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Chapter 1

Thesis context

Galaxy evolution results from a complex interplay of physical processes, that
act on a wide range of scales and times. One crucial piece of this complex puzzle
is cold gas. Indeed, all physical processes occurring within galaxies, as well as
those related to interactions with the external environment, directly influence
(or are regulated by) the dynamics and the content of cold gas.

In this work, I take advantage of state-of-the-art models of galaxy formation
and evolution embedded in a cosmological context, and use them to explore
the role of cold gas in the physical processes driving galaxy evolution. This
approach allows a controlled analysis of individual galaxy histories, and of the
contributions of the specific processes involved. I can, in this way, follow the
origin of the observed relations, providing a physical interpretation for existing
data and predictions for higher redshift.

This Thesis work provides results useful for the interpretation of data col-
lected by ongoing and upcoming surveys, such as those planned for ASKAP and
MeerKAT, precursors of the Square Kilometre Array.

In this Chapter I provide an overview of the Thesis context, describing the
physical processes that rule the cold gas content evolution, and the current
status of cold gas observations and related theoretical studies. In the final part
of this chapter, I describe in detail the objectives of this study and the methods
adopted.

1.1 The role of gas in galaxy evolution

In the current standard picture of structure formation, galaxies are believed
to form from gas condensation at the center of dark matter halos. The gas,
trapped within the potential wells of collapsing structures, is shock heated to
high temperatures. It can then cool and be accreted on the central regions,
where it settles in a rotating disk. The accretion of gas on central galaxies
takes place very efficiently in the case of accretion along filamentary, anisotropic
structures (the so-called “cold mode”), or less efficiently when the accretion
is isotropic and undergoes shocks when interacting with the medium (the so-
called “hot mode”; Silk, 1977; Rees and Ostriker, 1977; Binney, 1977; White
and Rees, 1978). The difference between the two accretion modes is set by
the time scale at which the accreted gas cools, compared to the dynamical
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4 CHAPTER 1. THESIS CONTEXT

time of the halo. The latter is the typical time scale for a particle to cross
the halo. In the case of hot accretion, typical of massive halos (& 1012M�)
at late times, the cooling time is usually longer than the dynamical time, and
the shocked gas forms a quasi-static hot atmosphere that extends out to the
virial radius. In cold accretion, instead, typical of small halos at early times,
the cooling time is short compared to the dynamical one. In this case, time
is not enough to form a quasi-static hot atmosphere, and the shocks occur
very near to the halo center, followed by a very rapid cooling of the gas. This
two-modes description of gas accretion was introduced in early semi-analytic
models (White and Frenk, 1991a), and is included in all recently published
models (e.g. Benson et al., 2001b; Croton et al., 2006). The validity of this
cooling model has been confirmed by dedicated hydrodynamical simulations
(Yoshida et al., 2002; Helly et al., 2003; Saro et al., 2010; Lu et al., 2011;
Monaco et al., 2014, and references therein). Observationally, hot gas halos are
observed through their X-ray emission around individual galaxies, groups and
clusters of galaxies (Crain et al., 2010; Anderson and Bregman, 2011). The
existence of cold inflows (gas accreting in cold mode) has not been confirmed
observationally yet. Indirect evidences are inferred from observations of atomic
hydrogen absorbers in proximity of high redshift galaxies (Giavalisco et al.,
2011), or from high-velocity clouds around the Milky Way (Sancisi et al., 2008),
whose interpretation is, however, not unequivocal.

Due to conservation of angular momentum, cold gas is expected to settle in
a rotating disk. There is general agreement that the hot gas halos statistically
follow the same distribution of spin of DM halos (van den Bosch et al., 2002,
2003), and that the angular momenta of the hot gas and of the DM halo are
strictly correlated (Sharma and Steinmetz, 2005). Hydrodynamical simulations
show that the retention of the hot gas angular momentum in the cold gas disk
depends on the assembly history of galaxies (Zavala et al., 2008). In the case
of smooth accretion histories, typical of disk dominated galaxies, the angular
momentum of the parent halo is transferred to the gaseous disk and preserved.
In the case of bulge dominated galaxies, large fractions of the angular momentum
are lost during the merger events that lead to the formation of the central bulge
component. The dynamical state of the cold gas disk is important, because it
determines its typical size and stability.

The cold gas disk is the place where stars form. Proto-stars are observed
to form in giant molecular clouds (GMC), that are cold (T∼ 10 K), over-dense
gas regions, of size 20-200 pc. GMCs are the ideal place for the condensation of
molecules, and, due to their high density, for star formation. The mechanisms
driving GMCs formation and their collapse are still not well understood. The
most accepted scenario is the fragmentation of the cold gas disk, and the collapse
of over-densities onto the GMCs, in a top-down scenario (Elmergreen, 1975;
Elmegreen et al., 1995). Other scenarios have been proposed, and this matter is
still debated (see McKee and Ostriker, 2007, for a review of the GMC theoretical
and observational framework).

First studies on modeling of star formation were based on the direct corre-
lation observed between the surface density of star formation and that of the
cold gas disk, in a power law called Kennicutt-Schmidt relation (Schmidt, 1959;
Kennicutt, 1998). More recently, high resolution maps of the spatial distribu-
tion of star formation, atomic and molecular cold gas have become available for
relatively large galaxy samples. These new observations have allowed a deeper
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understanding of the distribution of the cold gas main components (atomic and
molecular hydrogen, HI and H2), and of their relation with star formation. Data
show a strong correlation between regions of high star formation and those of
high H2 surface density, while atomic hydrogen exhibits a poor correlation with
star formation (Wong and Blitz, 2002; Kennicutt et al., 2007; Leroy et al., 2008;
Bolatto et al., 2011; Krumholz, 2013). These studies have led to new investiga-
tions of the processes that regulate the transition from atomic to molecular gas,
and of the mechanisms driving star formation in GMC (see Krumholz, 2014, for
a review). Different studies have proposed relations to parametrize the molecu-
lar to atomic hydrogen mass ratio. Some are based on empirical relations, e.g.
with the mid-plane pressure of the disk (Blitz and Rosolowsky, 2006); some
on analytic solutions for the photo-dissociation in molecular clouds (Krumholz
et al., 2008, 2009), and others on direct hydrodynamical simulations (Gnedin
et al., 2009).

During their late evolutionary stages, stars eject gas, metals and energy,
that affect significantly the surrounding gas. During these events, referred to
as “stellar feedback”, metals, produced by nuclear reactions inside stars, are
ejected through winds or Super Novae explosions, and mix with the surrounding
medium. The energy released has the double effect of re-heating part of the cold
gas, and, carrying momentum, originating galactic outflows. The fate of these
outflows depends on their velocity: high velocity winds can carry material out
of the potential well of the galaxy, excluding it from the baryon cycle (at least
temporarily). If the velocity is, instead, small, the outflow can be re-accreted on
a short time-scale, contributing to refuel and enrich the cold gas in the galaxy
disk.

Another important feedback source is the energy released by black holes
at the center of galaxies. This so-called “AGN feedback” (where AGN stands
for Active Galactic Nuclei) is necessary to solve the over-cooling problem: in a
scenario with only stellar feedback, the most massive halos would accrete too
much cold gas at late times, forming very massive galaxies actively forming
stars, which is in disagreement with observations (Benson et al., 2003). One
manifestation of AGN feedback is the “quasar mode’, associated to the inflow
of large amounts of cold gas towards the central black hole. It is believed to
occur during mergers, and contributes to most of the mass growth of black holes.
Observationally, it is identified by large obscured clouds of accreting material,
strong winds of some thousands of km s−1 (Reynolds et al., 1997; Crenshaw
et al., 2003; Pounds et al., 2003; Reeves et al., 2009; Tombesi et al., 2010), and
outflows of tens to thousands of solar masses per year, at some hundred km s−1

(Heckman et al., 2000; Veilleux et al., 2005; Strickland and Heckman, 2009;
Weiner et al., 2009).

Another manifestation of AGN feedback is the “radio mode”, associated
with lower accretion rates of hot gas. This mode is typical of central galaxies
in groups and clusters, for which X-rays observations predict very high cooling
rates, but there is no evidence of a correlated enhanced star formation (Fabian
et al., 1991). Radio mode AGN feedback reheats the surrounding material,
preventing massive star formation (Pedlar et al., 1990; Baum and O’Dea, 1991;
Tabor and Binney, 1993; Tucker and David, 1997). This feedback manifests in
the form of powerful jets that inflate bubbles of relativistic plasma (Churazov
et al., 2000; McNamara et al., 2000; Dunn and Fabian, 2006, 2008). Because
of its balancing effect between cooling and heating, this mode is often referred
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to as “maintenance feedback” (Pizzolato and Soker, 2010; Narayan and Fabian,
2011).

Radio AGN feedback was introduced in semi-analytic models (Croton et al.,
2006; Bower et al., 2006; Somerville et al., 2008), and in hydrodynamical simu-
lations (Brüggen et al., 2007; Cattaneo and Teyssier, 2007; Dubois et al., 2010;
Gaspari et al., 2011, 2012), to counteract cooling flows. The quasar mode is usu-
ally implemented as a growing mode for the central black hole during mergers,
but its feedback is not always modeled explicitly.

Finally, cold gas is sensitive to the environment, through interactions with
other galaxies and with the hot gas halo. When a galaxy falls onto a more
massive halo, its hot gas, due to the interaction with the gravitational potential
of the cluster, might be stripped from the galaxy, in a process called strangu-
lation (Larson et al., 1980). A similar outcome results when a galaxy moves
with high speed through the intra-cluster medium: the pressure exerted by the
medium can strip loosely bound gas off the galaxy. This effect, first explained
and modeled in Gunn and Gott (1972), is usually referred to as “ram-pressure”
stripping. Clusters also host repeated fast galaxy-galaxy encounters: these in-
teractions can disturb the morphologies of galaxies, favoring the compression
of gas and, therefore, star formation or star bursts. This process is called ha-
rassment (Moore et al., 1996). All the above processes are effective in removing
gas in galaxies residing in dense environments, and therefore in suppressing star
formation. Their relative importance and dependence on galaxy mass, redshift
and mass scale remains subject of debate (Vollmer et al., 2001; Wetzel et al.,
2013; Peng et al., 2015; Westmeier et al., 2015; Davies et al., 2016).

1.2 Observational framework

For its importance in all the physical processes described above, cold gas can be
considered as a record of star formation and assembly history of galaxies. There-
fore, its abundance and dynamics can provide important information on physical
processes regulating galaxy evolution. Cold gas can be observed directly through
its main components: molecular and atomic hydrogen. Molecular hydrogen is
not measurable directly, and its amount is usually inferred indirectly from the
emission associated with rotational lines of the CO molecule, the second most
abundant molecule in giant molecular clouds. The conversion factor from CO
to H2 is uncertain, and likely depends on the physical and thermodynamical
state of the inter-stellar medium (Glover and Mac Low, 2011).

Atomic hydrogen is, in contrast, directly measurable from the 21 cm line, a
forbidden line associated with the spin-flip transition of the electron. It was first
detected in the Milky Way and Magellanic Clouds (Kerr and Hindman, 1953),
and in extragalactic systems later on (Roberts, 1975). These first observations
were made using single dish telescopes. Later on, spectral line aperture synthesis
provided new powerful instrumentation for radio measurements. Nowadays,
the HI galaxy content has been measured for thousands of galaxies up to z ∼
0.1, providing the necessary statistics for quantifying its correlation with other
galaxy properties.

The relation between HI and stellar mass in a statistical sample of galaxies
was first characterized using data from the GASS survey (Catinella et al., 2010,
2012). This observational project provided the HI content (or upper limits in
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the case of non-detections) for ∼ 1000 galaxies selected from the SDSS survey
(York et al., 2000), with mass M∗ > 1010M� and redshift 0.025< z <0.05.
The HI gas mass decreases linearly with increasing galaxy stellar mass, with a
large scatter. This work was successively extended to the H2 content, with the
COLDGASS survey (Saintonge et al., 2011), that provided an insight on the
relation between H2, HI and stellar mass for a large sample of mass-selected
galaxies.

The cold gas content of a galaxy depends strongly on its morphology. Both
HI and H2 are detected in spirals, in the form of rotating disks (Haynes and
Giovanelli, 1984; Thronson et al., 1989). Ellipticals are typically gas poor and
dispersion supported, but some measurements of cold gas were already carried
out in the eighties (Sanders, 1980; Knapp et al., 1985; Wiklind and Henkel,
1989). Since this gas was observed to be offset with respect to the optical image
of the galaxy, and to have a different kinematics, it was believed to have an
external origin. In more recent years, the survey ATLAS3D (Cappellari et al.,
2011) has analyzed the stellar and gaseous kinematics of 260 nearby Early Type
galaxies (Davis et al., 2011; Serra et al., 2012, 2014). They have found that ET
galaxies can be divided in two groups, according to the dominance of rotation
against dispersion: fast and slow rotators. Outside the cluster environment,
fast and slow rotators are characterized by the presence of gaseous disks: these
are co-rotating with the stars in most of the slow rotators, while often counter-
rotating in fast rotators. The authors argue that the properties of these gas
disks are compatible with recent accretion, and, for this reason, they are not
strongly correlated with the stellar dynamics. An analysis of the dynamics of
stars, HI and H2, and of their relation with stellar mass and galaxy morphology
in disk galaxies, was performed by Obreschkow and Glazebrook (2014). These
authors used 16 nearby spiral galaxies from THINGS (Walter et al., 2008), a
high spectral and spatial resolution survey of HI emission in 34 nearby galaxies.
They have found that the specific angular momenta of the stellar and of the
stellar+gaseous components of the galaxies in their sample lie on a plane in the
j −M − B/T space, where B/T is the ratio between bulge and total stellar
mass. The gas is found to have an angular momentum slightly larger than that
of the stars.

The HI mass function, i.e. the number density of galaxies with different HI
mass, has been measured by Zwaan et al. (2005) and Martin et al. (2010), for
the blind HI surveys HIPASS (Meyer et al., 2004) and ALFALFA (Giovanelli
et al., 2005), limited to redshifts z < 0.04 and z < 0.06, respectively. These
blind surveys were used also to estimate the clustering of HI-selected galaxies
(Basilakos et al., 2007; Papastergis et al., 2013). Results show that HI-selected
galaxies have a 2-point correlation function that depends weakly on the HI
mass, and that, in general, is lower than that measured for luminosity-selected
galaxies. Huang et al. (2012) matched the ALFALFA and SDSS samples, and
showed that HI-dominated galaxies are usually star-forming, but have stellar
populations less evolved than those of a non HI-selected sample of the same
stellar mass. Huang et al. (2012) also argued that HI rich galaxies preferentially
reside in high spin DM halos. In this work, the spin parameter was evaluated
from the rotational velocity of the gaseous disk (estimated from the 21 cm line
width) and the disk scale radius (following Hernandez et al., 2007).

An estimate of the H2 galaxy mass function has been obtained by Keres
et al. (2003), from the FCRAO Extragalactic CO Survey (Young et al., 1995).
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Galaxies residing in dense environments were early found to be “cold gas
deficient” (see Haynes and Giovanelli, 1984, for a review). The deficiency is
usually quantified in terms of the difference between the observed HI mass and
that expected for a “normal” galaxy (i.e. residing in a region with average
density) of similar linear size and morphology. Recent studies, as those based
on the already cited ATLAS3D and GASS surveys, have confirmed these results
for a wide range of morphologies and stellar masses (Davis et al., 2011; Brown
et al., 2017).

All relations described above for HI are measured in the nearby Universe. A
few very recent programs are focusing on measuring the HI content of galaxies at
redshifts higher than z ∼ 0.1. These are either based on targeted surveys, that
need long integration times (Catinella and Cortese, 2015), or relying on stacking
techniques or intensity mapping in the redshift range z ∼ 0.1 − 0.8 (e.g. Lah
et al., 2007; Chang et al., 2010; Geréb et al., 2013). At intermediate redshift
(0.16 < z < 0.22), BUDHIES is conducting a deep HI survey of galaxies of two
clusters and of the large scale structure around them (Verheijen et al., 2007;
Jaffé et al., 2012). The COSMOS HI Large Extragalactic Survey is ongoing
at the VLA (Fernández et al., 2016), probing the HI content of galaxies in the
redshift range 0 < z < 0.5.

Different is the case for H2 (see Solomon and Vanden Bout, 2005; Omont,
2007; Carilli and Walter, 2013, for a review), because the excitation lines of CO
are visible in a large range of bands, and are easily detectable at high redshift.
The main issue, in this case, is the target selection, and the uncertainty related
to possible variations of the CO-to-H2 conversion factor.

Observations of CO from low to high redshift have recently received a boost
with ALMA1, an interferometer operating at wavelengths from 0.32 to 3.6 mm,
allowing observations with unprecedented spectral and spatial resolution. Its
location is on the Chilean Andes, where the atmosphere is thin and the sub-
millimeter radiation is poorly absorbed by atmospheric water vapor. It is com-
posed of 66 high-precision antennas, that can be arranged in different interfer-
ometric configurations, setting the sensitivity and resolution according to the
scientific goal of the observation. ASPECS is a recent blind CO survey carried
out with ALMA, in the same region of the Hubble Ultra Deep Field (Walter
et al., 2016). Results from this survey have been used to constrain the CO
luminosity function and the evolution of cosmic molecular density up to z ∼ 4.5
(Decarli et al., 2016). Although uncertainties are still large, preliminary results
suggest that the cosmic molecular gas density drops by a factor 3-10 from z ∼ 2
to z ∼ 0, with a possible decline at z > 3.

The same improvements in resolution and redshift range for HI observations
will be possible with the new generation of radio instruments, as the Square
Kilometre Array (SKA, Schilizzi et al., 2008) and its precursors. SKA is a
radio interferometer of unprecedented sensitivity and resolution, currently under
design and construction2. The construction is divided in two phases, between
2018 and late 2020s: Phase 1 includes the construction of 500 stations, each
containing 250 individual antennas, in Australia, and 200 dishes, including the
64 of MeerKAT, in South Africa. Phase 2 will complete the arrays to 2000 high
and mid frequencies dishes and aperture arrays, and a million low-frequency

1More information can be found at the official web page: almascience.nrao.edu/sitemap
2More information on SKA configurations and building timescales can be found at the

official web page: skatelescope.org
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antennas.
Different pathfinders will pave the way for SKA, among them MeerKAT,

a 64 dishes system now under construction in South Africa, and ASKAP, in
Australia, that counts 36 dishes. Some surveys have been already planned. For
example, WALLABY and DINGO will be conducted with ASKAP (Johnston
et al., 2008). The former is a wide HI blind survey that should cover ∼ 75% of
the sky; the latter is a blind HI survey that should provide information on the
evolution of HI since z ∼ 0.5. In the case of MeerKAT, LADUMA (Holwerda
et al., 2012) will observe the 21 cm line in a deep field to z ∼ 1, covering the
same field of surveys in other bands.

1.3 Theoretical framework

Until recently, galaxy evolution theoretical studies accounted for cold gas as
a single phase component, with temperatures T< 104 K. Star formation was
typically related to the cold gas total surface density, using a Kennicutt-Schmidt
law (Schmidt, 1959; Kennicutt, 1998).

Driven by recent observational results, more attention has been devoted to
the inclusion of an HI-to-H2 partition of the modeled cold gas. For example,
Blitz and Rosolowsky (2006) proposed a relation to calculate the molecular-
to-atomic gas ratio in disks, assuming it depends on the mid-plane hydro-
static pressure. They tested their model against a sample of nearby galaxies,
that cover a wide range of magnitudes and metallicities. Its validity has not
yet been confirmed for galaxies at higher redshift. Another approach is that
of Krumholz et al. (2008, 2009), who calculated the balance between photo-
dissociation, molecular self-shielding, and formation of molecules on the surface
of dust grains in the central region of a molecular cloud. They evaluated the
HI and H2 masses over several galactic properties, and validated their results
against observational data from nearby galaxies. Other studies, such as Gnedin
et al. (2009), studied strategies to include the atomic-to-molecular transition in
cosmological hydrodynamical simulations. They used hydrodynamical simula-
tions including non equilibrium chemistry, radiative transfer, and self-shielding
from photo-dissociation with a phenomenological treatment. Other simulations
focused on the HI-H2 partition in single galaxies or molecular clouds (see, for ex-
ample, Pelupessy et al., 2006; Robertson and Kravtsov, 2008; Glover and Clark,
2012; Christensen et al., 2012; Walch et al., 2015).

The implementation of a self-consistent treatment of HI and H2 in large
volume cosmological hydrodynamical simulations is difficult. In this case, H2

formation can either be modeled using sub-grid prescriptions, or the fraction of
HI and H2 can be evaluated in post-processing. This is the case for recent large
simulations as OWLS (Schaye et al., 2010), EAGLE (Schaye et al., 2015) and
Illustris (Vogelsberger et al., 2014b).
Duffy et al. (2012) extrapolated the HI and H2 content for the OWLS simula-
tions adopting the relation proposed by Blitz and Rosolowsky (2006) in post-
processing, and found realistic gas contents at low redshift, but too many H2-rich
galaxies.
In EAGLE, Lagos et al. (2015a) assigned the H2 galaxy content in post-processing,
using prescriptions proposed by Gnedin and Kravtsov (2011) and Krumholz
(2013). The simulation reproduces well the H2 mass function and scaling rela-
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tions, and predicts that molecular gas resides preferentially in high mass, star
forming galaxies. For the same simulation, the HI content has been inferred from
the neutral hydrogen amount (evaluated using a model for photo-ionization),
and using the Blitz and Rosolowsky (2006) relation. The simulation reproduces
nicely the cosmic HI mass density evolution (Rahmati et al., 2015), the radial
distribution and morphology of HI observed for the GASS galaxies (Bahé et al.,
2016), and the dependence on the environment (Marasco et al., 2016). Crain
et al. (2017) evaluated the dependence of the HI content on the star formation
efficiency, the feedback prescription and the resolution of the simulation, finding
that at fixed stellar mass, a stronger feedback would lead to a larger HI content.
In the Illustris simulations, the HI is self-consistently evolved in the chemi-
cal scheme of the simulation (as described in Ferland et al., 1998), while H2

is assumed to be proportional to the amount of stars formed. The obtained
scaling relations and their evolution show a good agreement with observations
(Vogelsberger et al., 2014a; Genel et al., 2014).

In semi-analytic models, the partition of cold gas into HI and H2 is modeled
employing relations similar to those used in hydrodynamical simulations. The
first analyses were performed by partitioning the cold gas in post-processing.
For example, Obreschkow and Rawlings (2009) partitioned the cold gas in the
De Lucia and Blaizot (2007) semi-analytic model, using the relation by Blitz
and Rosolowsky (2006). This work was used to make predictions for the HI and
H2 content at high redshift, and to build mock catalogs of the 21 cm line for
the Square Kilometre Array. In this Thesis work, I will show that the model
described in De Lucia and Blaizot (2007) is not able to reproduce a realistic
evolution of the HI galaxy content. Therefore, available mock catalogs for SKA
need to be improved by the adoption of a self-consistent model, able to provide
a more realistic description of the HI content of galaxies and its evolution.

Other studies, based on a post-processing partition of the cold gas, are those
by Power et al. (2010) and Kim et al. (2011), who analyzed the HI mass function
and the spatial distribution of HI-selected galaxies predicted by two independent
semi-analytic models. Both found a general good agreement with observations,
and little evolution with the HI content with redshift.

In several recent studies based on semi-analytic models, the transition from
HI to H2 is modeled self-consistently: at each time step, the cold gas is parti-
tioned in HI and H2 using an empirical or theoretical prescription (Fu et al.,
2010; Lagos et al., 2011b,a; Popping et al., 2014; Xie et al., 2017). These mod-
els predict scaling relations in agreement with observations. Interestingly, the
resulting stellar properties of model galaxies (mass, star formation rate and
metallicity) are not dependent on the specific prescription used to partition the
cold gas (Lagos et al., 2011b; Somerville et al., 2015; Xie et al., 2017). This is
due to the self-regulation between star formation and stellar feedback, that reg-
ulates the stellar production depending on the available quantities of gas. The
differences among different prescriptions can be more easily identified at the
high redshift or in low mass, recently formed galaxies, where the self-regulation
mechanism has not yet become effective. The model by Lagos et al. (2011a)
was also used to evaluate the HI mass function and the two-point correlation
function of low mass HI-selected galaxies, finding a good agreement with the
observed relations for masses MHI > 108M� (Kim et al., 2015, 2017).

The recent availability of integral field spectroscopy for large surveys of
galaxies allowed a deeper analysis of the internal dynamics of galaxies. As
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explained above, cold gas links the dynamics of the halo and that of the stars.
It cools, preserving the angular momentum of the hot gas, coupled with that of
the DM halo; the stars in the disk carry the angular momentum of the cold gas
they formed from. As a consequence, the size and the dynamics of a galaxy are
determined by the history of gas accretion and star formation.

First hydrodynamical simulations suffered of excessive loss of angular mo-
mentum, resulting in too compact galaxies, with disks too small compared to
observations (Steinmetz and Navarro, 1999; Navarro and Steinmetz, 2000). Sev-
eral studies suggested that excessive cooling and star formation during the early
stages of galaxy formation prevent the formation of extended disks. Suppres-
sion of this early cooling produced more realistic disks (Weil et al., 1998; Eke
et al., 2000; Abadi et al., 2003; Governato et al., 2004), suggesting that feedback
plays an important role in the galaxy dynamics. Thanks to the improvement of
numerical resolution and stellar feedback schemes included, many groups have
succeeded to reproduce realistic thin disks supported by rotation (Scannapieco
et al., 2005, 2006, 2008; Zavala et al., 2008; Governato et al., 2010; Guedes et al.,
2011; Danovich et al., 2015).

The distribution of sizes and angular momenta of galaxies were studied us-
ing the cosmological simulations cited above. In EAGLE, the feedback scheme
is calibrated to reproduce the stellar mass function and galaxy sizes at red-
shift zero, but the simulation reproduces well the size-mass relation observed at
higher redshifts (Furlong et al., 2015). Lagos et al. (2017) have shown that this
simulation produces a realistic distribution of specific angular momentum with
stellar mass, and that it strongly correlates with the cold gas content.
Illustris does not reproduce a realistic distribution of galactic morphologies,
having too many disk-dominated galaxies. This influences the observed size-
luminosity relation, that does not agree with the observed trends (Bottrell et al.,
2017). The specific angular momentum-stellar mass relation is, instead, well re-
produced. This relation was analyzed against different morphological selections
and wind schemes (Genel et al., 2015; DeFelippis et al., 2017), finding that strong
winds are able to increase the angular momentum, and to prevent angular mo-
mentum loss. Stellar feedback is thus confirmed as a fundamental ingredient in
regulating the angular momentum evolution, as already found in other hydrody-
namical simulations (Übler et al., 2014). Similar investigations were performed
using other simulations, finding similar results (Teklu et al., 2015; Pedrosa and
Tissera, 2015; Zavala et al., 2016)

Recently, size and angular momentum have been studied in the context
of semi-analytic models. The size-mass relation was studied in several works,
highlighting the necessity for a treatment for gas dissipation during mergers to
have realistic sizes for early type galaxies (Shankar et al., 2013; Tonini et al.,
2016). Some recent models include a specific treatment for the exchange of
angular momentum among the disk components of the galaxy and the hot gas
halo, and a consistent estimation of the disk scale radius (e.g. Lagos et al., 2009;
Guo et al., 2011; Benson, 2012; Padilla et al., 2014; Tonini et al., 2016; Stevens
et al., 2016).
Lagos et al. (2015b) studied the misalignment between the stellar and the gas
angular momenta in ET galaxies, finding a good agreement with observations.
For this purpose, they assigned in post-processing the specific angular momenta
to model galaxies, following the statistical analysis of the spin-flips in mergers
performed by Padilla et al. (2014).
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A detailed analysis on the relation between specific angular momentum and
stellar mass of galaxies, in the framework of semi-analytic model, has not yet
been performed.

1.4 Thesis objectives

This thesis is focused on the role of cold gas in driving the evolution of the
physical and structural properties of galaxies in the local Universe. The primary
tools used in this PhD work are semi-analytic models of galaxy formation. These
methods offer the possibility to access a large range of masses and environments,
at a limited computational costs.

I first analyze the agreement between available HI observations in the local
Universe, and results from state-of-the-art semi-analytic models. This compar-
ison allows us to identify the prescriptions that mostly influence the cold gas
content of galaxies, and to characterize the dependence of the results on the
specific model used. The models I consider in my study include different treat-
ments for star formation, stellar feedback, AGN feedback, chemical enrichment,
and gas stripping in satellites, which makes it possible to quantify the relative
importance of different processes. In particular, I take advantage of the GAEA
model (Hirschmann et al., 2016), and its more recent updates described in Xie
et al. (2017). The model includes a non-instantaneous recycling approximation
and an improved feedback scheme, which leads to a better agreement with a
number of observational results. These include the observed correlation be-
tween gas fraction and galaxy mass at different cosmic epochs. Furthermore,
the model presented in Xie et al. (2017) includes an explicit treatment for the
partition of cold gas into HI and H2, and a star formation law based on the H2

surface density. For the other models, HI and H2 masses are extracted in post-
processing, using the same prescriptions described in Obreschkow and Rawlings
(2009). All the models I consider are based on the same cosmological DM only
simulation. While previous studies have focused on results from specific models
(e.g. Power et al., 2010; Kim et al., 2011; Lagos et al., 2011a), this is the first
time such a systematic comparison is carried out. This allows us to identify
robust successes and failures of existing models, as well as to highlight possi-
ble directions for future improvements. In addition, this analysis is required
to assess the ability of current models to make specific predictions for future
observational programs.

In the second part of the Thesis, I focus on the ability of one particular
model (that presented in Xie et al., 2017) to reproduce the observed trends
for the size-mass relation (Shen et al., 2003; van der Wel et al., 2014; Lange
et al., 2015) and the specific angular momentum-mass relation (Romanowsky
and Fall, 2012; Cortese et al., 2016). Observations have shown that the scat-
ter in these relations depends on the morphology of galaxies: disky galaxies
are larger and have larger specific angular momenta with respect to spheroidal
ones. I characterize the role of cold gas in these relations and their scatter.
The model I use is ideal for this study, because it includes a specific treatment
for the angular momentum of the gaseous and stellar disks. In addition, the
scale radii of the disks are computed self-consistently from the specific angular
momentum. I include a treatment for dissipation of gas during mergers, follow-
ing results from hydrodynamical simulations. While the size-mass relation has
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been already subject of investigation in previous studies based on semi-analytic
models (Shankar et al., 2013; Tonini et al., 2016), a systematic analysis of the
specific angular momentum has not yet been performed, and current work is
limited to post-processing analyses (Lagos et al., 2015b) or to dedicated models
(Stevens et al., 2016). Therefore, my study provides additional insight on cold
gas dynamical evolution and its influence on the stellar content.

The success of the galaxy formation model I use, combined with the flex-
ibility of the semi-analytic approach, represent ideal requirements to generate
mock light-cones that can be used to interpret ongoing observations, or to guide
future observational programs. For the analysis carried out in the first part of
the Thesis, I developed a software that creates mock catalogs starting from the
model outputs. This software is able to add galaxies in the mock light-cone at
the evolutionary stage corresponding to their distance from the observer, and to
avoid repetitions of structures along the line of sight. With this software, I cre-
ated mock catalogs for the ongoing deep field survey VANDELS (McLure et al.,
2017). These cones are currently used by the VANDELS group to analyze the
environmental dependences of high redshift galaxies. I am currently modifying
this software to create realistic mock catalogs of 21 cm lines. This work will
be very useful in the scientific planning for the Square Kilometre Array and its
precursors. The mock catalogs currently used for this purpose are based on the
output of an out-of-date semi-analytic model, that, as I demonstrate in the first
part of this work, is not able to reproduce a realistic evolution of the galactic
cold gas content.



14 CHAPTER 1. THESIS CONTEXT



Chapter 2

Background on cosmology
and simulations

In this Chapter, I introduce the essential background of this Thesis work. Specif-
ically, in the following sections I will discuss the basics of cosmology and struc-
ture formation, and notions of simulations, with a focus on N-body dark matter
simulations and semi-analytic models of galaxy formation and evolution.

2.1 Cosmology and Large Scale Structure

2.1.1 Cosmology and astrophysics: different views of the
same Universe

Cosmology and astrophysics are two disciplines of modern physics, both dealing
with the evolution of our Universe. They focus, however, on different specific
questions, as well as on different phenomena and physical scales.

Cosmology deals with the origin and the evolution of the Universe from a
distribution of fluctuations of matter and energy in a relativistic background.
The typical scales span from that of the dark matter halos (∼2 Mpc) to that
typical of the baryon acoustic oscillations (∼100 Mpc). Astrophysics deals with
the physics of the astra, from the smallest objects, like atoms and grains of dust,
to collapsed systems, like stars, galaxies and clusters of galaxies.

The relative fields of interest are not well divided, and in several cases the two
disciplines overlap, especially at the scales where galaxies grow and evolve. This
overlap is the natural consequence of the evolution of structures in a cosmological
context, and the formation of galaxies in these structures.

The specific cosmology driving the evolution of our Universe can be de-
scribed by a set of “cosmological parameters”. The values of these parameters
uniquely identify a cosmological model, and include the relative densities of the
different components of the Universe. Several observational studies are devoted
to the measurement of these parameters, and recent results suggest we live in
an expanding Universe, where baryons are only a small fraction of the total
matter. The main component is dark energy, a repulsive force that drives the
Universe expansion (Λ), and accounts for ∼ 68% of the total energy-matter bud-
get. The rest of the Universe is composed of matter, with baryons accounting

15
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for almost ∼ 5%, and Dark Matter (DM) for the remaining part (∼ 27%). The
nature of DM is still uncertain, but the most accepted theory is that it is com-
posed of weakly interacting massive particles (WIMPs) which do not interact
electromagnetically.

According to the standard model of structure formation, structures in the
Universe form from the growth of small perturbations in the initial density field.
These perturbations grow and separate from the Universe expansion due to their
self-gravitation, leading to the collapse of DM halos. The baryons fall into the
potential wells formed by DM, preserving its dynamical state.

In this scenario, galaxies and galaxy clusters settle at the center of the DM
halos and, for this reason, can be used as proxies for the large scale matter dis-
tribution. Measurements of the large scale structure and statistical distribution
of matter can then be used to estimate the cosmological parameters. Neverthe-
less, the transition from baryonic to matter distribution is not straightforward,
and requires a good knowledge of the physics that regulates galaxy observable
properties and their distribution inside the halos. This bias evaluation is thus
the result of a complex interplay between cosmology and astrophysics.

2.1.2 Cosmological principle and cosmological measure-
ments

Modern cosmology is based on the so-called Cosmological Principle, which states
that, at sufficiently large scales, the Universe is spatially homogeneous and
isotropic. This was confirmed by the first measurements of the Cosmic Mi-
crowave Background (CMB, Penzias and Wilson, 1965): this background is a
relic radiation from the early Universe, characterized by very small anisotropies.
In an homogeneous and isotropic Universe, the only motion allowed to preserve
the Cosmological Principle is a pure expansion (or a pure contraction). The
expansion of the Universe was first demonstrated by Hubble (1929). He discov-
ered the existence of a linear relation between the distances (x) and the radial
velocities (v) of 46 galaxies in the Local Universe: v = H0 · x, where H0 is the
Hubble constant, that Hubble estimated to be equal to H0 = 500 km s−1Mpc−1.
Recent measurements of the cosmological parameters set the value of the Hub-
ble constant to H0 = 100 · h = 67.3± 1.2 km s−1Mpc−1 (Planck Collaboration
et al., 2014).

The expansion paradigm implies an “initial time”, when the Universe is
concentrated in an extremely hot and dense singularity, a scenario called Big
Bang. The time describing the evolution since the Big Bang is called cosmic
time, and we can define a set of spatial coordinates that satisfy the symmetry
of the Cosmic Principle. An observer located in these coordinates would move
along the overall cosmic expansion, and, for this reason, they are called co-
moving coordinates. We can relate the co-moving coordinates and the cosmic
time geometrically, using the Robertson-Walker metric:

ds2 = c2dt2 − a2(t)

[
dr2

1−Kr2
+ r2(dϑ2 + sin2 ϑdϕ2)

]
(2.1)

where ds is the distance in space-time, c is the speed of light, t is the cosmic time,
and (r, ϑ, ϕ) are the spatial coordinates. K is a constant, whose value can be -1,
0 or 1, according to the geometry of the Universe, and describes its curvature.



