galaxies are observed to be almost passively evolving, this implies
that the required feedback mechanism should not be directlylinked to star formation. In this
respect, AGN have been suggested to be the natural source forthis kind of feedback (e.g.,
Croton et al., 2006; Bower et al., 2006; Menci et al., 2006; DeLucia & Blaizot, 2007).

Figure 4.7: The number of galaxies within clusters above a given luminosity limit. Left
panel: results in ther band, compared to the observational best–fitting result from SDSS
data by Popesso et al. (2006b) (the dashed lines mark the intrinsic scatter of the observational
relation). Right panel: results in theK band, compared to the observational best–fitting result
from 2MASS data by Lin et al. (2004). Symbols for the simulations have the same meaning
as in Figure 4.6.

4.3.4. The luminosity function

The luminosity function (LF) of cluster galaxies has been the subject of numerous studies
through the years (e.g., Dressler, 1978; Colless, 1989; Biviano et al., 1995; Goto et al., 2002;
De Propris et al., 2003; Popesso et al., 2006a, , and references therein). Despite this, a general
consensus on a number of issues has still to be reached. Amongthem, we mention the LF
universality among clusters and between clusters and field,and the slope of the faint end.
For instance, Popesso et al. (2006a) have recently analysedSDSS data for a set of cluster
selected in the X-ray band in the RASS. As a result, they foundthat the LF is universal, once
calculated within the same physical radius,r200 or r500. Furthermore, the LF can not be fitted
by a single Schechter (1976) function, since it displays a marked upturn at faint magnitudes.
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Similar, a steepening on the faint end of the LF in the Coma cluster core is also found by
Milne et al. (2007). These results is at variance with other analyses. For instance, Adami
et al. (2000) and Mobasher et al. (2003) performed deep spectroscopic survey of the Coma
cluster and found no evidence for an upturn of the LF at faint magnitudes.

Figure 4.8: The Comparison between the simulated (histograms) and the observed (curves)
luminosity functions of cluster galaxies in the Sloan-r (left panel) andz (right panel) bands.
The smooth curves are the best fit to the SDSS data analysed by Popesso et al. (2006a). In
each panel, the solid and the dashed histograms are for the Salpeter and for the top–heavy
IMF, respectively. Normalisation of the simulated LF are choosen to match the observed one
at r = −20 andz = −20 with the Salpeter LF. Consistent with the observational analysis,
the brightest cluster galaxies (BCGs) are not included in the computation of the luminosity
function.

In the following, we will discuss a comparison between the LFin our simulated clusters
and the observational results by Popesso et al. (2006a). To this purpose, we have computed
the simulated LF, withinr200, in ther andz bands, which are two of the four SDSS bands
where the analysis by Popesso et al. (2006a) has been performed. Consistently with their
approach, we have used the procedure introduced by Colless (1989) to compute a composite
luminosity function from the contribution of clusters having different richness. Accordingly,
the number of galaxiesNj within thej-th luminosity bin is defined as

Nj =
N0

mj

∑

i

Nij

N0,i
. (4.3)

Heremj is the number of clusters having galaxies in thej-th luminosity bin,Nij is the
number of galaxies in that luminosity bin contributed by thei-th cluster,N0,i is the LF
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normalisation for thei-th cluster andN0 =
∑

iN0,i. Following Popesso et al. (2006a), we
computeN0,i as the number of galaxies in thei-th cluster which are brighter thanr, z = −19.
With this definition, each cluster is weighted inversely to its richness, in such a way to avoid
the richest clusters to dominate the shape of the LF. Also, consistent with Popesso et al.
(2006a), we do not include the BCGs in the estimate of the LF. Owing to the too small
number of galaxies found in our simulated clusters, we already know in advance that the
normalisation of the simulated LF must be lower than the simulated one. Therefore, we
decide to normalise the simulated LF by hand, so that the LF for the Salpeter IMF matches
the observed one atr = −20 andz = −20. The resulting rescaling factor is then used also
to re-normalise the LF for the runs with the top–heavy IMF. Inthis way, we preserve the
difference in normalisation between the two series of runs,which is induced by the different
choices for the IMF.

The results of this comparison are shown in Figure 4.8. The bright end of the simulated
LF is clearly shallower than that of the observed one. This isconsistent with the picture that
over-cooling takes place within the more massive halos, which hosts the brighter galaxies.
The simulated LF shows a steepening at the faint end, which resembles that found by Popesso
et al. (2006a). Looking at the combined differential stellar mass function of all the cluster
galaxies (see Figure 4.9), we note an indication for a steepening of its slope at the low-mass
end,M∗∼< 3 × 1010M⊙. It is this steepening which causes the corresponding steepening of
the luminosity functions. Quite interestingly, the faint end of the CMR (see Fig. 4.4) shows
a population of small red galaxies, which are in fact associated to the excess of faint galaxies
shown by the luminosity function. It is tempting to make a correspondence between these
galaxies and the faint red galaxies which are claimed by Popesso et al. (2006a) to contribute
to the steepening of their luminosity function. However, weconsider it as premature to draw
strong conclusions about the slope of the luminosity function in simulations until the latter
will be demonstrated to roughly produce the correct total number of galaxies.

A comparison between the LFs produced by the Salpeter and thetop–heavy IMF shows
that the latter is shifted towards fainter magnitude, especially in the faint end. This effect is
also visible in the corresponding stellar mass functions ofthe cluster galaxies (see Fig.4.9).
While both IMFs produces indistinguishable mass functionsat the high end, galaxy masses
for the top–heavy IMF tend to have lower values. This difference is induced by the larger
metal content associated to the top–heavy IMF, which makes cooling more efficient within
halos near the resolution limit. Finally, we show in Figure 4.10 the effect of increasing the
feedback efficiency on the LF. In this case, we use the same normalisation for the two IMFs,
in order to directly see the effect of changing the feedback strength. Quite interestingly,
the effect is that of suppressing the bright end of the LF, while leaving the faint end almost
unaffected.
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Figure 4.9: The combined stellar mass function for the galaxies identified withinr200 of all
clusters. The solid and the dashed histograms correspond tothe Salpeter and to the top-heavy
IMF, respectively.

Figure 4.10: The effect of a stronger feedback on thez–band luminosity function. The
histograms show the combined luminosity function for the g51 and g676 clusters in the
case of standard feedback (vw = 500 km s−1, dashed line) and of strong feedback (vw =
1000 km s−1, solid line). The smooth curve is the best–fit to the SDSS databy Popesso et al.
(2006a).
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4.3.5. Radial dependence of the galaxy population

A number of observations have established that the galaxy population in clusters is char-
acterised by the presence of colour gradients, with bluer galaxies preferentially avoiding to
reside in the innermost cluster regions (Butcher & Oemler, 1984). For instance, Pimbblet
et al. (2006) found a decreasing trend of theB − R colour with cluster-centric distance for
the galaxies lying on the CMR of nearby optically selected clusters. Similar results have
also been found by Abraham et al. (1996), Carlberg et al. (1997) and Wake et al. (2005) for
moderately distant X–ray selected clusters. Quite consistently, outer cluster regions are pop-
ulated by a larger fraction of blue galaxies (e.g., De Propris et al., 2004), thus confirming that
more external galaxies are generally characterised by a relatively younger stellar population.
This effect may result both as a consequence of the cluster environment, which excises star
formation in infalling galaxies, and/or due to an earlier formation epoch of galaxies residing
in the cluster centre (e.g., Ellingson et al., 2001). In general, the presence of a gradient in the
galaxy colours is naturally predicted by semi–analytical models of galaxy formation (e.g.,
Diaferio et al., 2001b).

In the left panel of Figure 4.11 we show the radial variation of the B − V colour for
all galaxies found in our set of simulated clusters. Consistent with observational results,
the mean galaxy colours become bluer as we move towards the outer cluster regions. Quite
remarkably, this effect extends well beyond the virial radius, thus implying that galaxies feel
the cluster environment already at fairly large distances.While the trend exists for both a
Salpeter and a top–heavy IMF, the latter generally predictsmuch redder colours, consistent
with the CMR results shown in Fig. 4.4. Our results for the Salpeter IMF are consistent with
those reported by Diaferio et al. (2001b) for the low–redshift bin (0.18 < z < 0.3) of the
CNOC1 cluster sample.

We note a sudden inversion of the colour gradients in the innermost regions, where galax-
ies are characterised by much bluer colours. These galaxiesgenerally correspond to the
cluster BCGs, which, as already discussed are much bluer than expected from the CMR red
sequence (see Fig. 4.4). In fact, the galaxies identified in this region correspond to the BCG,
which, as we have already discussed, are characterised by a strong excess of star formation.
The effect is more pronounced for the top–heavy IMF, which produces more metals and,
therefore, makes over-cooling even stronger. This highlights once again the presence of too
high a cooling rate at the centre of the simulated clusters, which is not prevented by the
model of SN feedback adopted in our simulations. The presence of colour gradients corre-
sponds to the presence of age gradients. We show in the right panel of Fig. 4.11 the radial
dependence of the fraction of galaxies younger than 8.5 Gyrs. Quite apparently, there is a
continuous trend for galaxies to be younger in the outer cluster regions. The trend extends
out to2rvir, with no evidence for convergence for a stable mean age in thefield. This result
further confirms that the presence of a cluster induces environmental effects in the galaxy
population already at quite large distances. Much like for the colours, we note an inversion
of the trend in the innermost regions, which is due to the excess star formation taking place
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Figure 4.11: Left panel: The radial dependence of galaxy colours, averaged over all simu-
lated clusters. In each panel, solid lines with filled squares are for the Salpeter IMF, while
dashed line with open circles are for the top–heavy IMF. The reported results are the average
over all the simulated clusters. Right panel: The fraction of galaxies younger that 8.5 Gyr, as
a function of cluster–centric distance, in units ofrvir. Symbols and line types have the same
meaning as in the left panel.

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

A consistent result also holds for the radial dependence of the star formation rate (SFR).
In Figure 4.12 we show the specific SFR (i.e., the SFR per unit stellar mass) as a function of
the cluster-centric distance. Once we exclude the contribution of the BCG in the central bin,
we observe a steady increase of the SFR toward external cluster regions. In general, these
results are in line with observational evidences for a younger, more star forming galaxy
population in the cluster outskirts. For instance, Bivianoet al. (1997) analysed the galaxy
population in the ESO Nearby Abell Cluster Survey (ENACS) and found that emission–line
galaxies tends to under populate the central regions of clusters. Balogh et al. (1997) analysed
data from the CNOC1 survey of medium–distant galaxy clusters (z ≃ 0.2–0.6) and found
evidences for a continuous increase of the SFR out to2r200. In a similar way, Moran et al.
(2005) analysed a large sample of spectroscopic data, covering a∼ 10 Mpc regions around
a Cl0024 atz ≃ 0.4. Again, they found that galaxies appear to be younger at large radii.
However, differently from our results, they detect evidences for an increase of star formation
aroundrvir, possibly triggered by the interaction with the dense environment of the ICM.
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Figure 4.12: The specific mean star formation rate, averagedover all the simulated clusters,
as a function of the cluster–centric distance. Symbols and line types have the same meaning
as in Figure 4.11. In the central bin we have excluded the contribution from the BCGs.

4.3.6. The SN-Ia rate

The supernova rate represents a useful diagnostic to link the observed evolution of the ICM
metallicity to the past history of star formation and to shedlight on the relative contribution
of SN-Ia and SN-II in releasing metals. In particular the ratio between the SN rate and the
B-band luminosity, the so–called SNUB, can be used to distinguish the relative contribution
of SN-Ia, which form in binary systems of stars with masses inthe range (0.8–8)M⊙ and
the short-living massive stars that contribute substantially to the B–band luminosity of galax-
ies. In this section we present a comparison between the results of our four most massive
simulated clusters and observational data of SNUB in galaxy clusters from Gal-Yam et al.
(2002), Mannucci et al. (2008) and Sharon et al. (2007). For each of the simulated clusters
we adopted three different shapes for the stellar initial mass function. Besides the Salpeter
(1955) IMF, we used also the IMF proposed by Kroupa (2001) andthe top–heavier IMF by
Arimoto & Yoshii (1987). In the following, we label the runs that use the Salpeter, Arimoto–
Yoshii and Kroupa IMFs withSal, AYandKr respectively. As for the set of simulated clusters
discussed in the previous Sections, for our reference runs we will useA = 0.14, as suggested
by Matteucci & Gibson (1995) to reproduce the observed ICM metallicity (see also Portinari
et al. 2004). As we shall discuss in the following, the simulation with theAY IMF tends to
overproduce Iron (see also Section 4.3.2). In the attempt toovercome this problem, we also

4We recall thatA is the fraction of stars, in the mass range 0.8–8M⊙, belonging to binary systems which
explodes as SN-Ia in the single–degenerate scenario, see Chapter 3
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Figure 4.13: Comparison between the observed and the simulated evolution of the SN-Ia rate
per unit B–band luminosity (SNUB). In both panels, filled symbols with error-bars refer to
observational data from Mannucci et al. (2008) (triangle),Gal-Yam et al. (2002) (squares)
and Sharon et al. (2007) (pentagon). Left panel: the effect of changing the IMF. The open
squares are for the Salpeter (1955) IMF, the open triangles are for the top–heavy IMF by Ari-
moto & Yoshii (1987a) and the open circles for the IMF by Kroupa (2001). For the Salpeter
IMF, the shaded area show the r.m.s. scatter evaluated over the four simulated clusters, while
for the other two IMFs only the result for the g51 cluster is shown. Right panel: the effect
of suppressing low–redshift star formation and of changingthe binary fraction on the SNUB
evolution of the g51 cluster. The open squares and the open circles are for the reference run
with Salpeter (1955) IMF and for the same run with cooling andstar formation stopped at
z = 1 (CS run), respectively. The filled and the open triangles arefor the runs with Ari-
moto & Yoshii (1987a) IMF, usingA = 0.1 andA = 0.05 for the fraction of binary stars,
respectively.

carried out a run with theAY IMF using alsoA = 0.05. The simulation analysis finalised
to compute the SNUB proceeds as follows. We compute the SNUB values by also including
the contribution of the SN-Ia arising from diffuse stars, while the B–band luminosity is com-
puted by including only the contribution of the identified galaxies, as explained in Section
4.2.

In the left panel of Figure 4.13 we compare the SNUB values from the simulations with
different IMFs with observational data. In performing thiscomparison one potential ambi-
guity arises from the definition of the extraction radius, within which luminosities and SN-Ia
rates are measured in observations, since different authors use different aperture radii. To
address this issue we computed SNUB in the simulations withinRvir and verified that the
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results are left unchanged when using insteadR500.
Observational data show a declining trend at low redshift. This is generally interpreted

as due to the quenching of recent star formation, which causes the number of SN-Ia per
unit B–band luminosity to decrease after the typical lifetime of the SN-Ia progenitor has
elapsed. On the other hand, our simulations predict a ratherflat evolution of the SNUB,
independently of the choice for the IMF, which is the consequence of the excess of low–
redshift star formation. The runs based on the Salpeter and on the Kroupa IMF produce very
similar results. Although the Kroupa IMF produces a higher rate of SN-Ia, due to its higher
amplitude in the (1–8)M⊙ stellar mass range, this is compensated by the higher valuesof
LB. These two IMFs both agree with the observational data atz∼> 0.3 within the large
observational uncertainties, while they over-predict therates measured for local clusters.
Although the excess of recent star formation in the central regions of our simulated clusters
produces too blue BCGs (see previous Sections), the large number of SN-Ia associated to
this star–formation overcompensate the excess of blue light.

As for the simulation with the Arimoto–Yoshii IMF, it predicts an even higher SNUB
at low redshift. As shown in the right panel of Fig.4.13, decreasing the binary fraction to
A = 0.05 decreases the value of the SNUB by more than a factor 2. While this helps in
reconciling the simulation results with the low–redshift data, it introduces a tension with the
data atz ∼ 1.

Truncating star formation atz = 1 (right panel of Fig.4.13) has the desired effect of de-
creasing the value of SNUB belowz = 0.5. Quite interesting, for0.5∼< z∼< 1 the decreasing
trend of the SN-Ia rate is compensated by the corresponding decrease of the B–band lumi-
nosity, while it is only atz > 0.5 that the decrease of the SN-Ia rate takes over and causes
the decrease of the SNUB values.

4.4 TESTING NUMERICAL EFFECTS ON THE GALAXY

STELLAR MASS FUNCTION

In this Section we discuss the stability, against possible numerical effects, of the stellar mass
function of the galaxies identified inside simulated clusters. In particular, we will focus
the analysis on(a) the effect of changing the softening of the gravitational force, to control
the possible presence of spurious numerical heating (e.g.,Thomas & Couchman, 1992);(b)
the effect of mass and force resolution. As for the softeningchoice, it is known that using
too small values may induce spurious heating of the gas particles by two–body collisions,
thereby inhibiting gas cooling inside small halos. On the other hand, increasing it to too
large a value also reduces the number of galaxies as a consequence of the lower number of
resolved small halos (Borgani et al., 2006). As for the resolution, increasing it has the effect
to better resolve the low end of the mass function and, in general, is expected to produce a
more reliable galaxy population.
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4.4. Testing numerical effects on the galaxy stellar mass function

The tests described in this Section are based on three cluster sized halos, which have been
re-simulated by varying mass and force resolution. These clusters have virial masses in the
range(1.6–2.9) × 1014 M⊙ and are described in detail by Borgani et al. (2006). They have
been simulated for the same cosmological model of the clusters described in the previous
sections, but with a lower normalisation of the power spectrum, σ8 = 0.8. At the lowest
resolution, the mass of the gas particle ismgas ≃ 6.9×108 M⊙ and the Plummer–equivalent
softening for gravitational forces is set toǫ = 7.5h−1kpc at z = 0. We point out that
the simulations analysed and described in Section 4.1.1 have a mass resolution which is
better than the above one by about a factor of four. Runs at increasingly higher resolution
have been performed by decreasing the particle masses by a factor 3, 10 and 45, with the
softening correspondingly decreased according to them1/3 scaling. Therefore, at the highest
resolution, it ismgas ≃ 1.5 × 107 M⊙ andǫ = 2.1h−1kpc. This mass resolution is≃ 11
times higher than used for the set of simulations described in Section 4.1.1. For the most
massive of these three clusters, we have also repeated the simulation at 10 times the basic
mass resolution with four different choices of the gravitational softening. In particular, we
have decreased it by a factor two, with respect to the standard choice, and increased it by
a factor two and four. As such, this set of simulations allowsus to verify the stability of
the galaxy stellar mass function against changing mass resolution and the choice for the
gravitational softening.

The simulations have been performed with the original prescription for star formation and
feedback presented by Springel & Hernquist (2003b), with a wind speedvw ≃ 480 km s−1,
therefore comparable to that assumed in previous analysis as standard feedback. However,
those runs did not include the prescription for stellar evolution and chemical enrichment,
which we used for the simulations analysed in this Chapter. Since each gas particle is allowed
to spawn two star particles, the latter have a mass which is half of that of the parent gas par-
ticle. As discussed by Borgani et al. (2006), this series of runs produces an amount of stars
within the virial radius of the clusters, which is almost independent of the resolution, thereby
preventing the runaway of cooling with increasing resolution. We show in Figure 4.14 the ef-
fect of varying the softening on the cumulative stellar massfunction of the galaxies identified
inside the virial radius. As expected, decreasing the softening to half the standard value has
the effect of suppressing the low end of the mass function,M∼< 2× 1010h−1M⊙, as a conse-
quence of spurious numerical heating of gas. On the other hand, increasing the softening by
a factor four also induces a suppression of low–mass galaxies, as a consequence of the lack
of resolution. At larger masses, using a too small softeninghas the effect of increasing the
mass function, although the rather small number of galaxiesin the high mass end prevents
from detecting systematic trends. These results demonstrate that our lack of galaxies can not
be explained by a non–optimal choice of the gravitational force softening. As for the effect
of resolution, we plot in Figure 4.15 the combined cumulative stellar mass function for all
the galaxies identified within the virial radii of the three clusters, simulated at four different
resolutions. The first apparent effect of increasing resolution is that of steepening the mass
function in the low mass end. In the mass range where galaxiesare identified with at least
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Figure 4.14: The cumulative stellar mass function of the galaxies identified within the virial
radii of the most massive among the three simulated clustersdescribed in this Section (see
also Borgani et al. 2006). All the simulations have been doneat fixed mass resolution,
which correspond to an increase by a factor 10 with respect tothe basic resolution (i.e.,
mgas ≃ 6.9 × 107 M⊙ ; see text). The four curves correspond to the different choices for
the gravitational softening. The labels indicate the factor by which the softening has been
changed, with respect to the standard choice of3.5h−1kpc.

64 star particles at the different resolutions, which correspond toM∗ ≃ 2.2 × 1010h−1M⊙

for the lowest resolution run, the mass functions have a weaker dependence on resolution,
with a decreasing trend of the high end of the mass function. This steepening of the high
end of the mass function at increasing resolution is the consequence of the reduction of over-
merging, which makes small halos surviving more efficientlyand, therefore, prevents their
disruption and accretion inside massive halos. This resultdemonstrates that, at least at the
highest resolution reached in this test, also resolution isnot the reason for the too low number
of galaxies found in the simulated clusters, when compared to observations (see discussion
in Sect. 4.3.3).