2.1. COSMOLOGY AND LARGE SCALE STRUCTURE 17

Data from various independent experiments confirm its value to be 0, i.e we
live in a flat Universe, with a very small error (see for example measurements
from the CMB power spectrum, Spergel et al., 2003; Planck Collaboration et al.,
2014). The scale factor a(t) is a time dependent factor which relates the co-
moving coordinates to true physical distances. The expansion of the Universe
can be described applying general relativity to the cosmological principle, and
assuming an appropriate equation of state. Assuming a perfect fluid, the result
is given by the Friedmann equations (Friedmann, 1922). These express the scale
factor in terms of density and pressure of the Universe:

ä

a
= −4πG

3

(
ρ+

3P

c2

)
. (2.2)

In this equation, ä is the second derivative of a(t), G is the gravitational con-
stant, ρ(t) is the mass density of the Universe, and P is the pressure. Imme-
diately after the Big Bang, the Universe is radiation dominated, and the scale
factor scales as a(t) ∼ t1/2. While the Universe expands, radiation becomes less
important, and matter becomes the dominant component (from t ∼ 5 · 104yr to
t ∼ 9.8 · 109 yr). In this case, the scale factor scales with a(t) ∼ t2/3. After this
period, the matter density and the radiation density continue to drop, because
of the expansion. The pressure term that drives the expansion dominates, lead-
ing into a Dark Energy-dominated era, that lasts to the present day. In this
era, the scale factor scales as a(t) ∼ exp(

√
8πGρcr/3 t), where ρcr is the critical

density of the Universe, the mean density the Universe should have to halt its
expansion at infinite time.

The scale factor regulates the expansion velocity and the distances among
objects in the expanding Universe. For this reason, the Hubble constant in the
Hubble equation is a time dependent parameter, that can be expressed in terms
of variations of the scale factor in time: H(t) = ȧ(t)/a(t). This means that the
Hubble relation, introduced above, scales linearly only in the Local Universe,
while at larger distances it depends on the scale factor.

The expansion produces effects similar to the Doppler effect on the light emit-
ted by astrophysical systems. Analyzing the propagation of light in a Robertson-
Walker metric, for photons emitted at time te with wavelength λe and received
at time t0 with wavelength λ0, one obtains:

λ0

λe
=
a(t0)

a(te)
= 1 + z. (2.3)

z is the redshift, and provides a measure of the distance of galaxies.
The effect of the expansion is measured also as a variation of the measured

magnitude of a source. The magnitude is a logarithmic measure of the brightness
of an object in a specific band. The absolute magnitude is defined as that
measured at a distance of 10 pc from the source. The absolute (M) and apparent
(m) magnitudes are related through the distance (d) from the observed source:
m −M = 5(log10 d − 1). One definition of distance often used in cosmology is
the luminosity distance:

dL =

(
L

4πF

)1/2

= a0 · r · (1 + z) (2.4)

where L is the intrinsic luminosity of the source, F its flux, a0 is the scale factor
at redshfit zero, and r is the comoving distance of the source.



18 CHAPTER 2. BACKGROUND ON COSMOLOGY AND SIMULATIONS

2.1.3 The Big Bang and the baryons’ origin

As explained above, the current paradigm of an expanding Universe assumes
that, during its earliest evolutionary stages, the Universe was extremely hot and
dense. Its thermal history can be described by applying the laws of thermody-
namics to a homogeneous and isotropic plasma.

At the very beginning, the hot plasma was made of photons, electrons,
positrons and neutrinos. Until the temperature was above T ∼ 1013 K, the
physics regulating the interactions is not understood.

It is believed that during this epoch, two important processes took place:
baryogenesis, that created an asymmetry in favor of baryons (and against anti-
baryons), and inflation, an extreme expansion period. The inflation paradigm
was introduced to solve some problems raised by the standard Big Bang scenario.
One is the horizon problem: the CMB shows very small, casually independent
fluctuations. This can be naturally explained if the Universe originated from a
very small region where all matter and energy were in close and uniform contact.
Another problem is the observed flatness of the Universe: without inflation, it
can be obtained only with a fine tuned set of initial values for the matter and
energy density. Small deviations from these values would have had extreme
effects on the currently observed Universe. The last problem is the monopole
problem: if the early Universe was very hot, a large number of heavy magnetic
monopoles would have been produced, and should have persisted to present day.
Observationally, we do not see any evidence of their existence. An inflationary
period, just after their formation, would have diluted them significantly.

As the temperature of the Universe decreases to T ∼ 5 · 109 K, quarks and
hadrons form in the hot plasma, pions and muons decay, and the number of
neutrons and protons starts to differentiate. At this point, electrons and neutri-
nos νe and ν̄e decouple from the plasma, and the fraction of neutrons/protons
freezes at a value ∼ 1/10. At T ∼ 109 K, nucleosynthesis starts, and some
heavier elements are produced from the neutron-proton plasma, as deuterium,
helium and lithium. The measure of the pristine abundance of these elements,
namely the metallicity of material not processed in stellar nuclear reactions,
provides information on the initial neutron/proton and photon/baryon ratios.
When the temperature reaches T ∼ 3000 K (t∼ 2 · 105 yrs), neutral atoms
become dominant (until this moment all matter was ionized), and the Universe
becomes transparent to radiation. The photons of the CMB originate from this
epoch, called recombination.

2.1.4 Perturbations and growth of structures

While at large scales the Cosmological Principle appears a reasonable approx-
imation, structures of variable dimensions and distributions are observed at
smaller scales.

Observationally, baryonic structures can be measured directly, from their
light emission/absorption. The presence of DM can be inferred indirectly from
the dynamics of the baryonic systems. For example, the rotational velocity
profile of a disk dominated galaxy requires a major dark mass component in the
galaxy, and the velocity distribution of galaxies inside a galaxy cluster requires
the existence of an invisible halo that dominates the gravitational potential. The
potential of DM structures can be measured also through gravitational lensing:
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Figure 2.1: The evolution of a perturbation on a scale of M∼ 1015M�. δ
represents the density contrast, a normalization of the density field, for DM
(solid), baryons (dash-dotted) and photons (dotted line). The time is expressed
in terms of the growing factor. Illustration from Coles and Lucchin (2002).

general relativity predicts that a massive object (a lens) produces a deformation
of the nearby space-time, that bends the light traveling from a distant source.
The lens potential can be evaluated from the distortion it produces on the lensed
objects.

Cosmic structures originate from fluctuations in the initial matter density
field, that have grown under their own self-gravity. In the case of baryons, the
growth of structures is prevented by the initial high temperature. DM perturba-
tions growth, instead, is prevented only by the Universe expansion, that tends
to dilute the over-densities. Structure formation occurs when a perturbation
reaches a critical density, and decouples from the expansion of the Universe,
collapsing due to its own gravity. The collapse process can be described with
several theoretical treatments. The simplest solution (and the only analytical
one) is obtained assuming a spherical symmetry and no shell crossing (when an
external shell of the structure collapses faster than an internal one). The so-
lution is calculated assuming that, when the over-density leaves the expansion,
it can be treated as a closed Universe, using the Friedmann equations. In this
way, one obtains an analytic description of the radius and the time describing
the collapse, and finds that spherical perturbations can separate from the Uni-
verse expansion when the initial over-density is ∼ 180 times the average density
of the Universe. Additional complexities, such as a non spherical shape, shell
crossing, or rotational torques in the collapsing over-density, require a numerical
treatment. Numerical simulations confirm that, on average, structures separate
from the cosmological background when their density is around ∼ 100 times
the mean density of the Universe. When their internal kinematics support their
gravitational potential, structures become “virialized”. We define a virialized
DM structure a “DM halo”. This halo can grow further through accretion of
material from the external regions, or through mergers with other halos. When
a small halo is merged or accreted into a larger one, without being destroyed by
its tidal field, it becomes a self-bound substructure, and we call it a subhalo.

In this DM structure formation scenario, baryons are accreted onto the col-
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lapsed DM halo potentials. At the beginning of the baryonic collapse, radiation
pressure is still dominant, and baryons are spread out of the perturbations.
When photons are completely decoupled from baryonic matter, radiation pres-
sure no longer prevents the collapse, and baryons fall in the DM perturbation,
that has grown during the phase of baryonic oscillations. At decoupling, baryons
have a distribution around the DM potential that is determined by their sound
velocity at that time. For this reason, the typical scale length of this distribution
is called the Baryonic Acoustic Oscillations scale. This scale is imprinted in the
total matter distribution, and can be used to measure cosmological parameters,
because it is a standard ruler. We show a schematic illustration of the growth
of structures in Fig. 2.1, where different lines represent the normalized density
field of each component evolving with the scale factor. In particular, DM (solid)
perturbation grows all over the time, while baryons (dot-dashed line) oscillate
with photons until decoupling, when they finally fall into the DM potential.

During structure growth, the asymmetric distribution of matter in the neigh-
borhood of the over-density can impress a tidal torque on the collapsing mate-
rial. The tidal torque theory describes this effect in the linear regime (before the
structure viralizes). Usually, the dynamical state of a collapsed halo is described
through a dimensionless spin parameter:

λ =
|E| 12 |~L|
GM

5
2

(2.5)

where E = Mσ2

2 is the kinetic energy of the halo, M and σ are the mass and ve-

locity dispersion, ~L = MRVrot is the angular momentum, R is the virial radius
and Vrot the rotational velocity. One expects that this spin is transferred to
the baryons falling onto the halo potential, but observations show that galaxies
are characterized by a λ much lower than expectations from DM. This differ-
ence must be attributed to the energy that, during baryonic collapse, is partly
dissipated through cooling.

2.1.5 Statistical description of perturbations

Observationally, the distribution of cosmic structures provides information on
the cosmological parameters. For this reason, large effort is spent in surveys that
study large volumes of the sky to measure the statistical properties of galaxies
and/or galaxy over-densities.

In the analysis of the matter (or galaxy) density field ρ(~x), an often used
quantity is the density contrast δ(~x) = (ρ(~x) − ρ̄m)/ρ̄m, namely the difference
between the density field at the position ~x, and its average value ρ̄. The density
contrast easily characterizes over-densities and under-densities with positive and
negative values. It can be used to select, at each cosmic time, the over-densities
that will collapse in a DM halo, by setting a minimum threshold, for example,
the critical density predicted by the spherical collapse model. The variance of
the density contrast distribution is defined as σ2 =< δ2 >= 1/V

∫
V
δ2(~x)d3~x,

where V is a representative volume of Universe.
When looking at the over-density distribution, it is useful to smooth the

density contrast on a specific scale length. This is made convolving it with a
window function W (~x,R) (or W̃ (~k,R) in Fourier space): δR(~x) =

∫
δ(~x)W (~x−

~x′, R)d3~x. The most used window function is the top hat, which assigns to δR(~x)
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the mean density contrast inside R:

W (~x,R) =

{
3

4πR3 if |~x| ≤ R
0 if |~x| > R

We can define the variance also for the smoothed density contrast field:

σ2(R) =< δ2
R(~x) > .

The cosmological parameter σ8 is defined as the variance of the density field
smoothed with a top-hat filter of size R = 8h−1 Mpc. Its measured value is
σ8 = 0.8± 0.01, and characterizes the typical scale of structures. A larger value
corresponds to larger fluctuations in the density field, and structure formation
starting earlier.

The smoothing length can be translated in a smoothing mass M = 4/3πρ̄R3,
and thus δM (~x) = δR(~x). At a time t, we can select the peaks of the smoothed
density contrast, using a threshold that identifies the regions that will collapse
in a halo of mass M . Assuming a Gaussian random field, Press and Schechter
(1974) postulated that the probability that, at time t, δM is larger than a critical
threshold δc, is the same as the mass fraction that at the time t is contained in
halos with mass greater than M :

n(M, t)dM =
ρ̄

M

∂f(> M)

∂M
dM =

√
2

π

ρ̄

M2

δc
σ
e

−δ2c
2σ2

∣∣∣∣ d lnσ

d lnM

∣∣∣∣ dM (2.6)

This formalism is used to predict the halo mass function. It can be extended
to identify the progenitors of a collapsed spherical region of mass M2 at time
t2. At a time t1 < t2, the fraction of mass collapsed in halos of mass M1 can
be determined from eq. 2.6, and we can use it to determine the mean number
of progenitors of mass M1 of a structure of mass M2, using the expression:

n(M1, t1|M2, t2)dM1 =
1√
2π

M2

M1

δc(t1)− δc(t2)

(σM1 − σM2)
3
2

e
(δc(t1)−δc(t2))2

2(σM1
−σM2

)2

∣∣∣∣dσM1

dM1

∣∣∣∣ dM1

(2.7)
In the above equation, δc(t) is the critical density at the epoch t, and σM is
the variance for the mass M . This formula can be used to generate analytic
merger trees, i.e. a description of the assembly history of dark matter halos (see
e.g. Bower, 1991; White and Frenk, 1991b; Lacey and Cole, 1993). Each halo is
assigned a probability to have progenitors of a certain mass at the previous time-
step, and the merger tree is built using a random selection on this probability
distribution. We show a classical example of a merger tree in Fig. 2.2: the width
of the branches represents the mass of the progenitor, while the height is time.
This formalism has several limitations, that were highlighted by results from
numerical simulations (Sheth and Tormen, 1999; Jenkins et al., 2001). Sev-
eral modifications were proposed to account for a more complex treatment, for
example analytic solutions accounting for elliptical collapse, or direct fits of nu-
merical simulations (Bond et al., 1991; Jenkins et al., 2001; Sheth et al., 2001;
Warren et al., 2006).

Another important statistics is provided by the spatial distribution of the
halos. The most used measure of spatial distribution is the two-point correla-
tion function ξ(r), which is the expectation value of the product of the density
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Figure 2.2: A schematic illustration of a merger tree. From Lacey and Cole
(1993).

contrast at two points at distance r:

ξ(r) = ξ(~r) = ξ(|~x1 − ~x2|) = 〈δ~x1
δ~x2
〉 (2.8)

It quantifies the excess probability dP12 of finding two objects at a distance
r, with respect to a Poisson distribution of δ: dP12(r) = n̄2(1 + ξ(r))dV1 ·
dV2, with n̄ the average number density of the objects, and dV1 and dV2 the
volumes occupied by the two objects. In this way, the correlation function
will take positive values at the typical scales of structures. Observationally,
the correlation function is estimated directly from the number of couples of
galaxies at a certain distance (DD(r)), compared to the number of couples
one would obtain from a random distribution (RR(r)). The simplest estimator
is ξ(r) = DD(r)/RR(r) − 1, but several others were proposed to account for
observational and computational limits, as the limited number of data, the
limited volume analyzed, or the small random sample generated for the RR(r)
evaluation. For example, the Landy and Szalay (1993) estimator is less sensitive
to the size of the random catalog, and is able to handle well edge corrections:
ξ(r) = (DD(r)− 2RD(r) +RR(r))/RR(r), with RD(r) the number of galaxy-
random couples at distance r.

When the distribution of matter is analyzed in the Fourier space, the analog
of the 2-point correlation function is the power spectrum, which describes the
density contrast as a function of the mode k:

P (k1)δD(δ~k1 + δ~k2) = 〈δ~k1δ~k2〉, (2.9)

where δD is the Dirac delta function, and δ(~k) is the Fourier transform the
density contrast. The power spectrum and the correlation function are one the
Fourier transform of the other.
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Figure 2.3: A schematic illustration of the effect of redshift distortions.

When the analysis is performed on visible matter, e.g. galaxies, used as
proxies of the total matter distribution, we should consider the bias that links
their density contrasts. If we assume a direct proportionality through a factor
b, we obtain: Pgal(k) = b2Pm(k) (Kaiser, 1984; Bardeen et al., 1986), with Pgal
and Pm the power spectra of galaxies and total matter. Theoretical studies
demonstrated that this model applies only at large scales, because the b param-
eter is scale dependent in the non-linear regime (Mo and White, 1996; Mann
et al., 1998).

When the clustering functions are estimated from observational data, the
real distribution is distorted by peculiar velocities, an effect called “redshift-
space distortion”. The measured velocity along the line of sight is the sum of the
redshift due to Hubble expansion, and of the redshift due to the peculiar velocity
of the galaxy in the system (see the schematic representation in Fig. 2.3). These
peculiar velocities depend on the gravitational state of the system the galaxy
resides in. If galaxies are in a collapsing over-density, they will be falling to
the center of the system, and the system will appear flattened. If galaxies are
in a virialized system, they will have almost random motions inside it, and the
system will appear elongated. Redshift distortions damp the power spectrum
at small scales, because of virialized structures, and enhance it on large scales,
because of the collapsing coherent flows. These distortions are present also in
the 2-point correlation function. For this reason, when using these statistical
measurements for cosmological purposes, one should account for the redshift
distortions, and correct the obtained clustering measure.

2.2 Cosmology and astrophysics in simulations

As described above, the formation of structures in a cosmological context is
driven by the gravitational collapse of DM over-densities. Although analytic
treatments are possible (e.g. the spherical collapse model illustrated earlier)
the process can be described in its full geometrical complexity only resorting to
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numerical simulations. In this framework, DM particles interact as particles of a
non-collisional fluid, driven by their gravitational interactions. Once the initial
conditions are set, the subsequent evolution can be uniquely and precisely com-
puted, as the physics driving the Universe expansion and the particle-particle
gravitational interactions is well known.

When the scientific aim is the study of galaxies and baryons, the treatments
adopted in simulations become more complicated. Baryon particles interact
through gravity and a number of other physical processes that cover a wide
range of time and physical scales, and for which we do not have a satisfactory
understanding. These processes are typically included using “sub-grid” mod-
els or “prescriptions” that are built from available observations or theoretical
models.

Several approaches have been adopted to include baryons in cosmological
simulations. The explicit treatment for hydrodynamics has an important cost
in terms of computational time, and, for this reason, the simulated volumes are
usually small. The evolution of the baryonic components is modeled using sub-
grid prescriptions, as mentioned above. Alternatively, semi-analytic models can
access a large dynamic range in mass and spatial resolution at a limited com-
putational cost. They lack, however, an explicit treatment for hydrodynamics.
Finally, the Halo Occupation Distribution (HOD) method populates DM halos
using a purely statistical approach, bypassing an explicit treatment for baryon
physics.

In the next sections, I describe briefly the basics of cosmological simula-
tions and of the techniques adopted to treat baryons and their evolution in a
cosmological context, discussing the limits and advantages of each.

2.2.1 Dark Matter only N-body cosmological simulations

In cosmological DM-only N-body simulations, the density field is represented
through a set of mass particles interacting only through gravity. At the begin-
ning of the simulation, they are distributed on a regular grid that fills the sim-
ulated volume. This represents a homogeneous and isotropic density field. The
perturbations are generated imposing that the power spectrum of the perturbed
particles reproduces the initial cosmic power spectrum predicted by inflation,
that scales as P (k) = Akn, with n = 1 (Harrison, 1970; Zeldovich, 1972). In
addition, the simulation assumes periodic boundary conditions, to avoid issues
due to the limited simulated volume, and to allow the solution of Poisson’s
equation in the Fourier space.

Once the initial conditions are set, the simulation is run by considering the
gravitational interaction among the particles. The simulation is divided in time-
steps, a discrete set of timings at which the simulated quantities are updated.
At each time-step the position of a particle is calculated according to the total
force acting on it, using a leapfrog integration. With this method, positions and
velocities are updated at interleaved time steps, arranged in a leapfrog. In this
way, the smaller is the time step, the more precise is the motion. Of course,
more time steps mean a larger computational time.

The evaluation of the total gravitational force acting on each particle is the
heaviest part of the calculation. The simple sum of all gravitational interactions
results in computational times that scale with ∼ N2, where N is the number
of particles. This simple approach limits the maximum affordable number of
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particles, and, consequently, the mass resolution. Several techniques were de-
veloped to reduce the computational time, allowing for simulations with more
particles, and, as a consequence, with higher resolution.

Tree methods (Barnes and Hut, 1986) adopt a direct summation method for
the closest particles, while more distant groups of particles are aggregated in a
single large particle located at the center of mass of the group. The aggregation
of particles in groups is obtained by building an octree, namely a recursive
division of the simulation volume in octants, until a certain number of particles
per octant is reached. In this way the interactions to be calculated for each time
step scale with ∼ N logN .

In the particle mesh (PM) approach, the simulation volume is discretized on
a mesh, and a particle mass is distributed among nearby mesh cells. With this
method, the discrete distribution of particles is smoothed onto a density distri-
bution ρ. This, Fourier transformed in ρk, returns the gravitational potential in
the Fourier space: Φk = −4πGρk/k

2. The inverse Fourier Transform of Φk gives
the real space gravitational field. Further developments of this method are the
P3M code (Particle-Particle-Particle Mesh), where small scales are resolved by
direct force summation, and APM (Adaptive Particle Mesh), where the mesh
size is adaptable to the density of the volume considered. PM and tree codes
can be combined to further improve the computational efficiency.

The size of the simulated box and the number/mass of the particles are fixed
according to the scientific goal of the simulation.

The box size defines how much the simulation will be able to reproduce the
average Universe, e.g. a too small box can be biased to an over-dense (or under-
dense) region, while a large volume better samples the average Universe and its
dispersion (& 100 Mpc).

The total number of particles is chosen according to the mass resolution
required by the scientific purposes. For example, if the study is focused on the
spatial distribution of galaxies (or halos), the mass of the particles should be
smaller than the typical mass of a galaxy (or halo), in order to easily identify
them as groups of particles.

Another important parameter of a simulation, is the softening scale length.
This length defines the distance between particles below which the force between
them is “softened”. This artifice is necessary because of the nature of particles
in simulation: each of them represents many real particles, and it should be
considered a fluid element rather than a point-mass. This length is chosen to
be approximately the size of the fluid element, and sets the scale at which the
forces are halted, to realistically treat the merger of the fluid elements.

2.2.2 Halo and subhalos identification

The final output of a N-body simulation is a set of snapshots, which are a sub-
sample of the time-steps of the simulation. The 3D positions and velocities of
the particles are recorded at each snapshot.

The next step of the analysis is the identification of “halos” and of the
particles they are composed of. This task is performed by a dedicated algorithm:
a halo finder. Several algorithms are used for this purpose, based on different
definitions of halo.

Some methods, called density peak locators, find peaks in the density matter
field. Each peak identifies a halo, that collects all the particles from the neigh-
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borhood that satisfy a specific criterion (for example the spherical over-density
method, Press and Schechter, 1974).

Other methods, called particle collectors, are based on the distances between
particles, in 3D or 6D phase space. The particles at a distance below a given
length are linked together in the same halo. A typical particle collector is
the Friends-of-Friends (FoF) method (Davis et al., 1985), which links together
particles with distance in the 3D space below a fraction of the mean particle-
particle distance. As this method is purely geometric, it does not account for the
actual gravitational bound among the FoF particles. For this reason, collector
methods can identify as a single halo gravitationally separated structures.

Many algorithms have been developed to identify DM subhalos. As explained
in the previous sections, they represent the cores of halos that have been accreted
at earlier times. Some subhalo identification methods are recursive applications
of the above described algorithms, iteratively looking for smaller structures in-
side halos (Gill et al., 2004; Knollmann and Knebe, 2009; Behroozi et al., 2013).
Others are dedicated, e.g. the SUBFIND algorithm developed by Springel et al.
(2005).

Therefore, for each snapshot, a series of halos and/or subhalos can be iden-
tified, and their properties, such as mass, position, size, spin, etc. measured.
Finally, these halos (or subhalos) can be connected from one snapshot to the
previous and to the subsequent one, in order to reconstruct the halo merger
tree.

2.2.3 Halo Occupation Distribution

That of the Halo Occupation Distribution (HOD) is a method to populate DM
halos with galaxies using a probabilistic approach. DM halos are assigned a
probability of hosting a certain number of galaxies that depends on their mass.
This probability is usually assumed to be a power law, and is typically con-
strained using clustering measurements.

The HOD approach can be split in several steps: the first one is the evalua-
tion of the probability that a halo of mass Mh contains N galaxies, with respect
the average number < N > of galaxies in a halo of that mass; subsequently one
needs to assign spatial and velocity distribution to the galaxies in the halo. This
kind of analysis can be applied also to a subsample of the total galaxy popula-
tion, for example to the red/blue galaxies, to central/satellites, to Late/Early
Type Galaxies. In this case, the HOD parameters are set against the clustering
of the individual population. For example, central galaxies are usually more
massive and older than satellites, that, on the other hand, are more numerous.
Thus, old and young galaxies have a different clustering estimation, and lead to
a different HOD parametrization (Zheng et al., 2005).

These methods provide a very efficient tool to create large mock-catalogs of
galaxies at a limited computational cost. On the other hand, they are not ideal
to study the physical processes regulating galaxy evolution, as they are based
on a purely statistical approach that does not treat explicitly baryon physics.

One strong assumption adopted in this method is that the galaxy content of
the halos depends only on halo mass. Numerical simulations have shown that
halos of the same mass, characterized by different assembly histories, lead to
different clustering, spin distributions and fraction of substructures (Gao and
White, 2007; Li et al., 2008), an effect called “assembly bias”. This introduces
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systematic errors in clustering studies, and must be taken into account when
HOD is used for cosmological studies (Zentner et al., 2014).

Some variations of the classical HOD approach are not affected by assembly
bias. In particular, the SubHalo Abundance Matching methods consider, instead
of the present mass of the subhalo, its mass (or circular velocity) at the accretion
time, and assign galaxies to subhalos by matching the mass function of the
former to the mass (velocity) function of the latter, assuming the most massive
galaxy lives in the most massive subhalo (Vale and Ostriker, 2004; Conroy et al.,
2006; Shankar et al., 2006). This method resolves on some extent the assembly
bias problem, letting galaxies hosted in subhalos of the same mass to have a
realistic scatter in their properties (Moster et al., 2010; Wetzel et al., 2009).
On the other hand, the SHAM approach requires many more information than
a HOD, and in particular needs simulations at higher resolution to identify
subhalos. In addition, SHAM does not fully account for the environment of the
subhalos.

2.2.4 Hydrodynamical simulations

Hydrodynamical simulations include an explicit description of hydrodynamics in
N-body simulations. Different techniques were developed to evolve the baryonic
and DM components consistently, and here I will briefly review the most used
ones: Smoothed-Particle Hydrodynamics and Adaptive Mesh Refinement.

Smooth-particle Hydrodynamics (SPH, first developed by Gingold and Mon-
aghan, 1977; Lucy, 1977) includes baryons in the N-body simulation as mass
particles, that move according to the gravitational and hydrodynamical interac-
tions. SPH is a Lagrangian method, namely the coordinate system is assumed
to move with the particles. In setting the initial conditions, baryon particles
are coupled with DM particles. When the simulation starts, baryons and DM
evolve interacting only through gravity. The baryon-baryon interaction is based
on the Lagrangian implementation of the Euler equations: a set of equations
describing the fluid physics, linking together density, velocity, gravitation and
temperature of the fluid. Particle properties are smoothed with a kernel, in
order to correctly apply the Euler equations.

The Lagrangian approach has several advantages: it is naturally adaptive,
namely the over and under-densities are identified by a larger or smaller number
of particles, and it preserves mass, energy and angular momentum, because it
follows the individual particle motions.

On the other hand, the Lagrangian method is not able to correctly treat
discontinuities and shocks, namely the interactions between nearby particles in
a different thermal state. This problem is partially solved with the adoption
of a more sophisticated smoothing kernel, and an artificial viscosity term, in
some cases activated only during shocks (Price, 2008; Cha et al., 2010; Read
et al., 2010). The artificial viscosity prevents particles in colliding streams to
pass through each other, decelerating them.

A different approach to hydrodynamics implementation in simulations is that
of the Adaptive Mesh Refinement (AMR, first developed by Berger and Colella,
1989). It is based on an Eulerian set of coordinates for the baryonic fluid: mass
particles are distributed onto a grid, and the fluid physics is solved in each cell
of the grid. In this case, the main limit is given by the finite dimensions of the
grid cell. A cartesian set of coordinates is not the best choice in an astrophysical
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framework, because some zones of the simulation are typically over resolved (as
those in voids) while others (for example discontinuities) are not well resolved.
For this reason, AMR typically involves adaptive grids: volumes that need a
higher resolution correspond to a denser grid (Anninos et al., 1994; Gnedin,
1995). Eulerian methods resolve more precisely and easily the dynamical in-
teractions among baryons, with respect to Lagrangian methods. In particular,
they are better suited to describe discontinuities. However, they have problems
in the conservation of the angular momentum of gas particles. This is due to
the grid structure, that favors the formation of artificial diffusion along its main
axis, and rapidly degrades the orbit of gas particles.

Some attempts have been made to solve the limits of both the SPH and
AMR approaches. For example, Springel (2010) proposed a new code, called
AREPO, based on a moving unstructured mesh, which tiles a set of discrete
points. The laws of hydrodynamics are solved on the mesh, that moves with
the velocity of the local flow. This model is able to resolve shocks with the
precision of the Eulerian schemes, and to resolve the particle motions as in a
Lagrangian approach.

Hydrodynamical models, with the limits described above, are able to sim-
ulate the dynamical interactions of gas, providing a description of the spatial
and velocity distributions of the gas particles. This is not enough to reproduce
realistically baryon evolution in an astrophysical context. In fact, the physical
processes involved cover a wide range of scales (of mass, size and time), often be-
low the resolution limit of the simulation. In addition, the mechanisms driving
these processes are almost always not well understood. For this reason, they are
called “sub-grid processes”, and are modeled using prescriptions based either
on observational measurements or on higher resolution and more sophisticated
(but lower scale) simulations. Examples of sub-grid processes in cosmologi-
cal simulations are star formation, stellar and AGN feedback, and black hole
growth.

Despite the simplified implementation of the sub-grid physics, hydrodynam-
ical interactions are computationally costly. Therefore, this kind of simulations
are usually performed on small cosmic volumes. Recent simulations, as EA-
GLE (Schaye et al., 2015, based on SPH) or Illustris (Vogelsberger et al., 2014a,
based on AREPO) have simulated volumes boxes of ∼ 100 Mpc on a side. In
Fig. 2.4, I show a slice of the EAGLE simulation, color coded according to the
gas temperature. In the zoom-in box, one can see a simulated galaxy, color
coded according to its stellar density.

2.2.5 Semi-Analytic Models: state of the art

Semi Analytic Models (SAM) combine an analytic treatment of the physical
processes driving galactic evolution, with halo histories obtained from a cosmo-
logical simulation. Unlike HOD, the SAM approach attempts a direct treatment
of the physical processes driving baryonic evolution.

The analytic treatment consists of a collection of prescriptions regulating the
evolution and the interactions of the baryonic components. These prescriptions
are extracted, as in the case of sub-grid processes in hydrodynamic simulations,
from observational relations or from dedicated high-resolution hydrodynamic
simulations.

The halo merger trees provide the skeleton for the SAM analytic treatment,
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Figure 2.4: Example of a hydrodynamical simulation, with different colors rep-
resenting gas at different temperatures, and sub-panels showing zoom-in of the
largest box. The last zoom-in panel shows the stellar component of a galaxy
similar to the Milky Way. Figure from the web page of the EAGLE project,
http://icc.dur.ac.uk/Eagle/.

allowing galaxy evolution to be followed in a cosmological context. Merger trees
can be constructed from a cosmological N-body simulation (see Sec. 2.2.2),
or using Monte-Carlo methods based on the Press-Schechter formalism, or its
modifications. A hybrid approach is also possible. Methods based on analytic
merger trees offer the advantage of high resolution at small computational cost.
However, the direct comparison with results of a full N-body simulation high-
lights the limits of this approach, and several corrections have been proposed
to overcome these limits (see for example Parkinson et al., 2008; Neistein and
Dekel, 2008).

The first SAMs were introduced by White and Frenk (1991b); Cole (1991);
Lacey and Silk (1991). These models included prescriptions for gas cooling,
star formation and stellar feedback. They were applied to halo distributions at
various redshifts, calculated using the Press-Schechter formalism, or using other
analytic models of the collapse of the density fluctuation field. SAMs were
first applied to merger trees describing the evolution of individual halos only
some years later, in Kauffmann et al. (1993); Cole et al. (1994), using merger
trees evaluated with Monte Carlo techniques applied to the Press-Schechter
formalism. Roukema et al. (1997); Kauffmann et al. (1999) later coupled the
SAM method to merger trees extracted from cosmological N-body simulations.
Since then, SAMs have been updated and extended to investigate more in detail
the various aspects of galaxy formation and evolution (see for reviews Baugh,
2006; Benson, 2010).

SAMs are the ideal tool to study galaxy evolution in large cosmic volumes,
because of their limited computational cost and the consequent relatively fast
analysis of different prescriptions for the same physical process. Their flexibility
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Figure 2.5: Illustration of a DM simulation populated by galaxies through a
semi-analytic model. DM structures are in gray, while galaxies are color coded
by their B-V color. The two panel represent the same simulation at redshift 0
(left) and redshift 0.5 (right). Figure from Benson et al. (2001a).

is, indeed, an advantage in large statistical studies, especially when compared
to hydrodynamical simulations.

Different models have been published in the last years, and different groups
have released their model outputs through public databases (see for example
the Millennium database, Lemson and Virgo Consortium, 2006). The public
diffusion of these results favored the use of SAMs for the interpretation of ob-
servational data and as a tool for making predictions at high redshift. The
access to several independent models allowed a direct comparison among their
results, identifying their respective abilities and weaknesses.

State-of-the-art models include a treatment for all the main processes driv-
ing galaxy evolution: gas cooling, star formation, stellar feedback, chemical
enrichment, black hole growth, AGN feedback, mergers, and disk instabilities.
Models are continuously updated to introduce higher degrees of complexity and
to investigate new specific aspects, often driven by new observational data. For
example, recent attention has been given to the implementation of a star for-
mation law based on the molecular surface density. Lagos et al. (2011a,b) first
included an explicit partition of cold gas into atomic and molecular gas in the
GALFORM SAM, followed by other groups (see, for more details, Sec. 1.3).

Another strength of SAMs is their applicability to very large cosmic volumes.
For this reason, SAMs are recommended both for statistical studies of galaxies
and their evolution in large cosmic volumes, and for the construction of large
mock catalogs. Large mocks can be built also using HOD techniques, but, in
this case, the limit is the lack of an explicit treatment for baryonic evolution.

As discussed above, the strongest weakness of SAMs is the lack of an explicit
treatment of gas dynamics. Recent models have suffered from systematic (com-
mon to different, independent models) discrepancies with observational data.
For example, SAMs tend to predict too many small and passive galaxies. This
problem has been partially solved with the adoption of better prescriptions for
star formation and feedback scheme (Lagos et al., 2013; Henriques et al., 2013;
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White et al., 2015; Lu et al., 2015; Hirschmann et al., 2016). Some problems
remain, e.g. the color distributions of galaxies, that does not reproduce the
bimodal distribution of observed galaxies (Henriques et al., 2013; Hirschmann
et al., 2016), and their metallicity evolution (White et al., 2015).
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Chapter 3

The GAlaxy Evolution and
Assembly (GAEA)
semi-analytic model

In this chapter, I provide a detailed description of the semi-analytic model used
in this Thesis work, and of the cosmological simulations used to generate the
input merger trees. In the following, I describe the main physical processes
driving galaxy evolution, and how they are implemented in our model.

The semi-analytic model I employ was developed by the “Trieste group”, and
is described in detail in Xie et al. (2017). It represents a further development of
the GAlaxy Evolution and Assembly (GAEA) model, featuring a sophisticated
chemical enrichment scheme that accounts for the non-instantaneous recycling
of metals, gas and energy (De Lucia et al., 2014b), and a new stellar feedback
scheme partly based on results from numerical simulations (Hirschmann et al.,
2016). Xie et al. (2017) have further improved the model by introducing a treat-
ment for partitioning the cold gas into its molecular and atomic components, a
star formation law based on the molecular surface density, and a treatment for
tracing the specific angular momentum of the gaseous and stellar disks.

3.1 The Millennium Simulation

All the semi-analytic models used in this Thesis are run on the Millennium
Simulation (Springel et al., 2005). This cosmological simulation was completed
in 2004 at the Max Planck Society’s supercomputer center in Garching, and was
one of the projects of the Virgo Consortium, an international team developing
state-of-the-art computer simulations of galaxy formation. Simulation results
were made publicly available in 2005. At the time, the Millennium Simulation
was the largest simulation of structure formation in a ΛCDM cosmology of such
high resolution. Despite being now more than 15 years old, it still provides an
excellent compromise between large volume and high resolution.

The Millennium Simulation follows the evolution of N = 21603 particles of
mass 8.6 × 108 h−1M� within a cubic region of comoving size of 500h−1Mpc,
from z=127 to z=0. The cosmology assumed is consistent with WMAP1 cos-
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mological parameters (Spergel et al., 2003): Ωb = 0.045, Ωm = 0.25, ΩΛ = 0.75,
H0 = 100hMpc−1 km s−1, h = 0.73, σ8 = 0.9 and ns = 1. These cosmologi-
cal parameters are nowadays out of date, and more precise measurements were
obtained e.g. by the PLANCK mission (Planck Collaboration et al., 2014). A
parameter that heavily influences the clustering of structures is σ8, and its value
changed drastically with the PLANCK estimate: σ8 = 0.829. This may have
an effect on galaxy evolution, but previous work (Wang et al., 2008; Guo et al.,
2013) has shown that, after a retuning of the physical parameters of the model,
results are qualitatively similar when run on a simulation with a lower σ8.

The code used to run the Millennium Simulation was a modified version
of the publicly available code GADGET-2. Simulation data were stored at 64
output redshifts, each corresponding to a snapshot number n (with n varying
from 0 to 63) through the following formula: log(1 + zn) = n(n+ 35)/4200. For
each snapshot, halos and subhalos were identified and used to build substructure
based merger trees1, that are used as input for the semi-analytic model used in
this Thesis (see Sec. 3.2 for more details).

In 2008, a second simulation was completed with the same cosmology, output
structure and number of particles, but with a 5 times smaller box, and a 125
times better resolution: the Millennium-II Simulation (Boylan-Kolchin et al.,
2009). The combined Millennium-I and Millennium-II provide an unprecedented
range of scales, from halos similar to the Local Group dwarf spheroidal galaxies,
to halos corresponding to the richest galaxy clusters. In this Thesis, we will use
the Millennium-II to improve the resolution of the studies performed on the
Millennium-I, where necessary.

3.2 SUBFIND and the merger trees

In this section, I describe how halos are identified from the particles of the
Millennium simulation, and how they are linked in merger trees.

Dark matter halos are identified using a standard Friends-of-Friends algo-
rithm (FoF) with a linking length of 0.2 in units of the mean particle separation.
FoF halos are then decomposed using the algorithm SUBFIND (Springel et al.,
2001), which identifies gravitationally bound substructures and estimates their
properties (i.e. mass, radius, spin). Only structures with at least 20 bound
particles are retained as genuine substructures, a limit that corresponds to a
halo mass of Mh = 1.7× 1010 M�h−1.

Merger trees are constructed for all identified subhalos at each snapshot. For
each subhalo, a unique descendant subhalo is identified, usually (>99.9% of the
cases) in the subsequent snapshot in the future. In the other cases, usually at
the limit of resolution, the direct descendant drops below the resolution limit in
the next snapshot, and is recognized again in the second next snapshot, when it
raises again above the minimum resolution. The descendant is chosen by tracing
the majority of the most bound particles of the subhalo from a given snapshot
to the following one. A representation of a merger tree is given in Figure 3.1,
where the descendant of each subhalo is indicated with a black arrow.

The identification of a unique descendant for each subhalo allows the con-
struction of a uniquely defined merger tree. Merger trees from the entire Mil-

1 These merger trees are publicly available through a relational database that can be
accessed at: http://wwwmpa.mpa-garching.mpg.de/millennium/
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Figure 3.1: Schematic representation of a merger tree from the Millennium
Simulation. Each row represents a snapshot of the simulation, FoF halos are
represented as gray rectangles, subhalos are orange (centrals) and blue (satel-
lites) circles. Subhalos of subsequent snapshots are linked together in a descen-
dant/first progenitor relation through black/blue arrows.

lennium Simulation are stored in 512 separate files, and include all necessary
information to be used as unique input for the galaxy formation model I describe
below.

The distinction between FoF halos (rectangles in Fig, 3.1) and subhalos
(circles) is important in the semi-analytic model, because it is used to distinguish
between central and satellite galaxies. The former are typically identified as the
central galaxies of the most massive subhalo, that coincides with the bound part
of the FoF group (orange circles in the figure). The latter are associated with
the other gravitationally bound subhalos of the FoF (dark blue circles in the
figure).

For each subhalo, a main progenitor is defined (blue arrows in the figure) as
the most massive among the progenitors of the subhalo at the previous snapshot.
The branch of the tree built by recursively following back in time the main
progenitor of a subhalo is called “main branch”.

3.3 The Semi-Analytic Model

In this section, we describe in detail the prescriptions adopted in the GAEA
model, as updated in Xie et al. (2017).

Galaxies are attached to dark matter substructures. A galaxy residing at the
center of a FoF halo is a central galaxy, or type 0 in the jargon of our model,
while a galaxy that resides in a subhalo is a satellite, or type 1. Our model
also considers “orphan satellite” galaxies, or type 2, whose parent dark matter
substructure has been stripped below the resolution limit of the simulation. In
our model, the position and velocity of these galaxies are traced by following
the position and velocity of the most bound particle of the parent substructure
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at the last time it was identified.
A hot gas reservoir is assigned to each FoF halo, assuming it follows an isother-
mal distribution:

ρhot(r) =
Mhot

4πR200r2
(3.1)

where r is the distance from the center of the halo, Mhot is the mass of the hot
gas and R200 is the virial radius of the halo, namely the radius enclosing an
overdensity corresponding to 200 times the critical density of the Universe.

The hot gas halo cools onto the central galaxy as described more in detail
in Sec. 3.3.2, originating a disk of cold gas. This disk is assumed to follow
an exponential profile, and to be rotationally supported. Its specific angular
momentum is acquired during gas cooling, from the specific angular momentum
of the hot halo, assumed to be equal to that of the DM halo:

~jfcold =
~j0
coldM

0
cold +~jDMMcooling

M0
cold +Mcooling

(3.2)

In the above equation, jDM and j0
cold are the specific angular momenta of the

DM halo and of the cold gas disk before cooling, and jfcold is the specific angular
momentum of the cold gas after gas cooling. M0

cold and Mcooling are the mass
of the cold gas before cooling and the cooled mass. The scale radius of the disk
is evaluated from the angular momentum of the cold gas disk:

Rcold =
|~jcold|
2Vmax

, (3.3)

where ~jcold = ~Jcold/Mcold is the specific angular momentum of the cold gas and
Vmax is its rotational velocity, assumed to be equal to that of the parent halo.

Star formation (see details in Sec. 3.3.3) converts part of the gas into stars,
forming a stellar disk. Both the gaseous and stellar disks are assumed to be
characterized by an exponential surface density profile:

Σdisk(r) = Σ0e
− r
Rdisk , (3.4)

where Σ0 = Mdisk/(2πR
2
disk) is the central surface density of the disk, Mdisk is

the stellar/cold gas disk mass, and Rdisk is the scale radius of the stellar/cold
gas disk. The stellar disk inherits the specific angular momentum of the cold
gas as follows:

~jf∗,disk =
~j0
∗,diskM

0
∗,disk +~jcoldM∗,new

M0
∗,disk +M∗,new

, (3.5)

where ~j0
∗,disk and ~jf∗,disk represent the specific angular momentum of the stellar

disk before and after star formation, M∗,disk and M∗,new are the disk stellar
mass before star formation and the mass of stars formed. The scale radius is
evaluated through:

R∗,disk =
|~j∗,disk|
2Vmax

. (3.6)

During the latest evolutionary stages of massive stars, large amounts of en-
ergy and momentum are injected into the interstellar medium (stellar feedback,
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see Sec. 3.3.4). This feedback is due to winds from massive stars, or super-
novae explosions. As a consequence of stellar feedback, part of the cold gas can
be reheated, and part ejected from the galactic potential well. In our model,
the reheated gas and the ejected gas are assigned to the hot gas and to the
“ejected” gas reservoirs of the central galaxy, respectively. This means that
gas reheated/ejected from satellite galaxies is assigned to the central, and will
never return to the satellite. The ejected gas can then be reaccreted onto the
hot reservoir at later times. Another source of gas reheating is the central black
hole, that grows during mergers and prevents cooling through the so-called AGN
feedback (see Sec. 3.3.6).

The disk composed of cold gas and stars can undergo disk instabilities or the
galaxy can merge with another one (see Sec. 3.3.7). These events lead to the
formation of another stellar component: the central stellar bulge. The bulge is
a spheroidal component, dispersion supported, assumed to have a Jaffe profile:

ρ(r) =
ρ0

4π

(
r

rB

)−2(
1 +

r

rB

)−2

, (3.7)

where ρ0 is the central density and rB is the scale length of the bulge. The
latter is calculated from energy conservation. During a disk instability event,
the stars moved from the disk to the bulge are assumed to form a spheroid,
whose scale length is equal to the radius enclosing the moved mass. Then the
spheroid is merged with the pre-existing bulge, and the final size is calculated
with assumptions similar to those adopted for mergers. Assuming no energy
dissipation, one only needs to consider the gravitational internal energies and
the energy associated with the gravitational interaction. The energy before the
merger can be expressed as:

Ei = CG

[
Mp
∗

2

Rp
+
Ms
∗

2

Rs

]
+ αG

Mp
∗Ms
∗

Rp +Rs
. (3.8)

And the energy after the merger:

Ef = CG
Mf
∗

2

Rf
, (3.9)

where G is the gravitational constant, Mx
∗ is the total stellar mass of the x = p

(primary) or x = s (secondary) galaxy (or bulge, in the case of disk instabilities).
Rx is an estimate of the half mass radius of the galaxy, obtained by averaging,
and weighting by their respective mass, the size of the disk and of the bulge
(or the scale radius of the bulge for disk instabilities). C = 0.5 and α = 0.5
are parameters depending on the shape of the halo potential and on the kind
of interaction between spheroids (Cole et al., 2000). In the last equation, Mf

∗
is the final stellar mass of the spheroid, and Rf is the bulge size. During disk
instabilities, we assume that the angular momentum of the disk is preserved,
and, thus, the specific angular momentum varies as:

jf∗,disk =
j0
∗,diskM

0
∗,disk

M0
∗,disk − δM

(3.10)

with δM representing the mass moved from the disk to the bulge to restore
stability.
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3.3.1 Re-ionization

As described in the previous chapter, after recombination, the Universe becomes
transparent to radiation. At this epoch, baryons are in their neutral state, and
their collapse in the potential wells of dark matter halos is not stopped by
radiation pressure, leading to the formation of the first population of baryonic
structures. The first stars (and/or AGNs) form and emit radiation, ionizing
again the gas. Knowledge of the emissivity and the optical depth of the Universe
at the time of re-ionization are required for a consistent treatment of the re-
ionizing background, and of its effect on the cooling rate. In the model, dark
matter halos are populated with a fraction of baryons corrected for this effect.
The adopted prescription is based on results by Gnedin (2000). This work used
simulations to quantify the characteristic mass scale (MF ), below which the
baryon fraction is reduced compared to the Universal value. Gnedin (2000)
found that, below this mass scale, the fraction of baryons that condenses in a
halo of mass M200 can be parametrized as:

fb(z,M200) =
f cosmob

(1 + 0.26MF (z)/M200)3
(3.11)

where f cosmob = 0.17 is the Universal baryon fraction (Spergel et al., 2003). The
filtering mass is a function of redshift. In the GAEA model, MF (z) is fixed
to 4 · 109 M� at the re-ionization epoch, and reaches 3 · 1010 M� at redshift
0. The model also assumes that re-ionization starts at redshift z = 15, and
lasts for about 0.12 Gyr. Okamoto et al. (2008) have argued that the filtering
mass should be significantly lower than that found in Gnedin (2000). We do not
expect this to have a significant impact on the results of the model discussed in
this Thesis.

3.3.2 Cooling

In the GAEA model, the hot gas is assumed to have an isothermal profile with
density ρhot(r). A cooling time can be defined as the ratio between the specific
thermal energy of the gas and the cooling rate per unit volume:

tcool =
3µmHκbTvir

2ρhot(r)Λ(T,Z)
(3.12)

where µmH is the mean particle mass (mH is the hydrogen particle mass), κb
is the Boltzmann’s constant, and Tvir is the virial temperature of the hot gas.
The cooling function Λ(T,Z) depends on the metallicity of the hot gas, Z, and
on the virial temperature T = 35.9(Vvir/[km s−1])2 K of the host halo. In our
model, this function is modeled using the collisional ionization cooling curves of
Sutherland and Dopita (1993).

Cooling occurs through two possible channels: the “rapid cooling regime”,
or cold accretion, and the “slow cooling regime”, or hot accretion. The former
is typical of small halos at early epochs, when the cooling time is short and
the gas is accreted directly onto the central regions of the galaxy. The latter,
instead, is typical of large halos, where the accretion is slowed by shocks and
occurs on longer time-scales (Silk, 1977; Rees and Ostriker, 1977; Binney, 1977;
White and Rees, 1978, see also Sec. 1.1).
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In the GAEA model, the rapid and slow regimes are implemented comparing
a characteristic cooling radius to the virial radius R200 of the halo. The cooling
radius rcool is defined as the radius at which the cooling time is equal to some
characteristic time (different definitions are employed in different models, see
De Lucia et al., 2010). In the case of GAEA, rcool is where tcool = tdyn, with
tdyn given by the dynamical time of the halo:

rcool =

[
tdynMhotΛ(T,Z)

6πµmHκbTvirR200

] 1
2

(3.13)

When rcool > R200, we assume that we are in the rapid accretion regime, and
that all the hot gas available is cooled onto the cold gas disk in a code time-
step. The slow accretion regime occurs when rcool < R200. In this case, only
the fraction of the hot mass that is enclosed within the cooling radius can cool,
and cooled mass can be written as:

Mcool =
Mhot

R200

Rcool
tdyn

dt (3.14)

where dt is the time step of the model.

3.3.3 Star Formation

Stars form from the collapse of dense clouds of cold gas. These clouds are
characterized by low temperatures and high fractions of molecular gas. The
physics and the chemistry driving the collapse of molecular clouds are complex,
and still not well understood. On the scale of the galactic disk, star formation
can be modeled by resorting to empirical relations between the surface density
of the star formation and that of the cold gas. First implementations were based
on the Kennicutt-Schmidt law (Schmidt, 1959; Kennicutt, 1998), that relates
the star formation in the disk to the total cold gas surface density. Recent
observations have highlighted that the star formation surface density strongly
correlates with the molecular gas surface density, while the correlation with the
atomic gas is weak (Wong and Blitz, 2002; Kennicutt et al., 2007; Leroy et al.,
2008). The GAEA model used in Hirschmann et al. (2016) adopts prescriptions
depending on the total cold gas in the disk, while Xie et al. (2017) introduces
an explicit dependence of star formation on the molecular content.

The Kennicutt-Schmidt star formation law adopted in Hirschmann et al.
(2016) can be expressed as:

Ṁ∗ = αSF ×MSF /τdyn (3.15)

where αSF = 0.03 is a parameter of the model, kept fixed as a function of cosmic
time and any other physical property of the galaxy or of the inter-stellar medium.
τdyn = rcold,disk/Vvir is the dynamical time of the disk, and rcold,disk = 3 ·Rcold
is the radius of the star forming region. MSF is the cold gas available for star
formation, calculated integrating the surface density of the cold gas disk, out
to the radius rcrit where the gas surface density drops below a critical value
(Kauffmann, 1996):

Σcrit[M�pc−2] =
0.59× Vvir[km/s]

r[kpc]
(3.16)
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This can be converted to a critical gas mass:

Mcrit = 3.8 · 109

(
Vvir

200[km/s]

)(
rcold,disk
10[kpc]

)
M� (3.17)

Therefore, MSF = Mcold −Mcrit.
In Xie et al. (2017), we have implemented an explicit treatment for the par-

tition of cold gas into its atomic (HI) and molecular components (H2), and a
star formation law based on the molecular abundance. In our updated model,
the disk is divided in 21 concentric annuli, and the star formation rate is es-
timated in each of them. The number of rings used is a compromise between
computational time and good convergence of model results (see Xie et al., 2017,
for details). In each annulus, the star formation rate density is evaluated as:

Σ̇i,SF = νiSFΣiH2
, (3.18)

where νiSF is the star formation efficiency and ΣiH2
is the molecular hydrogen

surface density. The total star formation rate of the disk is the sum over all
the annuli: Ṁ∗ =

∑
i∈annuli Σ̇i,SFSi, with Si representing the area of the i-th

annulus.
The partition in HI and H2 is evaluated at each time-step (just before star

formation takes place), and in each annulus. Xie et al. (2017) explored a set
of prescriptions proposed in literature (Blitz and Rosolowsky, 2006; Krumholz
et al., 2009; Gnedin and Kravtsov, 2011; Krumholz, 2013), but in this Thesis
work we focus on the model that provides the best agreement with observational
data. This is the model based on the empirical relation found by Blitz and
Rosolowsky (2006) between the molecular fraction Rmol = H2/HI and the
hydrostatic mid-plane pressure of the disk (Pext). Note that this relation was
measured in the local Universe, but in our model we assume it is valid at all
cosmic epochs and in all environments. Specifically, the molecular fraction can
be written as:

Rmol =
ΣH2

ΣHI
=

(
Pext
P0

)α
(3.19)

where P0 is the external pressure of molecular clumps. Blitz and Rosolowsky
(2006) find P0 ∈ [0.4; 7.1] × 104cm−3K, and α ∈ [0.58; 1.64] for a sample
of galaxies in the Local Universe, that includes dwarfs, HI-rich and H2-rich
galaxies, as well as the Milky Way. In GAEA, we use the average value of the
observational measurements: log10(P0/κB [cm−3K]) = 4.54 and α = 0.92. The
hydrostatic pressure at the mid-plane is evaluated as follows (Elmegreen, 1989):

Pext =
π

2
GΣcold[Σcold + f(σ)Σ∗], (3.20)

where Σ∗ is the surface density of the stellar disk, and f(σ) = σcold/σ∗ is
the ratio between the vertical velocity dispersion of the cold gas and that of
the stellar component. We assume σcold = 10 km s−1 (Leroy et al., 2008),
σ∗ =

√
πGh∗Σ∗ (as in Lagos et al., 2011b), and h∗ = r∗/7.3 (Kregel et al.,

2002) for the height of the disk. For the star formation efficiency we assume:

νSF = ν0

[
1 +

(
Σcold
Σ0

)0.4
]
, (3.21)
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where Σ0 = 200 M�pc−2 is the critical density where the slope of the relation
between ΣSF and ΣH2

steepens (Bigiel et al., 2008). Finally, we treat ν0 as a
free parameter, and find that ν0 = 0.4 Gyr−1 reproduces well the observed HI
and stellar mass function at redshift z=0.

3.3.4 Stellar feedback

At the end of their lives, stars are subject to significant mass ejections through
winds, or (depending on their mass) to Super Novae explosions. These events
cause the heating and the ejection of part of the gas, and are responsible for
what is usually referred to as “stellar feedback”.

Hirschmann et al. (2016) evaluated the impact of different stellar feedback
schemes within the GAEA model. The scheme that better reproduces the obser-
vational relations examined in that work is a feedback model where outflows are
parametrized following the results from the FIRE hydrodynamical simulations
(Hopkins et al., 2014; Muratov et al., 2015).

The energy released by supernovae and stellar winds is assumed to reheat
the cold gas of the disk, and to eject a part of it, that is driven out of the parent
halo through large-scale galactic outflows.

The reheating rate of the cold gas is assumed to depend on the star formation
rate and to scale with both redshift and the potential well of the galaxy, following
the Muratov et al. (2015) parametrization:

Ṁreheat = εreheat(1 + z)1.25

(
Vmax

60 km s−1

)α
× Ṁ∗. (3.22)

Vmax is the maximum circular velocity of the parent halo, and the α index is:

α =

{
−3.2 if Vmax < 60 km s−1

−1.0 if Vmax > 60 km s−1

The reheating efficiency is εreheat = 0.3. We have used the same parametrization
for the total energy released by massive stars:

Ė = εeject(1 + z)1.25

(
Vmax

60 km s−1

)α
× 0.5 · Ṁ∗ · V 2

SN , (3.23)

where 0.5V 2
SN is the mean kinetic energy of SN ejecta per unit mass of stars

formed, and the ejection efficiency is εeject = 0.1.
The ejection rate is evaluated following energy conservation arguments for

the escaping material:

Ṁejected =
Ė − 0.5ṀreheatV

2
vir

0.5V 2
vir

. (3.24)

Finally, the ejected gas is assumed to be re-accreted on a time-scale that de-
pends on the virial mass of the halo: Ṁreinc = γMejected/treinc, where treinc =
1010 M�
Mvir

and γ = 1. Hirschmann et al. (2016) found that this dependence, first
proposed by Henriques et al. (2013), is necessary to reproduce the observed
stellar mass function.
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3.3.5 Metal enrichment

During stellar feedback, stars release into the surrounding gas the metals pro-
duced by their internal nuclear reactions. The amount of metals produced de-
pends on the initial mass of the star and on its metallicity: the stellar mass de-
termines the gravitational potential that makes possible the nuclear reactions,
favoring the formation of heavier elements in more massive stars; the initial
metallicity of the star influences the efficiency of the nuclear reactions. The
amount of metals that is returned to the interstellar medium as newly produced
elements is called stellar yield.

Theoretically, knowing the initial mass distribution of the newly formed
stars, the metallicity of the stellar population, and the yields for each element,
one can calculate the amount of metals returned by the stellar population. In
practice, several approximations need to be made to include chemical enrichment
in a galaxy formation model.

The initial mass distribution of a stellar population, called Initial Mass Func-
tion (IMF), may depend on the physical properties of the inter-stellar medium
(Weidner and Kroupa, 2005; Conroy and van Dokkum, 2012; Cappellari et al.,
2012). The GAEA model assumes a universal IMF, in particular that described
in Chabrier (2002). The effect of a variable IMF in the GAEA framework was
analyzed in Fontanot et al. (2017a).

The yield of a certain element is evaluated theoretically studying the network
of nuclear reactions in a star of a certain mass and metallicity. The abundances
predicted using the theoretical yields in chemical evolution models are com-
pared to the observed abundances. Uncertainties in these estimates come both
from theoretical predictions, that can e.g. miss some nuclear process, and from
the observational measurements, because some elements are difficult to mea-
sure. The yields adopted in GAEA are those of Karakas (2010) for low and
intermediate-mass stars (M < 8 M�), and those of Chieffi and Limongi (2004)
for high mass stars SNeII (M > 8 M�). The model includes also the enrich-
ment due to SNeIa; the SNeIa rate follows the analytical formulation of Greggio
(2005), and the yields are those of Thielemann et al. (2003).

Only some published semi-analytic models account for the finite stellar life-
times (see for example Nagashima et al., 2005; Arrigoni et al., 2010; Yates et al.,
2013; Gargiulo et al., 2015). Most models published assume an Instantaneous
Recycling Approximation (IRA), that means that the elements produced by the
stars are recycled at the moment of star formation. The main advantage of
the IRA approximation is computational: relaxing this approximation requires
an algorithm that distributes the metals at the correct time-step. While the
IRA approximation is acceptable for massive stars that explode as SNeII, it is a
strong one for AGBs and SNIa, that explode on significantly longer timescales
and are the main producers of Iron peak elements.

The GAEA model accounts for a complex treatment of metal recycling,
employing a non-instantaneous recycling approximation. The model was in-
troduced in De Lucia et al. (2014b): at each time-step the model calculates
the metals produced by the newly formed stellar population. These metals are
stored in an array that is used, after a time equal to the appropriate stellar
lifetime has elapsed, to incorporate metals in the galaxy inter-stellar medium.
The stellar life times assumed are those calculated by Padovani and Matteucci
(1993). This scheme allows the evolution of the α-elements, Oxygen and Iron
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to be followed (on the correct time-scales).

3.3.6 AGN feedback

A large fraction of galaxies host a bright nucleus, with strong emission in X-
rays, radio and ultraviolet radiation, and luminosity varying on short time scales
(hours or days). Often these galaxies are characterized by radio synchrotron
emission, collimated in jets, that can reach several Mpc from the galactic center.
These galaxies are called Active Galactic Nuclei (AGN), and their different
observational properties are explained through the so-called “unified model”.
In this model, AGNs host a central super-massive black hole, surrounded by a
gaseous accretion disk of few pc diameter. Around the central black hole, at
distances of some hundreds of parsecs, gaseous clouds rotate at large velocities
around it. Just outside, a dusty torus of colder gas, optically thick, prevents
direct observations of the central region when the AGN is observed edge-on. At
kpc scales, low density clouds move at slow velocities, while at Mpc scales only
the collimated jets, ejected perpendicularly to the plane of accretion, are visible.

In this scenario, AGNs release energy during the growth of their central
supermassive black hole, by accretion of material from the accretion disk. The
presence of an AGN influences the surrounding environment and the host galaxy
properties. Typically, a distinction is made between two modes of feedback.
The quasar mode occurs when the black hole accretes material at high rates,
for example during mergers. This is the main channel of black hole growth,
and is the responsible for the large scale outflows observed for these systems.
Radio mode feedback is believed to be associated with low accretion rates of
hot material, and manifests itself through radio bubbles observed around the
central regions of massive galaxy clusters. The released energy is believed to
reheat the surrounding material, stopping cooling, in a sort of “maintenance
feedback”.

The GAEA model includes both the radio and the quasar AGN feedback
mode as detailed below.

Quasar mode
During galaxy mergers, the black holes of the progenitor galaxies are assumed
to merge, and a fraction of the combined cold gas is accreted onto the remnant
black hole. The prescriptions adopted in the GAEA model are the same of
Croton et al. (2006), inspired to the model proposed by Kauffmann and Haehnelt
(2000). Specifically, the amount of gas accretion on black holes during mergers is
proportional to the total cold gas available and to the mass ratio of the merging
systems:

∆MBH = MBH,s + fBH

(
Ms

Mp

)(
Mcold

1 + (280 [km s−1]/Vvir)2

)
(3.25)

MBH,s is the black hole mass of the secondary, fBH = 0.03 is a free parameter,
tuned to reproduce the observed MBH −Mbulge relation in the local Universe
(see Croton et al., 2006, and references therein), Ms/Mp is the baryonic mass
ratio of the merging galaxies, and Mcold is the total cold gas in the remnant
system.

The feedback due to this mode is not explicitly accounted for in our model,
but galaxy mergers trigger a star burst in the cold gas remnant disk (described
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in Sec. 3.3.7), and the energy released by stellar feedback can be considered as
a manifestation of the quasar mode.

Radio mode
In radio mode feedback, the black hole is assumed to grow material from a static
hot halo formed around the galaxy, in a continuous and quiescent accretion,
described by a simple phenomenological model (following Croton et al., 2006):

ṀBH,radio = κAGN

(
MBH

108[M�h−1]

)(
fhot
0.1

)(
Vvir

200 [km s−1]

)3

M�yr−1.

(3.26)
MBH is the black hole mass, fhot the ratio between the hot gas mass and

the dark matter halo mass, and Vvir ∼ T
1/2
vir the virial velocity of the halo.

κAGN = 7.5 · 10−6M� yr−1 is a free parameter that sets the efficiency of the
accretion, and whose value is chosen to reproduce the turn-over at the bright-end
of the galaxy luminosity/mass function.

The energy released in this mode is supposed to reduce, or stop, gas cooling.
Specifically, we assume that the accretion of gas onto the black holes generates
a mechanical energy:

Ėradio = ηṀBHc
2, (3.27)

with c the speed of light, and η = 0.1 the efficiency of the energy coupling. The
energy injected in the medium has the effect of reducing the cooling rate:

Ṁcool,new = Ṁcool − 2
Ėradio
V 2
vir

. (3.28)

3.3.7 Mergers and disk instabilities

In the GAEA model, the central bulge component forms through two chan-
nels: mergers and disk instabilities. These two processes are thus important to
understand the morphological mix of galaxies and its evolution.

Mergers
In a ΛCDM Universe, structures grow hierarchically, through a bottom-up sce-
nario: the smallest halos/subhalos merge together, forming larger halos. The
galaxies residing in the merging halos are also subject to mergers, and these
events can have relevant effects on their internal structure.

The influence of galaxy mergers on morphology has been studied in the
framework of dedicated hydrodynamical simulations (see for example Hernquist,
1992, 1993; Weil and Hernquist, 1994; Heyl et al., 1996; Barnes, 2002; Hopkins
et al., 2009a), finding that the remnant properties are largely determined by the
initial merger mass ratio, orbital parameters, pre-merger cold gas fraction, and
initial morphology. The modeling used in GAEA is based on results from these
simulations.

Mergers between galaxies are determined by mergers between their respec-
tive halos. In the initial stages of a merger, the smaller subhalo (the secondary)
orbits around the larger one (the primary), losing mass through tidal stripping.
The secondary subhalo is stripped until its mass falls below the resolution of
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the simulation. At this point, the galaxy hosted by the secondary subhalo is
assumed to survive for a certain time, becoming a type 2, orphan satellite. Its
position in the model is assumed to be that of the most bound particle of the
subhalo it resided in. The orphan satellite survives for a time given by dynamical
friction, following the formula of Binney and Tremaine (2008):

tmerge = ffudge
1.17 ·D2Mp

ln Λ ·R2
vir,pMs

tdyn,p. (3.29)

ffudge = 2 is a factor accounting for results from recent numerical work (Boylan-
Kolchin et al., 2008; Jiang et al., 2008), D is the distance between the secondary
and the primary centers, Rvir,p and Mp are the virial radius and the DM mass
of the primary subhalo, Ms is the total mass (DM + baryons) of the secondary,
tdyn = Rvir,p/Vvir,p is the dynamical time of the primary subhalo, and Λ =
1 + Mp/Ms is the Coulomb logarithm. When the residual merger time has
elapsed, the primary and the secondary galaxies are merged together. In the
GAEA model, mergers are allowed only between centrals and type 2 satellites,
or between type 1 and type 2 galaxies, but not between two type 2 satellites.

As an outcome of the merger, the cold gas of the secondary is added to
the cold gas disk of the primary. The model assumes that this gas is stripped
from the secondary, settling into the primary halo. Here the stripped gas takes
the specific angular momentum of the primary DM halo, and, when it is finally
accreted onto the primary cold gas disk, it transfers the acquired specific angular
momentum to the disk, as done for cooling gas (Eq. 5.1). The total stellar mass
of the secondary galaxy is added to the bulge of the primary galaxy. In this
process, the specific angular momentum of the stars of the secondary is lost,
because the bulge is considered to be dispersion dominated.

After the merger, a star burst is triggered in the cold gas disk of the primary,
following prescriptions from controlled merger simulations, as in Somerville et al.
(2001), with revised coefficients by Cox et al. (2008). Specifically, the fraction
of gas in the remnant converted in stars can be expressed as:

eSB = e1:1 ·
(
Ms

Mp

)0.7

, (3.30)

where e1:1 = 0.55 is the fraction of cold gas forming stars in a merger between
equal mass galaxies.

The masses of the galaxies involved in the merger can influence the properties
of the merger remnant: a very small secondary only marginally affects the
central structure, while a secondary with a mass comparable to the primary
would strongly influence it, with possibly destructive effects. In our model this
is accounted for by dividing the mergers in two categories, minor and major
mergers. The threshold depends on the baryonic mass ratio:

Rmerge =
Ms,baryon

Mp,baryon
= 0.3, (3.31)

where Ms,baryon and Mp,baryon are the total baryonic masses of the secondary
and of the primary. In the case of major mergers (R ≥ Rmerge), all the stars in
the merger remnant are moved to its bulge.
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Disk instability
The galactic disk is a rotating structure, composed of cold gas and stars. Its
structure is maintained by the equilibrium between the mass distribution and
its rotation. Any perturbation of this equilibrium may drive to an instability
in the disk, driving fragmentations and collapse of material towards the central
regions. A disk instability can trigger the formation of dense gas clouds and
star-bursts, while the stars can acquire random velocities, which move them out
of the disk plane.

In the GAEA model, the adopted instability criterion is based on results
from old N-body simulations by Efstathiou et al. (1982). An instability occurs
when:

V 2
maxR∗,disk
G ·M∗,disk

≤ 1 (3.32)

where Vmax is the maximum rotational velocity of the stellar disk, assumed
equal to that of the hosting dark matter halo, R∗,disk is the scale length of the
stellar disk, and M∗,disk is the stellar mass of the disk. When the instability
criterion is met, a fraction of the stellar disk, δM , is subtracted from the central
disk, and is added to the bulge. The quantity δM is calculated as the minimum
mass necessary to restore stability.

This treatment is rather simplistic, and its performance and limits were
discussed in several previous studies (Athanassoula, 2008; Benson and Devereux,
2010; De Lucia et al., 2012a). As I will show below, these approximations affect
significantly the results found in the second part of this Thesis work, where we
analyze how the dynamical properties of model galaxies are influenced by their
morphology.



Chapter 4

HI-selected galaxies in
models of galaxy formation
and evolution

This chapter is based, with limited modifications, on the published paper Zoldan
et al. (2017).

4.1 Introduction

Cold gas has a central role in galaxy evolution as it is involved in virtually
all processes at play: cooling, star formation, feedback, mergers and processes
related to the ‘environment’ such as ram-pressure and strangulation. The main
component of cold gas is neutral hydrogen, in its atomic and molecular forms,
each distributed in a ‘disk’ with a specific density profile (Leroy et al., 2008).
Observationally, HI can be observed directly through the 21 cm line, while H2

must be inferred from the 12CO content through a factor, αCO, whose value
and dependence on other physical properties (in particular the gas metallicity)
are not well known (Magdis et al., 2011; Bolatto et al., 2011; Leroy et al., 2011;
Narayanan et al., 2012; Hunt et al., 2015; Amoŕın et al., 2016).

Surveys such as the HI Parkes All Sky Survey (HIPASS, Zwaan et al., 2005)
or the Arecibo Legacy Fast ALFA survey (ALFALFA, Martin et al., 2010), have
recently collected large amounts of data, but since the HI signal is relatively
faint, these data are generally limited to low redshift and relatively HI rich
galaxies. These observations have provided detailed information on the basic
statistical properties of HI selected galaxies in the local Universe, in particular
the HI mass function (Zwaan et al., 2005; Martin et al., 2010) and the 2-point
correlation function (Meyer et al., 2007; Martin et al., 2012; Papastergis et al.,
2013). We live in a very exciting era for HI observations, as new radio facilities
such as the Square Kilometre Array (SKA) and its precursors/pathfinders will
soon extend significantly the redshift range and dynamical range in HI mass
probed (Obreschkow and Rawlings, 2009; Kim et al., 2011), providing a new
crucial testbed for our models of galaxy formation and evolution. It is therefore
important to develop our theoretical tools, and assess how their basic predictions
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compare with the available data.
Until recently, the inter-stellar medium (ISM) of galaxies, in both semi-

analytic models of galaxy formation and hydrodynamical simulations, was treated
as a single phase constituted of gas with temperature below 104 K. Stars were
assumed to form from this gaseous phase adopting different parametrizations,
generally based on some variation of the Kennicutt-Schmidt law (Kennicutt,
1989). In the last decade, our understanding of how star formation depends
on the local conditions of the ISM has improved significantly thanks to new
high-resolution observations of the multiphase gas in samples of nearby galax-
ies. These data have shown that the density of star formation correlates strongly
with the molecular gas density, while there is almost no correlation with the total
gas density (e.g. Blitz and Rosolowsky, 2006; Leroy et al., 2008, and references
therein). These results have triggered significant activity in the theoretical com-
munity aimed at including an explicit treatment for the transition from atomic
to molecular hydrogen, and molecular hydrogen based star formation laws (Fu
et al., 2010; Lagos et al., 2011a; Christensen et al., 2012; Kuhlen et al., 2013).
Recent studies have focused on the impact of different physical processes and
of cosmology on the HI distribution and properties of HI selected galaxies (e.g.
Popping et al., 2009; Obreschkow and Rawlings, 2009; Kim et al., 2011; Davé
et al., 2013; Rafieferantsoa et al., 2015; Kim et al., 2017; Crain et al., 2017).

In this chapter, we focus on results from semi-analytic models of galaxy for-
mation. While these methods do not include an explicit treatment of the gas
dynamics and prevent (at least in their standard implementations) studies of
spatially resolved properties of galaxies, their computational cost is typically sig-
nificantly lower than that of high-resolution hydrodynamical simulations. They
therefore offer a flexible and efficient tool to analyze the dependence of model
predictions on specific assumptions and parameterizations. We focus here on
the basic statistical properties of HI selected galaxies (i.e. their distributions
in mass, their halo occupation distribution, and their 2-point clustering func-
tion). To analyze the dependence on the different modeling adopted, we use four
different models whose results are publicly available on the Virgo-Millennium
Database (Lemson and Virgo Consortium, 2006), and other two models recently
developed by our group (Hirschmann et al., 2016; Xie et al., 2017). The latter
model, in particular, includes an explicit treatment for partitioning the cold gas
associated with model galaxies in HI and H2. For all other models, as we will
discuss below, the HI content of model galaxies has been derived post-processing
model outputs.