4.5 SUMMARY AND DISCUSSION

In this Chapter we have presented an analysis of the galaxy population in cosmological hy-
drodynamical simulations of galaxy clusters atz = 0. The inclusion of a detailed treatment
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Figure 4.15: The combined cumulative stellar mass functionof the galaxies identified within
the virial radii of the three clusters. The four curves correspond to the different resolutions at
which the clusters have been simulated. Continuous, long–dashed, short–dashed and dotted
curves are for the simulations at progressively increasingresolution. The labels indicate the
factor by which mass resolution is increased, with respect to the lowest resolution run (1x).

of stellar evolution and chemical enrichment (Tornatore etal. 2004; Tornatore et al. 2007a)
in theGADGET-2code (Springel, 2005) has allowed us to derive the properties of galaxies in
the optical/near–IR bands. In our simulations each star particle is treated as a single stellar
population (SSP) characterised by a formation time and a metalicity. Based on this, we apply
the GALAXEV spectro-photometric code (Bruzual & Charlot, 2003) to compute luminosi-
ties in different bands. Simulations have been carried out for a representative set of galaxy
clusters, containing 19 objects with massM200 ranging from5×1013 M⊙ to 1.8×1015 M⊙ .
All clusters have been simulated assuming both a standard Salpeter IMF (Salpeter, 1955)
and a power–law top–heavier IMF with exponentx = 0.95 (Arimoto & Yoshii, 1987a). The
main results of our analysis can be summarised as follows.

1. Both the colour–magnitude relation (CMR) and theM/L ratio are in reasonable agree-
ment with observational data for a Salpeter IMF. In contrast, using a top–heavy IMF
provides too high a metalicity of galaxies, which turns intotoo red colours. This
spoils the agreement with the CMR and with theM/L ratio in theK band. The CMR
is confirmed to be a metalicity sequence, in the sense that more enriched galaxies
systematically populate the brighter redder part of the sequence.
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2. Galaxies are systematically older and redder in central cluster regions, thus in keeping
with observational results. This trend extends at least outto 2rvir, thus showing that
the galaxy population feels the presence of a cluster well beyond its virial region.

3. Due to the over-cooling occurring in the central cluster regions, BCGs are always much
bluer and more massive than observed, and characterised by too high a recent star
formation. Indeed, neglecting the contribution of stars formed atz < 1 produces
significantly redder BCGs, thus in better agreement with observational data.

4. The number density profile of galaxies is confirmed to steepenwith the galaxy stellar
mass, approaching the DM profile for the galaxies withM∗ > 1010 M⊙ . However,
when compared to the observations (e.g., Popesso et al., 2006b), the simulation profiles
are flatter that the observed ones inside0.4r200.

5. Simulated clusters have about three times fewer galaxies above a given luminosity limit
than real clusters. We have verified that this disagreement is directly related neither to
lack of mass and force resolution, nor to numerical gas heating due to a non optimal
choice of the softening parameter. This leaves as further possibilities more subtle
numerical effects or a better suited implementation of energy feedback.

6. The luminosity function (LF) is shallower than the observedone in the bright end, thus
confirming that feedback is not strong enough to suppress cooling in the most massive
halos. In the faint end, the LF steepens and indicates the presence of an excess of
small red galaxies. Although this result resembles that found in observational data by
Popesso et al. (2006a), we warn against its over-interpretation, in the light of the deficit
of the overall number of galaxies found in the simulated clusters.

7. A comparison of the SN-Ia rate per unit B–band luminosity, SnUB, show that our simula-
tions are generally not able to reproduce the observed declining trend at low redshift.
This result is explained by the excess of recent star formation taking place in the cen-
tral regions of galaxy clusters. Indeed, excising star formation atz < 1 produces an
evolution of SnUB which is consistent with the observed one.

The results of our analysis support the capability of hydrodynamical simulations of
galaxy clusters to reproduce the general trends characterising their galaxy population. There-
fore, simulations in which the properties of the stellar population are self–consistently pre-
dicted from the gas dynamics, can provide an alternative andcomplementary approach to
semi–analytical methods. However, at present, our simulations have two main limitations in
accounting for the observed properties of the cluster galaxy population.

First of all, the deficit of galaxies produced in our simulations suggests that they are not
able to produce galaxies which are resistant enough to survive the tidal field of the cluster
environment. Indeed, the shallow galaxy number density profile in central cluster regions
shows that the problem is more apparent where effects of galaxy disruption are expected to
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be stronger. This result on the lack of galaxies is at variance with respect to the predictions
of semi–analytical models (SAM) of galaxy formation, whichproduce roughly the correct
number of cluster galaxies (e.g., De Lucia et al., 2004b; Lanzoni et al., 2005). Comparisons
between the galaxy populations predicted by hydrodynamical simulations and by SAM have
shown a reasonable level of agreement. However, these comparisons have been always per-
formed by excluding the effect of energy feedback (e.g., Helly et al., 2003a; Cattaneo et al.,
2007) or explicit conversion of cooled gas particles into collisionless stars (e.g., Yoshida
et al., 2002).

Furthermore, we always find that the brightest cluster galaxies (BCGs) are much bluer
and star forming that observed. While the adopted feedback scheme, based on galactic winds,
is efficient in regulating star formation for the bulk of the galaxy population, it is not able to
quench low–redshift star formation in the central cluster regions, to a level consistent with
observations. Clearly, the required feedback mechanism should be such to leave the bulk
of the galaxy population unaffected while acting only on thevery high end of the galaxy
mass distribution. Feedback from central AGN represents the natural solution and provides
in principle a large enough energy budget (e.g., Rafferty etal., 2006). Its detailed imple-
mentation in cosmological hydrodynamical simulations require understanding in detail the
mechanisms for the thermalisation of this energy in the diffuse medium (e.g., Zanni et al.,
2005; Sijacki & Springel, 2006).

An ambitious goal for hydrodynamical simulations of the next generation will be that of
describing in detail the complex interplay between the history of star formation and the ther-
modynamical and chemical evolution of the diffuse cosmic baryons. For this to be reached,
it is mandatory that simulations are able to produce a realistic population of galaxies, both in
terms of colour and of luminosity and mass distribution. Therefore, simulation codes will be
required on the one hand to have numerical effects under exquisite control and, on the other
hand, to include physically motivated schemes of energy andmetal feedback.
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CHAPTER 5

SIMULATING THE CORE OF A
PROTO–CLUSTER REGION AT z ≃ 2

In this Chapter we address the question of how simulations compare with observations at
high redshift. We will present results from high–resolution simulations of two proto–cluster
regions atz ∼ 2 that we compare to observational results of the Spiderweb galaxy presented
in Chapter 2. In Section 5.1 we will present the main characteristics of the simulated proto-
clusters. The aim of this analysis is to verify to what extentsimulations of proto–cluster
regions in a standard cosmological scenario resemble the observed properties of the Spider-
web complex. We will discuss these points from Section 5.2 toSection 5.4. Furthermore,
we provide predictions on the properties of the proto intra-cluster medium (ICM), in view
of future deep X–ray observations of high–redshift proto-cluster regions in Section 5.5. We
will present our conclusions in Section 5.6.

The content of this Chapter largely reflects the results presented in a paper which has
already been published (Saro et al. 2009).

As already discussed in the Introduction, within the standard cosmological model of
structure formation, galaxy clusters trace regions where the hierarchical build up of galaxies
and their interaction with the inter-galactic medium (IGM)proceed at a somewhat faster rate
compared to regions of the Universe with ‘average’ density.Finding and observing high–
redshift progenitors of galaxy clusters can provide invaluable information on the processes
which led to their formation and evolution. The most distantclusters to date have been iden-
tified out toz∼< 1.5 from deep X–ray and infra-red observations (e.g. Mullis et al., 2005;
Eisenhardt et al., 2008b; Stanford et al., 2005, and references therein). A powerful tech-
nique, that extends these studies to higher redshift, is to search for over-densities of emission
line galaxies in the neighbourhood of luminous high-redshift radio galaxies (e.g. Pentericci
et al., 1998). Although these regions are expected not to trace virialised clusters, they likely
identify the progenitors of present day clusters, offeringa unique opportunity to study the
evolutionary processes which determine their observational properties. Recently, a number
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of observations of distant putative proto-clusters, like the one associated with the so–called
“Spiderweb Galaxy” atz = 2.16 (Miley et al. 2006), have demonstrated that these regions
are characterised by intense dynamical and star formation activity (e.g. Pentericci et al. 2000,
M06, Venemans et al. 2007; Overzier et al. 2008, and references therein).

On the theoretical side, modern cosmological hydrodynamical simulations are now reach-
ing good enough resolution, and include detailed treatments of a number of astrophysical
processes, to provide an accurate description of the assembly of galaxy clusters. As shown
in the previous Chapter, these simulations are now able to reproduce the basic properties ob-
served for the bulk of the cluster galaxy population at low redshift, while generally predicting
too massive and too blue BGCs, due to the absence on an efficient feedback mechanism that
suppresses the star formation activity in these galaxies atlate times (e.g., Saro et al., 2006;
Romeo et al., 2008).

5.1 THE SIMULATED PROTO–CLUSTERS

We analyse simulations of two proto–cluster regions, both selected at redshiftz ≃ 2.1, which
by z = 0 will form a relatively poor cluster (C1) and a rich cluster (C2). These two regions
have been extracted from two different lower resolution parent cosmological boxes, and
re-simulated at higher force and mass resolution using the Zoomed Initial Condition (ZIC)
technique by Tormen et al. (1997). The parent simulations correspond to two renditions
of the ΛCDM cosmological model, with the same values for the parameters Ωm = 0.3,
h100 = 0.7 andΩb = 0.04, and different values for the normalisation of the power spectrum
(σ8 = 0.8 for C1 - Borgani et al. 2004, andσ8 = 0.9 for C2 - Yoshida et al. 2001, see also
cluster g8 high resolution from Dolag et al. 2008a, also described in the previous Chapter).

The Lagrangian regions where mass and force resolutions were increased extend out to
∼ 10 virial radii of the clusters atz = 0. The total number of high resolution DM particles
in these regions is about7.8 × 106 for C1 and2.4 × 107 for C2, with an initially similar
number of gas particles. The basic characteristics of the simulated clusters atz = 2.1 are
summarised in Table 5.1. Atz = 0, the masses of these clusters areM200 ≃ 1.6 × 1014 M⊙

and1.8 × 1015 M⊙ for C1 and C2 respectively. The mass of each gas particle ismgas ≃
1.5×107 M⊙ for C1, and2.8×107 M⊙ for C2. The Plummer–equivalent softening scale for
the gravitational force isǫP l = 2.1h−1 kpc for C1 and2.75 h−1 kpc for C2, in physical units
(e.g. Borgani et al., 2006). We verified that, by suitably rescaling particle velocities in the
initial conditions of the C2 cluster so as to decreaseσ8 to 0.8, the virial mass of this system
decreases by about 30 per cent, both atz = 0 and atz = 2.1.

The simulations were carried out using the TreePM–SPHGADGET-2 code (Springel,
2005), including the effective star formation model by Springel & Hernquist (2003b) and the
chemical enrichment model by Tornatore et al. (2007b) (see Chapter 3). The effective model
of star formation assumes that dense star–forming gas particles have a cold neutral and a hot
ionised component, in pressure equilibrium. The cold component represents the reservoir
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Table 5.1: Characteristics of the two simulated proto-clusters atz ≃ 2. Col. 2: mass
contained withinr200 (in units of 1013 M⊙ ). Col. 3: r200 (in physical h−1kpc). Col. 3
and 4: total stellar mass (in units of1012 M⊙ ), and number of identified galaxies within
r200. Col. 5: X–ray luminosity in the [0.5–2.0] keV observer-frame energy band (units of
1043 erg s−1cm−2). Col. 6: spectroscopic–like temperature. Col. 7: emission weighted Iron
metallicity withinr200.

Cluster M200 r200 M∗ Ngal LX Tsl ZFe

C1 2.9 234.7 1.2 491 3.6 1.7 0.37
C2 21.9 452.6 6.6 1571 41.3 4.7 0.46

for star forming material.
Within the adopted stochastic scheme of star formation, each gas particle can spawn

three star particles, with massm∗ ≃ 0.5 × 107 M⊙ for C1, and0.9 × 107 M⊙ for C2. The
chemical enrichment model assumes a Salpeter shape (Salpeter, 1955) for the stellar initial
mass function (IMF), and uses the same yields and stellar lifetimes adopted in Fabjan et al.
(2008). The simulations also include the kinetic feedback from galactic outflows introduced
by Springel & Hernquist (2003b). We assumevw = 500 km s−1 for the wind velocity, and
a mass upload rate equal to two times the local star formationrate. With these choices, the
kinetic energy of the outflows is roughly equal to all the energy available from SN-II for the
adopted IMF.

Galaxies are identified by applying the SKID algorithm (Stadel, 2001) (see Section 3.6)
to the distribution of star particles, using the procedure described in Murante et al. (2007).
We identify as “bona fide” galaxies only those SKID–groups containing 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 maps forC1 (left panel) and C2 (right
panel). Simulated maps extends in projection along the whole high-resolution region and are
150 h−1kpc on a side, covering an area which roughly corresponds to the physical size of the
ACS images for the assumed cosmology. The maps in Figure 5.1 are qualitatively similar to
observations of the Spiderweb complex (Miley et al. 2006), in particular for the C1 cluster,
where the most massive galaxy is surrounded by several galaxies of comparable mass in
the process of merging to form a dominant central object. TheC2 cluster shows evidence
of ongoing merging processes onto the BCG, which exhibits a double peaked stellar mass
density. In both clusters, a dominant central galaxy is already in place.

Both clusters have a conspicuous population of inter–galactic stars. The presence of a
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Figure 5.1: The projected stellar mass density for the C1 (left panel) and C2 (right panel)
clusters atz ≃ 2.1, within a region of150 h−1kpc on a side, centred on the most massive
galaxy.

massive BCG and the visual impression of a significant ongoing merging activity suggest that
the merging processes associated to the BCG assembly might be responsible (at least in part)
for the generation of the intra–cluster light (e.g. Zibettiet al., 2005; Murante et al., 2007;
Pierini et al., 2008). Within the region shown, the diffuse stellar component contributes 16
and 30 per cent of the total stellar mass for C1 and C2 respectively. We also note the pres-
ence of several elongated galaxies, similar to the tadpole galaxies observed in the Spiderweb
complex (Miley et al. 2006).

The BCG of the C2 cluster has a stellar mass of4.8 × 1012 M⊙ , about 6 times more
massive that the BCG of C1, which is7.9 × 1011 M⊙ . The second most massive galaxy
in the cluster C1 is about a factor four less massive than the BCG, while the second most
massive galaxy in the cluster C2 is about a factor ten less massive than the corresponding
BCG. Pentericci et al. (1998) estimated the stellar mass of the radio-galaxy in the Spiderweb
complex from itsK-band luminosity. They found a value of∼ 1012 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 particle is treated as a single stellar
population, with formation redshiftzf , metallicity Z, and appropriate IMF. Luminosities
in different bands are computed using the spectro-photometric code GALAXEV (Bruzual
& Charlot, 2003), as explained in Chapter 4. We have computedluminosities of galaxies
in the two HST ACS camera (observer frame) filters F475W (g475) and F814W (I814). All
magnitudes given in the following are AB magnitudes. The effect of dust attenuation is
included by adopting the two-component model by Charlot & Fall (2000), in a similar way
as described in De Lucia & Blaizot (2007) (see also Fontanot et al. 2008). We have divided
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Figure 5.2: The computed optical depthτV map in logarithmic scale for the C1 (left panel)
and C2 (right panel) clusters atz ≃ 2.1, within a region of150 h−1kpc on a side, centred on
the most massive galaxy.

our analysed box into a grid of cubic cells of linear sizeA. In each cell we have computed
the resulting optical depthτV as:

τV =

(

Zgas

Z⊙

)1.6(
Mgas

2.1 × 1021 × 1.4 ×mp × A2

)

, (5.1)

wheremp is the proton mass and the factor1.4 scales to the average number of H atoms for a
typical chemical composition of gas.Mgas andZgas are the mass and the mean metallicity of
cold gas in each cell. Finally the factor2.1×1021 is a normalising factor to typical H column
density of galaxies. The resulting optical depth is much less than unity for the majority of
the lines of sight, while it isτV ≫ 1 in the regions of most intense star formation, whereτV
reaches values of about a thousand. Figure 5.2 shows the resulting optical depthτV for the
two clusters C1 (left panel) and C2 (right panel).

The dust–attenuated luminosity contributed by a star particle, having aget and coordi-
nates(xi, yi, zi) at the position(xi, yi, zf) can be computed as:

Lλ,zf
= Lλ,zi

exp

(

−
f
∑

j=i

τλ(xi, yi, zj)

)

, (5.2)

whereτλ is the optical depth at the wavelengthλ and is related toτV by the relation

τλ =

{

τV (λ/550nm)−0.7 if t ≤ 107yrs
µ τV (λ/550nm)−0.7 if t > 107yrs

(5.3)
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Figure 5.3: The computed reddeningE(B−V ) map in logarithmic scale for the the C1 (left
panel) and C2 (right panel) clusters atz ≃ 2.1, within a region of150 h−1kpc on a side,
centred on the most massive galaxy.

whereµ is drawn randomly from a Gaussian distribution with mean 0.3and width 0.2, trun-
cated at 0.1 and 1 (De Lucia & Blaizot 2007, see also Kong et al.2004).

The resultingE(B − V ) computed from the optical depth shown in Figure 5.2 for the
two simulated proto-clusters is presented in Figure 5.3. Similar to the optical depthτV ,
also the reddeningE(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. (2008)have 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 predicted values ofE(B − V ) in
our simulations are of the same order of magnitude in correspondence of the diffuse stellar
component, while much higher values characterise star forming regions.

Figure 5.4 shows the luminosity functions (LFs) of the galaxies identified in the two re-
gions shown in Figure 5.1, in the F814W(I814) ACS filter band, including the dust correction
described in the previous section. Observational determination by Hatch et al. (2008)1, are
also shown as a dotted histogram. With the adopted dust correction, the luminosity of the C1
BCG is comparable to the observed one, while that of the C2 BCGis about one magnitude
brighter than observed. Interestingly, the brightest galaxy in the C2 cluster is not the central
galaxy, but a massive galaxy at the edge of the analysed box (it corresponds to the galaxy at
the positionx ≃ −60 andy ≃ 50 in the right panel of Figure 5.1). This particular galaxy
appears to be quite massive but not star forming (see Figure 5.7). It does not have a signifi-

1The luminosity function published by Hatch et al. (2008) didnot include the correction factor2.5 ×
log10(1 + z) (R.A. Overzier, private communication). We have included this correction in the observed lu-
minosity function plotted in Figure 5.4
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Figure 5.4: Galaxy luminosity function within the region shown in Figure 5.1, in the
F814W(I814) ACS filter band. Results for the C1 and for the C2 simulated clusters are
shown as solid and dashed histograms respectively. The dotted blue histogram shows the
observed luminosity function by Hatch et al. (2008) within the same region. The shaded re-
gions show the luminosity of the observed and of the simulated BCGs, with the same colour
code described above.

cant cold gas reservoir and therefore is only weakly attenuated. The BCGs are indicated by
shaded regions in Figure 5.4, and appear to be in reasonable agreement with observational
measurements. This is in apparent contradiction with the above mentioned evidence for a
too large mass of the C2 BCG. This can be explained by the very large star formation rates
that are associated to the C2 BCG (see below), which can turn into an excessively large dust
extinction. Therefore, having reproduced the UV luminosity does not guarantee that we have
correctly described the star formation history of the BCG.

We note that the luminosity functions in our simulations rise steadily at magnitudes
fainter than the completeness limit of the observational data. These fainter galaxies are
expected to contribute to the budget of diffuse light by an amount which depends of their
surface brightness. Summing up the stellar masses of galaxies fainter thanI814 = −19 , our
simulations predict that the fraction of diffuse stellar component increases by 8 and 5 per
cent for the C1 and C2 cluster respectively.
Figures 5.5 and 5.6 show the resulting surface brightness maps projected in the x-y plane in
the I814 andg475 band respectively for the C1 (left) and C2 (right) simulatedclusters. We
remind the reader that to have a better and more coherent match between observations and
simulations, one should convolve a map like those of Figures5.5 and 5.6 with the PSF of
the telescope, add the noise, cut at a limiting magnitude andapply the same criteria used in
observations to identify galaxies in the mock images, rather than using dynamical and kine-
matical informations to identify simulated galaxies. Quite interestingly, even if maps like
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Figure 5.5: The projected surface brightness map in theI814 band for the C1 (left panel) and
C2 (right panel) clusters atz ≃ 2.1, within a region of150 h−1kpc on a side, centred on the
most massive galaxy.

those in Figures 5.5 and 5.6 represent a picture at quite highfrequency rest–frame bands as
UV and NUV (which are generally associated to star forming regions), they seem to quali-
tatively reflect better the stellar density map shown in Figure 5.1 rather than map of SFR of
Figure 5.7 (see next section).

5.3 STAR FORMATION

Using the observed UV continuum, Hatch et al. (2008) traced the star formation pattern in
the Spiderweb complex, finding evidence of diffuse star formation not associated to galaxies.
In order to compare the observational results to predictions from our simulations, we show
in Figure 5.7 the star formation rate (SFR hereafter) density map for the C1 (left panel) and
C2 (right panel) cluster. Red crosses mark the positions of the half most massive galaxies
identified within the region shown. The star formation in thesimulations is computed for
each star–forming gas particle (Springel & Hernquist, 2003b), so Figure 5.7 gives a snapshot
of the instantaneous SFR. The total SFR in the region considered is∼ 600 M⊙/yrs for the C1
cluster and∼ 1750 M⊙/yrs for the C2 cluster. Hatch et al. (2008) suggest a total SFR for the
Spiderweb system of≃ 130 M⊙/yrs within an area of 65 kpc2 without any dust correction.
Assuming a minimum dust correction ofE(B − V ) ≃ 0.1, they estimate a lower limit of
≃ 325 M⊙/yrs. While this number is reasonably close to that found forC1, bringing it into
agreement with the SFR measured for C2 would require a ratherunrealistic dust extinction.

Comparing the positions of the galaxies with the distribution of the star formation, it is
apparent that they do not always coincide. With the exclusion of the BCGs, which domi-
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5.4. Are the proto-clusters in virial equilibrium?

Figure 5.6: The projected surface brightness map in theg475 band for the C1 (left panel) and
C2 (right panel) clusters atz ≃ 2.1, within a region of150 h−1kpc on a side, centred on the
most massive galaxy.

nate the total SFR in both clusters contributing from55 (C1) to67 (C2) per cent of the total
SFR, most of the massive galaxies are not strongly star forming. The total SFR of identified
galaxies accounts for 90 per cent and 81 per cent of the total SFR for the clusters C1 and C2
respectively. The remaining ‘diffuse’ star formation appears to take place both in extended
structures and in ‘clumps’. While the former likely trace genuine distributions of diffuse
star-forming gas, the clumps often correspond to galaxies which fall below the SKID galaxy
identification threshold.

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

Miley et al. (2006) measured line-of-sight velocities for asmall number of galaxies and
found fairly large values relative to the Spiderweb galaxy,up to almost 2000km s−1 for
one galaxy. Although the rather limited statistics preventan accurate virial analysis of the
system, these values hint at a rather large virialised mass.By computing the one-dimensional
velocity dispersion (σv) for the fifty most massive galaxies contained withinr200 (i.e. those
which more likely will have a redshift measurement in the Spiderweb complex), we find
σv = 481 km s−1 for C1 and916 km s−1 for C2. These velocities are found to be only 6–8
per cent lower than those estimated from the DM particles, suggesting the presence of a small
velocity bias. Using the best–fitσv–M200 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 C1 (left) and C2 (right) cluster,
within the same region shown in Figure 5.1. Red crosses mark the positions of the 50 per
cent most massive galaxies identified in projection within this region.

variety of N–body simulations, we obtainM200 ≃ 2.7 × 1013 h−1Mpc for C1, andM200 ≃
1.9×1014 h−1Mpc for C2. These values are similar to the trueM200 values (see Table 1), thus
demonstrating that virial equilibrium holds withinr200 in these proto–cluster regions. We
plot in Figure 5.8 the velocity distribution of all galaxiesfound in projection within the same
area shown in Figure 5.1. The effect of line-of-sight contamination from fore/background
galaxies is evident for C1, whose distribution shows an excess of galaxies with velocities
∼> 1000 km s−1. For the C2 cluster, we have a non-negligible probability ofmeasuring a
relative velocity as large as 2000km s−1, while this represents a very unlike event for the C1
cluster. Therefore, even within the limited statistics of available observations, the measured
velocities for the flies of the Spiderweb system are preferentially expected in a proto-cluster
as massive as C2.

Pentericci et al. (2000) measured redshifts for 15 Ly-α emitters in the Spiderweb re-
gion and found a velocity dispersionσv = 900 ± 240 km s−1 (see also Venemans et al.
2007). However, the region sampled by these Ly-α observations has a physical size of
about3 h−1Mpc, much larger than the expected virialised region. In order to compare with
these observational data, we have computedσv for the 50 most massive galaxies within
3 h−1Mpc from the BCGs of our simulated clusters. We findσv = 331 km s−1 for C1 and
σv = 683 km s−1 for C2. This result indicates again that a proto-cluster as massive as C2
is preferred with respect to the poorer C1 cluster. We notice, however, that the resulting
velocity dispersion of the poorer C1 cluster is in close agreement with the inferred velocity
dispersion of Hα emitters around the Spiderweb galaxy by Kurk et al. (2004). Indeed, as
discussed in Chapter 2, Kurk et al. (2004) found values ofσv ∼ 360 km s−1, much lower
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5.5. Predicted X–ray properties

Figure 5.8: Histogram of line-of-sight galaxy velocities the C1 (solid line) and C2 (dashed
line) clusters. Each histogram shows the average over threeindependent projections of a
square region of150 h−1kpc on a side.

than the one of the C2 richer cluster.
The too intense (with respect to observational estimates) star formation that takes place in

the C2 BCG suggests that AGN feedback may have already partially quenched star formation
in the Spiderweb galaxy. Indeed, the Spiderweb galaxy has been originally identified as a
radio–galaxy with extended and distorted radio lobes (Pentericci et al., 1998), consistent with
the presence of a “radio–mode” AGN. Furthermore, Nesvadba et al. (2006) carried out an
integral-field spectroscopic study of the Spiderweb complex and found evidences for massive
outflows of gas which are interpreted as due to the action of AGN feedback.

5.5 PREDICTED X–RAY PROPERTIES

Deep follow-up observations in the X–ray band of a handful ofclusters atz > 1 are now
pushing the study of the thermo– and chemo–dynamical properties of the ICM to large look-
back times. Although we have probably to wait for the next generation of X–ray satellites
to push these studies toz∼> 2, it is interesting to make predictions for the X–ray luminosity,
temperature and level of metal enrichment of proto–clusterregions, like the one traced by
the Spiderweb galaxy.

Our simulations unambiguously predict that already atz ≃ 2.1, the gravitational poten-
tial of proto–cluster regions are permeated by a hot ICM. Indeed, for the C1 and C2 clusters
we measure a temperature of about 2 and 5 keV, respectively (see Table 1). The X–ray lumi-
nosity of C1 is typical of a nearby group, while that of C2 is comparable to the luminosity
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of a typical bright nearby cluster. At the redshift of the Spiderweb galaxy, these luminosities
correspond to fluxes in the [0.5–2] keV (observer frame) bandof about1.0 × 10−15 for C1
and1.5×10−14 erg s−1cm−2 for C2, for the cosmological model assumed in our simulations.
A fairly high level of enrichment is predicted already atz∼> 2, extending to higher redshift
the results obtained out toz ≃ 1.3 with Chandra and XMM observations (Balestra et al.,
2007; Maughan et al., 2008).

A relatively shallow Chandra observation, with an exposureof 40 ks, has been used by
Carilli et al. (2002) to look for an extended X–ray emission around the Spiderweb galaxy.
These authors measured a luminosity ofL ≃ 3.5× 1044 erg s−1 (rescaled to our cosmology)
in the [2–10] keV band. They also placed an upper limit of1.7 × 1044 erg s−1 for a relaxed
cluster atmosphere. For C2, we find a luminosity in the same band of about6.8×1044 erg s−1.
A luminosity of the hot gas surrounding the Spiderweb galaxylower than predicted for C2
can be interpreted as due to a significant heating from the radio galaxy. Clearly, the relatively
short exposure time of this observation makes a precise determination of the X-ray from a
diffuse hot gas rather uncertain.

The flux predicted for C1 can in principle be reached with a sufficient long exposure
with the Chandra and XMM satellites. However, surface brightness dimming and the limited
extension of the emission likely prevents it from being detectable as an extended source using
available X–ray telescopes. For C2, the predicted flux is comparable to (or brighter than)
that of clusters atz > 1 observed with Chandra and XMM to study the thermal and chemical
properties of the ICM. A potential complication for the detection of an extended thermal
free–free emission from the hot gas permeating the Spiderweb complex could come from
non–thermal X–ray emission associated to star formation and/or generated by the inverse–
Compton scattering of a population of relativistic electrons, associated to the radio galaxy,
off the CMB photons (Fabian et al., 2003).

Although making a quantitative assessment of the observability of the hot ICM surround-
ing the Spiderweb galaxy goes beyond the aims of this Chapter, we point out that such a
target can be well suited to push the capabilities of the present generation of X–ray satellites,
while being optimal for large collecting area telescopes ofthe next generation.

We note that our analysis is based on only two simulations. Clearly, for a better assess-
ment of the capability of current numerical models in reproducing observations of proto–
cluster structures it would be ideal to carry out a statistical comparison by enlarging both the
set of simulated clusters and the number of observed proto–cluster regions.

5.6 CONCLUSIONS

We have carried out an analysis of high–resolution hydrodynamical simulations of two
proto–cluster regions atz ≃ 2.1, with the main purpose of comparing them with the ob-
served properties of the Spiderweb galaxy complex (Miley etal. 2006, Hatch et al. 2008).
These proto-clusters will form atz = 0 a relatively poor and a rich cluster of galaxies (C1
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and C2 respectively; see Table 1). The comparison is aimed atdemonstrating to what extent
predictions from simulations of proto–cluster regions within aΛCDM framework are able to
reproduce the observational properties of the Spiderweb complex, and to shed light on the
processes regulating star formation within the deepest potential wells atz ∼ 2. The main
results of our analysis can be summarised as follows.

• Both simulated proto–clusters are characterised by the presence of a dominant mas-
sive central galaxy, surrounded by less massive galaxies inthe process of merging,
qualitatively resembling the observed Spiderweb galaxy.

• The star formation rate within the C1 proto–cluster (∼ 600M⊙yr−1) is consistent with
the observed one, while the corresponding value for C2 (≃ 1750M⊙yr−1) is in excess
with respect to observational measurements.

• The BCG of C1 has an UV luminosity comparable to that of the Spiderweb galaxy,
while the BCG of the C2 cluster is about one magnitude brighter.

• The velocity dispersions of our simulated clusters withinr200 are consistent with virial
equilibrium expectations. In addition, the velocities measured for the galaxies sur-
rounding the Spiderweb system (Miley et al. (2006), Venemans et al. 2007) are gen-
erally consistent with those of the C2 cluster, while being much larger than those
measured for C1.

• The inter-galactic medium permeating the C1 and C2 proto–cluster regions has temper-
atures of about 2 keV and 5 keV respectively, and both clusters exhibit an enrichment
level comparable to that observed in nearby clusters. The predicted X–ray fluxes from
thermal bremsstrahlung make these objects potentially detectable as extended sources,
and make them ideal targets to study the enrichment of the intra–cluster medium at
unprecedented redshift, with X–ray telescopes of the next generation.

The emerging scenario is that the Spiderweb complex likely traces the formation of a rich
galaxy cluster, whose virial mass atz = 0 is ∼ 1015 h−1Mpc. The excess of star formation
found in our simulations suggests that an AGN feedback mightbe necessary already atz ∼ 2
to quench star formation and regulate the structure of the “cool core” (see also Nesvadba
et al., 2006). The search for proto-cluster regions atz∼> 2 and their follow–up observations
with X–ray telescopes of the next generation will contribute to fill the gap betweenz∼< 1
studies of the thermo- and chemo-dynamics of the ICM and the study of 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 the properties of the galaxy popula-
tion in clusters by using direct high–resolution hydrodynamical cosmological simulations.
Besides this method, a complementary tool to study galaxy formation within a cosmologi-
cal framework is provided by semi-analytic models (SAMs). In hybrid SAM (see Section
3.7) the merging history of haloes is usually traced by DM N–body simulations, while the
physics of baryons is followed with simplified prescriptions. The use of DM only simula-
tions to predict the merging history of haloes could in principle provide non fully correct
description of the gravitational dynamics of merging when also a gas component is present.
In this Chapter we have used a hybrid SAM (De Lucia & Blaizot, 2007) to address this point,
by comparing SAM prediction of four clusters simulated withonly DM particles and with
both DM and gas particles. The plan of the Chapter is as follows. In Sec. 6.1 we describe
the cluster simulations used in this study, and describe themethod used for the construction
of the galaxy merger trees. In Sec. 6.2 we provide a brief description of the SAM adopted,
and in Sec. 6.3 we present the results of our analysis. Finally, in Sec. 6.4, we summarise
our findings and give our conclusions. The content of this Chapter largely reflects the results
presented in one paper which has already been published (Saro et al. 2008). During the last

decade, a number of observational tests of the standard cosmological model have ushered
in a new era of ‘precision cosmology’. Precise measurementsof angular structure in the
Cosmic Microwave Background (CMB), combined with other geometrical and dynamical
cosmological tests have constrained cosmological parameters tightly (Komatsu et al., 2008,
and references therein) confirming the hierarchical cold dark matter model (CDM) as the
‘standard’ model for structure formation. While the cosmological paradigm is well estab-
lished, our understanding of the physical processes regulating the interplay between different
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baryonic components is still far from complete, and galaxy formation and evolution remains
one of the most outstanding questions of modern astrophysics.

Different approaches have been developed in order to link the observed properties of
luminous galaxies to those of the dark matter haloes in whichthey reside. Among these,
semi–analytic models (SAMs) of galaxy formation have developed into a flexible and widely
used tool that allows a fast exploration of the parameter space, and an efficient investigation
of the influence of different physical assumptions. Computational costs are therefore reduced
with respect to hydrodynamical simulations, but this is done at the expense of an explicit
description of the gas dynamics (for a recent review on SAMs,see Baugh, 2006). Although
recent work has started analysing the properties of the galaxy populations in hydrodynamical
simulations (e.g. Frenk et al., 1996; Pearce et al., 1999; Nagamine et al., 2005; Nagai &
Kravtsov, 2005; Saro et al., 2006; Oppenheimer & Davé, 2006), the computational time is
still prohibitive for simulations of galaxies in large cosmological volumes. In addition, the
uncertainties inherent in the physical processes at play obviously place strong limits on the
accuracy with which galaxies can be simulated. As a consequence, these numerical studies
also require an adequate handling of ‘sub-grid’ physics either because the resolution of the
simulation becomes inadequate to resolve the scale of the physical process considered, or
because we do not have a “complete theory” of that particularphysical process (which is
almost always true). It is therefore to be expected that SAMswill remain a valid method to
study galaxy formation for the foreseeable future.

In their first renditions, SAMs took advantage of Monte Carlotechniques coupled to
merging probabilities derived from the extended Press-Schechter theory to construct merging
history trees of dark matter haloes (Kauffmann et al., 1993;Cole et al., 1994). An important
advance of later years has been the coupling of semi-analytic techniques with directN-
body simulations (Kauffmann et al., 1999b; Benson et al., 2000). Since dark matter only
simulations can handle large numbers of particles, such ‘hybrid’ models can access a very
large dynamic range of mass and spatial resolution offering, at the same time, the possibility
to model the spatial distribution of galaxies within dark matter haloes. It is also interesting
to note that there have been a number of recent studies showing that the extended Press-
Schechter formalism does not provide a faithful description of the merger trees extracted
directly from N-body simulations (Benson et al., 2005; Li etal., 2007; Cole et al., 2008). This
might have important consequences on the predicted properties of model galaxies, although
a detailed investigation of the influence of analytical versus numerical merger trees on the
predicted properties of model galaxies has not been carriedout yet.

A related question is whether the inclusion of the baryonic component alters the halo dy-
namics with respect to a purely dark matter (DM) simulation.Processes like ram–pressure
stripping and gas viscosity are expected to produce a significant segregation between the
collisional and collisionless components (Vollmer et al.,2001). These effects are likely more
important in environments characterised by high densitiesand large velocity dispersions (like
galaxy clusters), and are expected to change the dynamics and the timing of halo mergers.
As the merger history of model galaxies in a SAM is essentially driven by the merger his-
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tory of its parent halo, any physical process that affects halo mergers will influence model
predictions in some measure. We note that recent work has used merger trees from non–
radiative hydrodynamic simulations (e.g. Cora et al., 2008) to study the chemical enrich-
ment of the intra–cluster medium (ICM). This approach offers the advantage of providing
a three-dimensional picture of the ICM, while keeping the advantage of exploring different
physical choices with sensibly reduced computational times with respect to hydrodynamical
simulations. The question of how SAM predictions are affected by using merger trees from
different types of simulations (e.g. DM and hydrodynamicalsimulations) has, however, not
been addressed.

The purpose of this Chapter is to quantify the effects of the presence of gas on the merger
histories of haloes, and on predictions from a galaxy formation model. To this aim, we have
used a sample of DM-only and non–radiative hydrodynamical simulations of four massive
galaxy clusters (see Sec. 6.1). The merger trees constructed from these simulations have
been used as input for a SAM (see Sec. 6.2), and results have been used to carry out a careful
comparison of the statistical properties of the galaxy populations and of the formation history
of the brightest cluster galaxies (BCGs) from the two sets ofsimulations.

The use of non–radiative hydrodynamics is only a first step towards a detailed compar-
ison between SAMs and hydrodynamic simulations. A more realistic comparison should
include also gas cooling and processes related to compact object physics, such as star for-
mation, supernovae feedback and super-massive black holesproduction and evolution. We
will present this analysis in a future work. We note that previous work has already compared
results of smooth particle hydrodynamics (SPH) simulations and SAMs to calculate the evo-
lution of cooling gas during galaxy formation (Benson et al.2001; Yoshida et al. 2002; Helly
et al. 2003b; see also Cattaneo et al. 2007), but a detailed comparison is still lacking.

6.1 THE SIMULATIONS

In this study, we use a set of four simulations of massive isolated galaxy clusters. More in
detail the analysed simulated clusters are the four most massive clusters already presented in
Chapter 4. For each halo, both a DM run and a non radiative gas run were carried out. We
refer to the first ones with the label DM and for the second oneswith the label GAS. For the
DM runs, the masses of the high–resolution DM particles ismDM ≃ 1.3 × 109 M⊙ . In the
GAS runs, the value ofmDM is suitably decreased so as to match the assumed cosmic baryon
fraction. The resulting mass of the gas particles ismgas = 1.7 × 108 M⊙ . In Table 6.1, we
list the value ofM200, r200, and the total number of sub-haloes withinr200.

The simulations were carried out using the TreePM–SPH codeGADGET-2 (Springel,
2005). All GAS runs used in this study include only non–radiative processes. The Plummer–
equivalent softening length for the gravitational force isset toǫ = 5 h−1kpc in physical units
from z = 5 to z = 0, while at higher redshifts it is set toǫ = 30 h−1kpc in comoving
units. The smallest value assumed for the smoothing length of the SPH kernel is half the
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Table 6.1: Some numerical information about the four clusters used in this study. Column 1:
name of the run; Column 2:M200, in units of1014 M⊙ ; Column 3:r200, in units ofh−1Mpc;
Column 4: total number of sub-haloes withinr200.

Cluster name M200 r200 N200

g1 DM 13.2 1.78 276
g1 GAS 12.2 1.74 228
g51 DM 10.8 1.67 229
g51 GAS 10.6 1.66 200
g72 DM 10.9 1.68 250
g72 GAS 10.7 1.66 238
g8 DM 18.6 2.00 355
g8 GAS 19.4 2.03 219

gravitational softening. Simulation data were stored in 93outputs that are approximately
logarithmically equispaced in time down toz ∼ 1, and approximately linearly equispaced
in time thereafter. Each simulation output was analysed in order to construct merger trees of
all identified sub-haloes using the software originally developed for the Millennium Simula-
tion project1. We refer to Springel et al. (2001) and to Springel et al. (2005a) for a detailed
description of the substructure finder and of the merger treeconstruction algorithm. In the
following, we briefly summarise the main steps of the procedure, and the changes we imple-
mented to adapt the available software to our simulations.

For each simulation snapshot, we constructed group catalogues using a standard friends–
of–friends (FOF) algorithm with a linking length of 0.16 in units of the mean inter-particle
separation. Each group was then decomposed into a set of disjoint substructures identified as
locally over-dense regions in the density field of the background main halo. The substructure
identification was performed using the algorithmSUBFIND (Springel et al., 2001). For the
Millennium Simulation, all sub-haloes with at least20 bound particles were considered to
be genuine substructures. In our work, we rise this limit to at least32 particles. We have
checked that, with this choice, ‘evanescent’ substructures (i.e. objects close to the resolution
limit that occasionally appear and then disappear) are avoided. This turns out to be important
particularly for our GAS runs. We remind thatSUBFIND classifies all particle inside a FOF
group either as belonging to a bound substructure or as beingunbound (see Section 3.6). The
self-bound part of the FOF group itself will also appear in the substructure list and represents
what we will refer to as the ‘main halo’. This particular halotypically contains 90 per cent
of the mass of the FOF group (Springel et al., 2001).

The sub-halo catalogues have then been used to construct merging histories of all self-
bound structures in our simulations, using the same procedure outlined in Springel et al.
(2005a), as updated in De Lucia & Blaizot (2007). This procedure is based on the identifica-

1http://www.mpa-garching.mpg.de/galform/virgo/millennium/
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Figure 6.1: Mean differential (left) and cumulative (right) mass functions of all sub-haloes
identified withinr200 and atz = 0, averaged over the four simulated clusters used in this
study. Solid black lines are for the DM runs, while dot-dashed red lines are for GAS runs.
For each cluster, we also show the main halo, using the corresponding value ofM200. For all
other substructures, masses are given by the sum of the masses of all their bound particles.

tion of a unique descendant for each self-bound structure. In order to identify the descendant
of a given halo, all sub-haloes in the following snapshot that contain its particles are identi-
fied. Particles are then counted by giving higher weight to those that are more tightly bound
in the halo under consideration. The halo that contains the largest fraction of the most bound
particles is chosen as descendant of the halo under consideration. In our GAS runs, the origi-
nal weighting scheme used in Springel et al. (2005a) leads toa number of premature mergers
for small structures. In order to avoid this problem, we increased by a factor of one third the
weight of the most bound particles with respect to the original choice (see also Dolag et al.,
2008a). Our choice results in a better tracing of bound structures in our GAS runs, while
leaving the results of the DM runs unaffected. The merger trees constructed as described
above represent the basic input needed for the semi-analytic model described in Sec. 6.2.