The layout of the chapter is as follows. In Sec. 4.2, we briefly describe the
models used in our study, their backbone simulations, and the algorithm we use
to build mock light-cones from model outputs. In Sec. 4.3, we explain how we
assign HI masses to model galaxies where this is not an explicit model output,
and compare the distribution of HI masses and basic scaling relations predicted
by the models with available observational data. In Sec. 4.4, we analyze the pre-
dicted 2-point correlation function of HI-selected galaxies, and compare model
predictions with recent measurements by Papastergis et al. (2013). We discuss
the results on the basis of the predicted halo occupation distribution. In Sec. 4.5,
we discuss the role of satellite galaxies and study the predicted evolution of their
HI content. In Sec. 4.6, we study the relation between the HI in galaxies and
the physical properties of the hosting dark matter haloes. Finally, in Sec. 4.7,
we summarize our results and give our conclusions.
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4.2 Simulations and galaxy formation models

In this work, we take advantage of 6 different semi-analytic models of galaxy
formation and evolution, that originate from the work of three independent re-
search groups. All models are run on the same N-body cosmological simulation,
i.e. the Millennium Simulation (Sec. 4.2.2), and all follow the principles outlined
in White and Frenk (1991a) including specific (different) modeling for cooling,
star formation, stellar feedback, mergers and starbursts, disk instabilities, chem-
ical enrichment and feedback from Active Galactic Nuclei (AGN). Using models
that employ different prescriptions for processes involving cold gas, it is possible
to quantify the relative importance in determining the observed relations. At
the same time, systematic (i.e. common to all models) disagreements can be
used to identify specific aspects of the models that need to be improved. Be-
low, we briefly outline the main differences between the models considered, the
main characteristics of the simulations used, and describe the software built to
construct mock light-cones from the available galaxy catalogues.

4.2.1 Galaxy formation models

The Bower et al. (2006, B06 hereafter) model has been developed by the ‘Durham
group’ and is an extension of the GALFORM model published in Cole et al.
(2000) and Benson et al. (2003). The model published in De Lucia and Blaizot
(2007, hereafter DLB07) has been developed by the ‘Munich group’ and repre-
sents an extension of the model described earlier in Springel et al. (2001), De
Lucia et al. (2004), and Croton et al. (2006). These two models have been the
first whose results were made publicly available through a relational database1

that we have heavily used for our study.

It was early realized that both these models tend to over-predict the number
densities of galaxies smaller than the Milky Way, and the overall fraction of
passive galaxies - problems that have turned to be of difficult solution and shared
by all hierarchical models published in the last years, including hydrodynamical
cosmological simulations (see e.g. De Lucia et al., 2014a, and references therein).
The other models we use in this study represent two independent branches, both
based on subsequent upgrades of the DLB07 model, that provide significant
improvements on these problems.

The model described in Guo et al. (2011, G11) differs from the DLB07 model
primarily for a more efficient feedback and a non-instantaneous stripping of the
hot reservoir associated with galaxies at the time of infall on larger systems.
The modified treatment of satellite galaxies improves the agreement with ob-
servational data as for the fraction of active galaxies, while the more efficient
feedback brings the predicted mass function in agreement with data in the local
Universe. The model, however, still suffers of an excess of intermediate to low-
mass galaxies at higher redshift. Henriques et al. (2013) adopt the same physical
model as in G11, but include a variation with cosmic time and halo mass of the
efficiency with which galactic wind ejecta are re-accreted. They then use Monte
Carlo Markov Chain methods to identify the parameter space that allows the
measured evolution of the galaxy mass (and luminosity) function from z=0 to
z=3 to be reproduced. Henriques et al. (2015, H15) have later extended this

1http://wwwmpa.mpa-garching.mpg.de/millennium/
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work to the Planck first-year cosmology, by “re-scaling” the Millennium Simula-
tion merger trees, as explained in Sec. 4.2.2. In this work, we use model outputs
based on the re-scaled simulation.

The other independent branch we use in our study has been developed by
the ‘Trieste group’, and is provided by the recently published GAlaxy Evolution
and Assembly (GAEA) model (Hirschmann et al., 2016), and by an extension
of this model (Xie et al., 2017, XBR16). The GAEA model differs from DLB07
primarily for the inclusion of a sophisticated chemical enrichment scheme that
accounts for the finite lifetimes of stars and independent yields from massive
stars and both SNII and SNIa, and for an updated stellar feedback scheme,
based on the results obtained in the framework of the Feedback In Realistic
Environments (FIRE) simulations (Hopkins et al., 2014). The GAEA model
includes modifications of the re-incorporation rate of ejected gas similar to those
suggested by Henriques et al. (2015). We refer to the original paper for more
details. It is worth stressing that GAEA adopts an instantaneous stripping of
the hot gas reservoir associated with infalling galaxies. Yet, Hirschmann et al.
(2016) demonstrate that this model is successful in reproducing simultaneously
the evolution of the galaxy stellar mass function, the fraction of passive galaxies2

as a function of stellar mass observed in the local Universe, and the observed
evolution of the relation between galaxy stellar mass and metallicity content of
the gaseous phase.

All models introduced so far treat the gas as a single phase component,
and therefore need to be post-processed to infer the HI content associated with
each model galaxy, as described in Sec. 4.3.1. The XBR16 model represents an
update of the GAEA model including a treatment for the partition of the gaseous
phase in atomic and molecular gas, based on the empirical relation by Blitz and
Rosolowsky (2006). Therefore, among all models considered in our study, this
is the only one including a self-consistent treatment of the star formation rate,
which depends on the molecular hydrogen content of galaxies. In this model
the disk is divided in 21 concentric annuli (in all other models star formation
is modelled assuming a single value for the entire disk), and the star formation
rate is estimated in each of the annuli assuming it is proportional to the surface
density of molecular gas. A partition of the cold gas into its molecular and
atomic components is performed at each time-step (just before star formation
takes place) of the simulation, in each annulus. This allows star formation to
continue for longer times than in the other models in the inner parts of the
disk. This more sophisticated treatment of the star formation process leads to
relevant differences with respect to the GAEA model, as we will show in the
next sections.

Among the models used in this chapter, B06, DLB07, G11 and H15 are
publicly available at the relational database mentioned above, developed as
part of the activities of the German Astrophysical Virtual Observatory (GAVO).
The GAEA and XBR16 models are not yet public, but will soon be released on
the same database. Additional models, including more recent versions of the
GALFORM model featuring a treatment for the partition of cold gas in atomic
and molecular hydrogen, are accessible form an alternative database server at

2The quiescent fraction measured for the lowest mass galaxies is still larger than obser-
vational estimates, but improved significantly with respect to predictions from the DLB07
model.
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the Institute for Computational Cosmology3.

4.2.2 Dark matter simulation and merger trees

All models presented in the previous section have been run on the Millennium
Simulation (Springel et al., 2005), based on WMAP1 cosmology, and described
in detail in Sec. 3.1 and Sec. 3.2.

As mentioned above, H15 is based on a different cosmology: the authors
still use the Millennium Simulation but ‘rescale’ it to the PLANCK cosmology
(Planck Collaboration et al., 2014) using the technique discussed in Angulo
and White (2010), as updated by Angulo and Hilbert (2015). Specifically, the
adopted cosmological parameters are: Ωb = 0.0487 (fb = 0.155), Ωm = 0.315,
ΩΛ = 0.685, h = 0.673, σ8 = 0.829 and ns = 0.96. We note that as found
in previous studies (e.g. Wang et al., 2008; Guo et al., 2013), relatively small
variations of the cosmological parameters are found to have little influence on
the overall model predictions once model parameters are (slightly) modified to
recover the same model normalization.

To control the resolution limits of our models, we have also taken advantage
of the Millennium II simulation (Boylan-Kolchin et al., 2009, MS-II). The size
of this simulation is one fifth that of the Millennium Simulation (i.e. 100 Mpc
h−1 on a side), but the particle mass is 125 times lower, resulting in a minimum
resolved halo mass of Mh = 1.4 × 108 M�h−1. Below, we will use G11, H15
and XBR16 outputs based on the MS-II in order to check the reliability of
some relations, in particular those involving dark matter halo masses in the
1011 − 1012 M�h−1 range.

4.2.3 Light-cones algorithm

In Sec. 4.4, we analyze the 2-Point Correlation Function of galaxies selected
according to their HI content. We use mock light-cones and the projected cor-
relation in order to carry out a straightforward comparison with observations.
In addition, the construction of many light-cones (some dozens) allows us to
give an estimate of the error on the projected 2PCF due to the cosmic variance,
as well as of the random noise expected for the real 2PCF.

We have developed an algorithm that creates mock catalogues from the
outputs of galaxy formation models. We use these catalogues in the calculation
of the 2PCF (Sec. 4.4). The approach is very similar to that adopted in the
Mock Map Facility developed by Blaizot et al. (2005, MoMaF), and we briefly
summarize it below. We refer to the original paper for more details.

As explained above, the outputs of the galaxy formation models used in this
study are given by galaxy catalogues stored at a finite number of snapshots, each
corresponding to a different redshift zi. Galaxy catalogues contain a number of
physical properties (i.e. masses, metallicities, luminosities, etc.) and consistent
redshift and spatial information, i.e. the position of each model galaxy within
the simulated box, as well its velocity components. The first problem that
arises when constructing mock observations from these types of outputs is that
redshift varies continuously along the past light cone while outputs are stored at
a finite number of redshifts (in our particular case spaced at approximately 300

3http://galaxy-catalogue.dur.ac.uk:8080/Millennium/
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Myr intervals out to z = 1). The other problem arises because of the need to
‘replicate’ the same simulated region of the Universe (in our case corresponding
to a box of 500h−1 Mpc comoving on a side) several times to fill the light-cone.

We try to minimize these problems by building the light-cone as follows (we
refer to Fig. 4.1 for a schematic description of our method).

1. We build a 3-D grid made of cubes of the same size lbox of the simulation
box (the red grid in the figure).

2. The cone is placed inside this grid horizontally and moved so as to overlap
with the smallest number of grid boxes (the blue cone in the figure).

3. The cone is divided into different regions whose edges are given by the
average redshift of two subsequent snapshots, namely zlci = (zi + zi+1)/2
(black arrows in the figure).

4. Model galaxies are then placed inside the cone according to the following
rules:

• Each redshift region zlci of the cone is filled with galaxies from the
box corresponding to the closest redshift zi (the correspondence is
colour-coded in the figure).

• The positions (and velocities) of model galaxies are randomly trans-
formed, in order to avoid replications of structures along the line of
sight. A specific random transformation is assigned to each 3-D grid
box. This is a combination of a random shift, a random rotation of
0, π/2, π or 3π/2 around a random axis or an inversion of coordi-
nates along a random axis. In the figure, a specific transformation is
indicated with a big arrow.

Referring to the specific example shown in Fig. 4.1, the lightcone element
corresponding to the second grid box (from the left) is divided in two redshift
regions by the edge zlc2 = (z1 + z2)/2. The positions (and velocities) of the
galaxies in the snapshots corresponding to z1 and z2 are transformed using
the same specific transformation T2. The transformed snapshots are then used
to fill the grid element considered. Galaxies below zlc2 are extracted from the
transformed snapshot z1, while those above zlc2 are taken from the transformed
snapshot z2.

Adopting this approach, large scale structures are affected at the edges of the
3D grid boxes, but not at the redshift separation between subsequent snapshots.
This allows accurate measurements of the 2-point correlation function (2PCF).

Blaizot et al. (2005) carried out a detailed analysis of replication effects on
the clustering signal. In particular, they quantified the effect due to (i) random
tiling and (ii) finite volume. The random tiling approach introduces a negative
bias in the mock catalogues because it decorrelates pairs of galaxies when reshuf-
fling them to suppress replication effects. Blaizot et al. (2005) gave a theoretical
estimate of the relative error in the number of pairs due to shifting of boxes.
For the spatial correlation function, this is found to be less than 10 per cent
on scales ranging from 1 to ∼ 10h−1 Mpc. A numerical estimate was also com-
puted by subdividing the volume of the simulation used in their study (a cube
of 100 h−1

100 Mpc on a side) in 83 sub-volumes to which translations, rotations
and inversions were applied as described above. We have repeated the same
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Figure 4.1: A schematic illustration of our light-cone construction algorithm: a
grid of cubic boxes with size length lbox (red) is built over the cone, and galaxies
inside each box of the grid are randomly shifted/rotated/inverted depending on
the specific box they end up in. Galaxies are extracted from the simulation
output with redshift closest to the co-moving distance to the observer.
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exercise by taking advantage of the larger volume of the Millennium Simulation
and considering sub-boxes of different sizes (Lbox = 250, 125 Mpc h−1). For the
analysis presented in the following, light-cones are built starting from the entire
volume of the MS (Lbox = 500 Mpc h−1), and we have verified that the random
tiling approach is not expected to significantly affect our measurements.

The finite volume of the simulation prevents us from studying fluctuations
larger than ∼ V 1/3. Since in this study we focus on clustering on relatively small
scales (∼ 20 Mpc h−1), we do not expect the finite volume of our simulation to
affect significantly our measurements.

4.3 Neutral hydrogen distribution and scaling
relations

In this section, we study the distribution of HI masses and basic scaling relations
predicted by our models, and compare them with recent observational determi-
nations. Given the resolution mass limit of the Millennium Simulation, all the
following analysis is limited to galaxies with M∗ > 109 M�. Below this limit
the sample is incomplete (this is evaluated comparing the galaxy stellar mass
function for models based on the MS and on the MS-II). Using the HI mass
function, Xie et al. (2017) have determined the completeness limit in HI mass,
that is assessed to be MHI ∼ 108.8 M�. In the following analysis, we study re-
lations involving HI masses slightly below this limit. We checked the influence
of incompleteness using the MS-II for the G11, H15 and XBR16 models, and
found that, qualitatively, our results do not change.

The following analysis is performed on a sub-volume of the MS of one sixth,
but we have verified that results do not change significantly when considering a
larger volume.

4.3.1 Neutral hydrogen mass estimates

XBR16 is the only model among those considered in our study that accounts
self-consistently for a direct dependence of star formation rate on the molecular
hydrogen density (Blitz and Rosolowsky, 2006; Leroy et al., 2008). This is
done by introducing a partition of the cold gas phase in atomic and molecular
hydrogen, based on the empirical relation by Blitz and Rosolowsky (2006), at
the time of each star formation episode. Therefore, the HI and H2 content of
model galaxies are direct outputs of this model, even if they are not explicitly
followed as two separated components. For all the other models, star formation
is assumed to depend on the total cold gas content through a classical Kennicutt
(1989) relation. In this case, the HI content of galaxies can be estimated using
two different methods:

• Combining the observed gas density profile (Leroy et al., 2008) and the de-
pendence of Rmol = MH2

/MHI on the disk mid-plane pressure (Blitz and
Rosolowsky, 2006), Obreschkow and Rawlings (2009) find the following
relation:

Rmol = [3.44R−0.506
c + 4.82R−1.054

c ]−1.

In this equation, Rc ∼ [r−4
diskMcold(Mcold + 0.4M∗)]0.8 is the central Rmol,

rdisk is the disk scale length, Mcold the cold gas mass in the disk, and M∗
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the stellar mass of the disk.

• Following Baugh et al. (2004) and Power et al. (2010), we can assume
a direct proportionality between the cold gas content and HI. Helium
amounts to about 24 per cent of the total cold gas, while metals represent
a negligible fraction. Assuming the HII content is negligible, hydrogen
can be divided in ∼ 71 per cent of HI and ∼ 29 per cent of H2, namely
Rmol = MH2

/MHI = 0.4 (Keres et al., 2003; Zwaan et al., 2005).

Power et al. (2010) analyzed the impact of these two approaches on different
semi-analytic models (including some used in our study) and found little differ-
ences between them at low redshift (differences are larger at high redshift). We
confirm that there are only small differences between the HI content of model
galaxies estimated using the two methods described above, for all models used
in our study. Therefore, unless otherwise stated, we will always compute HI
using the Obreschkow and Rawlings (2009) prescription.

4.3.2 Stellar and HI Mass Functions

In Fig. 4.2, we compare the galaxy stellar mass function predicted by the models
with observational measurements by Moustakas et al. (2013) and Bernardi et al.
(2013). Both determinations are based on SDSS data, but assume different es-
timates of stellar mass. In particular, the latter is based on a Sérsic-exponential
fit to the surface brightness profiles of galaxies, and translates in significantly
higher number densities of massive galaxies. The two measurements highlight
that, while uncertainties are relatively small for the intermediate and low-mass
regime, they are much larger above the knee of the mass function. Furthermore,
in this mass regime also statistical uncertainties are larger because of the small
number of galaxies.

All the models reproduce well the observational measurements around the
knee, with a slight underestimation for the B06 and H15 models. The low-mass
end of the mass function is well reproduced only by the H15 model, while the
largest over-prediction is found for the DLB07 and B06 models. As mentioned
above, the good agreement found for the H15 model is obtained by construction
as these authors tune their model parameters to reproduce the evolution of the
galaxy mass function from z=0 to z=3. At high masses, models tend to be closer
to the Moustakas et al. (2013) determination up to stellar masses ∼ 1011 M�,
while they basically cover all the range between the two measurements shown
for larger masses. For the most massive galaxies, the lowest number densities
are obtained by the B06 and H15 models, the largest by GAEA and XBR16.

Fig. 4.3 shows the HI mass function predicted by the models used in our
study, obtained using the methods discussed in Sec. 4.3.1 (with the exception of
XBR16, that returns a direct estimate of the HI mass). Model predictions are
compared to observational data from Zwaan et al. (2005), based on HIPASS,
and from Martin et al. (2010), based on the ALFALFA survey.

The two different HI estimates (solid and dashed lines in the figure) re-
turn quite similar results, with the Power et al. (2010) prescription slightly
under-predicting the HI high mass end with respect to the method suggested
by Obreschkow and Rawlings (2009).

B06 is the model that deviates most from the data. In particular, it over-
predicts the number densities of galaxies with high HI masses (MHI ≥ 109 M�h−2),
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Figure 4.2: The galaxy stellar mass function predicted by the six models used in
our study, compared to observational measurements by Moustakas et al. (2013,
circles) and Bernardi et al. (2013, triangles), both based on SDSS. The inset
shows a zoom on the low-mass end.
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Figure 4.3: The HI mass function predicted by the models, compared to obser-
vational data by Martin et al. (2010, circles) and Zwaan et al. (2005, triangles).
Solid lines correspond to the Obreschkow and Rawlings (2009) method to as-
sign HI masses, while dashed lines correspond to the assumption of a constant
proportionality between total cold gas and HI mass as in Power et al. (2010).
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and under-predicts it for lower masses. Kim et al. (2011) already discussed this
limitation of B06 and proposed a new version of this model tuned to reproduce
the HIMF of Zwaan et al. (2005). This modified model also resulted in slightly
better agreement with the observed 2PCF based on HIPASS. G11 and XBR16
reproduce quite well the observations, while the GAEA model underestimates
the high mass end. We remind that GAEA and XBR16 are based on the same
physical model but the latter includes an explicit treatment for the partition of
cold gas in atomic and molecular hydrogen in disk annuli, and a star formation
law that depends on H2. The division in annuli translates in the XBR16 model
having less H2 at fixed star formation rate, and this leads to a larger amount of
HI (at fixed cold gas). This effect is enhanced for gas rich galaxies. Finally, we
note that the XBR16 model is tuned to reproduce the HIMF.

The slight underestimation of the HIMF at the low mass end in all the
models is due to resolution (Xie et al., 2017).

4.3.3 Scaling relations

Fig. 4.4 shows the predicted relation between the HI mass and the galaxy stellar
mass for all models used in our study. Solid lines show the median of the
distributions, while dashed lines (and the shaded region that corresponds to the
black line) mark the 1σ spread. Lines of different colours correspond to centrals
(blue) and satellite galaxies (orange). Symbols correspond to observational data
from the GALEX Arecibo SDSS Survey (Catinella et al., 2013), divided in
detected HI (green pentagons) and non detections, and thus upper limits (purple
triangles).

Given the large spread of the observational data and the detection limits, it
is hard to use these data to put strong constraints on the models. All models
cover the region sampled by the observational data but for the B06 model, that
predicts no HI in galaxies more massive than ∼ 1010 M� likely because of too
efficient AGN (radio-mode) feedback. We accounted for the same detection limit
of observations (for M∗ > 1010 M�, only considered galaxies with MHI larger
than the maximum no detection in the observed sample). Results are shown in
this case as black diamonds with 1σ error-bars: this narrows the distributions of
model galaxies, particularly for the G11, GAEA, and XBR16 models. Overall,
the agreement between model predictions and observations is good, but some
models (e.g. G11, GAEA and XBR16) exhibit a deficit of HI-rich galaxies at
any given stellar mass. This remains statistically significant even when applying
a detection threshold similar to that of the survey used as a comparison.

As expected, central galaxies always have larger HI masses than satellite
galaxies. The difference is largest for the B06 and DLB07 models that adopt an
instantaneous stripping of the hot gas reservoir associated with infalling satel-
lites. The G11 and H15 models relax this assumption, which brings the median
HI mass of satellite galaxies closer to that of central galaxies. Interestingly, the
difference between these medians in the GAEA and XBR16 models, that also
assume an instantaneous stripping of the hot gas, is only slightly larger than
that found in G11 and H15. As discussed in Hirschmann et al. (2016), this
is driven by significantly larger amounts of cold gas at higher redshift and a
reduced reheating rate from stellar feedback. Interestingly, at the most massive
end, the HI content of satellite galaxies is comparable to that of centrals in all
models but B06 and DLB07.
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Figure 4.4: The predicted relation between HI mass and galaxy stellar mass,
compared to results from the GALEX Arecibo SDSS Survey (symbols). Lines of
different colours are used for central galaxies (blue) and satellites (orange), while
the black lines and shaded regions correspond to the entire galaxy population.
Solid lines correspond to the median of the distributions, while dashed lines (and
the shaded region) mark the 1σ distribution. The black diamonds with error-
bars show the distribution of all model galaxies when using the same detection
threshold of the data. Symbols of different colours are used for detections (green
pentagons) and non detections (upper limits, purple triangles).
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Figure 4.5: The gas fraction FG = Mcold/M∗ of model galaxies as a function of
their stellar mass, compared to observational measurements by Catinella et al.
(2013, green pentagons and pink triangles), and Peeples and Shankar (2011, red
circles with error bars). Lines (solid and dashed), shaded region and diamonds
with error-bars have the same meaning as in Fig. 4.4.
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In Fig. 4.5, we show the cold gas fraction Fg = Mcold/M∗ as a function of
the galaxy stellar mass for all models considered in our study. Symbols show
observational measurements by Catinella et al. (2013, GASS survey, pentagons
and triangles) and Peeples and Shankar (2011, red points with error bars). The
latter are a collection of previous HI measurements from McGaugh (2005), West
et al. (2009, 2010) and Leroy et al. (2008). To convert the measurements in cold
gas fraction, we have assumed HI represents a constant fraction (∼71 per cent)
of the total cold gas available.

As discussed above, the B06 model clearly under-predicts the gaseous con-
tent of galaxies of intermediate to high mass. In addition, virtually all gas in
this model is associated with central galaxies. Comparing Fig. 4.5 and Fig. 4.4
with the predicted HI mass function for this model (Fig. 4.3), we can see that
the excess of HI rich galaxies is driven by the high gas fractions of galaxies
with low stellar masses. As noted above, even accounting for the same selection
limits of the observations (black diamonds and error-bars), only some of the
models predict gas fractions as large as those observed (DLB07, H15, XBR16).
Finally, both the DLB07 and the GAEA models under-predict the gas fractions
estimated for galaxies with the largest stellar mass. When applying the same
selection of the data, however, model predictions appear consistent with obser-
vations. It should be noted that observational measurements are sparse and
likely incomplete in this mass regime, thus further measurements are necessary
to constrain this relation at the highest stellar masses.

4.4 Two point projected correlation function of
HI selected galaxies

In this section we will analyze the clustering properties of model galaxies, select-
ing them in HI bins. We use, as observational reference, the work by Papastergis
et al. (2013, P13 hereafter). They used 6,123 HI-selected galaxies from the AL-
FALFA survey, covering a contiguous rectangular sky region of ∼ 1, 700 deg2

in the redshift range z ∼ 0.0023 − 0.05. They also used an optical sample
of 18,516 galaxies in the same volume using the SDSS DR7 (Abazajian et al.,
2009), and applying a magnitude cut of Mr < −17. As expected and shown
in previous studies (e.g. Catinella et al., 2010; Huang et al., 2012), the most
luminous galaxies tend to be HI poor, while HI rich galaxies tend to be the
dominant population among galaxies that populate the blue cloud.

Below, we will compare our model predictions with the estimated projected
correlation functions for the following HI mass bins: log10(MHI [M�]) ∈ [8.5; 9.5],
[9.5; 10.0] and [10.0; 10.5]. Lower mass bins were considered in P13, but these
fall below the resolution limit of our models. The lowest bin considered here is
already partially below the completeness limit. We will account for this in the
following.

P13 found little evidence of dependence of the clustering signal on the HI
content, with some uncertainties for the lowest HI mass bin. For galaxies in this
bin, a lower clustering signal is measured with respect to HI richer galaxies, but
P13 argue this is not statistically significant due to the lower volume sampled
by galaxies in this HI bin.
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4.4.1 The projected correlation function

We compute the two-point correlation function (2PCF) for all models used in
our study taking advantage of the mock light-cones described above in Sec. 4.2.3.
To compute the predicted 2PCF, we use the Landy and Szalay (1993) estimator:

ξ(r) =
DD(r) +RR(r)− 2DR(r)

RR(r)

where DD(r), RR(r) and DR(r) represent the galaxy-galaxy, random-random,
and galaxy-random number of galaxy pairs separated by a distance r. In
observations, the physical separation r is not directly available, and the ob-
servables are the position on the sky and the recessional velocity. Using our
mock light-cones (Sec. 4.2.3) we mimic the data and carry out all calcula-
tions in redshift space. We measure the separation among two galaxies as
s =

√
(v2

1 + v2
2 − 2v1v2 cos θ)/H0, where v1 and v2 are the recessional veloci-

ties of the galaxies (km s−1), θ is the angle between them in the sky, and H0

is the Hubble constant. Hence we calculate the correlation function using the
separation along the line of sight (π = |v1 − v2|/H0) and on the sky plane
(σ =

√
π2 − s2) to obtain ξ(π, σ). The projected correlation function used in

the following discussion corresponds to

w(σ) = 2

∫ ∞
0

ξ(π, σ)dπ.

P13 had a non-uniform radial selection function for their sample and ac-
counted for it in their random sample. We do not attempt to mimic the selec-
tion function of the data, and simply use for the random catalogue the same
smooth redshift distribution of the selected model galaxies.

4.4.2 Model predictions

Fig. 4.6 shows the 2PCF for all models considered in this study. P13 found that
the middle and highest HI mass bins (MHI ∈ [109.5; 1010] and [1010; 1010.5] M�)
have almost the same 2PCF, while they considered the measurements obtained
for the lowest HI bin (MHI ∈ [108.5; 109.5] M�) not reliable due to the small
sampling volume. To better show the differences between model predictions and
observational measurements, we show in the bottom sub-panels model results
in each HI mass bin divided by the observational measurement corresponding
to the bin MHI ∈ [109.5; 1010] M�.

For the lowest HI mass bin ([108.5; 109.5] M�), a problem is immediately
evident: P13 found these galaxies to be less clustered than their HI richer coun-
terparts, but argued that this might be due to finite volume effects. All models
considered in this study, in contrast, predict a higher clustering signal for galax-
ies in this bin. The B06 model is the closest to the observational measurements,
but still standing a little above them. All other models largely over-predict
the measured clustering signal, particularly at small scales, with G11 and H15
deviating most from the data. As we will see in the following, this HI mass
bin is sensitive to various physical prescriptions and to numerical resolution. In
addition, it is dominated by satellite galaxies and therefore strongly dependent
on the adopted treatment for satellite evolution. We verified how the incom-
pleteness of the model sample influences the final 2PCF of this bin for the G11,
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Figure 4.6: The two-point projected correlation function for different bins in HI
mass (solid thick lines of different colours). Each panel corresponds to a different
model, and the lower sub-panels show the ratio between the model predictions
and the corresponding observational estimates (dashed lines) by P13 for the
medium HI mass bin. As discussed in the text, this is equal to the one of the
highest HI mass bin and more reliable than the measurements corresponding to
the lowest HI mass bin. The 1σ scatter is shown in the lower sub-panels using
thin lines for models and a shaded region for the data.
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Figure 4.7: The 2PCF for the lowest HI mass bin for the XBR16 model. The
solid line corresponds to model predictions for the full volume considered (i.e.
this line corresponds to that shown in Fig. 4.6). The dot-dashed line corresponds
to the results obtained when considering only one sixth of the volume, as in the
observational sample by P13. In the lower sub-panel, we show the ratio between
model predictions and the observational estimate of the medium HI bin. Shaded
regions and thin lines show the 1σ scatter.

H15 and XBR16 models using the MS-II: we find that the predicted clustering
signal is lower than that found for the MS, but still a factor ∼ 2 larger than
that measured.

For HI richer galaxies ([109.5; 1010] and [1010; 1010.5] M�), B06, DLB07
and GAEA systematically under-predict the clustering signal, while G11, H15
and XBR16 are in good agreement with observational measurements in the
corresponding mass bins.

The relatively noisy behaviour of the 2PCF in the highest HI bin is due to
the small number of galaxies with such large HI masses.

As noted above, P13 argue that for the lowest HI mass bin, results are
affected by smaller sampling volume. We can test the influence of a small
sampling volume using our mocks. We show results of this test in Fig. 4.7. In
this case, we use only the XBR16 model (results are similar for the other models)
and show the 2PCF only for the lowest HI mass bin. The corresponding model
predictions obtained by using only one sixth of the volume are shown as a
dotted-dashed line, and are not statistically different from those obtained using
the entire volume (solid line).

4.4.3 Halo occupation distribution

The results in the previous section can be understood by considering the number
occupation of haloes of different mass by galaxies with different HI content, i.e.
what is typically referred to as halo occupation distribution (HOD). The HOD
gives information about the distribution of galaxies in dark matter haloes of
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different masses, with the possibility to distinguish between centrals and satel-
lites. It can be used to interpret the 2PCF at the scales of the halo dimensions.
For this analysis, we use the data from the z = 0 snapshots to have a larger
statistics.

Results from all models used in this study are shown in Fig. 4.8. Each panel
shows the average number of galaxies with stellar mass larger than M∗ > 109M�
(approximately corresponding to the resolution limit of the MS) and with dif-
ferent HI mass (different columns) that reside in FoF haloes of mass MFoF

200 .
Blue and orange lines correspond to central and satellite galaxies respectively,
while black solid lines show the total. We checked the convergence of the re-
sults obtained for low mass FoF haloes by considering the G11, H15 and the
XBR16 model on the MS-II (results are shown as dashed lines in the corre-
sponding rows). The HOD of the central galaxies has a Gaussian shape in B06
(as already noted in Kim et al., 2011), with basically no central galaxies for
halo masses larger than ∼ 1012.5 M�h−1. In the other models the distributions
corresponding to central galaxies are generally broader and extend to signifi-
cantly larger halo masses than in B06. As noted above, HI in central galaxies
of massive haloes is likely suppressed in B06 by efficient radio-mode feedback.

In Fig. 4.9 we show the mass function of FoF haloes hosting N galaxies with
HI mass in different bins (different columns), namely the volume density (per
MFoF

200 bin) of haloes hosting at least N centrals/satellites with a selected HI
content. Different rows correspond to N> 0, N> 1 and N> 10. Galaxies are
divided in centrals (solid lines) and satellites (dashed lines). Note that the FoF
mass function for the central galaxies is shown only in the N> 0 row, as each FoF
contains only one central galaxy by construction. Only a few haloes have large
number of satellites containing large amounts of HI. The GAEA and XBR16
models in particular, have significantly larger number of satellite galaxies with
modest to significant HI content with respect to the other models. For all other
models, the distributions peak at lower halo masses. It is interesting that GAEA
and XBR16 predict a significant contribution from the HI gas rich satellite
population albeit assuming an instantaneous stripping of the hot gas associated
with infalling galaxies. As noted above and in Hirschmann et al. (2016), this is
driven by the modified stellar feedback scheme. For the intermediate and high
HI mass bins considered ([109.5; 1010.5] M�), there are less haloes hosting large
numbers of galaxies in the GAEA model than in XBR16. We remind that these
two models are based on the same physical parametrizations and differ only
for the explicit modelling of the partition of cold gas in atomic and molecular
gas, the division of the disk in annuli, and on the explicit dependence of star
formation on the molecular gas content in XBR16.

In the top row of Fig. 4.9 , haloes hosting only one central galaxy dominate
the low MFoF

200 end, and outnumber the FoF with HI-selected satellites up to
MFoF

200 ∼ 1012 M�h−1. Above this limit, HI rich satellites become the main
contributors.

In Fig. 4.8, in the lowest HI mass bin ([108.5; 109.5] M�), satellites outnum-
ber centrals at MFoF

200 ∼ 1012 M�h−1 in the B06 and H15 models. In DLB07,
G11, GAEA and XBR16, the number of satellites becomes larger than the cor-
responding number of centrals at MFoF

200 ∼ 1011.5 M�h−1. All models have
more than 10 galaxies per FoF only above MFoF

200 ∼ 1013 M�h−1 (B06 only at
∼ 1014). The volume density of such haloes is significant only for the GAEA
and XBR16 models. B06 has the lowest number of haloes with more than one
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Figure 4.8: Average number of galaxies with stellar mass larger than M∗ >
109M� and in different HI mass bins (different columns) for haloes of mass
MFoF

200 . Different rows correspond to the different models considered in our
study. The colour coding is the same as in Fig. 4.4: black for all model galaxies,
blue for centrals and orange for satellites. In the rows corresponding to the G11,
H15 and the XBR16 models, the dashed lines correspond to results based on
the MS-II simulation.
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Figure 4.9: Mass function of FoF haloes hosting at least one (top panel), more
than one (middle panel), and more than ten (bottom panel) galaxies with HI
mass in different bins (different columns). Solid lines are used for central galaxies
while long-dashed lines correspond to satellite galaxies.

satellite in all the HI mass bins, but the difference in the lowest bin is more
relevant, in particular compared to the DLB07 model, which instead is aligned
with G11 and H15 both in the HOD and in the mass function. This results in
different 2PCFs for B06 and the other models.

For the middle HI mass bin ([109.5; 1010] M�), we always find less than 10
galaxies per halo in the B06 and DLB07 models. In all other models, haloes
with mass larger than M200 ∼ 1014 M�h−1 host more than 10 satellite galaxies.
However, as for the lowest HI mass bin, the number of these haloes is large only
for the GAEA and XBR16 models. In general B06 and DLB07 have less satellite
galaxies than the other models. This can explain the underestimation of the
2PCF: a lower number of satellite galaxies lowers the correlation signal. We
remind that these models are characterized by a simple treatment for satellites
and gas stripping (see Sec. 4.5 for details on satellite evolution), that leads
to the well known problem of too many passive galaxies (Weinmann et al.,
2006; Wang et al., 2007; Fontanot et al., 2009). This simplified treatment is,
however, assumed also in the GAEA and XBR16 models, in which the effect of
the instantaneous stripping of gas is mitigated by a different treatment of stellar
feedback.

There are generally very few galaxies in the highest HI mass bin ([1010; 1010.5] M�)
considered. In particular, the B06, DLB07 and GAEA models always have only
one galaxy per halo below halo masses M200 ∼ 1014.5 M�h−1. For the other
models, the number of galaxies becomes larger than one at halo masses larger
than M200 ∼ 1013.7 M�h−1. The only model with numerous satellites is XBR16.
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Figure 4.10: As in Fig. 4.6, but considering only central galaxies for all models.

The difference in number of satellite rich haloes does not produce an apprecia-
ble difference between the XBR16, G11 and H15 2PCFs. The smaller numbers
of satellite rich halos in the GAEA model result in an underestimated 2PCF.
The difference with respect to the XBR16 model can again be ascribed to the
approach adopted, based on dividing the star forming disk in annuli. As com-
mented above, this results in a lower molecular fraction to total cold gas with
respect to the GAEA model, and keeps the star formation ongoing in the cen-
tral regions of the disk for longer times. This implies that satellite galaxies in
XBR16 have more HI left than their counterparts in the GAEA model.

4.5 The role of satellite galaxies

The results discussed above suggest that satellite galaxies play an important
role in the disagreement found between model predictions and observational
measurements.