Figure 6.1 shows differential (left panel) and cumulative (right panel) mass functions of
the sub-haloes identified atz = 0 within r200, averaged over the four simulated clusters.
We have included in these distributions the four main haloesof the simulations, using the
corresponding value ofM200 for the mass. These correspond to the mass bins around∼
1015 h−1Mpc in the differential mass function. For all other sub-haloes, the mass used in
Figure 6.1 is the sum of the masses of all their bound particles. We will adopt this definition,
as well as within the semi-analytic model, whenever an estimate of the substructure mass
is needed. The left panel of Figure 6.1 shows that the DM mass function lies slightly but
systematically above that measured from the GAS runs. This difference is larger than that
corresponding to the shift in mass by the baryon fraction, and it cannot be accounted for by
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assuming that all gas is stripped from all sub-haloes. It seems that in the non–radiative runs,
sub-haloes that are stripped of their gas become both less massive more and weakly bound
(Dolag et al., 2008a). This is probably also the reason of thesystematic difference between
M200 in DM and GAS runs shown in Table 6.1. The g8 cluster is an exception: for this
cluster,M200 in the GAS run is larger than the corresponding value from theDM run, and
the number of sub-haloes withinr200 in the GAS run is much lower than the corresponding
number in the DM run. The peculiar behaviour of this cluster can be explained by taking
into account its accretion history. This is the most massivecluster in our sample, and it
did not undergo any major merger event afterz ∼ 1. As a consequence, sub-haloes in the
GAS run spent a long time in a hot, high–pressure atmosphere that can efficiently remove
their gas through ram–pressure stripping. Turning back to Figure 6.1, the drop at masses
∼< 1010.5h−1M⊙ is due to our choice of considering only substructures with at least 32 bound
particles. In the GAS runs, the drop occurs at slightly lowermasses because of the reduced
value of the gas particle mass with respect to the DM particlemass.

Although the difference is small, Figure 6.1 shows that our GAS runs contain less sub-
structures than the corresponding DM runs. In the followingsections, we will analyse the
impact of these differences on prediction from a semi-analytic model of galaxy formation.

6.2 THE SEMI-ANALYTIC MODEL

In this work, we use the semi-analytic model described in De Lucia & Blaizot (2007). We
recall that the semi-analytic model we employ builds upon the methodology originally intro-
duced by Kauffmann et al. (1999b), Springel et al. (2001) andDe Lucia et al. (2004b). The
modelling of various physical processes has been recently updated as described in Croton
et al. (2006) who also included a model for the suppression ofcooling flows by ‘radio-mode’
AGN feedback. We refer to the original papers for details. Inthis study, we have assumed a
Salpeter Initial Mass Function, and a recycled gas fractionequal to 0.3.

The semi-analytic model adopted here includes explicitly dark matter substructures. This
means that the haloes within which galaxies form are still followed even when accreted onto
larger systems. As explained in Springel et al. (2001) and DeLucia et al. (2004b), the adop-
tion of this particular scheme leads to the definition of three different ‘types’ of galaxies.
Each FOF group hosts a ‘Type 0’ galaxy. This galaxy is locatedat the position of the most
bound particle of the main halo, and it is the only galaxy fed by radiative cooling from the
surrounding hot halo medium. All galaxies attached to dark matter substructures are referred
to as ‘Type 1’. These galaxies were previously central galaxies of haloes that merged to
form the larger system in which they currently reside. The positions and velocities of these
galaxies are followed by tracing the surviving core of the parent halo. The hot reservoir
originally associated with the galaxy is assumed to be kinematically stripped at the time of
accretion and is added to the hot component of the new main halo. Tidal truncation and
stripping rapidly reduce the mass of dark matter substructures below the resolution limit of
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Figure 6.2: Density map of the g51 cluster for the DM run (leftpanels) and for the GAS
run (right panels), atz = 0 (upper panels) and atz = 2 (lower panels). Positions are in
comoving units. In the upper panels, the positions of all galaxies with stellar mass larger
than 1011h−1M⊙ are marked by circles whose radii are proportional to the galaxy stellar
mass. Different colours are used for different galaxy types: blue for Type-0, white for Type-
1, and green for Type-2 galaxies. In the lower panels, we havemarked by circles all galaxies
more massive than5 × 1010h−1M⊙, and used the same colour-coding.
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the simulation (De Lucia et al., 2004a; Gao et al., 2004c). When this happens, we estimate
a residual surviving time for the satellite galaxies using the classical dynamical friction for-
mula (see Sec. 6.3.3), and we follow the positions and velocities of the galaxies by tracing
the most bound particles of the destroyed substructures. Galaxies no longer associated with
distinct dark matter substructures are referred to as ‘Type2’ galaxies, and their stellar mass is
assumed not to be affected by the tidal stripping that reduces the mass of their parent haloes.

Figure 6.2 shows the density map of the cluster g51 from the DMrun (left panels) and
from the GAS run (right panels). The projections are colour-coded by mass density, com-
puted within a box of13 Mpc comoving for the maps atz = 0 (upper panels) and4.4 Mpc
comoving for the maps corresponding toz = 2 (lower panels). The boxes corresponding to
z = 0 are centred on the most bound particle of the main halo, whilethose corresponding
to z = 2 are centred on the position of the most bound particle of the main progenitor of
the cluster halo (i.e. the progenitor with the largest mass)at the corresponding redshift. The
positions of all galaxies more massive than1011h−1M⊙ at z = 0 and5 × 1010h−1M⊙ at
z = 2 are shown in projection and marked by circles whose radii areproportional to the
galaxy stellar mass. Different colours are used for different galaxy types (blue for Type-0,
white for Type-1, and green for Type-2 galaxies). The top panels of Figure 6.2 show that the
massive end of the stellar mass function atz = 0 is dominated by Type-0 and Type-1 galax-
ies (blue and white circles) located within∼ 2 Mpc from the cluster centre. Type-2 galaxies
(green circles) appear to be more concentrated towards the centre than Type-1 galaxies (see
Sec. 6.3.2). The brightest cluster galaxy (BCG hereafter) in the GAS run is more massive
than its counterpart in the DM run. Atz = 2 (lower panels), the cluster is still in the pro-
cess of being assembled. In the DM run, there is no single dominant galaxy, and the region
within ∼ 2 Mpc from the main progenitor of the BCG is characterised by the presence of
other three galaxies of similar mass. In the GAS run, the stellar mass of the main progenitor
of the BCG is already about a factor 2 larger than other massive central galaxies in the same
region. The proto-cluster regions shown in the lower panelsof Figure 6.2 exhibit a com-
plex dynamics, which witnesses the ongoing assembly of the BCG, and a rather intense star
formation activity (see also Chapter 5).

6.3 RESULTS

We will compare now the mass distributions and the spatial distributions of the galaxies
identified in the DM and GAS runs. We will show that, while suchdistributions agree quite
well, there are differences in the final masses of the BCGs. Weargue that these differences
are due to the effects of gas dynamics on sub-halo merging times and orbital distribution.
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Figure 6.3: Differential (left panels) and cumulative (right panels) stellar mass functions for all galaxies
within r200 atz = 0, in the four simulated clusters used in this study. The differential mass functions have been
normalised to the total number of galaxies withinr200 in each cluster. The solid histograms show the mean
of the distributions from the four clusters, while the shaded region indicate, for each value of the stellar mass,
the minimum and maximum number of galaxies. Solid black lines are for the DM runs, while dot-dashed red
lines are for GAS runs. We show separately the stellar mass functions of the whole galaxy population (upper
panels), of the Type-2 satellite galaxy population (central panels) 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-haloes in the GAS runs is slightly lower
than the corresponding number from the DM-only run (see Figure 6.1). The naive expec-
tation is to have a total number of galaxies in the GAS runs which is lower than the corre-
sponding number in the DM runs (at least Type-0 and Type-1 galaxies). Figure 6.3 shows
that this is indeed the case, but it also shows a number of other interesting points.

The left panels of Figure 6.3 show the differential (upper panel) and cumulative (lower
panel) stellar mass function for the whole galaxy population within r200, averaged over the
four clusters used in this study. The shaded regions indicate, for each value of the stellar
mass, the minimum and maximum number of galaxies in the simulated clusters. The agree-
ment between the two set of runs is quite good, but for a slightshift towards lower stellar
masses for galaxies with mass∼ 3 × 109 M⊙ . This agreement is mainly due to the domi-
nant contribution of the Type-2 galaxy population, whose stellar mass function is shown in
the central panels of Figure 6.3. The corresponding mass function for Type-0 and Type-1
galaxies is shown in the right panels. In order to separate differences in the total number of
galaxies from differences in their mass distributions, thedifferential mass functions shown
in the upper panels of Figure 6.3 have been normalised to the total number of galaxies, while
the cumulative mass functions in the lower panels indicate the un-normalised number of
galaxies withinr200. We recall that in this region, there is only one Type-0 galaxy for each
cluster (its BCG). Therefore all galaxies (but the four BCGs) shown in the right panels are
Type-1 galaxies.

The difference found in Figure 6.1 reflects into a different distribution and total number
of Type-0 and Type-1 galaxies. This difference is, however,compensated by the distribution
and number of Type-2 galaxies, which dominate the stellar mass function in number and
represent the dominant galaxy population at lower masses. The number of Type-2 galaxies in
the GAS runs is slightly larger, in relative terms, than in the DM runs. This small difference is
however enough to compensate the deficit of Type-1 galaxies in the GAS runs. As explained
in Sec. 6.1, we have considered as genuine substructures allthose with at least 32 bound
particles. Our resolution limit for the galaxy stellar massis thereforeMstar ≃ 32 ×Mpart ×
fbar ≃ 7 × 109h−1M⊙ (with fbar = 0.17). This value is close to the peak of the differential
mass functions shown in the upper panels of Figure 6.3. All galaxies below this mass limit
were born in fully resolved haloes, but were not able to transform all their baryons into
stars (e.g. because their parent halo was accreted onto a bigger system, their gas reservoir
was stripped and their star formation activity suppressed,or because 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 withinr200 from the DM (black solid lines)
and the GAS (red dot-dashed lines) runs. Solid lines show theaverage obtained by stacking
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the profiles of the four clusters used in this study, while shaded regions show the minimum
and maximum value obtained for the simulated clusters. As for Figure 6.3, we show the
density profile corresponding to the whole galaxy population in the upper left panel, and
the contributions from Type-2 and non-Type-2 galaxies in the upper right and lower panels
respectively. All profiles have been normalised to the mean galaxy density withinr200, and
correspond to the galaxies identified atz = 0. In all panels, the dashed green line shows the
average DM profile of the simulated clusters, normalised to match the density profile of the
galaxies in the inner bin.

The galaxy density profile is dominated by the Type-2 galaxy population at all radii, and
follows very nicely the underlying DM profile, in agreement with what found by Gao et al.
(2004b). By definition, the central Type-0 galaxies populate the innermost bin in Figure 6.4.
The lower panel of this figure shows that Type-1 galaxies tendto avoid the central cluster
regions, where they are efficiently destroyed by the intensetidal field of the parent halo.
The radial profile of Type-1 galaxies is ‘anti-biased’ relative to the dark matter profile in the
inner regions, as expected from studies of dark matter substructures (Ghigna et al., 2000b;
De Lucia et al., 2004b).

The agreement between the DM and GAS runs is quite good. The only notable difference
is a small shift towards the centre for the positions of Type-1 galaxies in the GAS runs. We
have verified, however, that this difference is due to a single galaxy which is found closer to
the centre in the GAS run of the cluster g72. The shift is due tothe influence of the gas on
the orbit of substructures, as we will discuss in the following.

The good agreement for the radial distribution of Type-2 galaxies in the two sets of runs
used in this study is not obvious. We recall that the positions of Type-2 galaxies are given
by the updated positions of the particles that were the most bound particles of the parent
substructure, before their masses were reduced below the resolution limit of the simulation.
The agreement between the DM and GAS runs therefore implies that the presence of gas in
the simulation does not significantly alter the distribution of 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 galaxy population resulting from the
model employed in this study is dominated in number by Type-2galaxies. Model predictions
for this galaxy population are very sensitive to the residual merging times that are assigned to
Type-2 galaxies when their parent dark matter sub-haloes are stripped below the resolution
limit of the simulation.

These merging times, which regulate for how long a Type-2 galaxy keeps its identity
before merging with the central galaxy of its own halo, are computed using the following
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Figure 6.4: Averaged radial density of galaxies identifiedz = 0 and withinr200 for the four
clusters used in our study. The distribution is normalised to the mean density of galaxies
within r200. Histograms show the mean of the four clusters, while their dispersion is indicated
by the shaded regions. Solid black lines are for DM runs, while dashed-dotted red lines are
for GAS runs. The dashed green line in each panel shows the mean density profile of dark
matter. The three panels show separately the radial densityof the whole galaxy population
(upper left panel), of the Type-2 satellite galaxy population (upper right panel), and of the
Type-0 and Type-1 satellite galaxies (lower panel).

implementation of the Chandrasekhar (1943) dynamical friction formula:

Tmerge = 1.17 × D2 × Vvirial

log(Mmain

Msat
+ 1) ×G×Msat

. (6.1)

In the above equation,D is the distance between the merging halo and the centre of the
structure on which it is accreted,Vvirial is the circular velocity of the accreting halo at the
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virial radius,Msat is the mass associated with the merging satellite, andMmain is the mass
of the accreting halo. All quantities entering in Eq. (6.1) are computed at the last time the
merging satellite can be associated with a resolved dark matter substructure. We note that
satellite galaxies can merge either with Type-0 or with Type-1 galaxies, but the majority of
the mergers occur between Type-2 and Type-0 galaxies. In this case,Mmain is M200 of the
accreting halo, while in the case of a merger between a Type-2and a Type-1 galaxy,Mmain

is given by the sum of the masses of all bound particles associated with the accreting halo.
We note that Eq. (6.1) is adapted from the original formulation derived by Chandrasekhar

in the approximation of an orbiting point mass satellite in auniform background mass dis-
tribution. It is also worth reminding the reader that our formulation of dynamical friction
does not include any dependence on the orbital distribution. Furthermore,Msat in our SAM
formulation does not include the mass associated with the stars and to the cold inter-stellar
medium of the galaxy in the merging substructure. We have verified, however, that by taking
into account this baryonic component does not alter significantly our results.

Two recent papers (Boylan-Kolchin et al., 2008; Jiang et al., 2008) have studied merging
time-scales using N-body and hydro/N-body simulations. Both studies have pointed out that
a formulation similar to that given in Eq. (6.1) systematically underestimates merging time-
scales, although they derived new fitting formulae which differ in a number of details. In
this work, we are only concerned with differences due to the application of the same formula
to different runs, while we plan to come back to the validity of the Chandrasekhar formula
in a future work. We also note that, in the standard application of the dynamical friction
formula, quantities related to the merging satellite are computed at the time at which the
satellite crosses the virial radius of the accreting halo, while in our case satellites are traced
until their mass is reduced below the resolution limit of thesimulation by tidal stripping.
Merging times are computed at this time, so thatD is the distance of the merging satellite
(the position of its most bound particles) to the centre of the accreting 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 GAS runs is approximately
equal or slightly lower than the number of haloes in the DM runs. Given this difference in
the number of haloes, an excess of Type-2 galaxies in the GAS runs can have two possible
explanations: a shorter lifetime of substructures or longer merging times assigned to Type-2
galaxies. In order to test which of these two alternative explanations applies, we turn to our
simulation results.

Figure 6.5 shows the distribution of the lifetimes of sub-haloes in the DM (solid black
line) and in the GAS simulations (dashed red line). For each sub-halo, its lifetime is com-
puted as the time elapsed between the last time it was identified as a main halo (i.e. hosting
a Type-0 galaxy at its centre) and the time it merged (i.e. itsmass dropped below the resolu-
tion limit of the simulation). For this figure and for those inthe remainder of this section, we
have stacked the results from the four clusters used in this study. Figure 6.5 shows that the
distribution of lifetimes of Type-1 galaxies does not differ significantly in the DM and in the
GAS runs. The excess of Type-2 galaxies must therefore be ascribed to different merging
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Figure 6.5: Distribution of lifetimes of Type-1 galaxies. The lifetime is defined here as the
time elapsed between the last time the galaxy was a Type-0 galaxy and the time the sub-
structure mass was reduced below the resolution limit of thesimulation (the galaxy becomes
a Type-2). Results from the four simulated clusters have been stacked together. The solid
black line is for the DM runs, and the red dashed line corresponds to the GAS runs.

times associated with them in the two runs, with merging times expected to be systematically
longer in the GAS runs. In order to verify our expectation, weshow in the upper left panel
of Figure 6.6 the distribution of the merging times which were assigned to Type-2 galaxies
identified atz = 1. The figure shows that there is an excess of Type-2 galaxies with merging
times shorter than∼ 3 Gyr in the DM runs, and a corresponding excess of galaxies with
merging times larger than the same value in the GAS runs. The upper right panel of Figure
6.6 shows the formation times of the Type-2 galaxies identified atz = 1, i.e. the lookback
times when the galaxies become Type-2 for the first time. The distributions are very similar,
confirming that these Type-2 galaxies form on average at the same time in the GAS and in the
DM runs. The lower panel of Figure 6.6 shows the distributionof Tdelay, which is defined as
the difference between the formation times of the Type-2 galaxies identified atz = 1 and the
merging times they get assigned. According to this definition, the integral of this distribution
between a givenTdelay and infinity gives the total number of Type-2 galaxies atz = 1 that
have merged since lookback timeTdelay. The fact that the distribution for the GAS runs lies
above that of the DM runs for negative values ofTdelay indicates that the excess of Type-2
galaxies in the GAS runs will continue at least in the next fiveGyrs after the present time.

Figure 6.6 therefore proves that the excess of Type-2 galaxies in the GAS runs (shown
in the central panels of Figure 6.3) is due to the fact that these galaxies get assigned longer
merging times in the GAS runs with respect to the corresponding merging times assigned to
Type-2 galaxies in the DM runs. It is interesting to ask what is the origin of these differences.
This can be done by considering all quantities entering Eq. (6.1).
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Figure 6.6: Upper left panel: distributions of the merging times assigned to the Type-2
galaxies identified atz = 1 in the four simulated clusters. The solid black line shows the
result from the DM runs, while the dot-dashed red line is for the GAS runs. The vertical
green dotted line marks the value of the lookback time atz = 1. All galaxies whose merging
time is smaller than this value will merge byz = 0. Upper right panel: distribution of
the formation times of the Type-2 galaxies, i.e. the lookback times when the galaxies first
become Type-2. Lower panel: distribution of the differences between the formation and the
merging times (Tdelay) of the Type-2 galaxies identifiedz = 1 (see text).

The upper left panel of Figure 6.7 shows the dependence of thesatellite mass onTdelay,
for all Type-2 galaxies identified atz = 1. The solid lines show the median of the distri-
butions, while dot-dashed lines mark the 25th and 75th percentiles. Black and red lines are
used for the DM and the GAS runs respectively. The figure indicates that, for a fixed value of
Tdelay, Type-2 galaxies in the GAS runs are created in substructures whose mass is systemat-
ically lower than the corresponding quantity in the DM runs.This difference is of the order
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Figure 6.7: Dependence of satellite mass (upper left panel), distance from the centre of the
accreting halo (upper right panel), circular velocity of the accreting halo at the virial radius
(lower left panel), and ratio between the mass of the accreting halo and the satellite mass
(lower right panel) onTdelay. In all panels, solid lines show the median of the distributions,
while dot-dashed lines show the 25th and 75th percentile of the distributions. Black lines are
used for the DM runs and red lines for the GAS runs. Quantitiesrefer to Type-2 galaxies
identified atz = 1.
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of the baryonic fraction, and is due to the fact that when sub-haloes lose their identity in the
GAS runs, their baryonic component has been stripped by ram–pressure. A systematically
lower mass for substructures in the GAS runs provides indeedlonger merging times for the
Type-2 galaxies (see Eq. 6.1).

No significant difference between the GAS and the DM runs can be noticed for quantities
like the distance between the merging halo and the centre of the accreting halo (top right
panel of Figure 6.7) and the circular velocity of the accreting halo (bottom left panel of
Figure 6.7). Finally, the bottom right panel of Figure 6.7 shows the ratio between the mass
of the accreting halo and the satellite mass, which enters inthe Coulomb logarithm at the
denominator of Eq. (6.1). If the effect of ram–pressure was that of stripping gas only from
the satellite and not from the accreting halo, we would expect a difference between the GAS
and the DM runs, in the opposite sense of that shown in the top left panel of Figure 6.7. The
figure shows a very slight tendency for larger mass ratios in the GAS runs. This suggests
that also the accreting haloes tend to have a deficit of gas, with respect to the DM runs,
although the difference is less significant than that found for the satellite mass. In addition,
the merging times have a logarithmic dependence on the mass ratio.

Results shown in Figure 6.7 show then that longer merging times for Type-2 galaxies in
the GAS runs are essentially due to a systematic decrease of the satellite mass, caused by
ram–pressure stripping. Figure 6.8 shows again the satellite mass as a function ofTdelay,
but this time for all Type-2 galaxies identified atz ≃ 3.4. At this earlier epoch, the cluster
is not fully assembled yet, and the proto-cluster region contains gas with lower pressure.
It is to be expected then that the effect of ram–pressure stripping is less significant. This
expectation is confirmed by the results shown in the figure, which suggests no significant
difference between the GAS and DM runs at this epoch.

It is worth noticing at this point that the effect of ram–pressure stripping is likely to be
over-estimated in non–radiative simulations. In a more realistic case, we expect a significant
fraction of baryons to be converted into stars before the effect of ram-pressure stripping
becomes significant. This expectation, however, needs to beverified with hydrodynamical
simulations which also include star formation and feedbackprocesses.