As discussed in Section 4.2, all models used in our study are built using
subhalo based merger trees extracted from the Millennium Simulation. Dark
matter haloes are subject to significant stripping after being accreted on larger
systems (e.g. De Lucia et al., 2004; Gao et al., 2004). At the resolution of the
MS, substructures fall below the resolution limit when at distances from halo
centre that are typically significantly larger than the separation from which
galaxy mergers are expected to occur. All models used in our study assume
that galaxies in disrupted subhalos survive as ‘orphan’ galaxies. While the
specific treatment depends on the model (e.g. G11 and H15 include an explicit
treatment for tidal disruption), they all assign to these galaxies a residual merger
time that generally depends on the initial orbit and on the mass-ratio between
the infalling system and the accreting one.

When the infalling process begins satellites undergo tidal processes that strip
away a part or all their hot gas halo. In B06, DLB07, GAEA and XBR16 this
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Table 4.1: Fraction of central and satellite galaxies in different HI mass bins,
for all models considered in this study (M∗ > 109M�).

Model % of centrals/ % of central/satellites with MHI [M�] ∈
satellites [0; 108.5] [108.5; 109.5] [109.5; 1010] [1010; 1010.5]

B06 54.3 - 45.7 7.8 - 39.5 5.6 - 3.1 20.4 - 1.4 16.8 - 0.6
DLB07 54.4 - 45.6 1.5 - 19.8 33.0 - 24.6 15.6 - 1.2 4.0 - 0.1

G11 53.3 - 46.7 1.9 - 3.7 34.0 - 37.6 14.1 - 4.8 3.2 - 0.6
H15 61.4 - 38.6 0.9 - 2.3 33.7 - 28.8 20.2 - 6.3 5.7 - 1.0

GAEA 59.3 - 40.7 1.0 - 7.2 39.7 - 30.9 16.8 - 2.6 1.8 - 0.1
XBR16 57.0 - 43.0 4.7 - 12.7 35.0 - 25.8 15.0 - 4.1 2.3 - 0.4

process is instantaneous, and all the hot gas is stripped away (in B06, all the gas
outside the dynamical radius of the halo) at the infall time (when the galaxy
becomes a satellite). In G11 and H15, the stripping is gradual, and the hot gas
that remains associated with satellite galaxies can cool providing fresh material
for star formation.

The effect of satellite galaxies on the predicted correlation function of HI
selected galaxies is shown in Fig. 4.10. In this case, we are considering only cen-
tral galaxies, i.e. we are excluding from galaxy catalogues both ‘orphan’ galaxies
and satellite galaxies associated with distinct dark matter substructures. In all
models, the clustering signal becomes weaker, with a shift dependent on the
number of the satellites in each HI mass bin. For the B06 model, the 2PCF
remains the same as if satellites are included. This is expected as Fig. 4.4
shows that satellite galaxies in this model are typically HI poor. Also for the
DLB07 model, small differences are found between the clustering signal pre-
dicted including and excluding satellite galaxies in the medium-high HI bins
([109.5; 1010.5] M�). Again, this is expected because satellite galaxies are HI
poor in this model, although the effect is not as strong as for the B06 model.

In Tab. 4.1 the fraction of satellites in each HI mass bin is listed for each
model considered. Satellites account for 39−46% of the total, depending on the
model. The majority are in the lowest HI bin ([108.5; 109.5] M�) considered in
this analysis, with the exception of the B06 model where satellites have typically
lower HI masses.

Taking advantage of model results, we can also quantify the evolution of the
HI content in satellite galaxies. To this aim, we have selected all satellite galaxies
at z = 0 and followed back in time their main progenitors until they become
central galaxies. In Fig. 4.11, we show the HI mass that satellite galaxies have
at the last time they are centrals, as a function of lookback time. Galaxies are
split in different bins according to the HI mass at present. We plotted as vertical
dotted lines the median times of accretion for each HI bin. The figure shows
that, for the two bins corresponding to the largest HI masses, accretion times
tend to be lower than for galaxies with lower HI mass. In other words, the HI
richest galaxies tend to be accreted later. This is particularly significant for the
B06 and DLB07 models that are characterized by the most rapid consumption
of the cold gas in satellites. The figure also shows that for some models (e.g.
B06, DLB7, GAEA) the slope of the lines tend to be steeper than for the other
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Figure 4.11: The HI content of satellites at the time of accretion vs the look-back
time of accretion. Galaxies are divided according to their final HI content, with
different colours representing different HI mass bins. The solid lines correspond
to the median of the distributions, while the shaded areas show the one sigma
scatter. The vertical dotted lines are the median times of accretion of model
galaxies in each HI bin (colour coded as above). The red horizontal dashed lines
correspond to the limits of the HI mass bins considered, and are plotted as a
reference.

models, indicating a more rapid depletion of the HI content of model galaxies.

A more direct way to quantify gas depletion in satellite galaxies is to choose
a specific redshift of accretion and consider the average evolution of their HI
content down to present time. Results of this analysis are shown in Fig. 4.12 for
satellites accreted at z ∼ 1. Different colours correspond to different HI masses
at the time of accretion. The B06 model is characterized by the most rapid
depletion rate. Also satellites in the DLB07 model consume their gas rapidly
but they tend to flatten when the average HI content in satellites reaches a value
MHI < 108.7 M�. The figure also clearly shows the different satellite treatment
in G11 and H15 compared to GAEA and XBR16: the latter are characterized by
a faster depletion rate soon after accretion. In DLB07, G11, H15, and GAEA
the lines tend to flatten after reaching some value. This is due to fact that
these models assume a critical surface density of gas for star formation. In the
XBR16 model, the flattening is less evident. This model does not assume an
explicit threshold for star formation but, as discussed above, evaluates the star
formation rates in different annuli after estimating the amount of molecular gas
available using the (Blitz and Rosolowsky, 2006) empirical relation.
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Figure 4.12: The HI content of satellites accreted at redshift 1 vs the look-back
time. Galaxies are divided according to their initial HI content, with different
colours representing different HI mass bins at z=1. The solid lines correspond
to the median of the distributions, while the shaded areas show the one sigma
scatter. The red dashed lines correspond to the limits of the HI mass bins
considered, and are plotted as a reference.

4.6 Relations with the dark matter halo

In this section we analyze the relation between HI-selected galaxies and the
hosting dark matter haloes. We take advantage of our knowledge of the halo
mass to characterize the HI-Mhalo relation in Sec. 4.6.1, and we analyze the
dependence of HI content on the dark matter halo spin in Sec. 4.6.2.

In the following, for satellite galaxies, we will consider the mass and spin
of the parent dark matter halo corresponding to the last time the galaxy was
central.

4.6.1 HI galaxy content and maximum halo mass

P13 used the measured 2PCF for the HI-selected galaxies to estimate the shape
and the scatter of the HI-Mhalo relation. They took advantage of the Bolshoi
dark matter only simulation (Klypin et al., 2011), based on a WMAP7 cosmol-
ogy, and populated haloes and subhalos with HI through abundance matching.
In their analysis, they linked the current (z=0) HI content of each subhalo,
Mz=0
HI , to the maximum value of the subhalo mass during its past evolution,

Mmax
200 (this corresponds with good approximation to the time just before a halo

is accreted on a larger structure). The implied assumption is that the HI at-
tached to subhalos at their maximum mass does not change too much down to
redshift 0. They note, but do not discuss further, that while this assumption
can be valid for stellar masses, it is generally not a good one for the HI masses,
because of ram-pressure stripping and gas consumption due to quiescent star
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Figure 4.13: The HI-halo mass relation for the models considered in this study,
for central (blue), satellite (orange) and all (black) galaxies. The relation in-
ferred by P13 is shown for comparison (red). The HI mass shown on the y axis
is that measured at the time the parent halo mass peaks (i.e. just before infall).
Solid lines show the median values, shaded region corresponds to the 1σ scatter
for all galaxies, while dashed lines correspond to the 1σ scatter for centrals and
satellites.

formation in satellite galaxies.

In our work, we take advantage of our knowledge of the HI content of model
galaxies both at the time the halo mass was maximum (we assume this corre-
sponds to the last time the galaxy was central), and at redshift 0. We can thus
verify the influence of the different satellite treatments on the predicted relation
between HI mass and halo mass.

In Fig. 4.13 we show the relation between the HI mass and the halo mass at
the last time the galaxy was central. This figure represents what we would find
if we suppose the HI content of galaxies does not change after accretion, as done
in P13. Solid lines show the median relation for all galaxies (black), centrals
(blue) and today satellites (orange). The 1σ spread is shown by the shaded area
(for all galaxies) and the dashed lines (for central and satellites). The relation
obtained in P13 is over-plotted in red (solid line is the median and dashed lines
show the 1σ spread) for a direct comparison. In this figure the relation obtained
for satellite galaxies is very close to that obtained for centrals, with some small
differences due to redshift evolution of the HI content of galaxies at the time of
accretion (see Fig. 4.11).

As already noted for the HI-M∗ relation (see Sec. 4.3.3), B06 fails to re-
produce the HI content in medium to high mass haloes because satellites are
generally too gas poor and central galaxies are depleted of their cold gas by
efficient radio mode feedback. The other models exhibit a wide scatter in the
relation that is almost independent of Mmax

200 , with values of σHI ∼ 0.3− 0.5 dex
depending on the model. The shape is qualitatively similar to the one inferred
in P13 if we consider H15, GAEA and XBR16, while the other models predict
more HI for Mmax

200 . 1012 M�, and less HI than that inferred by P13 in the
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Figure 4.14: As in Fig. 4.13, but the HI mass shown on the y axis is that
measured from the models at redshift 0.

most massive haloes.

In Fig. 4.14 we take into account the evolution of HI in satellites, that is
we used for all galaxies their HI content at redshift 0, while Mmax

200 corresponds
again to the parent halo mass at the last time the galaxy was central. In
this figure we can appreciate a down-shift of 0.1-0.4 dex of the relation for
Mmax

200 < 1012.5−13 M�. The shift is driven by the satellites with lowest masses
(both halo and HI), whose HI is depleted after accretion because consumed
through star formation. The gas depletion increases the scatter of the total
relation, with the effect being enhanced for B06, DLB07 and GAEA.

As noted in Sec. 4.5, the lowest HI bin considered ([108.5; 109.5] M�) is
dominated by satellite galaxies, and therefore the one most affected by a different
treatment for the evolution of these galaxies.

4.6.2 HI galaxy content and halo spin

A relatively tight correlation is expected between the values of the halo spin
and the gas content of galaxies. Huang et al. (2012) studied this relation for
the ALFALFA HI-selected galaxies. The spin of the dark matter halo was
calculated using the λ estimator proposed by Hernandez et al. (2007), assuming
a dark matter isothermal density profile, an exponential surface density profile
for the stellar disk, and a flat disk rotation curve. Using these assumptions:
λ ∝ rdisk/Vrot, thus the spin depends on the disk scale radius and the rotational
velocity. Huang et al. (2012) found that ALFALFA HI rich galaxies favour
high-λ values. Kim and Lee (2013) simulated the evolution of dwarf-size haloes
with varying halo-spin parameters and initial baryon fractions, and found a
correlation between disk radius (and therefore gas mass) and λ.

P13 used their measurements of the 2PCF to infer a relation between halo
spin and gas content. They divided the haloes of the Bolshoi simulation into
three conveniently chosen spin bins: low spin with λ ∈ [0.002; 0.02], medium
spin with λ ∈ [0.02; 0.05] and high spin, with λ ∈ [0.05; 0.20]. Assigning an HI
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content to each halo according to the relation presented in Sec. 4.6.1, they found
that the high and medium spin bins have almost the same 2PCFs measured for
the HI selected galaxies, while low spin haloes have larger clustering signal.
Based on these results, they argued that halo spin is the main driver of the HI
content of galaxies. We have verified that selecting halos in the same range of
spin values used by P13, we find results consistent with theirs.

Since the models we have used in our study are coupled with a high-resolution
cosmological simulation (MS), we can explicitly analyze the correlation between
the HI content of model galaxies and the spin of their parent haloes. For the B06
model, information about the spin is not available, so we exclude this model from
the following analysis. For central galaxies, we just use the spin of the parent
halo. For satellite galaxies, we consider the spin measured for the parent halo
at the last time they were central galaxies.

We show the histograms of the spin for some chosenMmax
200 (different columns)

and for the usual ranges in HI content in Fig. 4.15. Dashed lines correspond to
the distributions obtained for each HI mass, independently of Mmax

200 , in order
the easily compare each Mmax

200 bin to the total. The red vertical lines correspond
to the bins used in P13.

The majority of the galaxies with the lowest HI mass ([108.5; 109.5] M�) are
found in haloes with low spin values (λ ∈ [0.002; 0.02]), while the majority of
galaxies in the two HI richer bins ([109.5; 1010.5] M�) correspond to mid-spin
values (λ ∈ [0.02; 0.05]). Interestingly, this distribution is very similar for all
models, i.e. the HI-spin correlation/distribution is not dependent on the specific
prescriptions of each model. This result can be understood as follows: the halo
spin parameter is used to set the initial value of the disk scale-length, and this
quantity is then used to compute a density threshold for star formation. In the
case of a low spin halo, the initial radius will be small, and the surface density
will be large. The star formation rate is directly dependent on the surface
density and thus, for a fixed value of HI, a smaller radius will correspond to a
faster HI depletion. This explains why HI rich galaxies are rare in haloes with
low spin values, and why high spin (large disk radius) haloes host galaxies with
a broad range of HI masses.

The figure shows that, in all models considered in our study, there is no
tight correlation between the HI content of galaxies and the spin of their parent
haloes: low spin haloes are more likely populated by galaxies with low HI mass,
and HI rich galaxies are most likely hosted by haloes with large spin values, but
high spin haloes are populated by galaxies in a wide range of HI mass.

4.7 Conclusions

In this work, we study the basic statistical properties of HI selected galaxies ex-
tracted from semi-analytic models of galaxy formation, and compare theoretical
predictions with available data. In particular, we use four models whose galaxy
catalogues are publicly available (Bower et al., 2006; De Lucia and Blaizot, 2007;
Guo et al., 2011; Henriques et al., 2015), and two models recently developed by
our group (Hirschmann et al., 2016; Xie et al., 2017). Only one of these mod-
els (that described in Xie et al., 2017) includes an explicit modelling for the
partition of cold gas into atomic and molecular components, and a molecular
hydrogen based star formation law. All models are run on the same cosmological
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Figure 4.15: Distribution of halo spin values for galaxies selected in haloes with
different Mmax

200 (columns) and HI mass (same colours of Fig. 4.6), for all models
used in our study (different rows). The solid lines represent the distribution for
each selection, while dashed lines are the total distribution over all the Mmax

200

range, reproduced in every panel as reference. The vertical red lines show the
spin division considered by P13, and are plotted as reference.



74 CHAPTER 4. HI-SELECTED GALAXIES

simulation, the Millennium Simulation (Springel et al., 2005).
For those model in which the cold gas is treated as a single star forming

phase, we estimate the HI content of model galaxies a posteriori assuming (as
in Obreschkow and Rawlings, 2009) that the cold gas is distributed in an ex-
ponential disk and that the ratio between molecular and atomic hydrogen is
determined by the kinetic gas pressure. All models used in our study include
different specific modelling for the various physical processes considered and, in
particular, for the evolution of satellite galaxies. We find this to have relevant
consequences on model predictions for HI selected galaxies.

All models considered are in relatively good agreement with the observed
local HI mass function, with the exception of the model by Bower et al. (2006)
that predict too many galaxies with intermediate to large HI mass and too
few galaxies with small HI content (MHI < 109.6M�). We find this is due to
excessive HI masses in low stellar mass galaxies. This particular model also
fails to reproduce the observed scaling relations as it predicts very little HI
associated with satellites (likely because of instantaneous stripping of hot gas
and efficient stellar feedback), and central galaxies with stellar masses larger
than ∼ 3×1010 M� (because of too efficient radio mode feedback). The observed
scaling relations are relatively well reproduced by all other models, but some
of them (Guo et al., 2011; Hirschmann et al., 2016; Xie et al., 2017) exhibit a
deficit of HI rich galaxies (MHI > 1010M�) at any stellar mass.

The HI content of satellite galaxies varies significantly among the models
considered, due to a different treatment for the hot gas associated with infalling
galaxies and stellar feedback. As expected, models that assume a non instan-
taneous stripping of this hot gas reservoir tend to predict larger HI masses for
satellite galaxies. The most massive satellites, in particular, tend to have an
average HI content that is very close to that of central galaxies of the same
stellar mass. This is due to the fact that these galaxies were accreted relatively
recently and evolved as central galaxies for most of their lifetime (De Lucia
et al., 2012b). Interestingly, assuming an instantaneous stripping of the hot gas
at the time of accretion, as in GAEA, does not necessarily imply low HI content
for satellite galaxies. As already noted in Hirschmann et al. (2016), this model
is characterized by significantly lower fractions of passive (and therefore larger
fractions of gas-rich, star forming) satellites with respect to e.g. the model pre-
sented in De Lucia and Blaizot (2007). This is a consequence of suppressed and
delayed star formation at early times, and leads to larger cold gas fractions at
the time of accretion.

Using galaxy catalogues from each model, we have built mock light-cones
that we have used to analyze how the clustering of HI selected galaxies compares
to recent measurements by Papastergis et al. (2013). In particular, we have
considered three HI mass bins: low (MHI ∈ [108.5; 109.5] M�), intermediate
(MHI ∈ [109.5; 1010.] M�) and high (MHI ∈ [1010; 1010.5] M�). The lowest
HI mass bin is likely affected by limited sampling volume in the observations
so, although the data suggest a lower clustering signal for this particular bin,
Papastergis et al. (2013) argue that this is not significant and that the 2-point
clustering function measured for these three bins are not statistically different.
In contrast, we find that all models predict for galaxies in the lowest HI bin a
clustering signal higher than for the HI richer galaxies. For the other two bins
([109.5; 1010.5] M�), half of the models are in relatively good agreement with
data while the other half tend to under-predict slightly the measured clustering.
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Interestingly, the model by Bower et al. (2006) that has the worst performance
for the HI mass distribution and scaling relations, exhibits the best agreement
with data by Papastergis et al. (2013) in the lowest HI bin, with a clustering
signal only slightly stronger than that for HI richer galaxies. We show that the
lowest HI bin is strongly affected by the adopted treatment for satellite galaxies
as this bin is dominated by this galaxy population.

The relation between the HI mass (at the accretion time for satellite galax-
ies) and halo mass (at its maximum) predicted by all models considered is in
quite good agreement with that inferred by Papastergis et al. (2013). Again,
the exception is the model by Bower et al. (2006) that predicts negligible HI
in haloes more massive than ∼ 1012 M�. This is interesting because, as noted
above, the clustering signal predicted by this particular model is the one that is
closest to observational measurements. Thus, taken at face value, these results
suggest that the clustering of HI selected galaxies does not provide enough in-
formation to constrain the relation between halo mass and HI mass, and that
a crucial element is represented by the evolution of the HI content of satellite
galaxies. The scatter of the predicted relation increases in case one considers
the HI associated with galaxies at present time, because of gas depletion in
satellite galaxies. Specifically, we find that the Bower et al. (2006) model ex-
hibits the shortest gas consumption times: a galaxy accreted at z ∼ 1 with HI
mass ∼ 1010 M� conserves only about 10 per cent of this gas after 2 Gyr (1
per cent after 3 Gyr). This is likely due to an efficient stellar feedback, cou-
pled with an instantaneous stripping of the hot gas associated with infalling
galaxies. The gas consumption timescale is typically longer in the other models,
and the assumption of a gas density threshold for star formation implies that
the gas associated with satellite galaxies never falls below such limit. The gas
consumption timescales are longest in the Xie et al. (2017) model where star
formation is evaluated in radial annuli, considering the local physical conditions
of the inter-stellar medium.

Finally, we have examined the relation between the HI content of galaxies
and the spin of the parent dark matter halo (we have considered the value at
the time of accretion for satellite galaxies). We find that low spin haloes (λ ∈
[0.002; 0.02]) are more likely populated by HI poor galaxies ([108.5; 109.5] M�),
and HI richer galaxies tend to reside in haloes with large spin (λ ∈ [0.02; 0.2]).
The scatter, however, is relatively large and haloes with intermediate and large
spin values tend to host galaxies with a large dynamic range in HI mass. In-
terestingly, the distributions are very similar in all models considered, i.e. they
are not significantly affected by the specific modelling of the various physical
processes affecting the HI content of galaxies. This is somewhat surprising as
the spin enters the calculation of the disk radius and this, in turn, affects the
star formation rate (and therefore the gas content). In most models, however,
the halo spin is only used to determine the initial radius of the gaseous compo-
nent and does not affect significantly the subsequent evolution. The dependence
of the gas initial disk radius on halo spin explains the trends found: an initial
small radius and a large gas fraction translates into a high surface density and
therefore into a large star formation rate, which consumes the gas rapidly. This
explains why haloes with small spin values tend to be associated with gas poor
galaxies.

Our analysis shows that different models lead to very similar results for
galaxies with intermediate to large HI mass ([109.5; 1010.5] M�), while signifi-
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cant differences can be found for relatively HI poor galaxies ([108.5; 109.5] M�).
As discussed above, this bin is dominated by satellite galaxies and therefore
mostly affected by the different treatment for this particular galaxy popula-
tion. More detailed data in this particular HI mass range are needed to put
stronger constraints on galaxy formation models. Dedicated controlled simula-
tions would be useful to quantify the effect of stripping processes in satellites
(see e.g. Tonnesen and Bryan, 2009). Some attempts in this direction were
made using semi-analytic models based on Monte Carlo merger trees (Lagos
et al., 2011a; Kim et al., 2015) or on the Millennium Simulation II (Kim et al.,
2017), and have shown that these models can be used to constrain the physics
of low mass satellites.

At the same time, we need larger statistical samples and the possibility to
estimate the galaxy ‘hierarchy’ (i.e. being a satellite or a central) in observa-
tions. New radio instruments, such as SKA4 and its precursors (Johnston et al.,
2008; Booth et al., 2009, for ASKAP and MeerKAT, respectively), will provide
valuable data for these analyses.

4https://www.skatelescope.org/project/



Chapter 5

Sizes and Specific Angular
Momenta: Dynamical
Properties in Semi-Analytic
Models

This chapter is based on a paper in preparation, soon to be submitted.

5.1 Introduction

The history of a galaxy (and of its components) is determined by a network
of physical processes, that drive a complex exchange of mass, energy, metals
and dynamics. A detailed description of these processes is provided in Chap. 1.
When a galaxy forms from the collapse of baryons in the parent Dark Matter
halo potential, its hot gas acquires a specific angular momentum that is strictly
correlated to that of the halo (van den Bosch et al., 2002, 2003; Sharma and
Steinmetz, 2005). When the hot gas cools, its specific angular momentum is
transferred to the cold gas, which leads to the formation of a rotationally sup-
ported gas disk. The dynamical state of the cold gas is transferred, in turn,
to the stars formed therein, creating a rotationally supported stellar disk. Disk
rotation makes it an extended structure, with a size proportional to its specific
angular momentum. Bulges are typically supported by dispersion velocity, but,
in some cases, rotation is measured. In fact, observationally, bulges can be di-
vided in two different categories: classical spheroidal bulges, that are believed
to originate from mergers, and pseudo-bulges, that tend to be thicker, disky
and rotation supported, and that are believed to originate from internal secular
processes. The two bulge categories have different dynamical properties and
sizes (Fisher and Drory, 2008; Gadotti, 2009).

As explained above, the sizes and angular momenta of galaxies are deter-
mined by a combination of different physical processes. The specific assembly
history of a galaxy determines the conservation (or consumption) of the angular
momentum acquired from secular evolution (see, for example, hydrodynamical
simulations by Zavala et al., 2008). And, in turn, the size and the specific
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angular momentum of the galaxy represent a record of the galaxy formation
and assembly history.

The processes driving the dynamical evolution of galaxies have long been
studied (Fall and Efstathiou, 1980; Dalcanton et al., 1997; Mo et al., 1998), and
the progress in observational techniques has recently allowed a systematic study
of size and dynamics for large samples of galaxies. Good resolution imaging
in several photometric bands became available for large galaxy samples from
projects like SDSS or GAMA (York et al., 2000; Driver et al., 2011) in the local
Universe, and, more recently, up to high redshifts with e.g. CANDLES (Grogin
et al., 2011). The advent of Integral Field Spectroscopic surveys allowed the
measurement of resolved properties for thousands of galaxies, starting with the
pioneering work done with SAURON (Bacon et al., 2001) culminating in ongoing
projects like CALIFA, SAMI, and MaNGA (Sánchez et al., 2012; Bryant et al.,
2015; Bundy et al., 2015).

The size-mass relation was first analyzed for a statistical sample of galaxies
in Shen et al. (2003), using SDSS data. This relation presents a large scatter,
that depends on the morphology of the galaxies. Late Type (LT) galaxies have,
on average, larger radii than Early Types (ETs). This result was confirmed by
subsequent studies, based on different methods to estimate the size and differ-
ent ET/LT selections (e.g. GAMA, Lange et al., 2015), in different environ-
ments (e.g. Weinmann et al., 2009; Huertas-Company et al., 2013, both based
on SDSS), and for galaxies at higher redshifts (Ichikawa et al., 2012; van der
Wel et al., 2014). The size of the galaxies decreases with increasing redshift, for
both LT and ET galaxies. Finally, the median size-mass relation is only slightly
dependent on the method used to select LT/ET galaxies, as demonstrated in
Lange et al. (2015).

The first analysis of the relation between the specific angular momentum
(j∗) and galaxy stellar mass (M∗) was performed in Fall (1983), for a small
sample of galaxies of various morphological types. This study was extended in
the work of Romanowsky and Fall (2012), using a larger sample, with spatially
resolved dynamical information available to large aperture radii. With inte-
gral field spectroscopic surveys, such as ATLAS3D (Cappellari et al., 2011) or
SAMI (Bryant et al., 2015), the velocity maps of hundreds of galaxies became
available. In ATLAS3D, ET galaxies are classified, according to their rotational
component, as fast and slow rotators, demonstrating that ET galaxies exhibit a
complex internal dynamics, manifestation of different galaxy assembly histories.
Using data from SAMI, Cortese et al. (2016) have provided an estimate of the
j∗-M∗ relation both for LT and ET galaxies, obtaining results similar to those of
Romanowsky and Fall (2012). A similar analysis, performed on a limited sam-
ple of spiral, gas rich, galaxies (THINGS, Walter et al., 2008), was performed
by Obreschkow and Glazebrook (2014). They confirmed previous results, and
showed that their galaxies lie on a plane in the 3D space described by specific
angular momentum, mass, and bulge over total mass ratio. Further analysis of
the dynamical properties of large samples of galaxies will be possible with data
from MaNGA, an integral field spectroscopic survey of SDSS galaxies (Bundy
et al., 2015).

The observational studies carried out in recent years have shown that the
scatter in the relation between the specific angular momentum and the mass
depends on galaxy morphology, as in the case of the size-mass relation. Fur-
thermore, the slope of the relation is consistent with that predicted from theory
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(Fall and Efstathiou, 1980; Dalcanton et al., 1997; Mo et al., 1998).
Recent studies have shown that hydrodynamical simulations are able to re-

produce the measured correlation between specific angular momenta and galaxy
masses. This relation was analyzed against different morphological selections
and wind schemes (Übler et al., 2014; Teklu et al., 2015; Genel et al., 2015;
Zavala et al., 2016; DeFelippis et al., 2017), and simulations have shown that
strong winds reflect in an increased angular momentum, and prevent angu-
lar momentum loss. High resolution simulations of merging galaxies have also
demonstrated the importance of cold gas dissipation in determining the final size
of the merger remnants. In particular, these simulations show that wet mergers
tend to form smaller bulges (Hopkins et al., 2009b, 2014; Porter et al., 2014).
This dependence has been implemented in the framework of semi-analytic mod-
els by Shankar et al. (2013), who have studied the ability of a previous published
model to reproduce the size-mass relation measured for ET galaxies.

Several semi-analytic models include a treatment for the exchange of angular
momentum among galactic components (e.g. Lagos et al., 2009; Guo et al., 2011;
Benson, 2012; Padilla et al., 2014; Tonini et al., 2016), and this implementation
is used to infer other properties, such as the disk size. Some studies have focused
on the dynamical properties of model galaxies, but they either were based on
post-processing implementations (Lagos et al., 2015b), or on dedicated models
specifically aimed at reproducing these properties (Stevens et al., 2016).

In this paper, we will take advantage of the state-of-the-art model described
in Xie et al. (2017), to perform a systematic analysis of the size and specific angu-
lar momentum distributions of model galaxies. This model includes a treatment
for specific angular momentum evolution of the gaseous and stellar disks; disk
radii are estimated from disk dynamics; and bulge sizes are calculated from en-
ergy conservation. We include a treatment for gas dissipation during mergers,
and analyze the size and total stellar specific angular momentum versus mass
relations, and their scatter. We analyze the origin of these relations, and their
dependence on the total amount of cold gas and on galaxy morphology. In ad-
dition, we also study how the sizes and angular momenta of model galaxies, as
well as the predicted scaling relations, are affected by a modified treatment of
gas cooling during the rapid cooling regime, and stellar feedback.

In Section 5.2, we describe the semi-analytic model we use in this work,
the dark matter simulations used to build the halo merger tree, and the main
prescriptions of the models, with particular emphasis on those influencing sizes
and angular momenta. In Section 5.3, we describe the size-mass relation ob-
tained from the model and its variants, and we compare it to observations both
for ET and LT galaxies. We analyze the stellar specific angular momentum in
Section 5.4, where we analyze its relation with stellar mass and the dependence
on galaxy morphology and cold gas content. In Section 5.5, we analyze in detail
the evolution of galaxies, and the dependence on morphology, cold gas content
and the effect of a different implementation for gas cooling and stellar feedback.
In Section 5.6, we discuss the main results of this work.

5.2 The model

In this work, we take advantage of an updated version of the GAlaxy Evolution
and Assembly (GAEA) model, described in Hirschmann et al. (2016), as updated
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in Xie et al. (2017). A detailed description of all the prescriptions included in
this model is provided in Chap. 3.

In the following we provide a brief description of the Xie et al. (2017) model,
focusing on those prescriptions that are more relevant for this work. Although
many details have been provided earlier in this Thesis, we find useful to re-
iterate on these aspects that are most relevant for this analysis. For a detailed
description of the model, we refer to the original papers by Hirschmann et al.
(2016) and Xie et al. (2017). In the following, we refer to the Xie et al. (2017)
model, based on the Blitz and Rosolowsky (2006) prescription for the HI-H2

partition of cold gas, as X17.

5.2.1 The cosmological simulation and the merger tree

The merger trees used in this work are based on the Millennium Simulation
(MRI, Springel et al., 2005), and on its higher resolution companion, the Mil-
lennium II Simulation (MRII, Boylan-Kolchin et al., 2009). Both are described
in detail in Sec. 3.1. The resolution limits of these simulations translate in stel-
lar mass limits for the X17 model of about MMRI

∗,lim ∼ 109 M� for the MRI, and

MMRII
∗,lim ∼ 108 M� for the MRII.

5.2.2 The fiducial semi-analytic model

Halo merger trees from dark matter only simulations are used as input for the
semi-analytic model. This assigns baryonic components to the simulated halos,
accounting for their merger histories and for the different physical processes at
play. In this section, we briefly describe the processes driving the evolution of
sizes and angular momenta, the main subjects of this work.

Cooling

When a halo collapses, we assign to it a hot gas component, whose mass is
Mhot = fbM200 (fb is the Universal baryon fraction, and M200 is defined as
the mass enclosing an over-density of 200 times the critical density of the Uni-
verse). We assume that the hot gas follows an isothermal distribution. In our
model, this hot gas can cool only onto central galaxies. The process is modeled
as described in detail in De Lucia et al. (2010), and following the original pre-
scriptions suggested in White and Frenk (1991b): a cooling radius is defined as
the radius at which the local cooling time is equal to the halo dynamical time.
Two different gas cooling regimes are considered, depending on how the cooling
radius compares to the virial radius R200 (the radius corresponding to M200).
At high redshift and for small halos, the formal cooling radius is much larger
than the virial radius. In this case, the infalling gas is not expected to reach
hydrostatic equilibrium. Gas accretion is anisotropic (filamentary) and limited
by the infall rate. In this “rapid cooling regime” or “cold mode”, we assume
that all the hot gas available cools in one time step. When the cooling radius is
smaller than the halo virial radius, the hot gas is assumed to reach hydrostatic
equilibrium and to cool quasi-statically. In this “slow cooling regime” or “hot
mode”, the cooling rate is modeled by a simple inflow equation.

In both regimes, the hot gas transfers angular momentum to the cold gas
disk, proportionally to the cooled mass, Mcooling. As in previously published
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models (Guo et al., 2011), the hot halo is assumed to have the same specific
angular momentum of the dark matter halo ~jDM , so that the specific angular
momentum of the cold gas, after cooling, can be written as:

~jfcold =
~j0
coldM

0
cold + αA~jDMMcooling

M0
cold +Mcooling

. (5.1)

~jfcold and ~j0
cold are the specific angular momenta of the cold gas after and before

gas cooling, M0
cold is the mass of the cold gas disk, and αA is assumed to be 1 in

our fiducial model. Several recent studies based on hydrodynamical simulations
(Stewart et al., 2011; Pichon et al., 2011; Danovich et al., 2015) have shown,
however, that gas accreted through cold mode carries an angular momentum
from 2 to 4 times the one of the DM halo. To quantify the influence of this
effect on our model results, we have carried out a test run assuming for cold
accretion αA = 3. We will refer to this run as X17CA3 in the following.

Star formation and stellar feedback

Xie et al. (2017) introduce modified prescriptions for the star formation law,
accounting for recent observational results on the dependence of star formation
on the molecular gas content (Wong and Blitz, 2002; Kennicutt et al., 2007;
Leroy et al., 2008). In the updated model, the total cold gas reservoir associated
with each galaxy is partitioned into its molecular and atomic components, and
the star formation rate depends on the molecular density in the galaxy disk. In
X17, we adopt prescriptions based on the Blitz and Rosolowsky (2006) empirical
relation, as this model appears to be in better agreement with the observational
measurements considered in Xie et al. (2017).

We assume that the newly formed stars, M∗,new, carry the angular momen-
tum of the cold gas they originated from. The specific angular momentum of
the stellar disk, after a star formation episode, ~jf∗,disk, can be written as:

~jf∗,disk =
~j0
∗,diskM

0
∗,disk +~jcoldM∗,new

M0
∗,disk +M∗,new

, (5.2)

with ~j0
∗,disk and M0

∗,disk the initial specific angular momentum and stellar mass

of the disk before star formation, and ~jcold the specific angular momentum of
the cold gas disk.

We assume that reheating and/or ejection does not affect the specific angular
momentum of the cold gas, and that of the hot gas (that is always equal to that
of the parent dark matter halo). The ejected gas is stored in a reservoir, from
where it can be re-accreted onto the hot gas associated with the parent halo, on
a time-scale that depends on the virial mass of the halo.

Gas recycled from stars is directly returned to the cold gas, carrying the
specific angular momentum of the stellar disk, or, in the case of gas originating
from bulge stars, a zero specific angular momentum. The stellar feedback model
adopted in our reference X17 model is described in detail in Hirschmann et al.
(2016), and corresponds to that including the outflow parametrization based
on the FIRE hydrodynamical simulations (Hopkins et al., 2014; Muratov et al.,
2015).
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It is well known that stellar feedback is a key ingredient for simulating thin
disks with sizes and rotation properties comparable to those of our own Milky
Way. Recent work has focused on angular momentum (Übler et al., 2014; Genel
et al., 2015), and evidenced that gas ejected through winds during stellar feed-
back is accelerated so that a larger angular momentum is transferred to the
disk when the gas is re-accreted. The treatment of feedback has, thus, a non-
negligible effect on the final stellar specific angular momentum of the galaxy.

To quantify how much our results depend on the feedback scheme adopted,
we also consider a run based on the feedback scheme used in Guo et al. (2011),
assuming the same parameters used in Hirschmann et al. (2016). Note that this
particular run does not exhibit the same level of agreement with observational
data as our fiducial model, and, in particular, does not reproduce the observed
galaxy mass function at high redshift. Hirschmann et al. (2016) demonstrated
that the feedback scheme adopted in X17 translates in re-accretion times for
the ejected gas that are delayed with respect to those expected from Guo et al.
(2011). This different re-accretion history is expected to affect significantly
the star formation history of model galaxies, and therefore also their sizes and
angular momenta. In the following, we refer to results from this modified run
as X17G11.

Bulge formation

Mergers and disk instabilities are the two possible channels that in our model
produce a bulge, that we assume to be a spheroidal with zero angular momen-
tum, supported by velocity dispersion.

Following previous work, we distinguish between two types of mergers, based
on the baryonic (stars+cold gas) ratio between the secondary (less massive) and
primary (more massive) galaxy. In the case this ratio is larger than 0.3, we have
a “major merger” event, for which we assume that the stars of both galaxies
are added to the bulge of the primary. In the case of a minor merger (ratio less
than 0.3), the stellar disk of the primary is unperturbed, and the stars of the
secondary are added to the primary bulge. In both cases, the cold gas of the
secondary is added to the cold gas disk of the primary. We assume that the cold
gas is first stripped from the satellite, and acquires the same specific angular
momentum of the primary dark matter halo, obtaining an equation similar to
that used for cooling (Eq. 5.1), but with the secondary cold gas mass instead of
Mcooling.

All mergers trigger a star burst in the cold gas disk, which is modeled fol-
lowing the “collisional starburst” prescription introduced in Somerville et al.
(2001), with revised coefficients from Cox et al. (2008). The amount of new
stars added to the stellar disk of the central, M∗,SB , is a fraction of the cold gas
of the progenitors, proportional to the merger mass ratio.

In the X17 model, disk instability is modeled as described in detail in Croton
et al. (2006, see also De Lucia et al. 2011). The instability criterion is based on
results from old simulations by Efstathiou et al. (1982). When a disk becomes
unstable, a fraction of stars δM , necessary to restore the stability, is subtracted
from the center of the disk, and is added to the bulge. During a disk instability
episode, we assume that the angular momentum of the stellar disk is preserved,
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and thus the specific angular momentum of the disk becomes:

jf∗ =
j0
∗M

0
∗,disk

M0
∗,disk − δM

(5.3)

with M0
∗,disk the initial mass of the disk.

As discussed in previous work (see Athanassoula, 2008; Benson and Dev-
ereux, 2010; De Lucia et al., 2011), our modeling of disk instability is rather
uncertain: this treatment does not take into account the gas component of the
disk, which could be unstable too, collapse, and trigger a star-burst. In addition,
the instability criterion adopted has been criticized by e.g.Athanassoula (2008),
because it cannot distinguish bar stable from bar unstable disks. Improving the
modeling adopted for this physical process is highly needed, but goes beyond
the aims of this work.

The disk radius and bulge size

In X17, the radii of the cold gas and the stellar disks are based on their specific
angular momentum and rotational velocity. Specifically, following Guo et al.
(2011):

Rx =
jxMx

2Vmax
, (5.4)

where Rx, jx and Mx are the radius, the specific angular momentum and the
mass, x stands for cold gas or stellar disk, and Vmax is the rotational velocity
of the halo.

The bulge is supposed to be a dispersion dominated spheroid, and its size is
estimated from energy conservation considerations. During mergers of spheroids,
the energies involved are those due to their gravitation and gravitational inter-
action. Assuming no energy dissipation, we obtain the energy before:

Ei = CG

[
(Mp
∗ +Mp

∗,SB)2

Rp
+

(Ms
∗ +Ms

∗,SB)2

Rs

]

+αG
(Mp
∗ +Mp

∗,SB)(Ms
∗ +Ms

∗,SB)

Rp +Rs

(5.5)

and after the merger:

Ef = CG
Mf
∗

2

Rf
. (5.6)

In the first equation, G is the gravitational constant, Mx
∗ +Mx

∗,SB is the total
stellar mass of the x = p (primary) or x = s (secondary) galaxy, comprehensive
of the stars formed in the starburst. Rx is an approximation of the half mass
radius of the total galaxy (cold gas included), obtained from the average of
the different components sizes weighted for their masses. C = 0.5 is the form
factor, that accounts for the self-binding energy of each galaxy, and α = 0.5 is a
parameter accounting for the mutual orbital energy between the spheroids (Cole

et al., 2000). In the last equation, Mf
∗ is the final stellar mass of the spheroid,

and Rf is the final bulge size.
In the case of disk instability, we calculate the radius enclosing the stellar

mass removed from the disk to restore stability, assuming a disk with exponential
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surface density, and we assume that this radius is the scale radius of the newly
formed spheroidal component. If a bulge is already present, we merge the newly
formed spheroid with the pre-existing bulge, assuming energy conservation as
detailed above.

Different studies have highlighted how this simple treatment leads to unre-
alistic sizes of galaxies, especially at the low mass end (Hopkins et al., 2009b;
Covington et al., 2011; Porter et al., 2014). This problem arises from the fact
that the model outlined above ignores gas dissipation in bulge formation through
mergers. Using high-resolution hydro-simulations, Hopkins et al. (2009b) pro-
posed a simple formula to account for gas dissipation without modifying the
energy conservation equation, but simply the final radius:

rf =
rno diss

1 + fgas/f0
. (5.7)

In the above equation, rno diss is the size when dissipation is not considered, fgas
is the ratio between the gas involved in the merger and the stellar mass involved
(including stars formed in star burst), and f0 is a parameter varying between
0.25 and 0.30 (we assume it equal to 0.275). This formula was calculated from
a set of controlled simulations of binary mergers with mass-ratio larger than
1:6, and the strongest influence was found in the case of disk-disk mergers (for
example Porter et al., 2014, their Table 1). Therefore, it is not straightforward
to apply this correction to all mergers. In the following, we will show results
of a run where we have accounted for gas dissipation during all mergers (model
X17allM) and also a run where we have applied this correction only during
major mergers (model X17MM). We have not distinguished between mergers
between disks or spheroids (we expect that mergers between spheroids involve
only a small fraction of gas). We also tested an alternative implementation
for gas dissipation, that includes a dissipation term in the energy conservation
during mergers, as proposed in Covington et al. (2011), finding similar results.

Corrections for gas dissipation during mergers were already considered in the
framework of semi-analytic models. For example, Shankar et al. (2013) used the
formula proposed in Hopkins et al. (2009b) to correct the size of Early Type
galaxies, in the framework of the model by Guo et al. (2011). He demonstrated
that this correction is important in order to obtain realistic sizes for stellar
masses M∗ < 1010.5M�. Tonini et al. (2016) included dissipation directly in
the energy conservation calculation, finding similar results.

5.3 The size-mass relation

In previous work, we have shown that our model reproduces reasonably well
several observed properties of galaxies, such as the Stellar, HI and H2 Mass
Functions, the HI-M∗ relation, the mass-metallicity relation, the sSFR-M∗ rela-
tion and the size-M∗ relation for star forming, disky, gas-rich galaxies (De Lucia
et al., 2014b; Hirschmann et al., 2016; Xie et al., 2017).

In this section, we study the size-mass relation for galaxies divided in Late
Type (LT) and Early Type (ET), and compare it to available observational
measurements. The results of this comparison are shown in Fig. 5.1, for different
LT/ET selections (different panels). Different colors correspond to different
galaxy types (red for ET and blue for LT galaxies), while different line styles
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Figure 5.1: The R1/2-M∗ relation for LT and ET galaxies (blue and red lines)
for our reference model X17. Solid lines correspond to results from the MRI and
dashed lines are used for the MRII. Different panels show different selections
for LT and ET galaxies: B/T = 0.5 (top left panel), B/T = 0.7 (top right
panel), log10(sSFR[yr−1]) = −10.66 (bottom left panel) and a combination
of B/T = 0.5 and fcold = 0.15 (bottom right panel). Shaded areas show the
16th-84th percentiles of the MRI distribution; we find a similar scatter for the
MSII. Different symbols correspond to observational estimates, as indicated in
the legend.
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are used for model results based on the MRI (solid) and on the MRII (dotted
lines). The shaded areas represent the 16th-84th percentiles of the distribution
obtained for the MRI, but a similar scatter is found for MRII.

The sizes shown in the figure correspond to the half-mass radii of model
galaxies, namely the radii enclosing half of the total stellar mass. We calculated
them using the stellar mass profiles assumed in the model. The stellar disk (as
well as the cold gas disk) is described by an exponential surface density profile,
that can be expressed as a function of the scale radius, Rdisk, and the average
surface density, Σ0 = M∗,disk/(2πR2

disk):

Σdisk(r) = Σ0e
− r
Rdisk (5.8)

For the bulge, we assume a stellar distribution that follows a Jaffe profile (Jaffe,
1983):

ρ(r) =
MB

4πR3
B

(
r

RB

)−2(
1 +

r

RB

)−2

(5.9)

where RB is the scale radius, and MB is the mass of the bulge. To have a fair
comparison with observations, we consider galaxies as they were all face-on, and
project their mass profiles on the plane. In this way, R1/2 is the radius that
encloses half of the projected mass.

Observational estimates are shown in Fig. 5.1 as symbols with different shape
and error bars (red and blue are used for ET and LT galaxies). The estimates
shown correspond all to half mass radii, but are based on observations at differ-
ent wavebands, different assumptions about the light distribution, and different
selections for ET and LT galaxies.
Shen et al. (2003) (triangles) used SDSS data in the z-band, and circular pro-
files to estimate galaxies Petrosian half-light radius. LT and ET galaxies were
classified according to their concentration, a parameter related to the Sérsic
index (Blanton et al., 2003). Specifically, Shen et al. (2003) separated E/S0
galaxies (considered ET) from spirals using as threshold c = 2.86 (Nakamura
et al., 2003). Huertas-Company et al. (2013) (squares) estimated the half-light
radii using a circular double component Sérsic fitting of galaxies from the SDSS
DR7 spectroscopic sample. They selected ET galaxies via a morphological clas-
sification performed using a machine learning technique. Lange et al. (2015)
(stars) estimated the half-light radii along the major axis of GAMA galaxies,
using single Sérsic fits. They used elliptical fits, instead of the circular ones
used in previous studies, and showed that these give systematically larger radii
at fixed stellar mass. They divided LT from ET galaxies using four different
methods: a visual morphology classification, a Sérsic index threshold of n = 2.5,
a color-color (u-r)-(g-i) division, a combination of Sérsic index and (u-r) color.
They found that the different methods select different galaxy samples, but the
size-mass relations obtained are very similar. In this work we use their estimates
based on the Sérsic index.

For our comparison, we are assuming that light distribution perfectly traces
mass distribution. We do not attempt to reproduce the selection of LT and
ET galaxies adopted in observational studies, because we cannot always mimic
Sérsic index, concentration, or color-mass diagram separation, without applying
additional assumptions for model galaxies. In Fig. 5.1, we show four different
LT/ET selections based on model outputs. In the top panels we consider a
simple selection based on the bulge over total stellar mass ratio, B/T : on the
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Figure 5.2: The distribution of sSFR of model galaxies with different stellar
masses (different colors,as indicated in the legend). The vertical black solid line
indicates the threshold adopted to separate LT from ET galaxies.

left, we use a threshold of B/T = 0.5, and on the right B/T = 0.7 to separate
ET from LT galaxies. In the bottom left panel, we show a selection based on the
specific Star Formation Rate (sSFR), i.e. the mass of stars formed per unit mass
per unit time. This proxy separates star forming galaxies from quiescent ones.
The chosen threshold is Log10(sSFR [yr−1]) = −10.66, that approximately
separates the two peaks of the sSFR bimodal distribution (Fig. 5.2). We warn
the reader that the sSFR distribution of our model galaxies does not reproduce
well the observed distribution. In particular, massive galaxies are more star
forming than measured, as illustrated in detail in Hirschmann et al. (2016,
see their Fig. 8). Finally, in the bottom right panel of Fig. 5.1, we show a
selection that also considers the cold gas fraction of model galaxies, fcold =
Mcold/(Mcold+M∗). Specifically, we select as LT galaxies those with fcold > 0.15
and B/T < 0.5, and as ET galaxies those with fcold < 0.15 and B/T > 0.5.

We now get back to the comparison shown in Fig. 5.1. We expect the
MRII to provide a more precise estimate of the relation in the stellar mass
range 109 − 1010 M�, where the MRI is close to the resolution limit. The
MRII median size for galaxies with stellar mass 109 M� is 0.2 dex lower than
that based on the MRI. Predictions based on the two simulations are in good
agreement for stellar masses ∼ 1010 M�. At larger stellar masses, since the
MRII simulation volume is small, predictions based on this simulation are more
noisy. For this reasons, in the rest of the paper we will show results from MRII
up to M∗ = 1010 M�, and results from MRI above this mass.

The predicted size-mass relation for LT galaxies is in nice agreement with the
latest observational estimates (those by Lange et al., 2015), independently of the
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Figure 5.3: The R1/2-M∗ relation, as in Fig. 5.1, but for models including a
treatment for gas dissipation in all mergers and in major mergers (dashed and
solid lines). Predictions from our fiducial model are shown as dotted lines, as
reference. Only the relation and data for ET galaxies are shown, as LT galaxies
are not affected by this treatment.

selection adopted. In contrast, for ET galaxies, the size-mass relation is not well
reproduced by any of the selections considered. The two selections that include
a cut at B/T = 0.5 are in good agreement with data by Shen et al. (2003) and
Huertas-Company et al. (2013) for galaxy masses larger than M∗ > 1010.5 M�.
For less massive galaxies, and for the other two selections considered, the model
significantly over-predicts galaxy sizes. In particular, when selecting galaxies on
the basis of the sSFR or using a cut at B/T = 0.7, model predictions for ET
galaxies are very close to those obtained for LT galaxies.

This problem has been noted earlier (Hopkins et al., 2009b; Covington et al.,
2011; Porter et al., 2014), as explained in Sec. 5.2.2, and is due to the fact that
our model does not include a treatment for dissipation of energy during gas rich
mergers. To account for dissipation, we have added the empirical prescription
provided by Hopkins et al. (2009b), and considered two possibilities: dissipation
in all mergers (model X17allM) and only in major mergers (model X17MM).

Results are shown in Fig. 5.3, where we show the size-mass relation for
X17allM (dashed lines) and for X17MM (solid lines). Predictions from our
standard model without dissipation are also shown as reference (dotted lines).
LT galaxies are not affected by the inclusion of dissipation, and we do not
show their relation for clarity. The relation for ET galaxies is more affected by
dissipation for the selections based on B/T , while the sSFR selection is only
slightly affected. For the B/T = 0.5 and B/T = 0.7 selections, the inclusion
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of dissipation lowers significantly the relation, slightly in the case of X17MM
and more in the case of X17allM. At the largest masses, where the reference
model was in good agreement with data, both runs including gas dissipation
predict sizes that are smaller than observed. The relation for galaxies selected
on the basis of their sSFR is not affected by the introduction of a treatment for
gas dissipation. This is due to the fact that many disky galaxies are selected
in the passive ET group, making the two relations very similar. The selection
including a cut based on fcold results in a relation similar to the division based
on B/T = 0.5.

Interestingly, dissipation during minor mergers largely affects high mass
galaxies (M∗ > 1010.2 M�). As we will see in Sec. 5.5, this is due to the
fact that these galaxies have experienced many minor mergers during their life.

5.3.1 The size of galactic components

In this section, we analyze the size-mass relation for the disk and bulge com-
ponents separately. We plot the half-mass radii versus stellar mass of disks
and bulges of the X17MM model galaxies in Fig. 5.4. We also show the ob-
served distribution by Lange et al. (2016), as dashed contours, blue for disks
and red for spheroids. The median size-mass relation obtained for disks in our
X17MM run nicely follows observations, while the bulge median relation is off-
set about 0.5 dex below the observational estimates in the stellar mass range
M∗ ∈ [109.8− 1011] M�. The scatter is large and there is large overlap between
data and model predictions, except at the most massive end, where the model
tends to under-predict bulge sizes significantly.

To better understand the behavior of our model, we quantify the relative
contribution of mergers and disk instabilities to the mass of each bulge. We
then divide model bulges accordingly to the channel that contributed most to
their mass: if at least 50% of the bulge mass formed from disk instabilities it
is identified as DI bulge, otherwise it is a merger bulge. The predicted sizes for
these two different populations are shown in Fig. 5.4 as green and orange solid
lines (thick for the median and thin for the 16th-84th percentiles). Merger bulges
are systematically larger than DI bulges, and their median size-mass relation is
only slightly flatter than the observed distribution, especially at high masses.

The division of bulges into these two categories is motivated by observational
evidences (see Kormendy and Kennicutt, 2004, for a review). Classical bulges
are spheroidal and dispersion dominated, while pseudo-bulges are characterized
by exponential mass distributions (as disks) and rotation. There is still no
consensus on their origins, but several studies suggest that classical bulges form
through mergers, while pseudo-bulges are formed from secular processes, such as
disk instabilities. Recent work has demonstrated that these different bulge fam-
ilies have similar sizes (Gadotti, 2009), or that pseudo-bulges are only slightly
larger than classical ones (Lange et al., 2016). In our model, the two channels
of bulge formation are included, but we do not explicitly differentiate between a
classical and a pseudo component. For the purpose of size estimation, the bulge
is considered as a single, dispersion dominated component. Recently, Tonini
et al. (2016) included an explicit division between classical and pseudo bulges
in a semi-analytic model. In their model, pseudo-bulges have masses similar to
those of classical bulges, but most are concentrated in the MB ∈ [1010, 1011] M�
range. In general, their pseudo-bulges have small half mass radii (up to 5 kpc),
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Figure 5.4: The size-mass relation for galactic components. The thick solid blue
and red lines show the median sizes of the stellar disks and of the bulges of model
galaxies from our X17MM run. The shaded areas correspond to the 16th-84th

percentiles of the distributions. The green and orange thick lines show, respec-
tively, the median relations for merger and disk instability dominated bulges.
The thin lines of the same colors correspond to 16th-84th percentiles of their
distribution. We show as dashed contours the distribution of observational mea-
surements from Lange et al. (2016), for disk components (blue) and spheroids
(red).
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Figure 5.5: The R1/2-M∗ relation for ET galaxies from the X17MM model.
Predictions for all ET galaxies are shown as solid lines, while for central ET
galaxies are shown as dashed lines. The shaded areas represent the 16th-84th

percentiles of the central galaxies distribution.

while classical bulges are larger (up to 20 kpc). In our model, DI bulges are
much smaller than 1 kpc. These results suggest we should revise our treatment
of disk instability, and in particular the model assumed to estimate the size of
bulges forming through this channel. Assuming that disk instability produces a
bulge with an exponential mass profile, would shallow the DI bulge mass distri-
bution, leading to larger sizes. These larger sizes would also affect the classical
bulge formed through mergers, because in the energy estimation the DI bulge
would contribute with a larger size. In this work, we have not explored the
explicit implementation of this treatment, but we have evaluated its effect in
post-processing: we assume the DI bulges are disk-like components, and evalu-
ate their half mass radius assuming an exponential distribution for their mass.
As a result, the median size-mass relation for DI bulge is shifted upwards by
∼ 0.5 dex. We reserve a self-consistent implementation of a two-bulge model
for a future work.

5.3.2 Early Type Central and Satellite Galaxies

Observational studies suggest that central and satellite ET galaxies follow the
same size-mass relation, at least at the high mass end (M∗ > 1010.5 M�, see
for example Huertas-Company et al., 2013). In Fig. 5.5, we show the median
size-mass relation for ET galaxies, for all galaxies (solid) and only for centrals
(dashed lines).
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LT centrals follow the same relation of all galaxies, and we do not show them
for clarity. The relations found for ET central galaxies, instead, are different
from the relations found for all ET galaxies for all the selections considered, but
for B/T = 0.7. In the selections assuming a cut at B/T = 0.5, the relation for
central galaxies presents a strong dip in the stellar mass range M∗ ∈ [1010 −
1010.8] M�. This dip is not present in the relation for all ET galaxies. The
different relations found for ET centrals must be ascribed to the different origin
of their bulges. As explained above, model bulges can form through mergers or
disk instabilities, and the latter form bulges with a substantially smaller size.
When we select ET galaxies using B/T > 0.7, we are selecting bulges formed
mainly through mergers (from 93% to 100% depending on the stellar mass range
considered). Selecting ET galaxies with 0.5 < B/T < 0.7, we find mainly bulges
formed through disk instability (from 24% to 91% of the bulges, depending on
the mass range). For this reason, the selection based on a cut at B/T = 0.5 is
most affected by the small bulges formed in disk instabilities.

The results found in Fig. 5.5 must thus be attributed to a different influence
of disk instability for centrals and satellites. We will come back to this in
Sec. 5.5.2. In addition, there is also a numerical difference between centrals and
satellites in the stellar mass range M∗ ∈ [1010−1010.8] M�. In particular, there
are many more centrals in this mass range with 0.5 < B/T < 0.7 than with
B/T > 0.7. When considering the entire ET population, the proportions are
inverted. As a consequence, in this mass range, central galaxies account for a
larger fraction of the small size bulges with respect to the entire ET population.
When the B/T > 0.5 selection is combined with the fcold < 0.15 cut, the
dip in the ET central galaxies size-mass relation is much deeper than for the
simple B/T > 0.5 selection. We will show in Sec. 5.5.3 that gas poor galaxies
and disk instabilities are both more likely to occur in halos with low specific
angular momentum. For this reason, a selection based on low gas fraction likely
correlates with the frequent occurrence of disk instabilities, and thus with small
bulges.

Interestingly, the relation for ET central galaxies selected using a sSFR cut
is in agreement with observational data. The entire population includes many
disky quenched galaxies, but this is not the case for central galaxies. The
reason is in the different distributions of sSFR for centrals and satellites. If we
re-analyze Fig. 5.2, dividing the sSFR distributions in centrals and satellites, we
find that all satellite galaxies are around our threshold, Log10(sSFR) = −10.66,
while central galaxies are distributed at higher values, with a tail below the
sSFR threshold. Only central galaxies with large stellar mass (M∗ ∈ [1010.8 −
1011.5] M�) are found in the low sSFR region. Satellites are all quenched with
respect to our threshold because of the hot gas stripping. Moreover, satel-
lite morphology is generally preserved after accretion, because mergers between
satellites are rare, and the only channel for bulge accretion is disk instability.
Thus, star formation and morphology in satellites are uncorrelated. For central
galaxies, instead, there is still a strong correlation with star formation activity
and morphology.

5.3.3 The size-mass relation for X17 modifications

In Sec. 5.2 we described our fiducial model and the relevant physical prescrip-
tions, and highlighted those processes for which we have considered alternative



5.3. THE SIZE-MASS RELATION 93

0.0

0.5

1.0

1.5

Lo
g 1

0
(R

1/
2
[k

pc
])

B/T=0.5

X17MM
X17CA3

X17G11X17MM
X17CA3

X17G11

B/T=0.7

9.0 9.5 10.0 10.5 11.0

Log10(M∗[M�])

0.0

0.5

1.0

1.5

Lo
g 1

0
(R

1/
2
[k

pc
])

Log10(sSFR)=-10.66

LTG
ETG

9.0 9.5 10.0 10.5 11.0

Log10(M∗[M�])

B/T=0.5; fcold=0.15

Shen+2003
Huertas-Company+2013

Lange+2015Shen+2003
Huertas-Company+2013

Lange+2015

Figure 5.6: The R1/2-M∗ relation, as in Fig. 5.3, for the X17CA3 (dashed lines)
and X17G11 (dotted lines) runs, both with dissipation during major mergers.
Predictions from the X17MM model are shown as solid lines, as reference.

treatments. Specifically, we assume that gas accreted through cold accretion
has a specific angular momentum higher than that of the dark matter halo
(X17CA3), and, alternatively, we adopt the stellar feedback scheme described
in Guo et al. (2011) (X17G11). As explained in Sec. 5.2, this latter run is
parametrized as described in Hirschmann et al. (2016), who have shown that,
in the GAEA framework, this feedback scheme does not reproduce the observed
evolution of the galaxy stellar mass function. Both runs include gas dissipation
during major mergers.

We show the size-mass relations for these models in Fig. 5.6, with results
from X17CA3 shown as dashed lines, and X17G11 as dotted lines. Predictions
from the X17MM model are plotted as solid lines for reference.

Results from the X17CA3 run are very similar to those obtained from the
X17MM model for stellar masses larger thanM∗ > 1010.5 M�. For lower masses,
the former model predicts sizes that are offset high with respect to the X17MM
run of about 0.1 dex for LT and 0.2 dex for ET galaxies. The larger specific
angular momentum in cold accretion affects significantly low mass galaxies. We
will see in Sec. 5.5.4 that, in this mass range, the angular momentum of galaxies
(and therefore their size) is determined at early times (where cold accretion is
important), and is not significantly modified during subsequent evolution.

A different stellar feedback influences the sizes of both ET and LT galaxies
over the entire stellar mass range considered. LT galaxies in the X17G11 run
have sizes that are systematically below the results from the X17MM model,
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by about 0.2 dex. We will show in Sec. 5.5.4, that in X17G11 run most of the
stars form earlier than in X17MM. This is due to the different re-accretion times
of the ejected material in the two feedback schemes, that allow galaxies in the
X17MM run to preserve more cold gas for star formation at late times. The peak
of star formation in the X17G11 run occurs earlier than in X17MM for both LT
and ET galaxies, so that we expect a lower size-mass relations for both. This
is not the case for ET galaxies, that, on average, have sizes larger of ∼ 0.2 dex
with respect to X17MM, for selections based on a cut in B/T . This is due to the
fact that ET galaxies were subject to a similar number of mergers in X17MM
and X17G11, but disk instabilities occurred at earlier times in X17G11. The
ET galaxies of the X17MM and of the X17G11 runs have thus different origins,
and in the X17G11 model those formed during disk instabilities are fewer than
those in X17MM.

5.4 The specific angular momentum

The correlation between sizes and masses of our model galaxies can be inter-
preted in relation with the angular momentum treatment. Indeed, as discussed
in Sec. 5.2, disks radii (both of the stellar and of the gaseous component) are
calculated from their specific angular momenta.

Below, we first describe how we treat model outputs to have a fair compar-
ison to observational estimates, and then analyze the relation between specific
angular momentum and stellar mass, and its dependence on morphology and
cold gas fraction.

5.4.1 Specific angular momentum determination

Romanowsky and Fall (2012) has become the observational reference paper in
this field. The authors selected a sample of galaxies of different morphology,
with spatially resolved rotational velocity and photometric information, avail-
able from literature. For a subsample, they estimated the specific angular mo-
mentum by direct integration along the major axis of the galaxies. They also
compared this estimate against an empirical formula, finding a good agreement
with results from the full integration.
In order to estimate the angular momentum of model galaxies in a way that
mimics the observations, we need: a resolved rotational velocity field, a resolved
light (mass) projected distribution, and a maximum aperture enclosing the ob-
served galaxy. These information are not direct outputs of the X17 model, that,
as described in Sec. 5.2, provides an estimate for the total specific angular mo-
mentum of the cold gas and stellar disks, evolved according to mass exchanges
between the different galactic components. In the following, we describe how we
have computed alternative estimates of the galaxy angular momentum, that can
be compared to observational estimates. We refer to the cartoons in Fig. 5.7,
to help the reader in visualizing the description below.

The first estimate we consider is based on a three dimensional (3D) model
of the galaxy (see the top panel of Fig. 5.7). We assume to have information
on the mass and velocity 3D distribution for each galaxy, and we calculate the
specific angular momentum within the radius R, by integrating the velocity
and mass profiles over all radii r < R. The stellar mass distribution of the
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galactic components assumed in the model was discussed in Sec. 5.3: the mass
distribution of gas and stars in the disks is described by an exponential profile,
while the bulge is assumed to have a Jaffe profile. The model also provides an
estimate for the maximum rotational velocity of the disk, assumed to be equal to
that of the dark matter halo. The bulge is assumed to be dispersion supported:
vbulge(~r) = 0. We estimate the rotational velocity profile for the stellar disk,
assuming it is symmetric and supported by rotation:

vdiskrot (r) =

√
GM(< r)

r
, (5.10)

where G is the gravitational constant, and M(< r) is the total mass enclosed
within r. It includes the stellar disk and the bulge, the cold gas disk, and the
corresponding fraction of the parent DM halo. This last component is described
in the model through its mass, M200, corresponding to an over-density of 200ρcrit
(ρcrit is the critical density of the Universe). This mass is measured directly
from the simulations for all halos hosting central galaxies, while for satellites
it corresponds to the particle mass times the number of bound particles in
the parent subhalo, at the last time this was detected. A size is provided by
R200, that can be calculated from M200 and the redshift of the halo. These
two parameters are sufficient to estimate the DM mass distribution assuming a
Navarro-Frenk-White profile (Navarro et al., 1996):

ρ(r) =
ρ0

r
RDM

(
1 + r

RDM

)2 , (5.11)

where ρ0 and RDM are a density parameter and the scale radius of the halo.
Both can be estimated using the concentration parameter of the halo, that we
calculate using the correlation between M200 and concentration published in
Neto et al. (2007). This relation has a large scatter, but we checked that our re-
sults are not significantly affected by this using the extremes of the distribution,
instead of the median. The virial radius is directly proportional to the scale ra-
dius: R200 = cRDM and the density parameter ρ0 can be obtained integrating
Eq. 5.11 to R200, and imposing it to be equal to M200.

We now have all the ingredients to calculate the specific angular momentum
of the disk. Integrating on the plane of the disk:

j3D
disk(R) =

∫ R
0
r · vdiskrot (r) · Σdisk(r) · r · dr∫ R

0
Σdisk(r) · r · dr

(5.12)

If we include the bulge, for which we assume vbulge(r) = 0, we obtain:

j3D
tot (R) =

∫ R
0
r · vdiskrot (r) · Σdisk(r)rdr∫ R

0
Σdisk(r)rdr +

∫ R
0
ρbulge(r)4πr2dr

(5.13)

where the integration for the bulge is carried out in 3D space.
In observations, the 3D information is not available: the galaxy is projected

on the sky (2D), with a random inclination, and the velocity information is
typically available only along the line of sight (los). In addition, it is difficult
to separate the contributions from the bulge and the disk. We mimic this
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situation assuming all model galaxies are edge-on (see the bottom panel of
Fig. 5.7). In this way, the los velocity measured along the disk, at a projected
distance r from the center, is exactly the rotational velocity at the 3D distance
r: vlos(r) = vdiskrot (r). We project the stellar profiles of the stellar disk and of
the bulge on the edge-on plane, and sum them into a single stellar component:
Σ∗(r, z) = Σedge−ondisk (r, z)+Σbulge(r, z). In this last equation, r is the coordinate
along the disk, and z is the distance from the disk plane. We also assume
hdisk = Rdisk/7.3 (Kregel et al., 2002), and:

vlos(r, z) =

{
vdiskrot (r) if z < hdisk

0 if z > hdisk

In this way, the bulge fraction contained in a cylinder of height hdisk is assumed
to rotate with the disk, while there is no rotation outside the cylinder. The
specific angular momentum calculated along a slit of the same height of the
disk hslit = hdisk is:

j2D
slit(R) =

∫ R
0

∫ hslit
0

r · vlos(r, z)Σ∗(r, z)drdz∫ R
0

∫ hslit
0

Σ∗(r, z)drdz
(5.14)

Including also the bulge component outside the slit:

j2D
tot (R) =

∫ R
0

∫ R
0
r · vlos(r, z)Σ∗(r, z)drdz∫ R
0

∫ R
0

Σ∗(r, z)drdz
(5.15)

These estimates mimic the integrations performed for observed galaxies, with
j2D
tot similar to an integration on circular or elliptical concentric annuli, and
j2D
slit similar to an integration along the major axis, as in Romanowsky and Fall

(2012).
As already mentioned earlier, Romanowsky and Fall (2012) found that the

2D estimate is well approximated, after de-projection for inclination, by an
empirical formula that depends on the effective radius, the velocity measured
at two effective radii, and a factor kn, that depends on the Sérsic index. In
the case of a disk+bulge galaxy, they sum the contributions from the disk and
the bulge, weighting them for the corresponding light (mass) fraction, D/T and
B/T :

jD+B = knDvdisk(2ReD)ReD
D

T
+ knBvbulge(2R

e
B)ReB

B

T
(5.16)

In the above equation, nx and Rex are the Sérsic index and the effective radius
of the disk (x = D), or the bulge (x = B). The disk velocity vdisk(2ReD) is
measured from the ionized gas of the disk, while the bulge rotational veloc-
ity vbulge(2R

e
B) is estimated from its relation with the ellipticity ε and central

velocity dispersion σ0, through:

vbulge =
( v
σ

)∗
σ0

(
ε

1− ε

)1/2

(5.17)

(v/σ)∗ ∼ 1 is a parameter describing the relative dynamical importance of
rotation and pressure, and its value corresponds to that of an oblate isotropic
system viewed edge-on (Kormendy and Illingworth, 1982).
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Figure 5.8: The j2D
slit-M∗ relation for LT and ET galaxies (blue and red), selected

by their morphology (B/T = 0.5), from the X17MM model. The j2D
slit(r) is

evaluated considering projected profiles at different radii: r = 1, 2, 3 R1/2.

We assume all galaxies are composed of a disk+bulge, with a disk Sérsic
index nD = 1 (k1 = 1.19), vbulge = 0, and ε = 0. Thus the second part of
Eq. 5.16 is always 0:

jRF = k1v
disk
rot (2ReD)ReD

D

T
(5.18)

The assumption of perfectly spherical, dispersion dominated bulges is very
strong. We evaluate its impact by assuming, alternatively, that all bulges have
a Sérsic index nB = 4 (k4 = 2.29), an ellipticity ε = 0.2 (this is the median ellip-
ticity of the elliptical/lenticular SDSS galaxies as found in Hao et al., 2006), and
a velocity dispersion evaluated using the virial theorem: σ0 =

√
GMB/(2RB).

Eq. 5.16 then writes as:

jRFε=0.2 = k1v
disk
rot (2ReD)ReD

D

T
+ k40.5

√
GMB

2RB
ReB

B

T
(5.19)

Finally, we use as reference the output from the model, jSAMdisk , weighted for
the bulge contribution: jSAMtot = jSAMdisk (1−B/T ).

Before comparing the various estimates computed, we analyze the depen-
dence of j2D and j3D on the aperture. We plot the median j2D

slit-M∗ relation
evaluated at 1, 2 and 3 R1/2 in Fig. 5.8. The difference between 2R1/2 and
3R1/2 is much smaller than that between 2R1/2 and 1R1/2. In the following, all
2D and 3D measurements shown for the specific angular momentum correspond
to 2R1/2, a distance that provides a good compromise between convergence and
observational limit.

We analyze how different estimates reflect on the j∗−M∗ relation in Fig. 5.9,
where we show results for LT (blue) and ET (red) galaxies from the X17MM
model. We only consider a selection assuming a B/T = 0.5 cut here, but we have
verified that results are qualitatively similar for alternative selections. Different
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line styles correspond to the different estimates introduced earlier, as indicated
in the legend.

All relations obtained for LT galaxies, based on different estimates of j∗, are
above the ET relations. As we will see in the next section, this is qualitatively
in agreement with observations.
The estimates jRF and jRFε=0.2 give almost identical relations for LT galaxies, and
correspond to the highest normalization of the j∗-M∗ relation for these galaxies.
This is expected, because the influence of bulges in eq.s 5.18 and 5.19 for galaxies
with B/T < 0.5 is negligible. The relation assuming the direct model output,
jSAMtot , is only slightly below that based on the empirical formula proposed by
Romanowsky and Fall (2012). The relation based on the 3D estimate, j3D

tot , is
parallel to these but has a ∼ 0.2 dex lower normalization. Both the 2D estimates
j2D
slit and j2D

tot lie on the same relation, shifted 0.2 dex below that based on the
3D estimate. This is not surprising, because LT galaxies have a small bulge,
and a large fraction of it is contained in the slit. The difference with respect
to the 3D estimate is due to the projection of the disk mass: most of the
disk mass, residing at the center, has a lower velocity than in the de-projected
case. We expect that for inclinations lower than edge-on this relation moves
up towards the 3D relation. This argument is valid only for LT galaxies, for
which the bulges, whose projected distribution is spherical and does not depend
on inclination, do not dominate the central stellar mass distribution. When
comparing model predictions for LT galaxies with data below, we will use the
area between the 2D and 3D estimates, so as to account for different possible
inclinations of the disk mass projection.