6.3.4. The brightest cluster galaxies

In the previous sections, we have carried out a statistical comparison between the galaxy
populations from the DM and GAS runs. The general level of agreement is quite good,
although our analysis points out a number of interesting differences. In particular, we have
shown that the presence of the gas affects the dynamics of sub-haloes, so as to make an
object-by-object comparison difficult. This difficulty does not hold for the brightest cluster
galaxies (BCGs) which, due to their special location at the centre of the biggest halo in the
simulation, can be unambiguously identified both in the DM and in the GAS runs. In this
section, we will compare the BCG formation history in the twosets of runs used for our
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Figure 6.8: Satellite mass as a function ofTdelay (as in the upper left panel of Figure 6.7), for
all Type-2 galaxies identified atz = 3.4.

study.
For each of the simulated clusters used in our study, we constructed the full merger tree

of the final BCG tracing back in time all its progenitors and their histories. In Figure 6.9, we
show as dotted lines the total stellar mass contained in the Type-0 progenitors of the BCG.
This mass traces, for most of the time, the stellar mass of themain progenitor of the BCG.
At very early times, it also includes the stellar mass of other central galaxies that belong to
the tree of the BCG and that are accreted onto the cluster haloat later times (see Figure 1
of De Lucia & Blaizot 2007). We also show the integral of the star formation rate (SFR) in
all the Type-0 progenitors for the DM runs (solid black lines) and for the GAS runs (dot-
dashed red lines). The difference between the final stellar mass and the integral of the SFR
is due to stellar mass losses2. In all the simulations used in this study, the integral of the
SFR is constant over the last 10 Gyrs, suggesting that all stars that end up in the final BCGs
where already formed atz ≃ 2, in agreement with findings by De Lucia & Blaizot (2007).
Figure 6.9 also shows that the BCGs in the GAS runs are systematically more massive than
their counter-parts in the DM runs, confirming the visual impression from Figure 6.2. This
difference amounts to a few per cent in the g72 simulation (lower left panel), but it reaches
values larger than25 per cent of the final stellar mass for the g51 simulation (upper right
panel). The difference is established at high redshift, during the formation of the bulk of the
stars that end up in the final BCGs (i.e. the rising part of the curves showing the integral of
the SFR).

We have verified that this difference is sometimes due to one massive satellite galaxy

2We recall that we adopt an instantaneous recycling approximation 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 withinz = 0 in the GAS run, while it
gets a longer time-scale for merging in the DM run. This can beclearly seen in the case of
the g51 cluster (upper right panel of Figure 6.9), where the red dotted line shows an increase
of about5 × 1011h−1M⊙ in stellar mass due to a single merging event at a lookback time of
∼ 1.5 Gyr. Note that this behaviour is opposite to the statisticaltrend that we have observed
in section 6.3.3, where Type-2 galaxies in the GAS runs were found to have longer merging
times.

In order to understand in detail this difference, we show in the left panel of Figure 6.10
the orbit of the sub-halo originating this Type-2 galaxy, before its merging with the g51
cluster. Black diamonds show the orbit from the DM run, whilered filled circles correspond
to the orbit from the GAS run. The positions of the sub-halo are initially very similar in the
two runs. As it approaches the high-density environment of the cluster, it is slowed down
by ram–pressure. The right panel of Figure 6.10 shows the evolution of the cluster-centric
distance of the sub-halo. The figure shows that the pericentric and apocentric passages in
the GAS runs take place at a larger distance in the GAS run withrespect to the DM run at a
lookback time of about 9.3 Gyr, and at a smaller distance at a lookback time of about 8.9 Gyr.
The sub-halo has then a more circular orbit in the GAS run (seealso Puchwein et al., 2005).
Besides modifying the shape of the orbit and the timing of themerging, ram–pressure also
makes the substructure more fragile. Indeed, this sub-haloloses its identity 8.6 Gyr ago in
the GAS run, at a cluster-centric distance of about0.3 h−1Mpc. In the DM run, the same sub-
halo loses its identity about 8.3 Gyr ago, at a cluster-centric distance of about0.4 h−1Mpc.
Since the residual merging time assigned to the galaxy at itscentre is proportional to the
square of this distance (see Eq. 6.1), the resulting mergingtime in the GAS run is more than
40 per cent shorter than in the DM run, and the sub-halo disappears about 0.3 Gyr earlier.
The merging occurs beforez = 0 in the GAS run, and causes the sudden increase of the
stellar mass of the BCG visible in the top right panel of Figure 6.9.

We recall that the upper right panel of Figure 6.7 shows that there is no significant differ-
ence, in terms of distance from the accreting halo, between the DM and GAS runs. This is
in apparent contradiction with the above example. That figure was, however, obtained for all
the Type-2 galaxies identified atz = 1, irrespective of their mass. In Figure 6.11, we repeat
the same plot but considering only Type-2 galaxies with stellar masses larger than1011 M⊙ .
These massive satellites belong to sub-haloes that lose their identity at systematically smaller
distances in the GAS runs, like in the example illustrated inFigure 6.10. This example is
then not just a statistical fluctuation, but rather the result of a more general trend for massive
Type-2 satellites whose number is, however, quite low.

Finally, we note that the difference between the mass of the BCGs in the DM and GAS
runs is due mainly to a different number of progenitors, rather than to a difference in their
intrinsic star formation rate. This is illustrated in Figure 6.12 which shows the amount of
stars formed ‘in situ’ in the main progenitor of the BCG (solid black and dot-dashed red
lines), and the total stellar mass in the main progenitor at each time (dotted lines). The stars
formed in the main progenitor make up only a small fraction (about one tenth) of the final
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Figure 6.9: Evolution of the Type-0 progenitors of the BCG for the four simulated clusters
used in this study. In each panel, the solid black lines and the dashed red lines show the
integral of the SFR associated with the progenitors of the BCG for the DM runs and for the
GAS runs respectively. The black and the red dotted lines show the total stellar mass of all
Type-0 progenitors of the BCGs.
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Figure 6.10: Left panel: comparison between the trajectories of a sub-halo merging with the
g51 cluster, projected on thex–y plane. Open black diamonds are for the DM run, while
filled red circles are for the GAS run. At each redshift, the coordinates of the merging sub-
halo are computed with respect to the cluster centre at the corresponding redshift. The big
black circle shows the centre of the cluster at each snapshot, and its radius is equal to the
corresponding value ofr200 at the last snapshot in which the sub-halo was identified in the
DM run. Right panel: evolution of the cluster–centric distance of the same sub-halo in the
DM (black solid line) and GAS (red dot-dashed line) run.
.

Figure 6.11: Same as for the upper right panel of Figure 6.7, but only for Type-2 galaxies
with stellar masses larger than1011 M⊙ .
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Figure 6.12: Total mass in the main progenitor of the BCG of the cluster g8 (dotted lines) for
the DM (black) and GAS (red) runs. The black solid line and thered dot-dashed line show
the integral of the SFR in the main progenitor of the BCG.

stellar mass in the BCG, and most of these stars are formed relatively early (more than 10
Gyrs ago). This is in agreement with results by De Lucia & Blaizot (2007, see their Figure
4). The figure shows that the amount of stars formed ‘in situ’ is comparable in the DM and
GAS runs while the total mass in the main progenitor of the BCGin the GAS run increases
more steeply than in the DM run, and reaches a final value that is about 1.3 times larger.

6.4 SUMMARY AND DISCUSSION

In this Chapter we have used numerical simulations to analyse how the presence of non–
radiative gas dynamics affects the predictions of semi-analytic models of galaxy formation
for the properties of cluster galaxies. The main results of our work can be summarised as
follows.

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

• Due to a reduced number of sub-haloes in the GAS runs (see Figure 6.1), these
simulations result in a galaxy population with a reduced number of Type-0 and
Type-1 galaxies (i.e. central galaxies of a halo, either themain halo or a proper
substructure).

• Due to a systematic increase of the residual merging times assigned to Type-
2 galaxies (those associated with haloes disrupted below the resolution limit of
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the simulation), the cluster galaxy population in the GAS runs contains a larger
number of Type-2 galaxies than the DM runs.

[ 2 ] The longer merging times assigned on average to Type-2 galaxies in the GAS runs
are due to ram–pressure stripping, which removes gas from the merging sub-haloes
and makes them more fragile. The effect of ram–pressure is more important at lower
redshift, when the cluster has already assembled in a dominant structure with a high–
pressure atmosphere that can efficiently remove gas from substructures. When consid-
ering the entire satellite population, we find a systematic difference between the DM
and GAS runs in the sense that merging substructures are lessmassive in the runs with
gas. This trend, however, is reversed when concentrating onthe most massive satellites
(see item 4 below).

[ 3 ] Type-2 galaxies dominate the radial density profile of cluster galaxies particularly in
the inner regions, in agreement with results by Gao et al. (2004b). Galaxies associated
with distinct dark matter substructures (Type-1 galaxies)exhibit a flatter distribution
and their contribution to the inner regions of galaxy clusters is negligible. We did not
find any significant difference, in terms of spatial distribution, between the DM and
the GAS runs.

[ 4 ] Although a statistical comparison between galaxy populations from the two sets of
runs results in a quite nice agreement, a one-to-one comparison for the brightest central
galaxies shows that these galaxies tend to have larger stellar masses in runs with gas.
The difference varies from cluster to cluster and it is generally due to single merging
events of relatively massive satellites which get assignedlower merging times in the
GAS runs (see the example shown in Figure 6.10). The final difference in stellar mass
is then due primarily to a different accretion history of satellite galaxies in the two
sets of runs, and not to intrinsic differences in the star formation rates in the main
progenitor.

Our results demonstrate that predictions of semi-analyticmodels of galaxy formation are
not significantly affected when non-radiative hydrodynamic simulations are used to construct
the halo merger trees which provide the skeleton of the model. This statement is, however,
correct only in a statistical sense. The presence of the gas induces significant differences in
the timing of the halo mergers, and affects significantly thehalo orbits making them more
circular, on average. Although these effects might be over-estimated in our non–radiative
runs, our results suggest that an accurate treatment of merging times is crucial for predicted
quantities like the mass accretion history of model brightest cluster galaxies. As sub-haloes
are fragile systems that are rapidly reduced below the resolution limit of the simulation (De
Lucia et al., 2004a; Gao et al., 2004c), the treatment of satellite mergers in semi-analytic
models requires the use of analytic formulations (e.g. the Chandrasekhar formula). Recent
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work (Boylan-Kolchin et al., 2008; Jiang et al., 2008) has shown the limits of the formula-
tion usually adopted in semi-analytic models. This recent work, however, does not provide
consistent alternative formulations. Additional work is therefore needed in order to obtain
a more realistic and detailed description of the merging process, 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 galaxypopulation from simplified
version of the semi-analytic code used also in the previous Chapter and of a Tree-SPH sim-
ulation based on theGADGET-2code. Both techniques include only gravitational dynamics,
gas cooling and star formation. No other physical process (e.g. stellar evolution, chemical
enrichment or any energy feedback source) has been taken into account. Following a simi-
lar approach, Helly et al. (2003) have compared predictionsof a stripped-down version of
a semi-analytic model with an SPH simulation which includedonly cooling (see also Ben-
son et al., 2001), with the only difference that they have setan evolving metalicity for the
gas particles in the simulation. In the semi-analytic modelthey have artificially increased
the cooling time in haloes with less than 32 particles to mimic the underestimate of the gas
density, and therefore of the cooling efficiency, in these haloes. Galaxies in the SAM were
matched to simulated galaxies selecting the SPH galaxies that contain the majority of the
gas particles of the original halo in which the SAM galaxy formed. They found a quite good
agreement, with SAM galaxies having a larger stellar mass with respect to their simulation
counterpart by about25%, excluding the most massive galaxies. For the satellite galaxies
they found a similar trend, but a larger scatter. Yoshida et al. (2002) analysed aGADGET-2
simulation of a galaxy cluster and compared it with predictions of a stripped-down version of
a semi-analytic model. They concluded that the predicted mass of galaxies are in good agree-
ment, even if the scatter in the relation is large, in particular for satellite galaxies. They also
found an excess of SAM galaxies which did not have a counterpart in the SPH simulation.
Cattaneo et al. (2007) included in their comparison also star formation. A minimal feedback
due to thermal heating of SN explosions was also included in the simulation. They analysed a
cosmological box containing a most massive halo of∼ 3×1014 h−1 M⊙ and found a general
good agreement, expecially on the prediction of the baryonic (stellar plus gas) component.
Similar to other authors they found an excess of galaxies in the stripped-down version of the



SPH AND SEMI–ANALYTIC MODELING OF CLUSTER GALAXIES

semi-analytic model compared to the simulation. None of theabove mentioned studies has
taken into account substructures within the SAM adopted. Inthis work we want to further in-
vestigate the predictions of semi-analytic models and SPH simulations on the cluster galaxy
population. The simulated cluster used here is a version of the g51 cluster already described
in Chapters 4 and 6, which included only gas cooling and a simple star formation scheme
(Section 7.1). We run the stripped-down version of a semi-analytic model using the merger
trees based on the simulation itself. In this way we can compare numerical predictions of the
same galactic population, as we will describe later in the text. The plan of the Chapter is as
follows. In Sec. 7.1 we describe the cluster simulation usedin this study, while in Sec. 7.2
we provide a brief description of the adopted SAM. In Sec. 7.3we present the results of our
analysis regarding the comparison on the whole cluster galaxy population, while in Sec. 7.4
we focus on a detailed comparison on a sample of galaxies which have been matched in the
SAM and SPH simulation. We will discuss our conclusions in Section 7.5.

7.1 THE SIMULATION

The simulation was carried out using the TreePM–SPH codeGADGET-2(Springel, 2005) and
includes only gravitational dynamics, gas cooling and a simple scheme of star formation. All
the gas particles colder than105 K and denser than4×10−27 g cm−3 (corresponding tonH =
0.1 cm−3 for a gas of primordial composition) are immediately turnedinto star particles,
which undergo only gravitational dynamics and are not affecting the hydrodynamical part of
the computation. The Plummer–equivalent softening lengthfor the gravitational force was
set toǫ = 5 h−1kpc in physical units fromz = 5 to z = 0, while at higher redshifts it was
set toǫ = 30 h−1kpc in comoving units. The smallest value assumed for the smoothing
length of the SPH kernel was half the gravitational softening. Simulation data were stored
in 93 outputs that are approximately logarithmically equispaced in time down toz ∼ 1, and
approximately linearly equispaced in time thereafter. Each simulation output was analysed
in order to construct merger trees of all identified sub-haloes as described in Chapter 6. In
this Chapter, we will refer to all quantities related to the simulation with the label SPH. We
identify as “bona fide” galaxies only those SUBFIND–groups containing at least 20 DM
particles.

7.2 THE SEMI-ANALYTIC MODEL

We have used a stripped-down modification of the semi-analytic model described by De
Lucia & Blaizot (2007) and which has been used and described in the previous Chapter.
We recall that the semi-analytic model we employ builds uponthe methodology originally
introduced by Kauffmann et al. (1999b), Springel et al. (2001) and De Lucia et al. (2004b).
We have turned off all the physical processes with the exception of the gas cooling and of the
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Table 7.1: Characteristics of the analysed cluster used in this study withinr200 at z = 0.
Column 1: name of the run; Column 2: number of identified galaxies; Column 3: total stellar
massM∗ in units of1013 h−1 M⊙ ; Column 4: total gas massMgas in units of1013 h−1 M⊙ ;
Column 5: total star formation rate (SFR) in units of103 M⊙ yr−1. In the last row we show
values for the Type-0 and Type-1 SAM galaxy population only.

Run name Ngal M∗ Mgas SFR
SPH 442 5.3 9.2 0.5
SAM 2497 6.1 8.4 2.2
SAM (Types 0-1) 299 4.3 8.3 2.1

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

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

In Table 7.1, we list the number of identified galaxiesNgal, the total stellar massM∗, the
total gas massMgas and the total star formation rateSFR within r200 of the cluster as pre-
dicted by the SPH simulation and by the SAM. Moreover, in the last row of Table 7.1, we
list the same quantities for the SAM Type-0 and Type-1 galaxypopulation only.

As an example of the different predictions of SPH and SAM for the build-up of galaxies,
we show in Figure 7.1 a typical merger tree of a synthetic galaxy. More in detail it represent
the merger tree of the fourth most massive galaxy in the SPH simulation atz = 0 within r200.
We show the merger tree of the SAM galaxy in the upper panel andthe merger tree of the
SPH galaxy in the lower panel. The size of the symbols is proportional to the square root of
the galaxy stellar mass, and colours are a representation ofthe galaxy Type. We recall that
by definition, in the SPH simulation a Type-2 galaxy population does not exist. Final stellar
mass of the SAM galaxy isM∗ ∼ 1.5 × 1012 h−1 M⊙ , which is about three times larger
than the final stellar mass of the corresponding SPH galaxy. SPH merger trees of haloes
are computed as described in the previous Chapter. Accordingly, all galaxies which lie in a
merger tree are progenitors of the resulting galaxy at redshift z = 0. This is not the case for
SAM galaxies. We recall the reader that whenever a substructure merge at a lookback time
Tinit, the associated SAM galaxy will survive and keep its identity for a timeTmerge com-
puted following Eq. (6.1). Therefore, in the case thatTmerge is larger thanTinit, the resulting
Type-2 galaxy will not appear as a progenitor of the main galaxy of the tree. The net result
is that merger trees of SPH galaxies have a much larger numberof branches, corresponding
to a larger number of progenitors, than SAM galaxies.

We note that in the SAM merger tree, galaxies increase their stellar mass mostly while
they are Type-0 central galaxies and the gas is allowed to radiative cools toward their centre to
form stars. Satellite Type-1 and Type-2 galaxies can increase their stellar mass basically only
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via merging, and do not decrease their stellar mass. This is not the case for SPH galaxies.
When a Type-0 galaxy enters the FoF group of another larger substructure and become a
Type-1 satellite galaxy, it starts to loose its stellar massdue to tidal interactions with the
main galaxy and deposits part of its stellar mass in the form of the diffuse stellar component
of the Type-0 central galaxy. Therefore, by the time that thesatellite galaxy merges, its stellar
mass is significantly lower than before entering in the main halo. We will discuss more in
detail this effect in Sections 7.3 and 7.4..

Figure 7.2 shows the stellar mass density of the cluster in the SPH simulation within
a box of side10r200 (upper panels) and in a zoomed region of side2r200 (lower panels).
Superposed on these maps we show the position of the identified galaxies in the SPH run
(left panels) and in the SAM run (right panel) with stellar mass larger than1011 h−1 M⊙

with larger radii corresponding to larger masses . Different colours are used for different
galaxy types: red for Type-0, black for Type-1, and green forType-2 galaxies. Upper panels
highlight the higher stellar mass of the BCG in the SPH simulation compared to the SAM
BCG. Furthermore the fraction of massive Type-0 galaxies atlarger radii from the cluster
centre is higher in the SPH simulation. A Type-2 galaxy population with significatively
large mass is present in the central cluster region in the SAMrun. Lower panels show how
more massive galaxies tend to populate central regions of the cluster, with a higher number
of Type-1 massive galaxies in the SAM run than in the SPH simulation, as a result of the loss
of stellar mass due to tidal interaction affecting SPH satellite galaxies.

7.3 COMPARING PREDICTIONS ON THE GALAXY POP-
ULATION

In this Section we will compare the properties of the galaxy population directly predicted
by the SPH simulation with those predicted by the SAM. More indetail we will statistically
compare the radial density distribution and the mass function of the synthetic galaxy pop-
ulations, while we will also present a one-to-one comparison of same galaxiesin the next
Section.

7.3.1. Radial distribution of galaxies

We show in Figure 7.3 the computed radial density of galaxiesidentified atz = 0 within 5r200
of the analysed cluster used in our study. Solid black lines show the radial density of galax-
ies directly identified in the SPH simulation, while dashed-dotted red lines show the SAM
predictions. The dashed green line in each panel shows the matter density profile normalised
to match the radial density of SAM galaxies in the inner regions of the cluster. The three
panels show separately the radial density of the whole galaxy population (upper panel), of
the Type-2 satellite galaxy population (lower left panel),and of the Type-0 and Type-1 satel-
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Figure 7.1: Example of a merger tree of the fourth most massive in stellar mass galaxy
found in the simulation withinr200. Upper panel shows the merger tree of the synthetic
galaxy as computed in the SAM. Lower panel shows the merger tree of the same galaxy as
results directly from the simulation. Size of circles are proportional to square root of the
galaxy stellar mass. Different colours are used for different galaxy types. Black is for Type-
0 central galaxies, green for Type-1 satellite galaxies andred for Type-2 satellite galaxies.
Final stellar mass of this galaxy is shown in the upper left corner of each panel.
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Figure 7.2: Stellar density map of a box placed at the centre of the analysed cluster and of
size10r200 (upper panels) and2r200 (lower panels). Positions are in comoving units. The
positions of all galaxies with stellar mass larger than1011 h−1 M⊙ are marked by circles with
larger radii corresponding to larger stellar mass as computed in the simulation (left panels)
and in the SAM (right panels). Different colours are used fordifferent 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 SAM predicted distribution of
the global galaxy population differ significantly in the inner regions of the clusters where the
Type-2 galaxy population becomes dominant in the SAM. The distribution of SAM galaxies
closely follows the matter profile. Quite interestingly we note that in the inner regions of
the cluster the number of Type-1 SPH satellite galaxies is higher than the number of Type-1
satellite galaxies in the SAM run, as reported in Table 7.1. This is quite surprising, as the
dynamics of these galaxies in the SAM run is the same as in the SPH run. We have checked
that these SPH galaxies which do not have a counterpart in theSAM run are galaxies for
which the code used to build the merger trees has ”failed” to reconstruct the correct history
of galaxies. In practice, to minimise errors due to numerical noise, whenever the code does
not find the descendent of a halo between two contiguous snapshots, it is allowed to find the
descendent (if it exists) at a maximum ”distance” of two snapshots. This population of SPH
galaxies which do not have a SAM counterpart is formed by galaxies which lie in haloes that
during their history have not been identified for a number of contiguous snapshots, larger
or equal than three. As a result, these galaxies ”disappear”at some point in the merger tree
and ”appear” as new ones later on. The adopted SAM assumes that all the radiative cool-
ing is feeding the central Type-0 galaxy. This implies that in the case that these galaxies
appear directly as new Type-1 satellite galaxies, the SAM predicts a null cold gas reservoir
and therefore a null stellar mass. However, placed at the same position of this SPH Type-1
galaxy population which does not have a SAM counterpart, we find Type-2 galaxies in the
SAM run, which are the orphan galaxies of the erroneously disappeared galaxies in the SPH
simulation.

7.3.2. Mass function of galaxies

We show in Figure 7.4 the stellar mass function of galaxies identified atz = 0 within 1.5r200.
We have plotted separately the mass functions of the whole galaxy population (upper panels),
of the Type-2 satellite galaxy population (central panels), and of the Type-0 and Type-1
satellite galaxies (lower panels). Differential and cumulative mass functions are shown in
left and right panels respectively. Upper panels of Fig. 7.4emphasise the larger stellar mass
associated to the SPH BCG compare to the SAM BCG. Number of galaxies in the SAM run
are about a factor of five larger than SPH simulation predictions (see Table 7.1). The drop
in the SPH mass function at a mass ofM∗ ∼ 109 h−1 M⊙ is due the resolution limit of
our simulation. The majority of galaxies in the SAM predictions within1.5r200 are Type-2
galaxies. Lower panels show that the total number of Type-1 satellite galaxies is larger in
the SPH run than in the SAM run as described in the previous subsection. We note that the
high mass end of the stellar mass function of galaxies predicted is higher in the SAM run
than in the SPH run. This is, as already mentioned, not true for the BCGs. Indeed the BCG
in the SPH run has a stellar mass which is almost double than the SAM BCG. We will show
in the next subsections how these differences can be explained at least partially in terms of
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Figure 7.3: Radial density of galaxies identified atz = 0 and within5r200 of the analysed
cluster used in our study. Solid black lines show the radial density of galaxies directly identi-
fied in the simulation, while dashed-dotted red lines show the SAM predictions. The dashed
green line in each panel shows the density profile of matter, normalised to match the radial
density of SAM galaxies in the inner regions of the cluster. The three panels show sepa-
rately the radial density of the whole galaxy population (upper panel), of the Type-2 satellite
galaxy population (lower left panel), and of the Type-0 and Type-1 satellite galaxies (lower
right panel).
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tidal stripping of stellar mass from the SPH Type-1 satellite galaxies which increase the SPH
BCG stellar mass in the form of diffuse stellar component andin terms of star formation in
sub-resolved haloes.

7.4 COMPARING PREDICTIONS ON SINGLE GALAXIES

The dynamics of central galaxies and satellite Type-1 galaxies in the semi-analytic model are
based on the merger trees computed directly from the SPH run.As a result, we can identify
same galaxiesin the two runs as the galaxies which have the same positions in both SAM
and SPH galaxy catalogues. In this Section we will compare the properties 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 from the two models which includes all
the galaxies atz = 0 which have the same coordinates in the two runs. This sample includes
all the central Type-0 galaxies and all the satellite Type-1galaxies, with the exception of
those Type-1 satellite galaxies in the SPH run which do not have a counterpart in the SAM
run, as described in Section 7.3. In Figure 7.5 we show the stellar mass of these galaxies at
z = 0 as predicted by the SAM (y axis) and by the direct SPH simulation (x axis). Type-
0 central galaxies are shown as black crosses, while Type-1 satellite galaxies are shown as
red diamonds. The cyan continuous line represents the one-to-one correspondence. Different
panels show different radial bins, with the cluster-centric distance of galaxies increasing from
the left top panel to the right bottom panel. We note that in the innermost part of the cluster
(upper left panel), corresponding to galaxies at a distancesmaller than0.25r200, there is only
one Type-0 central galaxy, which is the BCG itself, and 15 Type-1 satellite galaxies. The
only galaxy lying below the cyan line and thus having a largerstellar mass predicted by the
SPH simulation is the BCG. For all the Type-1 satellite galaxies, the stellar mass predicted by
the SAM is larger than the one predicted by the SPH simulationeven by more than one order
of magnitude. In the upper right panel we show all the galaxies which have a cluster-centric
distance in the range0.25 < r/r200 < 0.5. In this bin there are no Type-0 central galaxies.
We note that Type-1 satellite galaxies tend to have a larger mass in the SAM run than in
the SPH run. As the cluster-centric distance increase we start to find other central Type-0
galaxy. We note that, generally, Type-0 central galaxies tend to have a larger stellar mass
than predicted by the SPH simulation, while Type-1 satellite galaxies tend to have a larger
stellar mass predicted by the SAM. The disagreement betweenfinal stellar masses ofsame
galaxiesas predicted by the SAM and by the SPH simulation can be largerthan an order
of magnitude and the scatter around the one-to-one relationship is increasing at lower stellar
masses. We further note that the disagreement between stellar masses of SAM and SPH
Type-1 satellite galaxies is lower at larger radii, where the effect of tidal stripping becomes
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Figure 7.4: Differential (left panels) and cumulative (right panels) stellar mass functions for all galaxies
within 1.5r200 at z = 0 in the analysed simulated cluster as predicted by the SPH simulation (black contin-
uous lines) and by the SAM (red dashed lines). We show separately the stellar mass functions of the whole
galaxy population (upper panels), of the Type-2 satellite galaxy population (central panels) and the Type-0 and
Type-1 galaxies (lower panels). SAM galaxies with a stellarmass lower than106 h−1 M⊙ are shown in the
106 h−1 M⊙ bin
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less important. We recall that, however, tidal stripping ofstar particles from satellite galaxies
is not the main process of formation of the diffuse stellar component. Indeed, Murante et al.
(2007), showed that the main contribution to the diffuse stellar component is due to violent
relaxation processes related to mergers in the formation ofBCGs.

7.4.2. Evolution of galaxies

In the previous subsection we have shown that the direct SPH simulation generally predicts
a larger stellar mass for the central Type-0 galaxies than for their counterparts in the SAM
run. We now discuss more in detail this effect. In Figure 7.6 we show the evolution of the
BCG as predicted by the direct SPH simulation (black lines) and by the SAM (red lines).
More in detail in the upper left panel we show the number of progenitors as a function of
the lookback time for the two techniques. As explained also in Section 7.2, the number of
progenitors per galaxy in the SPH run is larger than in the SAMrun. This difference is due to
the Type-2 galaxy population, which maintain its identity in the SAM run. This population
of galaxies instead does not exist in the simulations. Whenever a substructure merge in
the simulation, the associated galaxy will merge as well. Thus the number of progenitors
is higher in simulated galaxies. Furthermore the merging rate (the derivative of the curve)
predicted by in the SAM and SPH runs looks quite different. Indeed, the merging rate is
almost linear along the whole galaxy history in the SAM run, while in the SPH simulation
presents a phase of fast merging activity before a lookback time of∼ 7 Gyrs, followed by
a plateau which lasts between roughly 7 and 2 Gyrs ago, and then another phase of high
merging rate in the last 2 Gyrs. The upper right panel shows the star formation history of the
BCG progenitors as a function of the lookback time. Clearly,the predicted star formation
history in the SPH and in the SAM simulated galaxies differs alot. The SPH BCG has
an initial burst of star formation placed at a lookback time of ∼ 12 Gyrs followed by a
sharp decline which creates most of its stellar mass. After alookback time of∼ 7 Gyrs
the star formation rate associated to the BCG progenitors isroughly constant at a value
of ∼ 400 M⊙ yr−1 until z = 0. The predicted star formation history of the SAM BCG
looks quite different. It remains roughly constant along the whole history of the galaxy at a
mean value of2000 ÷ 3000 M⊙ yr−1. Our explanation of this striking difference resides in
the treatment of the cooling assumed in the semi-analytic model. In the SAM the adopted
cooling model used is based on White & Frenk (1991), as described in subsection 3.4.1. The
gas that falls into the potential well of a dark matter halo isall assumed to be heated by
shocks, attaining the halo virial temperature, and then cools toward the centre of the main
halo. A model of the cold accretion mode have been also implemented in the adopted SAM.
Whenever the computed cooling radius of a halo is larger thanits r200, the SAM assumes that
all the gas instantaneously cools toward the centre of the galaxy. This implementation is not
able to describe the cold accretion mode occurring in the SPHsimulated BCG at early ages.
Filaments of cold gas penetrate the virial radius and directly fed the central galaxy without
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Figure 7.5: Comparison between the galaxy stellar masses aspredicted by the SPH simula-
tions (x axis) and by the SAM (y axis) at redshiftz = 0 in different radial bins. Each symbol
represent a galaxy which has the same position in both analysis, thus it is considered assame
galaxy. The cyan continuous line represent the one to one correspondence. Black crosses
are Type-0 central galaxies and red diamonds are Type-1 satellite galaxies.
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being heated to the virial temperature (Dekel et al. 2008 andreferences therein). In the
adopted star formation scheme of the simulation, this cold gas reservoir is instantaneously
turned into stars. As a result, all the low entropy gas is converted into stars in a very efficient
way, and the burst of star formation rate last for a short time. Quite interestingly, even if the
predicted star formation histories of BCG galaxies differ systematically, the integral of the
star formation rates along the history of the two simulated galaxies is almost identical. In
other words the final stellar mass predicted by this two star formation histories is roughly the
same. This can be seen by comparing the dashed-dotted black line (SPH) and the continuous
red line (SAM) of the lower right panel of Fig. 7.6 which show the integral of the star
formation history shown in the lower left panel of the same figure. We note that byz = 0
both lines converge to a value of∼ 2.2 ÷ 2.31013 h−1 M⊙ . A naive expectation would
therefore be that the final stellar mass of BCGs agree in the two numerical predictions. This
instead is not the case, as already shown in Fig. 7.4 and 7.5. Lower left panel of Fig. 7.6
shows the accretion history of the BCG progenitors. Stellarmass of the SAM BCG linearly
increase, consistently with a constant star formation rate. Accretion history of the SPH BCG
can be divided in two different phases. There is first regime with a sharp increase of the
stellar mass at lookback times greater than 8 Gyrs, consistent with the initial burst of star
formation. Then a second regime takes place for lookback times lower than roughly 6 Gyrs
in which the stellar mass restart to increase almost linearly, almost doubling the final BCG
stellar mass. We show again in the lower right panel the accretion history of the progenitors
of the BCGs superimposed with the integral of the star formation rate plotted in the upper
right panel. We note the the stellar mass of the SAM BCG agreesvery well with the integral
of the star formation rate, meaning the all the stellar mass associated to the BCG atz = 0 was
formed in the BCG progenitors. This is not the case in the SPH BCG, where the integral of
the star formation rate of the BCG progenitors is responsible for about only half of the final
stellar mass. In other words, only about half of the final stellar mass of the BCG was formed
in its progenitors. A possible contribution to the amount ofthis stellar component could
arise fromdiffusestar formation occurring inside unresolved galaxies, which will eventually
merge with the BCG by redshiftz = 0 (as described in Chapter 5). The associated SFR
of each SPH galaxy at each snapshot was computed as the total amount of stellar particles
belonging to the galaxy with a formation time lower than the previous snapshot and divided
by the time interval of the snapshots. As these galaxies are formally unresolved, they do not
appear in the BCG merger tree, in the case that their formation is outside the FoF group of
the main halo. Thus their contribution was not taken into account in the computation of the
star formation history. Nevertheless their stellar mass ispresent and considered once merged
with a resolved galaxy.

Another more likely explanation for the origin of a stellar component which is associated
to the central BCG and has not been formed into its progenitors can resides in stellar parti-
cles which have been formed into other satellite galaxies and then tidally stripped to form
the diffuse intra-cluster light. We know that a diffuse stellar component, whichSUBFIND
is not able to separate from the truly BCG stellar mass (see Chapter 3), is associated to the
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formation of central cluster galaxies (see Murante et al. 2007 and references therein).

Figure 7.7 shows the evolution of the fourth most massive galaxy found in the SPH
simulation atz = 0 within r200 as predicted by the direct SPH simulation and by the SAM.
Merger trees of these galaxies were shown in Fig. 7.1. As thisgalaxy retains its dark matter
halo untilz = 0, its dynamics is described in the same way in the two models. Upper left
panel shows the distance between the main progenitor of the galaxy and the centre of the
cluster as a function of the lookback time. It shows how the satellite galaxy is crossingr200
(computed at each time) of the cluster around 1.5 Gyrs ago andreaches a minimum cluster-
centric distance of∼ 0.2r200 by z = 0. Dashed blue vertical line is placed at the lookback
time corresponding to the transition between Type-0 and Type-1 galaxy of the galaxy main
progenitor. This is the time at which the galaxy is entering in the cluster FoF group, and is
roughly placed at the crossing time of the virial radius. Upper right panel shows again the
difference in number of progenitors predicted by the SPH simulation and by the SAM, as
explained in previous sections. The dip in the number of progenitors which is visible for
example at a lookback time of∼ 9 Gyrs in the SAM run is due to numerical noise. Indeed,
if a structure is not identified in a snapshot but appears backin the following one, the code
used for building the merger trees is able to link the two structures and skip the snapshot
where the halo is missing. The merging rate of galaxies predicted by the two techniques is
more similar here than the one found for the BCG shown in Fig. 7.6. Indeed both predictions
exhibit an almost constant merging rate over the last 11 Gyrs. Star formation histories for
the two simulated galaxies are shown in the lower right panel. Similarly to the BCG, the
SPH galaxy shows a high redshift burst of star formation ratefollowed by a plateau, while its
SAM counterpart shows a more constant star formation history. Quite interestingly the SPH
simulated galaxy shows an increase in the SFR after roughly the time in which the galaxy
has crossedr200. Overall, star formation histories predicted by SPH and SAMdisagree less
for this galaxy than for the BCG. Lower right panel shows again the integral of the star
formation history (continuous red line for the SAM run and dashed-dotted black line for the
SPH run) superimposed with the accretion history of stellarmass (dotted red for the SAM
run and dotted black for the SPH run) of the galaxy progenitors. The sharp and narrow
changes in the accretion history curves are due to numericalnoise as described for the upper
right panel. As for the BCG, the accretion history of the SAM galaxy closely follows the
integral of the star formation history, meaning that all thestellar mass of the galaxy atz = 0
has been formed in the galaxy’s progenitors. The behaviour of the SPH galaxy is instead
more complicated, and can be divided in two different regimes:

• As long as the main progenitor of the galaxy is a central Type-0, its stellar mass is
larger than the integral of the star formation history by about 15%. Indeed the galaxy
is a Type-0 central galaxy. Thus it will have its own satellite galaxies, which will
deposit their stellar mass as its own diffuse stellar component due 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 of the analysed cluster as
predicted by the SPH simulation (continuous black lines) and by the SAM (dashed red lines).
Upper right panel:The number of identified galaxies which will eventually merge with the
BCG by redshiftz = 0 as a function of the lookback time.Upper left panel:The total star
formation rate in the identified progenitors of the BCG at redshift z = 0 as a function of the
lookback time.Lower right panel:The total stellar mass in the identified progenitors of the
BCG at redshiftz = 0 as a function of the lookback time.Lower left panel:A comparison
between the total stellar mass (dashed-dotted (SPH) and continuous (SAM) lines) and the
integral of the star formation rate (dotted lines) in the identified progenitors of the BCG at
redshiftz = 0 as a function of the lookback time.
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• As the galaxy crosses the virial radius and becomes a satellite Type-1 galaxy which
approaches the centre of the cluster, it starts to loose stellar mass. We have checked
that the loss of stellar mass in the second regime is consistent with tidal stripping of
star particles due to the cluster potential well, which go into the diffuse intra-cluster
component.

7.4.3. Effect of the environment

In this subsection we study the effect of the environment on the numerical prediction of the
direct SPH simulation and of the SAM on two different galaxies: a Type-0 central galaxy
and a Type-1 satellite galaxy. We choose two galaxies with analmost identical stellar mass
predicted by the SAM atz = 0 of about61011 h−1 M⊙ . The evolution of the central Type-
0 galaxies is shown in the left panels of Figure 7.8 and 7.9, while on the right panels is
shown the evolution of the satellite Type-1 galaxy. Similarly to Figure 7.7, dashed blue
vertical line is placed at the lookback time corresponding to the transition between Type-0
and Type-1 galaxy of the galaxy main progenitor. More in detail Fig. 7.8 shows the cluster-
centric distance of the galaxy main progenitor as a functionof the lookback time. The central
galaxy is found at redshiftz = 0 at a distance of∼ 2.5r200 from the cluster centre, while
the satellite galaxy is crossing the cluster virial radius roughly at a lookback time of∼ 9
Gyrs and byz = 0 have done already 6 orbits around the centre of the cluster with a period
of ∼ 2 Gyrs per orbit. We note that the pericentre and the apocentre, as well as the orbital
period, tend to decrease with the number of orbits as a resultof the momentum loss due
to dynamical friction. The galaxy roughly reached its apocentre byz = 0 at a distance of
∼ 0.5r200. Upper panels of Fig. 7.9 show the SPH simulation and SAM prediction of the
star formation histories of the two analysed galaxies. We note that the agreement between
SPH and SAM predictions on the star formation history of these two galaxies is much better
than in the cases shown in Fig. 7.6 and 7.7, even if the star formation history predicted by
the SPH simulation still exhibits a earlier, sharper and more intense burst of star formation
for both galaxies than for their SAM counterparts. A possible explanation for the earlier
burst of star formation associated to SPH galaxies can also reside in the different treatment
of star formation implemented in these two techniques. While the SPH simulation assumes
that all the gas colder and denser than a certain threshold isimmediately turned into stars,
star formation in the SAM occurs with a characteriscs time-scale computed as the dynamical
time of the galaxy disk. Both SPH and SAM runs predict a more intense and sharper episode
of star formation at early times for the satellite galaxy than for the central galaxy. Both SPH
and SAM Type-1 satellite galaxies do not predict any significant star formation activity after
entering in the cluster environment. On the contrary, a mildly declining star formation rate
is predicted for the Type-0 central galaxy untilz = 0. These two behaviours are closely
related: as we have chosen two galaxies with the same predicted stellar mass atz = 0 in the
SAM run, a longer star formation in the central galaxy naturally implies a more intense burst
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Figure 7.7: We show in this Figure the evolution of the fourthmost massive galaxy within
r200 at z = 0 as predicted by the SPH simulation (continuous black lines)and by the SAM
(dashed red lines). Merger trees of this galaxy were shown inFig. 7.1.Upper right panel:
Distance between the main progenitor of the studied galaxy and the centre of the cluster
as a function of the lookback time in units of the corresponding r200 of the cluster at that
time.Upper left panel:The number of identified progenitors of the galaxy as a function of
the lookback time.Lower left panel:The total star formation rate in the identified progenitors
of the galaxy as a function of the lookback time.Lower right panel:A comparison between
the total stellar mass (dashed-dotted (SPH) and continuous(SAM) lines) and the integral of
the star formation rate (dotted lines) in the identified progenitors of the galaxy as a function
of the lookback time. Dashed blue vertical line is placed at the lookback time corresponding
to the transition between Type-0 and Type-1 galaxy of the galaxy main progenitor.
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of star formation in the satellite galaxy. Lower panels of Fig. 7.9 show the accretion history
of stellar mass of the two galaxies superimposed with the integral of star formation history,
as explained in Fig. 7.6 and 7.7. We note that the integral of the star formation histories
as predicted by the SPH simulation and by the SAM are in reasonably good 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 formationhistory until a lookback time of
2 Gyrs. Later the galaxy starts to increment its stellar massalmost linearly due to accretion
of a stellar diffuse component via tidal stripping of star particles from its satellites. As a
result, the final stellar mass in the SAM run has a lower mass than its counterpart in the
SPH run by∼ 30%. As in Fig. 7.7, also the SPH Type-1 satellite galaxy has two different
regimes. In the first∼ 3 Gyrs its stellar mass is larger than the integral of its star formation
history. Later there is sharp drop in the stellar mass associated with the transition between
central Type-0 and satellite Type-1 galaxy, highlighted bythe dashed blue vertical line. A
part for same numerical noise, the accretion history of the satellite galaxy clearly exhibits
a first faster decrease of stellar mass associated to the firstorbits and a smoother decrease
of stellar mass associated with the later orbits. Eventually, by z = 0 the galaxy has lost
∼ 85% of its stellar mass. Furthermore the amount of”extra” stellar mass in the form of
diffuse component associated to the SPH galaxy while it is a Type-0 central galaxy, is larger
for the satellite galaxy shown in the right panels than for the central galaxy shown in the left
panels. This fact, as well as the more intense and earlier burst of star formation occurring
into the satellite galaxy, are consistent with a scenario inwhich this galaxy forms in a denser
environment with a higher merging rate at higher redshifts than the central galaxy shown in
the left panels.

7.5 SUMMARY AND DISCUSSION

In this Chapter we have compared the cluster galaxy population predicted by an hydro-
dynamical cosmological simulation with the one predicted by a semi-analytic code. Both
numerical predictions are based on stripped-down versionsof the codes which include only
gas cooling and star formation. The main results of our work can be summarised as follows.