While different estimates of j∗ for LT galaxies correspond to parallel relations
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with relatively small shifts, for ET galaxies they cover a much larger region of
the j∗ −M∗ plane. As for LT galaxies, the highest normalizations are obtained
for the empirical estimates by Romanowsky and Fall (2012), jRFε=0.2 and jRF .
The j∗ −M∗ relation based on the estimate that includes rotation in bulges,
jRFε=0.2, lies very close to the relation obtained for LT galaxies employing the 2D
estimates, with a slightly steeper slope. As expected, the jRFε=0.2 estimate is larger
than that obtained assuming ε = 0, jRF . The latter does not include a bulge
velocity component, and the calculation depends only on the disk size and its
velocity. The dependence on the disk size is important, because, observationally,
measuring the disk radius in a bulge dominated galaxy is not easy. In fact, using
the effective radius of the galaxy in the jRF estimations, instead of the disk
effective radius, lowers the relation at intermediate masses to the same position
of the relation based on the j2D

tot estimate (for M∗ < 1010.7 M�).
The relation obtained considering the direct model output, jSAMtot , is close to that
obtained using jRF : the specific angular momentum increases with increasing
stellar mass up to M∗ ∼ 1010.7 M�; for larger stellar masses, the median value of
jSAMtot first flattens and then decreases. The relation assuming the 2D circular
estimate, j2D

tot , is parallel to that obtained using j2D
slit, but is shifted down by

0.3-0.4 dex. We tested the influence of the slit height hslit on the predicted
j∗ −M∗ relation, finding that a smaller hslit would shift j2D

slit upwards, and j2D
tot

downwards. For a slit with height of ∼ 0.1hslit, the shift of the relation using
j2D
slit is of 0.1 dex, while that of the relation based on j2D

tot is of 0.2 dex, a quite
modest effect.
The relation corresponding to the 3D estimate, j3D

tot , is well below the other re-
lations, because it does not mix bulge stars within the rotating disk, as happens
in the projected estimates. When comparing model results with observational
estimates for ET galaxies, we will show the region enclosed between the rela-
tions based on j2D

slit and j2D
tot . We note that rotating bulges would translate in

larger j∗ values for both the 3D and the 2D estimates, shifting up the relations
similarly to what found for jRF and jRFε=0.2. Therefore, these relations should be
considered as lower limits.

5.4.2 Comparison with observations

In this subsection we compare the specific angular momenta of our model galax-
ies, estimated as described in Sec. 5.4.1, to available data from the literature.

Fig. 5.10 shows the predicted j∗−M∗ relation compared with data from Ro-
manowsky and Fall (2012), corrected for a variable light-to-mass ratio as in Fall
and Romanowsky (2013). These observational data are represented as circles,
and are divided in spirals (S, cyan), ellipticals (E, violet) and lenticulars (S0,
light green). The relations from the X17MM model are shown as shaded areas,
enclosing the area between j3D

tot and j2D for LT galaxies (blue), and between
j2D
slit and j2D

tot for ET galaxies (red). Thin solid lines of the same colors repre-
sent the scatter (16th-84th percentiles) of the distributions. We only show the
predictions obtained using a B/T = 0.5 cut to distinguish between ET and LT
galaxies, as different selections based on morphology give similar results.

LT and ET galaxies follow parallel relations, with similar offset for both
model and observed galaxies. The slope of the predicted relation is also in nice
agreement with the measured one. However, on average, the specific angular
momentum of model galaxies is ∼ 0.2− 0.4 dex lower than that estimated from
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Figure 5.10: The j∗-M∗ relation for LT and ET galaxies from the X17MM model
(blue and red shaded areas). The thin solid lines correspond to the 16th-84th

percentiles of the distribution. The way the shaded regions are determined is
explained in detail in Sec. 5.4.1. The LT/ET selection assumes a threshold of
B/T = 0.5. Observational data (circles) are from Fall and Romanowsky (2013),
and are color-coded according to galaxy morphology: spirals (cyan), ellipticals
(violet) and lenticulars (light green).

the data for galaxies of similar stellar mass.
In the case of ET galaxies, as explained in Sec. 5.4.1, model estimates do not

account for rotating bulges. Comparing the two empirical estimates, jRF and
jRFε=0.2, we expect that rotating bulges would raise the median relation of some
tenth of a dex. On the other hand, observed ET galaxies were selected to have
a measured rotational velocity profile. Therefore, they provide a sample biased
towards fast rotators, that have a j∗ higher than average elliptical galaxies.

In the case of LT galaxies, as shown in Fig. 5.9, the jRF estimates are 0.2
dex larger than the corresponding j3D

tot estimates. This difference is sufficient
to move the predicted relation closer to the observational estimates, that are
obtained using the empirical formulas proposed. Furthermore, for the observed
galaxies, rotational velocity profiles are evaluated from the ionized gas of the
disk, selecting gas-rich galaxies. In our model, the cold gas fraction (fcold =
Mcold/(Mcold + M∗)) strongly correlates with j∗, as shown in Fig. 5.11. In
this figure, we show the distribution of model galaxies in the j2D

tot −M∗ plane,
color-coded by the median fcold in each pixel. For clarity, we show LT and
ET galaxies in two distinct panels, dividing them using a cut at B/T = 0.5.
Gas rich galaxies have high specific angular momenta, and the correlation with
stellar mass is somewhat steeper. If we select LT galaxies with fcold > 0.3 and
B/T < 0.5, their median relation shifts up by ∼ 0.3 dex. ET galaxies have a
similar dependence, although lower values of fcold, as expected.
The correlation between j∗ and fcold is driven by galaxy evolution. As a dark
matter halo grows, its specific angular momentum increases, and is transferred
to the cold gas through gas cooling. When the cold gas fraction is high, the
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Figure 5.11: The j2D
tot -M∗ relation for X17MM galaxies, color coded by their

median cold gas fraction fcold. The left panel corresponds to LT galaxies (B/T <
0.5), the right panel to ET galaxies (B/T > 0.5).

galaxy is relatively young, i.e. few stars have formed with relatively high specific
angular momentum, resulting in the high j∗ − M∗ relation we observe. We
will discuss further the influence of cold gas and early/late star formation in
Sec. 5.5.3.

We show in Fig. 5.12 a comparison with other observational measurements
available in literature. Our model predictions are shown as in Fig. 5.10, while
the observational estimates are from Obreschkow and Glazebrook (2014) (stars,
corresponding to a set of nearby gas-rich spirals), and from Cortese et al. (2016).
The latter work is based on galaxies from the SAMI survey (dotted lines), di-
vided according to their morphological type: Sbc (dark blue), S0/Sa-Sb (cyan),
E/S0-S0 (pink) and E (red) galaxies. Both these samples are incomplete and
somewhat biased. The Obreschkow and Glazebrook (2014) data lie at the high
end of our LT galaxies relation. This can be explained, as discussed above, by
the fact that the sample is composed of gas rich galaxies. The relations esti-
mated for the SAMI galaxies are steeper than our model predictions. Cortese
et al. (2016) discussed the different slope with respect to Fall and Romanowsky
(2013), arguing it is due to the aperture used in their measurements, that corre-
sponds to approximately ∼ 1R1/2. They measured the specific angular momen-
tum up to ∼ 2R1/2 for a subsample of galaxies, obtaining a better agreement
with Fall and Romanowsky (2013). This is not consistent, however, with the
different relations obtained using different apertures for our model galaxies. As
we noticed in Fig. 5.8, a larger aperture translates in a higher normalization of
the j∗-M∗ relation, but the slope is largely unaffected.

5.4.3 Specific angular momentum in X17CA3 and X17G11

We show in Fig. 5.13 the j∗ − M∗ relation for two modified versions of our
model: one accounting for a larger angular momentum for gas accreted during
the rapid cooling regime (X17CA3, areas with oblique lines), and one with a
stellar feedback scheme based on that of Guo et al. (2011) (X17G11, areas with
circles). The areas showing model predictions are determined as described in
Sec. 5.4.1. Galaxies are classified as LT and ET using a threshold B/T = 0.5
(blue and red). We show also results from the X17MM model as a reference
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Figure 5.12: The j-M∗ relation for LT and ET galaxies (blue and red) from
the X17MM model, selected on the basis of their morphology (B/T = 0.5).
Model predictions are the same as in Fig. 5.10. The observational results shown
are: spiral galaxies from Obreschkow and Glazebrook (2014) (stars), and me-
dian fits for SAMI galaxies (Cortese et al., 2016, dotted lines). Different colors
correspond to different galaxy morphologies, as indicated in the legend.

(shaded areas).

The separation between LT and ET galaxies is evident in all the models.
X17CA3 returns predictions that are almost identical to the X17MM run for
massive galaxies (M∗ > 1010.5 M�), while at lower masses the former model
predicts higher values of j∗. This means that low mass galaxies are more affected
by the higher angular momentum acquired during cold accretion, while for high
mass galaxies this accretion mode is less important in determining the final value
of j∗. We reached similar conclusions when analyzing the R1/2 −M∗ relation.

X17G11 predicts lower median j∗ values for LT galaxies at all masses, with
respect to the X17MM run. As mentioned in Sec. 5.3, this feedback scheme
causes most of the stars to form earlier than in our the fiducial model. As the
angular momentum is lower at earlier cosmic epochs, this leads to a lower nor-
malization of the j∗−M∗ relation. For ET galaxies, X17G11 returns predictions
consistent with those of X17MM, for M∗ > 1010.5 M�. At lower masses, the
angular momentum predicted by the modified feedback model is systematically
larger than that obtained using our fiducial X17MM run by ∼ 0.2 dex. We
have seen in Sec. 5.3.3 that ET galaxies in X17G11 have on average larger sizes
that those of the X17MM run. The specific angular momentum integration is
influenced by the larger size of the bulges, that translates in larger values of j∗.
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Figure 5.13: The j∗-M∗ relation for LT and ET galaxies (blue and red colors),
evaluated for galaxies from the X17MM run (shaded area), the X17CA3 run
(areas with oblique lines), and the X17G11 run (areas with circles). All models
include dissipation during major mergers. LT and ET galaxies were selected
using the threshold B/T = 0.5. The observational data (circles) are from Fall
and Romanowsky (2013).

5.5 Evolution of angular momentum and depen-
dence on other galactic properties

In the previous section, we have demonstrated that the scatter in the j∗-M∗
relation correlates both with galaxy morphology and with gas fraction. In this
section, we analyze in detail the evolutionary processes that are responsible for
this scatter.

5.5.1 Morphological dependencies of the size-mass rela-
tion

In this Section, we briefly describe the origin of the LT/ET differentiation for
model galaxies. This subject has been discussed, for previous versions of our
model, in several studies (De Lucia et al., 2011, 2012a; Wilman et al., 2013).
Since the basic results are qualitatively the same, we will focus our analysis on
those aspects that are useful to interpret the results presented in Sec. 5.3 and
Sec. 5.4.

As explained in Sec. 5.2.2, the model bulge can grow through mergers and
disk instabilities. We evaluate the relative importance of these two channels
for central galaxies in the X17MM model, in bins of stellar mass and B/T .
Table 5.1 lists the fraction of galaxies that have experienced, from z=1 to the
present day, no relevant disk instability event (no DI, with relevant we mean
an episode characterized by δM∗/M∗,disk > 0.1, where δM∗ is the fraction of
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Table 5.1: Fraction of galaxies that did not experience a relevant disk instability
episode (no DI), a major merger (no MM), or a minor merger (no mM), from
z = 1 to the present day. Different rows correspond to different stellar mass bins.
A further selection is made according to galaxy morphology: B/T < 0.5 (first
column), 0.5 < B/T < 0.7 (second column) and B/T > 0.7 (third column).

B/T < 0.5 0.5 < B/T < 0.7 B/T > 0.7
M∗ [M�] ∈ no DI no MM no mM no DI no MM no mM no DI no MM no mM

[109.6; 1010.2] 0.96 0.97 0.79 0.76 0.24 0.83 0.98 0 0.79
[1010.2; 1010.8] 0.93 1. 0.90 0.11 0.89 0.95 0.88 0.07 0.86
[1010.8; 1011.5] 0.91 1. 0.80 0.21 0.93 0.89 0.95 0.03 0.76

stellar disk that is transferred to bulge to restore stability), no major merger (no
MM, Msat/Mcen > 0.3), or no minor merger (no mM, 0.1 < Msat/Mcen < 0.3).
Galaxies are binned according to their bulge-to-total ratio: B/T < 0.5 (first
column), 0.5 < B/T < 0.7 (second column) and B/T > 0.7 (third column),
and according to their total stellar mass: low (M∗ ∈ [109.6 − 1010.2] M�, first
row), intermediate (M∗ ∈ [1010.2 − 1010.8] M�, second row), and high (M∗ ∈
[1010.8 − 1011.5] M�, third row).

We show in Fig. 5.14 the evolution of the median of some selected properties
as a function of lookback time. In this figure, galaxies are divided according
to their final stellar mass, as in the table: low (solid blue lines), intermediate
(dashed violet lines), and high (dotted pink lines). Different columns correspond
to different B/T bins: B/T < 0.5 (left column), 0.5 < B/T < 0.7 (central
column) and B/T > 0.7 (right column).

Low stellar mass galaxies exhibit similar evolution for all the B/T selections
considered. Their bulges are formed mainly through major mergers, which
reflects in an abrupt increase of the B/T value following the merger events.
Low-mass LT and ET galaxies reside in halos of similar mass, with halos of
ET galaxies only slightly less massive than those hosting LT galaxies (MLT

200 ∼
1011.5 M� and MET

200 ∼ 1011.3 M�). On average, halos hosting ET galaxies in
this stellar mass bin formed later than those hosting LT galaxies. The former
accrete half of their mass 9 Gyrs ago, the latter 10 Gyrs ago. These small
differences suggest that ET and LT galaxies in this mass bin belong to the same
“halo population”, and the differentiation occurs because of the occurrence of
major mergers for ET galaxies.

For the median and high stellar mass galaxies, we find more significant dif-
ferences in their hosting halos. For B/T < 0.7, the median halo masses at z = 0

are Mmed
200 ∼ 1011.6M� and Mhigh

200 ∼ 1012.3M� for intermediate and high stel-
lar mass respectively. For B/T > 0.7 the numbers are Mmed

200 ∼ 1012M� and

Mhigh
200 ∼ 1012.8M�. The B/T = 0.7 threshold separates two different galaxy

populations, one formed in relatively small halos, less subject to mergers, and
the other one formed in more massive halos, that likely experienced more merger
events. Mergers between halos trigger mergers between galaxies (after a residual
merging time), and galaxies with B/T > 0.7 form most of their bulge through
mergers. This is confirmed by the fraction of galaxies that did not experience
any merger in this B/T range: from 3 to 7%, depending on the stellar mass bin.
Galaxies with B/T < 0.7, in contrast, form their bulge mainly through disk
instability. In this case, the probability of building a relevant bulge depends on
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Figure 5.14: Median evolution as a function of look-back time of several galactic
properties. From top to bottom: B/T, M200, jhalo, M∗, Mcold, SFR, and
stellar disk specific angular momentum. Model galaxies have been selected
according to their stellar mass at redshift 0: M∗ ∈ [109.6−10.2] (solid blue lines),
[1010.2, 1010.8] (dashed violet lines) and [1010.8, 1011.5] M� (dotted pink lines).
Different columns correspond to different values of B/T .
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the specific history of the galaxy and of its halo. The main difference between
galaxies with B/T < 0.5 and those with 0.5 < B/T < 0.7 is in the specific
angular momentum of their halos, jh. Galaxies with a more prominent bulge
have a smaller jh for most of their history. The small jh is transferred to the
cold gas disk through cooling, and then to the stellar disk through star forma-
tion. Stellar disks in galaxies with 0.5 < B/T < 0.7 are thus smaller than those
of B/T < 0.5 galaxies. This affects the stability of the disk: at fixed stellar
mass, halos with smaller j have a higher probability to undergo a disk instabil-
ity episode. We further discuss the origin and evolution of disk instabilities in
the next section.

5.5.2 Disk instability in central and satellite galaxies

In the previous sections, we analyzed the contribution of disk instability to
bulge growth, finding it is significant in galaxies with 0.5 < B/T < 0.7 and
M∗ ∈ [1010.2; 1010.8] M�. Fig. 5.14 shows that also the high stellar mass
bin is strongly influenced by disk instabilities for 0.5 < B/T < 0.7, but this
fact does not affect the size-mass relation as it does for the intermediate mass
bin. This is due to the fact that, in the intermediate mass bin, galaxies with
0.5 < B/T < 0.7 are more numerous than those with B/T > 0.7 (∼ 1.2/1),
while in the high stellar mass bin the proportions are inverted, with much more
galaxies with B/T > 0.7 (∼ 1/2.8).

In Fig. 5.5, we have shown the size-mass relations obtained considering all
ET galaxies, or only the central ones. We find that, in our model central ET
galaxies selected using a B/T = 0.5 threshold have on average a smaller half-
mass radius than the overall population of ET galaxies in the intermediate mass
bin. This is in part due to the fact that bulges of central galaxies have a slightly
larger contribution form disk instability with respect to those of the overall
population. Furthermore, bulges and disks in central galaxies that underwent
disk instabilities have smaller sizes than those formed in satellites of the same
mass and B/T . We discuss the origin of these differences in the following.

We show in detail the evolution of two representative galaxies that underwent
disk instabilities in Fig. 5.15: we show the evolution of the specific angular
momentum and mass of the gaseous disk (left column) and of the stellar disk
(right column). Each segment of the lines shows a variation of specific angular
momentum and stellar mass corresponding to one code time-step, color coded
according to the process that determined a change of these properties. Top and
bottom panels correspond to a central and a satellite galaxy with 1010.2 < M∗ <
1010.8 M� and 0.5 < B/T < 0.7.

Let us focus first on the evolution of the central galaxy (top panels). At
early times, the mass and the specific angular momentum of the gaseous disk
grow due to cooling (black lines). The specific angular momentum of the cold
gas is unaffected by star formation and stellar feedback (red and magenta lines),
and decreases due to recycling (orange lines). When Mcold ∼ 0.2 · 1010 M� and
jcold ∼ 300 kpc/h km/s, the specific angular momentum starts decreasing. This
must be due, by construction, to a decrease of the specific angular momentum
of the DM parent halo. This decrease is only partially compensated by recycling
from older stellar populations, that have higher specific angular momentum.
The evolution of the stellar disk of the central galaxy (right top panel) follows
that of the cold gas, through star formation (red lines). The specific angular
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Figure 5.15: Evolution of the specific angular momentum and the mass of two
representative galaxies with 1010.2 < M∗ < 1010.8 M� and 0.5 < B/T < 0.7.
The top panels show the evolution of a central galaxy, while the bottom panels
are for a satellite. The left column shows the evolution of specific angular
momentum of the cold gas disk, and the right column that of the stellar disk.
The solid lines represent variations of the specific angular momentum and stellar
mass of the galaxies considered, at each code time-step, color coded according
to the physical process causing them (see legend).
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momentum decreases significantly twice, because of merger events. When M∗ ∼
0.2 · 1010 M� and j∗,disk ∼ 200 kpc/h km/s, the stellar disk starts loosing
specific angular momentum because stars are forming from gas with decreased
angular momentum (compare right and left panel). This contraction of the
stellar disk continues until the disk becomes unstable: the disk instability is
triggered when a parameter proportional to ∼ R∗,disk/M∗,disk becomes lower
than 1. As described in Sec. 5.2.2, during disk instabilities part of the disk mass
is transferred to the bulge to restore the stability, but the disk specific angular
momentum (and size) is increased because of angular momentum conservation.
These events are visible, in the top right panel, as light blue lines. During
subsequent star formation episodes, the stellar disk mass increases again, but
the specific angular momentum decreases, following that of the cold gas. Then
a new disk instability is triggered. The size of the galaxy oscillates due to a
series of consecutive disk instability events.

In the case of the satellite galaxy (bottom panels), the early evolution of the
gaseous and stellar disks is similar to that of the central galaxy. This is not
surprising, because, at these early stages, the satellite is still a central galaxy,
evolving in its own parent DM halo. The accretion event (the last time the
galaxy is a central) is marked as a gray circle in the figure. Since in our model
we assume that gas cooling occurs only on central galaxies, after accretion the
angular momentum of the cold gaseous disk cannot be affected anymore by
gas cooling (see inset in bottom left panel). It keeps increasing due to star
formation and gas recycling from older stellar populations. As for the central
galaxy, the stellar disk follows the evolution of the cold gas due to star formation.
After accretion, star formation continues, but at lower rates, because there is
no replenishment of the cold gas reservoir via gas cooling. The specific angular
momentum of the stellar disk increases slightly. Also in this case, the instability
criterion is eventually met, and the satellite undergoes a disk instability event.
Similarly to the case of the central galaxy examined above, the satellite enters
a recursive cycle of star formation and disk instability, but in this case the
specific angular momentum keeps growing. This is due to the increase of the
specific angular momentum of the cold gaseous disk, which reflects in an increase
of the specific angular momentum of the stellar disk during star formation. In
addition, we assume that angular momentum is conserved during disk instability
events, which translates in an increase of the specific angular momentum. This
sequence of events stops only when the star formation stops, because the cold
gas available for star formation is exhausted.

The examples discussed show that disk instabilities lead to a net increase
of the size of satellite galaxies, while they do not affect significantly the size of
central galaxies.

5.5.3 The role of cold gas in the dynamical evolution

In Fig. 5.11, we have shown the dependence of the specific angular momentum-
mass relation on the cold gas fraction of model galaxies. In this section, we
investigate in detail the origin of this dependence, by analyzing the evolution
of gas-rich and gas-poor galaxies. We show the median evolution of some of
their properties in Fig. 5.16, as we did in Fig. 5.14. We divide our model
galaxies in the same stellar mass bins at z=0: low (M∗ ∈ [109.6 − 1010.2] M�,
solid), intermediate (M∗ ∈ [1010.2 − 1010.8] M�, dashed), and high (M∗ ∈
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[1010.8 − 1011.5] M�, dotted lines). For each stellar mass bin, we select galaxies
belonging to three different bins of B/T , to separate LT (B/T < 0.5) from
ET galaxies, formed mainly through disk instabilities (0.5 < B/T < 0.7) and
through mergers (B/T > 0.7). Different columns correspond to different B/T
values. For each of these nine samples, we select galaxies belonging to the
extremes of the fcold distribution: i.e. we consider galaxies with fcold smaller
than the 10th percentile of the distribution as gas-poor, and those with fcold
larger than the 90th percentile as gas-rich. Lines are color-coded according to
the stellar mass bin and the cold gas fraction, as indicated in the legend.

We first focus on the LT galaxies (left column). In all the mass bins, gas-poor
galaxies are hosted by halos that form earlier than those of gas-rich galaxies.
The halos of gas-poor galaxies grow rapidly in mass, and acquire most of their
angular momentum during this phase of rapid accretion. Halo mass, in partic-
ular that of low mass galaxies, decreases from 11 Gyrs ago to recent times: this
is due to the fact that these model galaxy samples are dominated by satellite
galaxies whose parent halo mass decreases (due to stripping) after accretion. We
have verified that considering only central galaxies, halo mass remains approx-
imately constant after the peak following the rapid mass accretion phase. The
accretion history of halos hosting gas-poor galaxies translates in large amounts
of cold gas in these galaxies at early times, which triggers significant early star
formation. Most of the stellar mass of gas-poor galaxies is thus formed during
the star formation peak, that occurred between 9 and 11 Gyrs ago. At this
time, the specific angular momentum of the cold gas is low, as it follows that of
the DM halo.

Gas-rich galaxies, in contrast, are hosted by halos that formed more recently
than those hosting gas-poor galaxies. These halos accrete their mass more
gradually, and their mass increases down to very recent times. As a consequence,
star formation occurs on a longer interval of time, and the stellar disk can acquire
the high specific angular momentum the halo has at late times. In summary,
gas-rich LT galaxies are characterized by a larger specific angular momentum
than their gas-poor counterparts, because of a larger contribution from recent
star formation. This, in turn, is due to the different accretion histories of their
hosting halos.

When considering the other bins in B/T , we find an evolution similar to that
found for LT galaxies. A different evolution is found for the jhalo of gas-poor
low stellar mass ET galaxies: these have, at late times, a jhalo larger than that of
gas-rich ET galaxies of similar mass. This is due to the significant contribution
of satellite galaxies to this gas-poor stellar mass bin. For these satellite galaxies,
jhalo is poorly constrained. When considering only central gas-poor ET galaxies,
the jhalo evolution has a behavior similar to that of LT gas-poor galaxies in this
mass bin. The main difference between LT and ET galaxies is in the cold gas
content of gas-poor galaxies: the gas-poor ET galaxies, at redshift zero, contain
less gas than LT galaxies. Another difference is in the bulge formation times
of gas-poor and of gas-rich ET galaxies. The bulges of gas-poor galaxies form
on average 2-3 Gyrs earlier than those of gas-rich galaxies. This is a selection
effect, due to the fact that galaxies with higher star formation rates can regrow
a disk more efficiently. As star formation correlates with the gas content, the
star formation rates are larger in gas rich galaxies, that can quickly regrow
a significant disk component. A certain B/T threshold selects gas-poor ET
galaxies that formed their bulge earlier than gas-rich galaxies. This is because
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Figure 5.16: Median evolution as a function of look-back time of several galactic
properties. From top to bottom: B/T, M200, jhalo, M∗, Mcold, SFR, and stellar
disk specific angular momentum. Model galaxies have been selected according
to their stellar mass at redshift 0: M∗ ∈ [109.6−10.2] (solid lines), [1010.2, 1010.8]
(dashed lines) and [1010.8, 1011.5]M� (dotted lines). A further binning is made
as a function of the cold gas fraction fcold, with gas-rich (indigo, purple and
pink) and gas-poor galaxies (chocolate, orange and gold) selected as those above
or below the upper or lower 10th percentile of the distributions, respectively.
Different colors are used for galaxies of different stellar mass, as indicated in the
legend.
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Figure 5.17: Median evolution as a function of look-back time of the total stellar
mass, for galaxies selected in stellar mass bins: M∗ ∈ [109.6−10.2] (left panel),
[1010.2, 1010.8] (central panel) and [1010.8, 1011.5]M� (right panel). Galaxies are
classified as LT (blue) and ET (red) according to their B/T , with a threshold
B/T = 0.7. Different linestyles correspond to different models: solid for the
X17MM model, dashed for X17CA3, and dotted for X17G11.

the latter, in the meanwhile, have already regrown their disks.

5.5.4 Evolution in X17CA3 and X17G11

In this section, we study the origin of the different size-mass and specific an-
gular momentum-mass relations for the fiducial model X17MM and its variants
X17CA3 and X17G11. In Fig. 5.17 and 5.18, we show the evolution of the total
stellar mass and of the stellar disk specific angular momentum for ET (red) and
LT (blue) galaxies, divided using a B/T = 0.7 threshold. Predictions from dif-
ferent models are shown using different line styles: X17MM with solid, X17CA3
with dashed, and X17G11 with dotted lines.

In the X17CA3 run, where the gas cooled in rapid mode has an angular
momentum three times larger than in X17MM, the size-mass relation is slightly
shifted upwards at small stellar masses (M < 1010.2 M�) with respect to
X17MM. The same applies for the relation between specific angular momentum
and galaxy mass. When considering the evolution of X17CA3 galaxies (dashed
lines in the figures), we see that their specific angular momentum is higher than
in the X17MM model during the first 2-3 Gyrs, as expected. This, however,
does not imply a higher star formation rate, because a larger jcold translates in
a larger disk radius and, as a consequence, a lower surface density. As a result,
the stellar mass of galaxies in the X17CA3 run evolves as in X17MM, although
the specific angular momentum of the stellar disk is much higher at early epochs
(j∗ follows jcold through star formation). After 2-3 Gyrs, cold accretion is no
more the dominating accretion mode, and the specific angular momentum of
the cold gas converges to the same values found in the X17MM run, retaining
only a small difference in the final values.

For the X17G11 run, we found a lower final specific angular momentum
for LT galaxies, and, as a consequence, a lower normalization of the size-mass
relation. In Fig. 5.17, we find that X17G11 galaxies form the bulk of their stars
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Figure 5.18: Median evolution as a function of look-back time of the stellar disk
specific angular momentum, for galaxies selected in stellar mass bins: M∗ ∈
[109.6−10.2] (left panel), [1010.2, 1010.8] (central panel) and [1010.8, 1011.5]M�
(right panel). Different colors and linestyles are as in Fig. 5.17.

at earlier times compared to X17MM, for all the mass and morphology bins
considered. The feedback scheme adopted in the X17G11 run allows ejected gas
to reaccrete earlier than in X17MM, resulting in higher quantities of gas cooling
onto the model galaxies in the first 1-2 Gyrs. This translates in significant early
star formation. After the initial peak, star formation gradually decreases, while
in the fiducial model it remains almost constant to the present day. This is
because in the X17MM run, ejected gas is reaccreted more gradually to present
day. Therefore, most of the stars in the disk of X17G11 galaxies form from gas
with rather low specific angular momentum.
In Sec. 5.3.3, we have shown that ET galaxies in the X17G11 run have, on av-
erage, a larger size than those of similar mass in the X17MM run. This seems
in contrast with what we found for LT galaxies, that have systematically lower
sizes, due to the early peak of star formation. In fact, ET galaxies follow a sim-
ilar evolution, as shown in Fig. 5.17 and 5.18. The reson for this size difference
is the different nature of the bulge. In the X17G11 run, disk instabilities are
less frequent than in X17MM at late times, because of the early peak of star
formation. In contrast, mergers occur at all times. We find that in X17G11 the
bulges formed mainly during mergers are more numerous than those in X17MM.
The average bulge size in the X17G11 run is, as a consequence, larger than in
X17MM run, shifting upwards the size-mass relation. The specific angular mo-
mentum of X17G11 ET galaxies is influenced by the larger bulge sizes, because,
at fixed mass, the bulge mass profile is shallower. This enhances the importance
of rotational velocity at large radii in the integration performed to calculate j∗.
The rotational velocity increases with radius, and the integrated final specific
angular momentum is thus higher than in the X17MM model.

5.6 Conclusions

In this work, we have analyzed the dynamical properties of galaxies in the
framework of a state-of-the-art semi-analytic model. We take advantage of the
GAEA semi-analytic model (Hirschmann et al., 2016), as updated in Xie et al.



114 CHAPTER 5. SIZES AND SPECIFIC ANGULAR MOMENTA

(2017). This model includes prescriptions to follow the angular momentum
exchanges among galactic components, and evaluates disk sizes from specific
angular momenta, as in Guo et al. (2011). We extend our analysis to the
specific angular momentum of galaxies, a topic poorly studied in the semi-
analytic framework, with the exception of dedicated models (Stevens et al.,
2016).

Previous studies focused on the size-mass relation at relatively high masses
(M∗ > 1010 M�), highlighting the necessity for a specific treatment for cold
gas dissipation during mergers to obtain realistic bulge sizes. We have included
this additional process in our model, and estimated the half-mass radius of
model galaxies by projecting the bulge and the disk mass profiles. The mass
profiles adopted are those assumed by the model. To estimate the specific
angular momentum, we evaluate the rotational velocity profile of the galaxy disk
assuming it is symmetric and fully rotationally supported. Finally, we obtain
the specific angular momentum integrating the mass and velocity profiles out
to two half-mass radii. These estimates of size and specific angular momentum
can be compared to available observational measurements.

For late type galaxies, our predicted size-mass relation is in fairly good agree-
ment with recent observational estimates. On the other hand, dissipation during
mergers is necessary to correctly reproduce the size of early type galaxies, es-
pecially at low stellar masses (M∗ < 1010 M�). We find that, in our model,
dissipation must be limited to major mergers, otherwise the bulge size would
be under-predicted. This assumption is reasonable since the adopted prescrip-
tion was extracted from dedicated binary merger simulations, with a quite large
mass ratio (> 1/6). Our results are in agreement with those by Shankar et al.
(2013), who applied the same treatment for dissipation to the semi-analytic
model by Guo et al. (2011). Shankar et al. (2013) also considered dissipation
only during major mergers and found that early type model galaxies have sizes
in good agreement with observations. Similar results were obtained by Tonini
et al. (2016), who accounted for dissipation in their semi-analytic model, using
a different prescription, but applied to all mergers.

Interestingly, the selection of late/early type galaxies influences strongly the
predicted size-mass relation. A selection based on specific star formation rate
(log10(sSFR) = −10.6) leads to too large early type galaxies. This is is due to
the large number of quiescent disky satellites selected as ET galaxies: they have
large stellar disks, but are not star forming because of the stripping of their hot
gas halo, that prevents re-fueling of cold gas and new star formation.
When galaxies are selected on the basis of their morphology, using the bulge-
over-total mass ratio (B/T = 0.5 or 0.7), the size-mass relations for late and
early type galaxies are well separated, and are in good agreement with observa-
tions. Different B/T thresholds lead to slightly different relations for early type
galaxies. We analyze the different contributions to B/T from bulges formed
mainly through disk instabilities and those formed mainly through mergers,
finding the former are prevalent for galaxies with 0.5 < B/T < 0.7, and the
latter for B/T > 0.7. The sizes of model bulges formed through mergers are
in nice agreement with observational estimates, while disk instabilities produce
systematically smaller bulges. When we analyze the evolution of galaxies un-
dergoing disk instabilities, we find that these events are typical of halos that
suffer, during their life-time, a decrease of specific angular momentum. As the
hot gas halo is assumed to have the same specific angular momentum of the
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DM halo, cooling transfers this loss of specific angular momentum to the cold
gas disk. Cold gas transfers the acquired lower specific angular momentum to
the stellar disk through star formation, eventually triggering a disk instability
event. In satellite galaxies, disk instabilities tend to result in a net increase of
stellar disk sizes. For central galaxies, the size of the stellar disk component is
not significantly affected by recursive events.

The unrealistic sizes obtained for bulges formed through disk instability
suggest a revision of the adopted prescriptions. The current instability criterion
is based on old simulations (Efstathiou et al., 1982), and the treatment of the
instability is not consistent with the results of recent N-body simulations, as
discussed in several studies (Athanassoula, 2008; Benson and Devereux, 2010; De
Lucia et al., 2012a). At the moment, no alternative disk instability prescription
that produces more realistic galaxy properties has been proposed.

Accounting explicitly for two distinct bulge components would alleviate, in
part, the problem with the size of disk instability bulges. In fact, observations
highlight the existence of two categories of bulges. Classical bulges are dis-
persion dominated spheroids, that are believed to form during mergers, while
pseudo-bulges are rotationally supported thick disks, likely formed during secu-
lar processes, as disk instabilities. An explicit separation between classical and
pseudo bulges in the model (as done by Tonini et al., 2016) would allow the cre-
ation of larger bulges during disk instabilities, because disk-like pseudo-bulges
would have a shallower profile.

Furthermore, a rotating pseudo-bulge would allow for an explicit treatment
of fast and slow rotators. Such a treatment is important to estimate the rela-
tion between specific angular momentum and mass for early type galaxies. The
relation obtained for our model is slightly below observational measurements,
likely because our model does not account for rotating bulges. We find that the
cold gas content strongly correlates with the specific angular momentum, with
gas-rich galaxies having also a high specific angular momentum. The reason is
in the different evolution of gas-poor and gas-rich galaxies. Gas-poor galaxies
form in halos that acquire most of their mass earlier than those hosting gas-
rich galaxies. Therefore, gas-poor galaxies have a peak of star formation at
early times, during which they acquire most of their specific angular momen-
tum. Gas-rich galaxies, instead, continue to form stars gradually to present
day, acquiring their specific angular momentum more recently, with respect to
gas-poor galaxies.

Our analysis confirms that the dynamical properties of galaxies depend
strongly on the galaxy star formation and assembly history. We have also tested
the dependence of the sizes and the angular momenta of model galaxies on the
adopted stellar feedback scheme. We consider, in particular, an alternative
scheme where the ejected gas is re-accreted earlier than in our fiducial model.
In this case, the bulk of star formation occurs at early times, and the specific
angular momentum is mostly acquired at that moment, when it is still low. We
analyze also the influence of a higher specific angular momentum for gas cooled
in the cold mode. In this case, the star formation history of model galaxies is not
strongly modified. Only small galaxies, those most influenced by cold accretion,
are affected: they have slightly larger sizes and angular momenta compared to
predictions from our reference model.

In conclusion, our model is able to reproduce both the sizes and the specific
angular momenta of galaxies in the local Universe. Considered that the model



116 CHAPTER 5. SIZES AND SPECIFIC ANGULAR MOMENTA

does not evolve self-consistently the spatial distribution and the internal dy-
namics of galaxies, this is an engaging result, that demonstrates the feasibility
of this kind of studies in the semi-analytic framework.

A further development of our work will include an explicit treatment for
pseudo-bulges, allowing a direct comparison of model results with recent integral
field spectroscopic surveys, as ATLAS3D and SAMI.



Chapter 6

Conclusions and future
perspectives

In this Thesis work, I have analyzed the role of cold gas in the evolution of
galaxies, in the framework of state-of-the-art semi-analytic models of galaxy
formation.