[ 1 ] The overall number of galaxies predicted by the SAM is much higher than the number
of galaxies predicted by the SPH-simulation. This is due to presence of a Type-2
galaxy population in the SAM which is not produced by the SPH simulation and which
dominate mainly the inner regions of the cluster. Quite surprisingly a larger number
of Type-1 satellite galaxies is predicted in the SPH run compared to the SAM run in
the central regions of the cluster. These satellite galaxies are a young population of
galaxies which spend all their life as satellite galaxies. As such, radiative gas cooling
does not take place at the centre of these galaxies and no starformation is predicted by
the SAM.
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Figure 7.8: We show in this Figure the evolution of the cluster-centric distance between the
main progenitor a central Type-0 galaxy (right panel) and ofa satellite Type-1 galaxy (left
panel) as a function of the lookback time in units of the correspondingr200 of the cluster at
that time. Both galaxies have a predicted stellar mass atz = 0 of ∼ 6 × 1011 h−1 M⊙ in
the SAM run. The dashed vertical blue line is placed at the position of transition between
central Type-0 and satellite Type-1 of the main progenitor of the galaxy.

[ 2 ] We have found a general trend in the SPH central Type-0 galaxies to be more massive
than their counterpart in the SAM run. On the contrary, SAM satellite Type-1 galaxies
have associated a larger stellar mass than their SPH counterpart. As a result the stellar
mass of the BCG is larger in the SPH simulation than in the SAM run by about a
factor of two. A possible explanation for this behaviour canbe found in the diffuse
stellar component lost by the satellite galaxies in favour of the central Type-0 galaxy
associated to tidal stripping of stellar material when the satellite galaxy approaches the
centre of the main halo. These two regimes of increasing stellar mass during the phase
of central galaxy and loss of stellar mass in the phase of satellite galaxy are present in
all the analysed galaxies. While this mechanism arises in the SPH simulation, it is not
included in the SAM description.

[ 3 ] Star formation history of galaxies predicted by SPH and SAM models are in good
agreement in lower dense environment, while the discrepancy increases in galaxies
lying in deeper potential wells. We argue that the differenttreatment of cooling is
responsible for this behaviour. In particular the cold accretion mode implemented
in the SAM is not able to reproduce the very intense initial burst of star formation
predicted for the BCG by the SPH simulation.

[ 4 ] Both SPH and SAM models predict a faster and more intense burst of star formation
associated to satellite galaxies compared with central galaxies of similar integrated star

179



SPH AND SEMI–ANALYTIC MODELING OF CLUSTER GALAXIES

Figure 7.9: We show in this Figure the evolution of a central Type-0 galaxy (right panels)
and of a satellite Type-1 galaxy (left panels) as predicted by the SPH simulation (continuous
black lines) and by the SAM (dashed red lines). Both galaxieshave a predicted stellar mass
atz = 0 of ∼ 60×1010 h−1 M⊙ in the SAM run.Upper panels:The total star formation rate
in the identified progenitors of the galaxy as a function of the lookback time.Lower panels:
A comparison between the total stellar mass (dashed-dotted(SPH) and continuous (SAM)
lines) and the integral of the star formation rate (dotted lines) in the identified progenitors
of the galaxy as a function of the lookback time. Dashed blue vertical line is placed at
the lookback time corresponding to the transition between Type-0 and Type-1 galaxy of the
satellite galaxy main progenitor.
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formation history. Again, while SPH and SAM predictions on the star formation his-
tory are in reasonable agreement, the accretion history of galaxies differ substantially
as a function of the environment.

Our results demonstrate that predictions of stripped-downversions of semi-analytic mod-
els and SPH simulations are in reasonable agreement in lowerdense environment, while sig-
nificant differences are found in overdense environments. In particular predictions on the star
formation history of the BCG substantially disagree, even if the integral of the star formation
history are in a close agreement. Furthermore a detailed description of the formation of a
diffuse stellar component has to be included in the semi-analytic models of galaxy formation
in order to give results comparable with the SPH simulations.

The results of this Chapter will be published in a forthcoming paper (Saro et al. 2009
in preparation). In order to further refine the analyses presented here, we plan undertake the
two following steps:

• We need to disentangle the effects of the different treatments of gas cooling and star
formation implemented in the SPH and SAM models. The large discrepancy found
in the star formation histories of the SAM and SPH BCGs shouldbe partially con-
tributed by the inefficient treatment of the cold accretion mode implemented in the
SAM. However, the time-scale of star formation associated to SAM galaxies may also
play a role. In order to separate the two contributions we plan to analyse the cluster
galaxy population predicted by the SAM by setting the time-scale of star formation to
zero.

• The merging time associated to the Type-2 galaxy populationin the SAM is responsi-
ble for the different merger trees of SPH and SAM galaxies. Indeed, to obtain a more
comprehensive and coherent comparison between the SAM and SPH predictions, we
need to eliminate the presence of a Type-2 galaxy populationin the SAM by artificially
setting to zero the merging time associated to Type-2 galaxies in the SAM run.
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CHAPTER 8

CONCLUSIONS

This Section is devoted to draw the conclusions of the work presented in the previous Chap-
ters. We discuss them in the Section 8.1, whereas in Section 8.2 we outline future prospects
and developments.

8.1 DISCUSSION AND CONCLUSIONS

In this Thesis we resorted to advanced numerical methods presented in Chapter 3 to study the
formation and evolution of the cluster galaxy population within the hierarchical cosmological
framework. In particular in the first part of the Thesis (Chapters 4 and 5) we explored the
potentiality of direct hydrodynamical cosmological simulations to study the formation and
evolution of the cluster galaxies. Then, in the second half of this Thesis (Chapters 6 and 7),
we studied the complementarity of the two techniques used tostudy galaxy formation within
the hierarchical cosmological framework, semi-analytic models and direct hydrodynamical
simulations. While traditionally SAMs were widely used to study galaxy formation in the
last decade and earlier, only recently direct hydrodynamical simulations achieved a sufficient
numerical resolution and detailed description of the physical processes to provide predictions
on the statistical properties of galaxy populations in a cosmological context.

More in detail we studied the following aspects of the cluster galaxy population:

� Properties of galaxies in nearby clusters

In Chapter 4 we presented a study of the galaxy population predicted by hydro-dynamical
simulations of galaxy clusters. These simulations, which are based on theGADGET-2Tree+SPH
code, include gas cooling, star formation, a detailed treatment of stellar evolution and chem-
ical enrichment, as well as SN energy feedback in the form of galactic winds. As such, we
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used them to extract the spectro–photometric properties ofthe simulated galaxies, which are
identified as clumps in the distribution of star particles. Simulations have been carried out
for a representative set of 18 cluster–sized halos, having massM200 in the range5 × 1013–
1.8 × 1015 M⊙ . All simulations have been performed for two choices of the stellar initial
mass function (IMF), namely using a standard Salpeter IMF with power–law indexx = 1.35,
and a top–heavy IMF withx = 0.95. We highlight that at the moment this is the most com-
prehensive study on a large number of simulated galaxy clusters with different IMFs and
feedback schemes presented in the literature (Saro et al. 2006, Fabjan et al. 2008).
We found that several of the observational properties of thegalaxy population in nearby clus-
ters are reproduced fairly well by simulations. A Salpeter IMF is successful in accounting for
the slope and the normalisation of the colour–magnitude relation for the bulk of the galaxy
population. In contrast, the top–heavy IMF produces too redgalaxies, as a consequence of
their exceedingly large metalicity. Simulated clusters have a relation between mass and op-
tical luminosity which generally agrees with observations, both in normalisation and slope.
Also in keeping with observational results, galaxies are generally bluer, younger and more
star forming in the cluster outskirts. However, we found that our simulated clusters have a
total number of galaxies which is significantly smaller thanthe observed one, falling short by
about a factor 2–3. We have verified that this problem does nothave an obvious numerical
origin, such as lack of mass and force resolution. Finally, the brightest cluster galaxies are
always predicted to be too massive and too blue, when compared to observations. This is
due to gas over-cooling, which takes place in the core regions of simulated clusters, even in
the presence of the rather efficient supernova feedback usedin our simulations.

� Simulating the core of a proto-cluster region atz ≃ 2

In Chapter 5 we presented results from two high–resolution hydro-dynamical simulations of
proto–cluster regions atz ≃ 2.1 (Saro et al. 2009). The simulations have been compared
to observational results for the so-called Spiderweb galaxy system, the core of a putative
proto–cluster region atz = 2.16 described in Chapter 2, found around a radio galaxy. The
simulated regions have been chosen so as to form a poor cluster with M200 ≃ 1014 M⊙ and
a rich cluster withM200 ≃ 2 × 1015 M⊙ at z = 0. The simulated proto-clusters show evi-
dence of ongoing assembly of a dominating central galaxy. The stellar mass of the brightest
cluster galaxy (BCG) of the richer system is in excess with respect to observational esti-
mates for the Spiderweb galaxy, with a total star formation rate which is also larger than
indicated by observations. We found that the projected velocities of galaxies in the richer
cluster are consistent with observations, while those measured for the poorer cluster are too
low compared to the observed velocities. We argued that the Spiderweb complex resemble
the high–redshift progenitor of a rich galaxy cluster. Our results indicate that the included
supernovae feedback is not enough to suppress star formation in these systems, supporting
the need of introducing AGN feedback. According to our simulations, a diffuse atmosphere
of hot gas in hydrostatic equilibrium should already be present at this redshift, and enriched
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at a level comparable to that of nearby galaxy clusters. We predicted that the presence of this
gas should be detectable with future deep X–ray observations.

� The effect of gas-dynamics on semi-analytic modelling of cluster galaxies

In Chapter 6 we studied the degree to which non–radiative gasdynamics affects the merger
histories of haloes along with subsequent predictions froma semi–analytic model (SAM) of
galaxy formation (Saro et al. 2008). To this aim, we used a sample of dark matter only and
non–radiative SPH simulations of four massive clusters. Weinvestigated how the presence
of gas–dynamical processes (e.g. ram-pressure from the hotintra–cluster atmosphere) makes
haloes more fragile in the runs which include gas. This results in a 25 per cent decrease in
the total number of sub-haloes atz = 0. The impact on the galaxy population predicted
by SAMs is complicated by the presence of ‘orphan’ Type-2 galaxies, i.e. galaxies whose
parent substructures are reduced below the resolution limit of the simulation. In the model
employed in our study, these galaxies survive (unaffected by the tidal stripping process) for
a residual merging time that is computed using a variation ofthe Chandrasekhar formula.
Due to ram–pressure stripping, haloes in gas simulations tend to be less massive than their
counterparts in the dark matter simulations. The resultingmerging times for satellite galax-
ies are then longer in these simulations. On the other hand, we showed how the presence
of gas influences the orbits of haloes making them on average more circular and therefore
reducing the estimated merging times with respect to the dark matter only simulation. We
found that this effect is particularly significant for the most massive satellites and is (at least
in part) responsible for the fact that brightest cluster galaxies in runs with gas have stellar
masses which are about 25 per cent larger than those obtainedfrom dark matter only simu-
lations. Our results showed that gas-dynamics has only a marginal impact on the statistical
properties of the galaxy population, but that its impact on the orbits and merging times of
haloes strongly influences the assembly of the most massive galaxies.

� SPH and semi-analytic modelling of cluster galaxies

In Chapter 7 we presented results from a detailed comparisonbetween a direct SPH sim-
ulation based on theGADGET-2 code and semi-analytic predictions of the cluster galaxy
population for a simulated massive cluster withM200 ∼ 1.14×1015 M⊙ (Saro et al. 2009, in
preparation). Both numerical predictions are based on stripped-down code versions, includ-
ing only gravitational dynamics, radiative cooling and star formation. The adopted semi-
analytic model was run on the merger trees directly extracted from the SPH simulation. As
such, we identified a sample of ”same galaxies” as the population of galaxies which are
characterised by the same position in both SAM and direct simulation prediction. We found
that due to the presence of a population of ”orphan” Type-2 galaxies in the SAM, the overall
number of galaxies is much larger than the number of galaxiespredicted by the SPH sim-
ulation. This population of galaxies dominates the inner region of the cluster. We noted a
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general trend for the SPH simulated central galaxies to be more massive than their counter-
parts in the SAM run. In contrast SAM satellite galaxies havelarger stellar masses than their
SPH counterparts. We showed that these differences are due to the diffuse stellar component
lost by satellite galaxies because of tidal stripping due tothe main halo. We presented a
detailed comparison of the evolution of SAM and SPH ”same galaxies”. While we found
a reasonable agreement for the predicted star formation history of galaxies living in lower
density environment, a substantial discrepancy is found for galaxies lying in deeper potential
wells. Indeed the predicted star formation history for the BCGs differs quite substantially.
The SPH simulated BCG has a spike of star formation at high redshift which exhausts the
low entropy gas. The SAM instead predicts an almost constantstar formation along the
whole BCG history. We argued that these differences are mainly due to an underestimate of
the cold accretion mode implemented in the semi-analytic model. Finally we found that both
numerical techniques predict that satellite galaxies haveearlier and more intense episodes of
star formation than central galaxies with similar integrated star formation rates.

8.2 FUTURE PERSPECTIVES

[ 1 ] We statistically studied hydrodynamical cosmological predictions on the cluster galaxy
population only atz = 0. Obviously, a more comprehensive study have to take into
account also the evolution of the galactic population. Thuswe plan to compare ob-
served properties of cluster galaxies with the numerical predictions from hydrodynam-
ical simulations also at higher redshifts. However, it is clear that before addressing the
problem of the evolution of the properties of cluster galaxies out toz ∼ 1.5 it is rec-
ommendable to reach first a good agreement with observationsof nearby clusters, for
which data are much more precise. Since we already know that we have a strong ex-
cess of star formation in the low-z BGCs, we believe there is little point to investigate
how they would compare with observations of distant clusters.

[ 2 ] A key ingredient to improve the description of cluster galaxies both at low and at high
redshift is represented by AGN feedback. Indeed, AGN feedback is expected to play a
crucial role in quenching star formation, expecially in thedeepest potential wells such
as BCGs, where indeed we find an excess of star formation. Beside AGN feedback,
we plan to adopt alternative and more physically motivated schemes of star formation
and SN feedback, which should also help in providing a more realistic population of
cluster galaxies, e.g. preventing the suppression of sub-L∗ galaxies associated to the
galactic ejecta included in the simulations presented in this Thesis.

[ 3 ] We plan to investigate the uncertainties associated to spectro-photometric codes. In the
recent literature, significant differences have emerged regarding the implementation of
the Thermally-Pulsing Asymptotic Giant Branch (TP-AGB) phase of stellar evolution.
When the TP-AGB phase is active, the rest-frameV − K galaxy colours are redder
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by almost 2 magnitudes in the redshift rangez ∼ 2 ÷ 3 and by 1 magnitude atz ∼ 1
(Tonini et al. 2008). We plan to study the effect of the TP-AGBphase in the predicted
simulated cluster galaxy population at redshiftz ∼ 2 ÷ 3.

From the results presented in this Thesis, it is quite clear that direct cosmological hydro-
dynamical simulations and semi-analytical techniques provide highly complementary ap-
proaches toward a complete understanding of galaxy formation process. Cosmological sim-
ulations of single galaxies are now reaching high enough resolution to provide a detailed
description of their structural properties (e.g., Mayer etal. 2008, for a recent review). On
the other hand, simulations of cosmological volumes necessary for a statistical description
of the galaxy population are still characterised by a relatively poor resolution. There is no
doubt that this situation will steadily improve in the coming years, thanks to the ever increas-
ing super-computing power and code efficiency. These technical improvements need to be
parallelled by a continuous refinement of the description ofthe physical processes included
in the simulation codes, both at super-resolution and sub-resolution scales.

Despite these improvements, it is hard to expect in the foreseeable future that simulations
will become competitive with SAMs in terms of flexibility in the exploration of the space
of the parameters describing the physics of galaxy formation. However, they will play a
crucial role in capturing in detail the complexity of the relevant gas-dynamical processes
and, therefore, to refine the SAM ingredients.

The future generation of ground-based (e.g., ELT, ALMA) andspace telescopes (e.g.,
JWST) will allow us to push to unprecedented redshift the study of galaxies. Fully exploiting
the potentiality of SAM and of direct simulations will be necessary to provide a consistent
picture of the process of galaxy formation and evolution across cosmic epochs, from the
formation of first objects atz ∼ 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 Copernican idea that human beings
– that is to say the Earth – have not a role in the Universe whichis special in any respect.
This Cosmological Principle states that the Universe is spatially isotropic and homogeneous,
meaning that any observer in any place will infer for it the same general properties. Both
isotropy and homogeneity are confirmed by observations of the mass distribution on large
scale, the Large Scale Structure (LSS), of the Cosmic Microwave Background (CMB), of
the cosmic velocity field and of the cosmological X–ray background. In spite of this, it is
evident that the Universe is neither homogeneous nor isotropic on small, local scales. This
discrepancy is due to a small primeval perturbation field which is superimposed to an other-
wise homogeneous mass distribution. These tiny departuresfrom homogeneity subsequently
grow forming the currently observed cosmic structures. Hence, the cosmological theory must
solve a twofold problem: the evolution of the Universe as a whole, and the evolution of such
perturbations. This latter topic is deferred to Sec. (A.2),while in the rest of this Section we
picture the dynamics of cosmological expansion. Finally inSec. (A.3) we picture some of
the key observations that constrain the cosmological model.

A.1 BASIC EQUATIONS FOR AN EXPANDING UNIVERSE

We assume that (1) the Gravitation governs the evolution of the Universe on large scales
through the Einstein’s Theory of General Relativity and (2)the metric tensor of the Universe
is given by the Friedmann–Robertson–Walker (FRW) metric (see for e.g. Weinberg 1972):

ds2 = dt2 − a(t)2

[

dr2

1 − kr2
+ r2

(

dθ2 + sin2θφ
)

]

(A.1)

where theexpansion factora(t) describes how distances scale with time as a consequence
of the Hubble expansion andk is the spacecurvature. We know (Hubble & Humason 1931)
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Component Eq. of State
Relativistic Matter p = 1/3ρ

Non–Relativistic Matter p = 0
Vacuum energy p = −ρ

Curvature p = −1/3ρ

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

that an observer at rest recedes from any other given observer at rest with a velocity, given
by H(t)D, which increases with the distanceD. TheHubble constantH(t) at a timet is
defined as:

H(t) =
d log a(t)

dt
(A.2)

and has the units of km s−1 Mpc−1. H0 is at present and is commonly parametrised as
H0 = 100 h km s−1 Mpc−1, whereh = 70.5 ± 1.3 (Komatsu et al. 2008).
As a consequence of this space expansion, a photon emitted ata timet in the past will be
observed at present timet = 0 red-shifted by a factorz = 1/a(t)− 1 which is exactly called
redshift; here we seta(t = 0) ≡ 1.

The Einstein’s field equation

Gµν = Rµν −
1

2
Rgµν = 8πGTµν + Λgµν (A.3)

relates the geometry of the Universe, with its own energy content, carried by the stress–
energy tensorT , for which we assume the form of a perfect fluid:

Tµν = pgµν + (p+ ρ)uµuν. (A.4)

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

Substituting the FRW form of metric and the perfect fluid tensor in the field equations
gives theFriedmann’s Equationsthat describe the expansion of the Universe:

(

ȧ

a

)2

+
k

a2
=

8πG

3
ρ (A.5)

ä

a
= −4πG

3
(ρ+ 3p) +

Λ

3
. (A.6)

It is useful to define thecritical densityρc as the density needed fork = 0; then, it results:

ρc =
3H2(t)

8πG
≃ (1.9 × 10−29(g cm)−3)h2. (A.7)
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The densityρx of a componentx of the universe is commonly expressed in units ofρc

defining the quantityΩx as

Ωx = ρx/ρc. (A.8)

The first of the Friedmann equations can be recasted as:

k = a2H2(Ω − 1) (A.9)

whereΩ accounts for overall the density of the matter–energy density. Hence, the Universe
will be spatiallyclosed, flat or open if its means density is respectively smaller, equal or
larger than the critical density.
If Ωr represents the density from the radiation field,Ωm the density from matter (both bary-
onic and dark matter),ΩΛ is due to the Cosmological ConstantΛ and we setΩk = −k/H2

0 =
1 − Ω0 the second Friedmann equation can be rewritten as:

H(t)

H0

=

[

Ωr

a4
+

Ωm

a3
+

Ωk

a2
+ ΩΛ

]

. (A.10)

The Simplest case ofΩk = ΩΛ ≡ 0 is called theEinstein–de Sittermodel; in this case
the scaling factora varies with time asa(t) ∝ t2/3. It is note-worthing that all models with
non–zeroΩΛ andΩk approach the Einstein–de Sitter behaviour when

(1 + z) ≫ max

[

(1 − Ωm − ΩΛ)

Ωm
,

(

ΩΛ

Ωm

)1/3
]

. (A.11)

Finally, we can expressa(t) as:

a(t) = a0

[

1 −H0(t− t0) − q0h
2
0(t0 − t)2 + . . .

]

(A.12)

where

q0 = − ä0a0

ȧ2
0

=
1

2
Ω0m − ΩΛ (A.13)

is calleddeceleration parameter.

A.2 STRUCTURE FORMATION

Besides providing a theory to describe the very early times of the universe and the general
framework for the expanding universe, a Cosmological Theory must also provide a model
for the formation of cosmological structures and the large scale distribution of matter. To
give a comprehensive outline of that matter is far beyond thescope of this brief introduction,
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so that we address the reader to dedicated reviews (e.g. Peebles & Ratra 2003,Coles 2000
and Peacock 2001), while in the following we give only few basic ideas.

The Universe shows locally a very rich hierarchical patternof galaxies, galaxy clusters
and clusters of clusters; however, the primeval universe was almost smooth with slight ‘rip-
ples’ that can be seen as relics in the CMB spectrum. Models ofstructure evolution link such
initial smoothness to the rich scenario observed nowadays through the effect of gravitation,
which causes the initial tiny perturbations to attract moreand more mass. If we define the
density contrastδ with respect to the mean densityρ̄ as:

δ ≡ ρ− ρ̄

ρ̄
. (A.14)

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

δ̃(k) =
1

(2π)3

∫

d3xδ(x)e−ik·x. (A.15)

For later use, we also define thePower–SpectrumP of this field as basically the variance
of amplitudes of different waves at a given value ofk:

〈

δ̃(k1)δ̃(k2)
〉

= P (k1)δ
3
D(k1 + k2). (A.16)

whereδ3
D is the three–dimensional Dirac’sdelta function.

Those initial departures from a complete smoothness are supposed to have been adiabatic
and scale invariant. This means (1) that fluctuations in matter and energy are coupled in such
a way that the total entropy does not change, and (2) that the power–spectrum of such density
fluctuation field looks likeP (k) = Akn wherek has the usual meaning of a wavenumber.
The favoured value as for the exponentn is n = 1. The fact that the universe is isotropic is
expressed byP (k) = P (k).
Currently accepted models predict that Gaussian quantum fluctuations in a scalar field at
very early times (e.g. Guth & Pi 1982) have generated the density perturbation field. Since
the power–spectrum completely characterises in a statistical sense the Gaussian stochastic
processes, we are provided with a complete statistical description of the initial ‘seed’ of
structure formation once we have the power–spectrum of suchpristine perturbation field.
Besides gravitation, other astrophysical process are affecting the growth of perturbations;
they are accounted through aTransfer FunctionT (k) which is simply a function of the
wavenumberk. The final power spectrum relates to the original one byP (k) = P0(k) ×
T 2(k). For the sake of clarity, here below we just remind some of these non–gravitational
effects. As already mentioned, the coupling of baryons withthe radiation field or the bary-
onic pressure can cause the dissipation of perturbation in the baryonic component, as well
as the coupling of baryonic and radiation temperature untilthe time of decoupling, and fast
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moving (‘hot’) dark matter particles can lead to kinematic suppression of growth.
This latter effect is mainly important to determine the overall scenario; in fact, hot dark mat-
ter particles cancel small–scale structures just by free–streaming across the small potential
wells, so thatT (k) vanish for largek. At the opposite, slow moving (‘cold’) dark matter
particles suffer for a smaller dissipation at the horizon sizedH = c/H at matter–radiation
equality; nevertheless, a significant signal remains on small scales. Hence, two completely
different scenarios results in each case: if the dark matterwere ‘hot’ – which is called HDM
scenario – the largest structures form first, and the smallest ones descend by fragmentation.
In such scenario, galaxies form at late time, after galaxy clusters. On the other hand, in
the CDM scenario – in which the dark matter is ‘cold’ – the smallest structures, namely the
galaxies – are those who form first, becoming the building blocks for the largest ones. These
two scenario are also called ‘top–down’ (the first) and ‘bottom–up’ (the second). There is no
need to say that the HDM scenario has been ruled out by observations, which for instance
definitively state, roughly speaking, that galaxies form well before clusters. The net result
of perturbation growth in the CDM model is then a Power–Spectrum having a characteristic
turn–over at the scale of order the horizon at matter–radiation equality with an asymptotic
shape at small scale ofP (k) ∝ kn−4.

In the rest of this Section, we give an outline of the linear theory of growth of structure.
An extensive and complete treatment can be found elsewhere (e.g. Peebles 1980).

As we assume that at early times inhomogeneities were small,a perturbative approach
can be adopted, at least as a first approximation. Furthermore, if the length scale of pertur-
bations is smaller than the effective cosmological horizondH = c/H a Newtonian treatment
is physically grounded. If the mean free path of particles issmall, matter can be treated as an
ideal fluid. Hence, the equations of mass conservation, Euler’s equation and Poisson’s equa-
tion (see Chapter 3), must be re–written using comoving coordinatesx = r/a(t) (spatial co-
ordinates, fixed for an observer moving along with the Hubbleexpansion),v = ṙ−Hr = aẋ
(the peculiar velocity field, which represents the proper motions of particles besides the Hub-
ble expansion),ρ(x, t) (the density field) andφ(x, t) (the local value of Newtonian potential,
which relates to the fluctuations in the density field). For the exact equations in comoving
form see, for instance Coles & Lucchin (1995).

Expandingρ, v andφ perturbatively and taking only terms which are linear inδ gives :

δ̈ + 2Hδ̇ − 3

2
ΩmH

2δ = 0 (A.17)

This linear equations has two independent solutionsδ± = D±(t)δ(x), whereD−(t) is
the decaying modeandD+(t) is thegrowing modewhich shortly comes to dominate the
evolution ofδ. In an Einstein–de Sitter cosmology, for instance, the two modes areδ ∝ t−1

andδ ∝ t2/3 which also hasD+(t) ∝ a(t). The solution for the growth factorD+(t) in
general cosmologies are given by Peebles (1980).
As long as each Fourier modẽδ(k) is small, δ̃(k) ≪ 1, the linear approximation can be
applied and each Fourier mode evolves independently of the others, so that the Power–

193



APPENDIX - Basics of Cosmology

Spectrum simply scales as the square of the growth factor. This is what is called thelinear
regimein which larger scales persist longer than the smallest ones, which are those entering
first in thenon–linear regime.

An important difference holds between the collapse of dark and baryonic matter. In fact,
baryons suffer for more interactions than dark matter particles; we know, for instance, that
the radiation drag prevent it to collapse until the recombination era. At later times, gener-
ally, what may impede the baryons to collapse is the pressuresupport due to baryon–baryon
interaction. Jeans (1928) defined, as a function of the localtemperatureT and the pressure
P , a critical lengthλJ(T, P ) below which the pressure waves have times to propagate, then
counteracting the gravitational support; his calculations were made in a Newtonian frame-
work, for perturbations in an infinite, uniform and stationary distribution of gas. The mass
scaleMJ is defined as the mass encompassed in a sphere of radiusλJ/2, so that perturbation
having mass below this limit are not able to undergo the collapse. A similar calculation can
be made also in the framework of modern cosmology, accounting for pressure forces in the
previous linear equation. The obtained result is just a lower limit to the mass that is able to
collapse, sinceMJ is once more a perturbative result and thus it can only describe the first
phases of the process.

It is worth noting that the Jeans mass represents only a necessary but not a sufficient con-
dition for the collapse of baryons; in addition1 one has to require that the cooling time (i.e.
the characteristic time taken by the gas to loose its internal energy by radiative emission) is
shorter than the Hubble Time (i.e. the characteristic expansion time of the universe).
Many competing physical processes – e.g. radiative cooling, molecular cooling, heating
from first sources of light, magnetic fields – affect the baryons settling in the potential wells,
and the relative importance of them changes with redshift; we address the reader to Barkana
& Loeb (2001), Ciardi & Ferrara (2005) and references therein.

Anyway, Dark Matter is made by collisionless particles thatinteract very weakly with
the rest of matter and the radiation field; hence, density contrasts in this component start to
collapse at earlier times than the baryonic component. Whenthe perturbationδ becomes of
order unity, the full non–linear gravitational problem must be solved; in order to do this, we
must resort to numerical N–Body calculations (see Chapter 3), though a powerful approxi-
mation for the mild non–linear regime has been found by Zel’Dovich (1970). In such approx-
imation, the first non–linear objects are sheet-like structures, resulting from the contraction
along one of the principal axis. As the probability of simultaneous contraction along two (fil-
amentary structures) or three (point–like structures) axis is much less, ‘pancakes’ dominate
the first stage of non–linear evolution. At later times, the prediction of the Zel’dovich model
are no longer accurate. Then, the simplest case for which we can find an analytical solution
is that of a spherically symmetric perturbation, having a top–hat distribution of uniform den-
sity δi inside a sphere or radiusRi. Results from this rough model surprisingly comes out to

1In fact, the physics of baryonic collapse is not yet fully understood and all recipes are still fairly empirical.
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be very useful to gain an accurate description of propertiesand distribution of halos in the
CDM model.
The collapse of such a spherical top–hat is described, in Newtonian formalism, by:

d2 r

dt2
= H2

0ΩΛr −
GM

r2
(A.18)

wherer is the radius in a fixed coordinate frame,H0 is the present value for the Hubble
constant,M is the total mass enclosed in the radiusr and the initial velocity field is given by
the Hubble flow. Initially, the enclosedδ grows linearly asδiD(t)/D(ti). We assume that the
mass shell at radiusr is bound, so that it reaches a maximum expansion and subsequently
collapses. The over-density predicted by the linear theoryfor the collapse to a point–like
structure isδ = 1.686 in an Einstein–de Sitter universe (Peebles 1980) . Thus, a top–hat
collapse at redshiftz if its linear over-density extrapolated to the present (thecritical density)
is:

δcrit(z) =
1.686

D(z)
(A.19)

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

∆c = 18π2 ≃ 178 (A.20)

that in a universe havingΩΛ + Ωm = 1 becomes (Bryan & Norman 1998):

∆c = 18π2 + 82x− 39x2 (A.21)

wherex ≡ Ωz
m − 1 is evaluated at the same collapse redshift:

Ωz
m − 1 =

Ωm(1 + z)3

Ωm(1 + z)3 + ΩΛ + Ωk(1 + z)2
. (A.22)

Thus∆c ≃ 100 for Ωm = 0.3. We therefore definer100 as the radius encompassing a
mean over-density of 100 times the critical density of the Universe andM100 as the total mass
contained within the same radius. In general, we defineM∆ as the mass contained within a
radius encompassing a mean density equal to∆ρc, with ρc the critical cosmic density. In this
Thesis we often refer to other over-densities (e.g.M200,M500).

All in all, the following estimates are obtained as for, respectively, the virial radius and
the virial temperature for a halo of massM collapsing at redshiftz:

rvir = 0.784

(

M

108h−1 M⊙

)1/3 [
Ωm

Ωz
m

∆c

18π2

]−1/3(
1 + z

10

)−1

h−1kpc (A.23)

Tvir = 1.98 × 104
( µ

0.6

)

(

M

108h−1 M⊙

)2/3 [
Ωm

Ωz
m

∆c

18π2

]1/3(
1 + z

10

)

K (A.24)
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whereµ is the mean molecular weight (µ = 0.59 for a fully ionised primordial gas,
µ = 0.61 for primordial gas with fully ionised Hydrogen but neutral Helium,µ = 1.22 for
neutral primordial gas).
Since density fluctuations may exist on all scales, in order to determine the formation of
objects of a given size or mass it is useful to consider the statistical distribution of the
smoothed density field. Using a window function W(y) normalised so that

∫

d3yW (y) = 1,
the smoothed density perturbation field,

∫

d3yδ(x + y)W (y), itself follows a Gaussian dis-
tribution with zero mean. For the particular choice of a spherical top-hat, in whichW = 1 in
a sphere of radiusR and is zero outside, the smoothed perturbation field measures the fluctu-
ations in the mass in spheres of radiusR. The normalisation of the present power spectrum
is often specified by the value ofσ8 ≡ σ(R = 8 h−1Mpc). For the top–hat, the smoothed
perturbation field is denotedδR or δM , whereM is the mass related to the comoving radius
R byM = 4πρmR

3/3 in terms of the current mean matter densityρm. The functionσ(M)
plays a crucial role in estimates of the abundance of collapsed objects. This is a critical
test for any theory of structure formation, and it is a fundamental step toward inferring the
abundances of galaxies and galaxy clusters. A simple analytic model which successfully
matches most of the numerical simulations was developed by Press & Schechter (1974). The
model is based on the ideas of a Gaussian random field of density perturbations, linear grav-
itational growth, and spherical collapse. To determine theabundance of halos at a redshift z,
we useδM , the density field smoothed on a mass scaleM , as previously defined. Although
the model is based on the initial conditions, it is usually expressed in terms of redshift-zero
quantities. Thus, we use the linearly extrapolated densityfield, i.e., the initial density field at
high redshift extrapolated to the present by simple multiplication by the relative growth fac-
tor. Similarly, here the present power spectrum refers to the initial power spectrum, linearly
extrapolated to the present without including non-linear evolution.

Calculations (see e.g. Press & Schechter 1974,Barkana & Loeb 2001) give the comoving
number density dn of halos with mass betweenM andM + dM :

dn
dM

=

√

2

π

ρm

M

d(− ln σ)

dM
νc e

−ν2
c /2 (A.25)

whereνc = δcrit(z)/σ(M) is the number of standard deviations which the critical collapse
over-density represents on mass scaleM . Although this distribution function represents
fairly well the observations and also the numerical N–Body experiments, a significantly bet-
ter agreement can be achieved using an ellipsoidal collapsemodel instead of the simpler
spherical one (Sheth & Tormen 2002).
Figure A.1 from Springel et al. (2005) shows the comparison between the predicted mass
functions of dark matter haloes identified in a dark matter simulation at different redshift
with two model mass functions by the Press & Schechter (1974)and by Jenkins et al. (2001),
which is based on the analyses of numerical predictions of Dark Matter simulations.

We address the reader to the following references for a more extended discussion on these

196



A.3. Key Observations

1010 1011 1012 1013 1014 1015 1016

M  [ h-1 MO •  ]

10-5

10-4

10-3

10-2

10-1

M
2 /ρ

  d
n/

dM

z = 10.07

z =  5.72

z =  3.06

z =  1.50

z =  0.00

Figure A.1: Points with error-bars represent the mass function of dark matter halos identified in a dark
matter simulation (Springel et al., 2005) at different redshifts. Solid and dotted curves represent two model
mass functions by Press & Schechter (1974) and by Jenkins et al. (2001) respectively.

topics: Peebles (1980), Peebles (1993), Coles & Lucchin (1995), Coles (2001), Barkana &
Loeb (2001) and references therein.

A.3 KEY OBSERVATIONS

The Standard Cosmological Model sketched above employs about a tenth ofa priori free
parameters for which theory does not predict preferred values. Hence, deciding whether our
Universe is flat or open, whether or not there is a Dark Energy at work etc. rests upon ob-
servational constraints. The impressive technological improvement of the last twenty years
has permitted very precise measures of several parameters with more independent methods;
cross–combining these independent estimates leads to morecertain conclusions and breaks
the degeneracy among linked parameters.

What turns out is that the Model currently favoured is the so–calledΛCDM model, hav-
ing Ω ≃ 1, Ωm ≃ 0.3, ΩΛ ≃ 0.7.

It is note-worthing that the WMAP experiment (e.g. Bennett et al. 2003, Spergel et al.
2003, Spergel et al. 2007, Dunkley et al. 2008, Komatsu et al.2008) has enormously
improved the precision of our knowledge about the values of anumber of cosmological
parameters: the geometry of the universe, its mean density and baryonic density, the ampli-
tude of density fluctuations, the redshift of decoupling andothers have been constrained by
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measures on CMB of unprecedented precision. Although a number of discrepancies among
independent methods are still there, the “concordance model” appears more and more obser-
vationally grounded.

Figure A.2 (Kowalski et al. 2008) shows the confidence regions for ΩM andΩΛ from a
combination of different datasets (namely the CMB, the SN-Ia and the Baryonic Acoustic
Oscillations). Different and independent methods converge to the concordance model.
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Figure A.2: 68.3 %, 95.4 % and 99.7% confidence level contourson ΩM andΩΛ obtained
from CMB, BAO and SN-Ia, as well as their combination (assuming w = −1), from the
Supernova Cosmology Project (Kowalski et al., 2008).
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� The Curvature of the Universe

The most powerful technique to measure the curvature of the universe relies on the position
of the acoustic peak of the CMB spectrum. Before redshift of decouplingzdec = 1089 ±
1 Spergel et al. (2003), the Compton scattering tightly couples the photon of CMB and
the free electrons, which are in turn coupled with protons. Photon pressure impede the
gravitational settling of baryons down-to the dark–matterpotential well and the “photon–
baryon fluid” sets up acoustic oscillations. Once the matterrecombines, atz = zrec, photon
last scatter on electrons and suffer for gravitational redshift when leaving the potential well of
the last scattering surface. The signature of this last scatter is a fluctuation field on the CMB
spectrum which appears today as anisotropies on the sky; such fluctuations are called primary
anisotropies, whereas secondary anisotropies will be due to later gravitational effects, Sachs–
Wolfe effect, Rees–Sciama effects and others. On large scales the fluctuations of CMB must
origin from the primordial fluctuation spectrum as no signalcan had time to travel long
enough distances; instead, at the characteristic scale of the sound horizon atzrec acoustics
oscillations mentioned above can occur and at last scattering the oscillation phase freeze.
Therefore, the fluctuation spectrum should exhibit a harmonic series of fluctuation peaks
whose distance in the wavenumber space is equal to the critical wavenumber corresponding
at the sound horizon. The corresponding anisotropy scale projected on the sky is affected by
both the curvature of the universe and the distance of the last scattering surface. Briefly, in
the case of a flat space we expect the second acoustic peak at a given angular extent, which
will be larger or smaller respectively for positive or negative curvatures. Before WMAP
many other experiments (see for example Benoı̂t & coauthors2003) provided measures of
the acoustic peak positions, and all estimates are in perfect agreement with the WMAP result,
though its error is much smaller. Recently, Komatsu et al. (2008) from the analyses of the
WMAP-5 years found:

Ωk = 1 − Ωm − ΩΛ = [−0.0179, 0.0081], (A.26)

within a confidence level of 95%.

� The Cosmological Acceleration

If an observed object is nearby the observer, its luminositydistance can be well approximated
by a linear function ofz; otherwise, the dependence on the redshift become important and
involves the deceleration parameter. Hence, if we are provided with a set of standard candles
which can be found at distances large enough that the luminosity distance is no longer a
linear function ofz we can infer the past values of the parameterq, then deciding whether
the expansion of the universe has been accelerated or not.
Although SnIa are not standard candles in a strict sense, as their luminosity will vary as
time elapses from the explosion, they can be calibrated using the characteristic brilliance
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decaying–time which is instead tightly constant. Hence, wecan infer the distance of an ob-
served SnIa from its luminosity and also its receding velocity from the spectrum. In the case
of unaccelerated expansion, a given SnIa at distanced is expected to recede at a velocity
v = H0d, whereH0 is the present value of the Hubble constant. Instead, in caseof acceler-
ated or decelerated expansion, the value ofH(t) at a given time (redshift) is different than
H0 and the recession velocity will also be different than the expected value. Results on SnIa
atz∼> 3 from theSupernova Cosmology ProjectKowalski et al. (2008) give a negative value
of q0, indicating the presence of a positive cosmological constant:

Ωm = 0.713+0.027
−0.029(stat)+0.036

−0.039(sys), (A.27)

for a flat,ΛCDM Universe.

� The Matter and Baryon Density

Both the amplitude of acoustic peaks of the CMB spectrum (Bond & Efstathiou 1984) and
the Deuterium abundance[D/H ] (Boesgaard & Steigman 1985) are sensitive to the cosmo-
logical baryon density. The comparison between the estimates obtained by such independent
method provides an important test of the Big Bang model. Using the Baryon–photon ratio
inferred from WMAP-5 years resultsΩbh

2 = 0.02267+0.00058
−0.00059 (Komatsu et al. 2008), the stan-

dard Big Bang nucleosynthesis gives[D/H ] = 2.62+0.18
−0.20. Estimates from[D/H ] measures

in Lyα clouds and DLA give respectivelyΩbh
2 = 0.0214±0.0020 andΩbh

2 = 0.025±0.001,
with a good agreement which was far to be obvious a priori. Galaxy Clusters observations
provide estimates ofΩm through the evolution withz of their number counts. Fairly different
results are obtained by different author: Bahcall & Bode (2003) obtainσ8 = 0.95 ± 0.1 for
Ωm = 0.25, Borgani et al. (2001) obtainσ8 = 0.66+0.05

−0.05 andΩm = 0.35+0.13
0.10 , Reiprich &

Böhringer (2002) findσ8 = 0.96+0.15
−0.12 andΩm = 0.12+0.006

−0.004. Origins of such significative
discrepancy are discussed by Pierpaoli et al. (2003).

� Baryonic Acoustic Oscillations

Baryonic Acoustic Oscillations (BAO) are predicted in the matter distribution with a calibra-
tion that depends onΩmh

2 (Silk, 1968; Peebles & Yu, 1970; Sunyaev & Zeldovich, 1970).
The oscillations arise because sound waves in the coupled baryon-photon plasma after an
inflationary epoch will lead to the expansion of the baryonicmaterial in a spherical shell
around a small perturbation, reaching a radiusrS(z∗), the comoving sound horizon size at
recombination, before sound waves are no longer supported within the plasma (Bashinsky
& Bertschinger, 2001). A baryon densityΩbh

2 ≃ 0.02, Ωm = 0.24 andh = 0.73 give
rS(z∗) = 109 h−1Mpc. In real space this leads to a peak in the correlation function atrS(z∗).
In Fourier space, this process leads to oscillations in the power spectrum in the same way that
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the transform of a top-hat function yields a sinc function. The wavelength of these oscilla-
tions forΩM = 0.24 andh = 0.73 iskS = 2π/109 = 0.06 h−1Mpc−1. Percival et al. (2007b)
measured the cosmological matter density by observing the positions of baryon acoustic os-
cillations in the clustering of galaxies in the Sloan Digital Sky Survey. They jointly analysed
the main galaxies and LRGs in the SDSS DR5 sample, using over half a million galaxies in
total. The oscillations were detected with 99.74% confidence (3.0σ assuming Gaussianity)
compared to a smooth power spectrum. When combined with the observed scale of the peaks
within the CMB, Percival et al. (2007b) found a best-fit valueof ΩM = 0.256+0.029

−0.024 (68%
confidence interval), for a flatΛ cosmology when marginalising over the Hubble parameter
and the baryon density.
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