Using six independently developed models, based on the same cosmological
simulation, I have investigated the prescriptions that mostly influence the galaxy
final HI content. With this purpose in mind, I have compared the HI content
of model galaxies to observational data, analyzing several statistics: the HI
mass function, the HI-stellar mass relation, the 2-point correlation function of
HI-selected galaxies, and the dependence of the HI content on halo mass and
spin parameter. This analysis has shown that the HI amount at high stellar
masses depends strongly on the star formation and stellar feedback prescriptions
adopted. These processes also affect the HI content in satellite galaxies, that
was for long believed to be mainly regulated by the adopted treatment for gas
stripping. In this work, I have demonstrated that there are plausible feedback
schemes in which the balance between star formation and stellar feedback is
such to retain large quantities of cold gas in galaxies at high redshift, making
the hot gas stripping treatment less relevant in the determination of the final
amount of HI. This analysis has also highlighted the importance of HI-poor
galaxies, as they strongly influence the statistics and the clustering analysis.
The simulations adopted in this Thesis have a resolution that does not allow a
complete sampling of galaxies at low HI masses. To provide further constraints
on the prescriptions that better reproduce observational measurements, it would
be useful to apply the analyzed models to higher resolution simulations.

My comparison work on the HI content has indicated two models that are
able to produce realistic HI statistics: those described in Henriques et al. (2015)
and in Xie et al. (2017). The latter is the only one, among the models consid-
ered in this work, that includes an explicit partition of cold gas into its HI and
H2 components, and a star formation law based on the molecular gas surface
density, in agreement with recent observational data (Wong and Blitz, 2002;
Kennicutt et al., 2007; Leroy et al., 2008; Bolatto et al., 2011; Krumholz, 2013).
This model has been developed by our Trieste group, and includes also a complex
chemical enrichment scheme, based on a non instantaneous recycling approxi-
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mation (De Lucia et al., 2014b), an improved stellar feedback scheme, partially
parametrized on the results of hydrodynamical simulations (Hirschmann et al.,
2016), and a treatment for specific angular momentum evolution of the stellar
and gaseous disks (as that implemented in Guo et al., 2011).

I have exploited this latter implementation in my analysis of the dynamical
properties of model galaxies. I have included in the Xie et al. (2017) model a
specific treatment for gas dissipation in major mergers, that made the model able
to reproduce the size-mass and the specific angular momentum-mass relations
predicted by the most recent observations, as well as the scatter in these relations
due to morphology.
I have analyzed the contribution of each galactic component to the size-mass
relation, evidencing that model bulges formed through disk instabilities are
unrealistically small, in contrast with observations. This suggests the necessity
of a revision of the disk instability treatment and of the model adopted for bulge
sizes formed through this channel.
I have also analyzed the dependence of specific angular momentum on the cold
gas fraction, finding a strong correlation, especially in disk dominated galaxies.
This dependence originates from the different star formation histories of gas-
rich and gas-poor galaxies: the former continue producing stars to present time,
while the latter have a peak of star formation at early times. The model assumes
that the hot gas halo has the same specific angular momentum of the DM halo,
and transfers it to the cold gas disk through cooling. This, in turn, transfers
its specific angular momentum to the stellar disk through star formation. In
this way, the stellar disk acquires its specific angular momentum when most of
its star formation takes place. An early star formation means a small specific
angular angular momentum, as that of the DM halo at early times.

I have studied how the dynamical properties of model galaxies are affect by
an alternative stellar feedback scheme (that described in Guo et al., 2011). This
feedback scheme favors an earlier star formation with respect to the fiducial
model, because it lets more ejected gas to be reaccreted at early times. As in
the case of gas-poor galaxies, an early peak of star formation results in smaller
final disks, with lower specific angular momenta.
I have also studied the influence of a different initial specific angular momen-
tum for cold gas during cold accretion, finding that only low mass galaxies are
sensitive to this prescription. Higher resolution simulations would be beneficial
to extend the analysis to lower mass galaxies and better quantify the influence
of this prescription in this mass range.

In the following sub-sections, I discuss more in detail projects and analyses
that originated from the work carried out for this PhD Thesis, and that are
currently under development. In particular, I explain how to exploit the abilities
of the used model to create mock catalogs suitable for survey planning, a project
that is currently ongoing. Furthermore, I focus on the issues raised during this
work, suggesting strategies adoptable for their solution.

6.1 Ongoing work: mock catalogs

In the first part of this work, I have developed software that creates mock
light-cones from the semi-analytic model outputs (see Sec. 4.2.3). This software
positions galaxies in the light-cone avoiding structure replications along the line
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of sight, and selecting them at the evolutionary stage corresponding to their
distance from the observer.

This software allows the creation of light-cones of desired dimensions, start-
ing from simulations of any volume. The combination of these parameters (mock
dimensions and simulation volume) must be chosen according to the scientific
goal. If the goal is a statistical study of large volumes of the sky, the simulation
volume must be large, otherwise the mock light-cone would be replicating many
times the same small volume simulation. On the other hand, a study focused on
the properties of small galaxies requires the use of high resolution simulations
that will have necessarily also a smaller volume.

Semi-analytic models are the ideal tool to mock large volumes of Universe
at a relatively high resolution. Also the HOD approach, discussed in Sec. 2.2.3,
allows the construction of large simulated volumes at an even lower computa-
tional cost. This method is convenient, in particular, for testing observational
strategies or analysis tools on controlled mocks constrained to reproduce a spe-
cific set of observational data. Conversely, HOD is not the ideal choice when
the mocks are used to provide a physical interpretation of the data. In fact,
HOD is based on a purely statistical approach that bypasses an explicit treat-
ment of the physical processes at play. These are, instead, explicitly included
in semi-analytic models (as well as in hydrodynamical simulations). Finally, in
both cases, an extrapolation is necessary in regimes where observational data
are not available yet.

In this context, the Xie et al. (2017) model I analyzed in detail during this
Thesis work is the ideal tool to create mock light-cones for various survey. It is
able to reproduce the observed evolution of the galaxy stellar mass function up
to z ∼ 10, as well as the measured correlation between stellar mass/luminosity
and metal content of galaxies in the local Universe down to the scale of Milky
Way satellites (De Lucia et al., 2014b; Hirschmann et al., 2016; Fontanot et al.,
2017b), and the evolution of the gas metallicity-mass relation up to redshift
z ∼ 2 (Hirschmann et al., 2016; Xie et al., 2017). For this reason, it can be
used for the creation of mock catalogs for high redshift surveys. Moreover,
the model ability to reproduce the disks dynamics and their cold gas content
suggests it as the ideal instrument to create realistic catalogs of the neutral
atomic hydrogen 21 cm line, suitable for survey planning and data interpretation
in the framework of the Square Kilometre Array, and its precursors MeerKAT
and ASKAP (Schilizzi et al., 2008; Johnston et al., 2008; Booth et al., 2009).

I discuss in detail these two model applications in the following subsections.

6.1.1 Mock catalogs for VANDELS

One activity that I have already completed is the creation of mock light-cones
for the ongoing survey VANDELS (McLure et al., 2017). For this purpose, I
have applied the software for light-cones creation to the outputs of the model
described in Hirschmann et al. (2016).

The VANDELS survey is a deep spectroscopic survey of high redshift galax-
ies, performed at the VLT. It provides multi-wavelength imaging and near-IR
grism spectroscopy for 2560 galaxies in the CANDLES UDS and CDFS fields
(Grogin et al., 2011; Koekemoer et al., 2011; Xue et al., 2011; Galametz et al.,
2013). These data will be used to study metallicities and other galactic proper-
ties, with the goal to better understand the physics of galaxies in the early Uni-
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verse. Different targets are distributed in different redshift ranges: 2.5 < z < 5.5
for star forming galaxies, 1.5 < z < 2.5 for passive galaxies, and 3 < z < 7 for
faint star forming galaxies.

The mock light-cones I have created for VANDELS cover the redshift range
from z = 0 to z = 7.1, and have an angular size compatible with that of the
observed fields (with an aperture of 0.5 deg).

I have provided, among various other physical properties of the galaxies in
the mocks, the observed apparent magnitudes in a set of filters selected by
the VANDELS working group. The semi-analytic model calculates photometric
properties of model galaxies assuming a Chabrier initial mass function and using
the stellar population synthesis models by Bruzual A. and Charlot (1993), as
described in De Lucia et al. (2004). When star formation occurs, the model
attributes to the newly formed stellar population a luminosity contribution, that
is extrapolated from look-up tables. These tables, created using the population
synthesis model, contain tabulated information about the luminosity of a single
star-burst of fixed mass, as a function of the age of the stellar population and
of its metallicity. Tables are interpolated linearly in time and logarithmically in
metallicities. The photometric properties of model galaxies can be evaluated in
the rest frame or in the observer frame, using the same interpolation method.
For the light-cones, typically observer-frame magnitudes are required. Let us call
M [z(n)] the absolute magnitude corresponding to a model galaxy at a snapshot
n and redshift z(n). In the light-cone, a galaxy from the snapshot n can be
positioned at a redshift z between [z(n− 1) + z(n)]/2 and [z(n+ 1) + z(n)]/2,
the edges of the simulated box corresponding to the snapshot n. This means that
the galaxy is not perfectly placed at z(n), and its magnitude must be corrected
for this. I use a correction similar to that used in Blaizot et al. (2005), and
assume that the magnitude in a selected filter varies linearly with redshift. The
apparent magnitude m, measured in the selected filter from the observer at the
origin of the light-cone, can thus be expressed as:

m = M [z(n)] +
M [z(n+ 1)]−M [z(n)]

z(n+ 1)− z(n)
[z − z(n)] + 5 log10(DL(z)) (6.1)

where the derivative of magnitude with redshift is evaluated using the magni-
tudes in two subsequent snapshots, and DL(z) is the galaxy luminosity distance
from the observer.

As an example of the mocks generated, I show in Fig. 6.1 one of the mock
light-cones I created, with galaxies color-coded according to their apparent mag-
nitude in the i band.

Magnitudes are accompanied by galaxy position in the cone, as right ascen-
sion, declination, observed redshift, real redshift, and by other galaxy properties
like absolute magnitudes, stellar mass, cold gas mass, star formation rate, disk
radius, galaxy type (central or satellite), and unique IDs that allow galaxy to
be linked to its parent substructures and FoF halo. These latter information
allows the VANDELS group to analyze galaxy properties as a function of their
environment.

Mock catalogs can be used to define the data analysis strategies, and to carry
out a direct comparison between observed and real galactic properties, thereby
providing a physical interpretation of observational data. At the moment, the
VANDELS group is testing the light-cones against basic statistical properties to



6.1. ONGOING WORK: MOCK CATALOGS 121

0 1 2 3 4 5 6 7
z

0.004

0.002

0.000

0.002

0.004

ra

16

18

20

22

24

26

28

30
m

Figure 6.1: One of the mock light-cones created for VANDELS, with galaxies
distributed according to observed redshift and right ascension. Galaxies are
color-coded according to their apparent magnitude in the i band, and their
symbols have a size proportional to their disk radius. For clarity, I show only
2000 randomly selected galaxies, with M∗ > 109M�h−1.
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Figure 6.2: Number counts of galaxies in the cone volume, as a function of
their i apparent magnitude. Predictions from the GAEA model are shown as red
lines (including dust extinction), solid for the total sample, dashed for galaxies
with 9 < log10(M∗[M�]) < 9.5, and dotted for 8.5 < log10(M∗[M�]) < 9.
Predictions based on the model by De Lucia and Blaizot (2007) are shown, as
a comparison, as stars. Model results are compared to the observational data
from COSMOS, for the first release (Capak et al., 2007, violet circles) and for
the last one (Laigle et al., 2016, triangles). Courtesy of the VANDELS group.
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Figure 6.3: One of the mock light-cones used in Sec. 4.4, with galaxies dis-
tributed according to observed redshift and right ascension. Galaxies are color-
coded according to their HI content, and the symbol size is proportional to the
galaxy disk radius. For clarity, I show only 1000 randomly selected galaxies,
with M∗ > 0.5 · 1010M�h−1.

understand the model limits, such as mass resolution, and quantify discrepancies
between model and real data properties. One of the preliminary tests performed
is the comparison of galaxy number counts as a function of magnitude with
the most recent observational estimates. The results of this test are shown in
Fig. 6.2. The GAEA model (red solid line) slightly under-predicts the observed
counts for the survey COSMOS (Capak et al., 2007; Laigle et al., 2016, violet
circles and green triangles). This can be due to the incompleteness of model
galaxies below the stellar mass resolution M∗ ∼ 109 M�, while the observed
sample includes galaxies with mass M∗ > 108.6 M�.

6.1.2 Mock catalogs for SKA

As described above, the software for mock light-cones creation provides the ideal
instrument to build catalogs of galaxies for the SKA (and its precursors). In
Fig. 6.3, I show one of the cones I used for the analysis of the 2-point correlation
function of HI-selected galaxies, in Sec. 4.4. Galaxies are color coded according
to their HI mass, and their symbol size is proportional to their disk radius.
The employment of this kind of mock light-cones in the development of survey
strategies for SKA requires a further processing of the model outputs, to provide
the same quantities measured in observations. Specifically, in this particular
case, the missing ingredient is a realistic evaluation of the 21 cm line emitted by
the HI in the disk of model galaxies. This can be achieved using the information
available in the model outputs. Xie et al. (2017) provide both the HI content
and the dynamical properties of the cold gas disk, necessary to calculate the line
intensity and the line broadening due to the rotation of the disk. The inclination
of the cold gas disk and its scale radius, that further influence the measured 21
cm line, can be consistently evaluated from the vector describing the specific
angular momentum of the cold gas disk.

I plan to use model outputs to reconstruct the 21 cm line following Obreschkow
et al. (2009a,b). These studies used the semi-analytic model described in De
Lucia and Blaizot (2007) to create 21 cm line catalogs. This model, however,
does not include a self-consistent partition of cold gas into its HI and H2 compo-
nents, and Obreschkow et al. (2009a) evaluated the partition in post-processing,
as I have done for other publicly available models. Obreschkow et al. (2009a,b)
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assumed specific mass profiles for all components of model galaxies, and used
them to evaluate the rotational velocity profiles. For our model, I can use the
profiles described in Sec. 5.3 and 5.4.1.

For each galaxy, the 21 cm line profile can be evaluated integrating, over
the gas disk radius, the contributions form thin concentric annuli of the HI
disk. The larger is the number of these annuli, the higher is the precision of the
integration. I will need to evaluate the number of annuli than provides a good
compromise between a precise estimate and a fast computation. An annulus
with radius r has a rotational velocity Vrot(r), and contributes to the total 21
cm line profile in an edge-on galaxy as:

ψ̃(V, Vrot(r)) =

{
1

π
√
Vrot(r)2−V 2

if |V | < Vrot(r)

0 |V | ≥ Vrot(r)
(6.2)

This equation is normalized to
∫
dV ψ̃(V ) = 1. ψ̃(V, Vrot(r)) would diverge

for |V | → Vrot(r), but this problem is solved smoothing the rotational velocity
profile assuming local turbulent, random motions of the gas. I assume, following
Obreschkow et al. (2009a), that the velocity dispersion of the gas is σgas = 8
km s−1. The line profile with smoothed velocity is then:

ψ(V, Vrot(r)) =
1√

2πσgas

∫
dV ′ exp

[
(V − V ′)2

−2σ2
gas

]
ψ̃(V ′, Vrot(r)), (6.3)

which preserves the normalization. Integrating this expression over all the an-
nuli, I obtain the edge-on line profile of the 21 cm line Ψ(V ):

Ψ(V ) =
2π

MHI

∫ inf

0

dr rΣHI(r)ψ(V, Vrot(r)). (6.4)

As explained above, the rotational velocity profile Vrot(r) is calculated from the
mass distribution, as in Sec. 5.4.1, and the integration is performed numerically,
to a limited radius. Observationally, this radius depends on the sensitivity of
the instrument adopted, i.e. the luminosity limit achievable by the observation.
Therefore, I will also evaluate how the obtained 21 cm line profile depends on
the integration radius.

The line profile in Eq. 6.4 must be normalized to the total 21 cm luminosity
of the galaxy. Following Obreschkow et al. (2009a), this can be expressed as
LHI [Jy km s−1] = MHI [M�]/(1.88 · 104). This equation results from the inte-
gration of the 21 cm line emitted by a mass MHI , and does not account for the
HI self-absorption effects, that can affect measurements for large disk galaxies
observed edge-on (Rao et al., 1995).

The inclination that can be obtained from the specific angular momentum
of the disk affects the measured velocity as V irot = Vrot sin i. The observed line
is, thus, Ψi = Ψ/ sin i.

We are in contact with groups working on the cosmological applications of
the HI large scale observations to be performed with SKA. They are interested
in studying optimal survey strategies to adopt in various SKA phases, to create
HI intensity maps of large slices of the sky. The mock light-cones I will create
will be used to test results expected with different SKA configurations, and their
applicability for cosmological purposes.
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6.2 Future plans

As explained at the beginning of this section, higher resolution simulations
would be beneficial for improving a number of aspects of my work, or extend
its validity. For example, low mass galaxies are crucial for the identification
of realistic model prescriptions. Mock light-cones that cover large ares of sky
require simulations based on large cosmic volumes. At the moment, the Mil-
lennium simulation offers a very good compromise between high resolution and
large cosmic volumes, but in this section I discuss possible strategies to improve
the simulations for applications that require either higher resolution or larger
volumes.

Another model aspect that necessitates a strong revision is the prescription
adopted for disk instability, that I have shown to create unrealistic bulges. I
discuss, in this section, how I plan to upgrade this specific model prescription.

6.2.1 Dedicated cosmological simulations

The Millennium simulation, in a volume of (500 Mpc h−1)3, resolves halos down
to a mass of M200 ∼ 1.7 · 1010 M�h−1, that correspond to galaxies of stellar
mass M∗ ∼ 109 M�h−1 and HI mass of MHI ∼ 108.8 M�h−1. The Millennium
II improves these mass resolutions by a factor ∼ 10, but reducing the simulated
volume to (100 Mpc h−1)3.

As I detailed above in this chapter, some studies necessitate of a resolution
higher than that of the Millennium Simulations. For example, the analysis of
the prescriptions regulating the HI content of satellites and low-mass galaxies,
or the implementation of different specific angular momentum prescriptions for
the gas cooling in the rapid regime. I plan to address these issues, applying
the semi-analytic model to high resolution merger trees, created using dedi-
cated simulations. Cosmological simulations with volumes similar to that of
the Millennium II hardly have higher resolution. This must then be achieved
improving the resolution of available simulations, and several techniques are
adopted in literature for this purpose.
One of these techniques consists in expanding the merger trees of a given simula-
tion, generating merger histories of low mass halos using a Monte Carlo scheme,
usually based on the extended Press-Schechter formalism or its modifications
(see, for example Parkinson et al., 2008; Zhang et al., 2008; Jiang and van den
Bosch, 2014). With this approach, one can generate merger histories of ha-
los well below the resolution limit of the initial cosmological simulation, at a
relatively low computational cost. This approach, however, does not provide
information on the internal dynamics of the halos, ingredients required by the
semi-analytic model to calculate galactic properties, such as size or angular mo-
mentum. One possibility is to extract these randomly from distributions built
from N-body simulations. For a detailed analysis of low-mass galaxies proper-
ties and their dependence on specific model prescriptions, I plan to employ a
cosmological simulation that is able to evolve explicitly the internal dynamics
of small halos.
One possibility is that of using high-resolution zoom-in simulations. This method
is based on improving resolution of specific sub-volumes of a lower-resolution
cosmological simulation. The number of particles in these sub-volumes is in-
creased to reach the desired resolution, and outside this region the resolution



6.2. FUTURE PLANS 125

is progressively degraded, so as to save computational time, while preserving a
correct description of the large-scale tidal field. Zoom-in simulations are widely
used to perform, for example, well resolved hydrodynamical re-simulations in a
cosmological context (some recent works: Springel et al., 2008; Bonafede et al.,
2011; Oser et al., 2012; Hopkins et al., 2014; Sawala et al., 2015). This ap-
proach would provide all necessary halo information required as input by our
semi-analytic model, including self consistently evolved dynamical properties.
The main limitation of this method is the small volume considered at high res-
olution. A zoom-in simulation is computationally more convenient than a full
N-body simulation at the same resolution, because of the typically limited vol-
ume of zoomed regions. Due to their nature, zoom-in simulations are not useful
to create mock light-cones.

In this case, especially when the required light-cone must cover a large vol-
ume of the sky, as in the case of the large surveys planned for SKA and its
precursors, a large volume simulation is strongly required.
An approach that allows large cosmic volumes to be simulated at a low com-
putational cost is that of approximated methods. These are based on approx-
imated solutions of the large scale linear structure growth, i.e. the Zeldovich
(1972) approximation at the first order, or the Lagrangian Perturbation Theory
at higher orders. For example, PINOCCHIO (Monaco et al., 2002) is based
on Lagrangian Perturbation Theory, and can be run on very short time-scales,
allowing the production of a very large number of halo catalogs at low com-
putational cost. Nevertheless, PINOCCHIO is not able to reproduce well the
non-linear regime, and an application to the semi-analytic model would require
further post-processing work on the merger tree, for example using Monte Carlo
generated subhalo merger trees, based on the extended Press-Schechter formal-
ism or modified versions.
To combine the approximated evolution of large scale structures to a realistic
treatment of small scale dynamics, these methods are often coupled with a
full N-body solution at non-linear scales. This is the case, for example, of
COLA (Tassev et al., 2013). This simulation is slower than PINOCCHIO, but
much faster than a standard N-body simulation. The main disadvantage is that
much of the computational convenience comes from the low number of time-
steps adopted. This can be a problem for our work, because the semi-analytic
model requires a certain number of time-steps to evolve the baryons, to achieve
convergence of the results (Benson et al., 2012).
There are also large volume non-approximated cosmological simulations, as
MICE (Fosalba et al., 2015), that covers (3 Gpc h−1)3 with a minimum particle
mass mp = 2.93 · 1010 M�h−1. The resolution is slightly lower than that of the
Millennium, but for the purposes of large mock light-cones it can be enough.

Whatever the DM simulation, the semi-analytic model requires a suitable
halo merger tree as input. Its construction consists of several steps: halos
and sub-halos are identified at each snapshot, and the descendant/progenitors
are linked together from a snapshot to the other. A merger tree collects all
halo properties necessary to feed the semi-analytic model. For the Xie et al.
(2017) model, these properties include mass, radius, position, velocity, internal
velocity dispersion, maximum rotational velocity, and spin parameter. The
latter is particularly important for the analysis of galaxy dynamics, because it
determines the disk specific angular momentum and its size. Furthermore, as
highlighted in Sec. 4.6.2, it is correlated with the HI content of model galaxies,
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because of the dependence of the cold gas disk radius on its value.

Once the halo merger tree is available, the model free parameters must be re-
tuned to reproduce some chosen relations involving galaxy properties, as the
stellar/HI mass function.

In conclusion, the halo properties required by our semi-analytic model put
strong constraints on the simulations that can be used in our analyses. The
study of low-mass galaxies requires resolved subhalo internal dynamics, to have
realistic subhalo sizes and spins. Monte Carlo halo merger trees are thus not
ideal for this kind of analysis, because they do not include consistently these
properties. Zoom-in simulations would offer a fast alternative to full high res-
olution N-body simulations, provided that the zoomed regions are accurately
selected to reproduce to overall galaxy population. The construction of large
volume mock light-cones, or the creation of a large set of independent small
light-cones, requires large volume simulations. Full N-body high-resolution sim-
ulations are computationally costly, and are usually limited in volume. For this
reason, I plan to apply our semi-analytic model to cosmological simulations re-
alized with approximated methods. This approach will require post-processing,
in order to adapt the approximated merger trees to be used by the semi-analytic
model.

6.2.2 A consistent treatment for disk instabilities

In the second part of this Thesis, I have analyzed the sizes and the specific
angular momenta of model galaxies. I have demonstrated that bulges formed
mainly through disk instabilities have unrealistic small sizes. Furthermore, the
assumption of non-rotating bulges leads to an underestimation of the j∗-M∗
relation of early type galaxies with respect to observational data.

Both these problems can be partially solved including a specific treatment
for the formation of pseudo-bulges. Observed bulges are typically divided in two
categories: classical, kinetically hot spheroids believed to form during mergers
(Renzini, 1999), and pseudo-bulges, that are dynamically cold, and have Sérsic
index, stellar population and velocity dispersion intermediate between classical
bulges and disks (de Jong, 1996; Peletier and Balcells, 1996; MacArthur et al.,
2003; Kormendy and Kennicutt, 2004; Athanassoula, 2005; Drory and Fisher,
2007). The pseudo-bulge disky characteristics suggest a secular formation and
an evolution alternative to that driven by mergers (Kormendy, 1982; Kormendy
and Kennicutt, 2004; Fisher et al., 2009).

These different channels for bulge formation are included in semi-analytic
models since long time. Our model, for example, forms bulges from both merg-
ers and disk instabilities. Our model, however, does not differentiate the bulge
characteristics according to the formation channel, leading to the same disper-
sion dominated spheroid. Recently, an explicit separation between classical and
pseudo bulges has been included in the semi-analytic model described in Tonini
et al. (2016). In that model, the classical bulge is formed only through major
mergers and through minor mergers on central galaxies dominated by a classical
bulge component. The classical bulge size is evaluated from energy conserva-
tion, as in our model, but with a specific energy component accounting for
dissipation. The pseudo-bulge, instead, is formed through minor mergers and
disk instabilities. Its radius is assumed to grow proportionally to the acquired
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mass δM and to the current disk radius R∗,disk, following the formula:

RfPB =
R0
PBM

0
PB + αDIδMR∗,disk
M0
PB + δM

, (6.5)

where R0
PB and RfPB are the radius of the pseudo-bulge before and after the

mass growth, and M0
PB is the initial mass of the pseudo-bulge. αDI = 0.2 is a

dissipation parameter chosen to reproduce the observational measurements by
Fisher and Drory (2008, 2010), where pseudo-bulges have a median half-mass
radius proportional to the scale radius of the disk: RPB = 0.2Rdisk.

I am currently implementing a pseudo-bulge component in our model with
a similar approach, but with some substantial differences. I assume that the
unique channel for pseudo-bulge formation is disk instabilities.
In detail, during a disk instability, the model adds the stars moved to restore
disk stability to the pseudo-bulge component. When stars are moved there,
they loose angular momentum via dissipation processes, and the pseudo-bulge
specific angular momentum changes proportionally to the moved mass:

~jfPB =
~j0
PBM

0
PB + αDI~j∗,diskδM
M0
PB + δM

, (6.6)

where ~j0
PB and ~jfPB are the specific angular momentum of the pseudo-bulge

before and after mass accretion. I assume αDI = 0.2, as in Tonini et al. (2016),
but I plan to test the influence of other possible values. During major mergers
the pseudo-bulge is disrupted as the stellar disk, and its content is added to the
classical bulge.

I assume that the pseudo-bulge is a rotating disk, with an exponential sur-
face density profile. Its scale radius can be estimated from its specific angular
momentum, through a formula that I still need to define. One possibility is
to assume the same rotational velocity of the stellar disk, and consequently
evaluate the radius using an equivalent formula: RPB = |~jPB |/(2Vmax), where
Vmax is the maximum rotational velocity of the dark matter halo, assumed to
be equal to that of the disk. This assumption is not necessarily valid for the
pseudo-bulge, that may be a transient component, whose rotational velocity is
not necessarily aligned with that of the DM halo. However, if this assump-
tion is valid, the obtained radius would scale similarly to that in Tonini et al.
(2016). More realistically, both the radius and the velocity of the pseudo bulge
are smaller than those of the disk, resulting in a lower specific angular momen-
tum. For this reason, I can assume another dissipative factor that affects the
rotational velocity of a pseudo-bulge, and calculate its radius using the formula
above. The neat effect would be the same of including velocity dissipation di-
rectly into αDI . I plan to test alternative treatments for pseudo-bulge radius
calculation, based on energy conservation during disk instability, in future work.
The obtained formula is similar to that for bulge size during mergers, but in-
cludes also energy terms that account for the internal kinetic energy. I will test
these radius estimates comparing the obtained size-mass relations to available
observational data.

The presence of rotating pseudo-bulges allows a consistent implementation
of fast rotators in our model. Taking advantage of the detailed treatment for
specific angular momentum performed in this Thesis work, I plan to analyze in
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Figure 6.4: The size-mass relation of individual components of galaxies from the
model with the implementation of the pseudo-bulge. The analyzed components
are the disk (blue), the classical bulge (green), the pseudo-bulge (orange) and
the combination of classical and pseudo bulge (red solid line). As a reference
I show the observational density distribution of Lange et al. (2016) as dashed
blue (disks) and red (bulges) lines.

detail the fast rotators distribution in the j∗-M∗ relation, comparing it to the
available data from ATLAS3D or SAMI (Cappellari et al., 2011; Bryant et al.,
2015).

I have already implemented a pseudo-bulge treatment in the model by Xie
et al. (2017), and I am currently analyzing model outputs. I show one prelim-
inary result in Fig. 6.4, that shows the size-mass relation of individual galactic
components, as I did for the standard model in Fig. 5.4. In this model I as-
sume that the pseudo-bulge has the same maximum rotational velocity Vmax
of the halo, and αDI = 0.2. In this figure, pseudo-bulges and classical bulges
correspond to the DI bulges and the merger bulges of the fiducial model, respec-
tively. Pseudo-bulges are considerably larger, though still not enough, especially
at high masses.

Of course, the introduction of a pseudo-bulge component does not solve the
problem of adopting an unrealistic instability criterion. As explained above, the
currently adopted instability prescription is limited to the stellar disk, and does
not take into account the cold gas disk and possible star bursts. The current
criterion is not able to distinguish among bar stable and bar unstable disks
(Athanassoula, 2008; Benson and Devereux, 2010; De Lucia et al., 2012a). At
the moment, no alternative treatment for disk instabilities has been proposed.
Of course, this is a key ingredient of the model, and necessitates a better de-
scription and implementation. I plan to include gas in the stability evaluation,
and to move some fraction of it to the center of the galaxy, where it is consumed
in a star burst. The details of this project are still under definition, and I am
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studying possible implementations on the basis of published dedicated simula-
tions (Noguchi, 1999; Elmegreen et al., 2008; Dekel et al., 2009; Krumholz and
Burkert, 2010; Genzel et al., 2011; Bournaud et al., 2011; Forbes et al., 2012;
Cacciato et al., 2012; Forbes et al., 2014).

The combination of a realistic disk instability prescription and a pseudo-
bulge component will let us study the relations involving Early Type galaxies,
with a better control over their origin and their properties.
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Amoŕın, R., Muñoz-Tuñón, C., Aguerri, J. A. L., and Planesas, P. (2016). Molec-
ular gas in low-metallicity starburst galaxies: Scaling relations and the CO-
to-H2 conversion factor. A&A, 588:A23.

Anderson, M. E. and Bregman, J. N. (2011). Detection of a Hot Gaseous Halo
around the Giant Spiral Galaxy NGC 1961. ApJ, 737:22.

Angulo, R. E. and Hilbert, S. (2015). Cosmological constraints from the
CFHTLenS shear measurements using a new, accurate, and flexible way of
predicting non-linear mass clustering. MNRAS, 448:364–375.

Angulo, R. E. and White, S. D. M. (2010). One simulation to fit them all -
changing the background parameters of a cosmological N-body simulation.
MNRAS, 405:143–154.

Anninos, P., Norman, M. L., and Clarke, D. A. (1994). Hierarchical numerical
cosmology with hydrodynamics: Methods and code tests. ApJ, 436:11–22.

Arrigoni, M., Trager, S. C., Somerville, R. S., and Gibson, B. K. (2010). Galactic
chemical evolution in hierarchical formation models - I. Early-type galaxies
in the local Universe. MNRAS, 402:173–190.

Athanassoula, E. (2005). On the nature of bulges in general and of box/peanut
bulges in particular: input from N-body simulations. MNRAS, 358:1477–1488.

Athanassoula, E. (2008). Disc instabilities and semi-analytic modelling of galaxy
formation. MNRAS, 390:L69–L72.

131



132 CHAPTER 7. BIBLIOGRAPHY

Bacon, R., Copin, Y., Monnet, G., Miller, B. W., Allington-Smith, J. R.,
Bureau, M., Carollo, C. M., Davies, R. L., Emsellem, E., Kuntschner, H.,
Peletier, R. F., Verolme, E. K., and de Zeeuw, P. T. (2001). The SAURON
project - I. The panoramic integral-field spectrograph. MNRAS, 326:23–35.
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Haynes, M. P., Giovanelli, R., and Rafieferantsoa, M. (2017). Cold gas strip-
ping in satellite galaxies: from pairs to clusters. MNRAS, 466:1275–1289.
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arc minute scale structures around NGC 1275. A&A, 356:788–794.

Cole, S. (1991). Modeling galaxy formation in evolving dark matter halos. ApJ,
367:45–53.

Cole, S., Aragon-Salamanca, A., Frenk, C. S., Navarro, J. F., and Zepf, S. E.
(1994). A Recipe for Galaxy Formation. MNRAS, 271:781.

Cole, S., Lacey, C. G., Baugh, C. M., and Frenk, C. S. (2000). Hierarchical
galaxy formation. MNRAS, 319:168–204.

Coles, P. and Lucchin, F. (2002). Cosmology: The Origin and Evolution of
Cosmic Structure, 2nd Edition. Wiley.

Conroy, C. and van Dokkum, P. G. (2012). The Stellar Initial Mass Function
in Early-type Galaxies From Absorption Line Spectroscopy. II. Results. ApJ,
760:71.



137

Conroy, C., Wechsler, R. H., and Kravtsov, A. V. (2006). Modeling Luminosity-
dependent Galaxy Clustering through Cosmic Time. ApJ, 647:201–214.

Cortese, L., Fogarty, L. M. R., Bekki, K., van de Sande, J., Couch, W., Catinella,
B., Colless, M., Obreschkow, D., Taranu, D., Tescari, E., Barat, D., Bland-
Hawthorn, J., Bloom, J., Bryant, J. J., Cluver, M., Croom, S. M., Drinkwater,
M. J., d’Eugenio, F., Konstantopoulos, I. S., Lopez-Sanchez, A., Mahajan,
S., Scott, N., Tonini, C., Wong, O. I., Allen, J. T., Brough, S., Goodwin, M.,
Green, A. W., Ho, I.-T., Kelvin, L. S., Lawrence, J. S., Lorente, N. P. F.,
Medling, A. M., Owers, M. S., Richards, S., Sharp, R., and Sweet, S. M.
(2016). The SAMI Galaxy Survey: the link between angular momentum and
optical morphology. MNRAS, 463:170–184.

Covington, M. D., Primack, J. R., Porter, L. A., Croton, D. J., Somerville,
R. S., and Dekel, A. (2011). The role of dissipation in the scaling relations of
cosmological merger remnants. MNRAS, 415:3135–3152.

Cox, T. J., Jonsson, P., Somerville, R. S., Primack, J. R., and Dekel, A.
(2008). The effect of galaxy mass ratio on merger-driven starbursts. MN-
RAS, 384:386–409.
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T., and Bower, R. G. (2016). The environmental dependence of H I in galaxies
in the EAGLE simulations. MNRAS, 461:2630–2649.

Martin, A. M., Giovanelli, R., Haynes, M. P., and Guzzo, L. (2012). The
Clustering Characteristics of H I-selected Galaxies from the 40% ALFALFA
Survey. ApJ, 750:38.

Martin, A. M., Papastergis, E., Giovanelli, R., Haynes, M. P., Springob, C. M.,
and Stierwalt, S. (2010). The Arecibo Legacy Fast ALFA Survey. X. The H
I Mass Function and Ω H I from the 40% ALFALFA Survey. ApJ, 723:1359–
1374.



151

McGaugh, S. S. (2005). The Baryonic Tully-Fisher Relation of Galaxies with
Extended Rotation Curves and the Stellar Mass of Rotating Galaxies. ApJ,
632:859–871.

McKee, C. F. and Ostriker, E. C. (2007). Theory of Star Formation. ARA&A,
45:565–687.

McLure, R., Pentericci, L., and VANDELS Team (2017). VANDELS: Exploring
the Physics of High-redshift Galaxy Evolution. The Messenger, 167:31–35.

McNamara, B. R., Wise, M., Nulsen, P. E. J., David, L. P., Sarazin, C. L.,
Bautz, M., Markevitch, M., Vikhlinin, A., Forman, W. R., Jones, C., and
Harris, D. E. (2000). Chandra X-Ray Observations of the Hydra A Cluster:
An Interaction between the Radio Source and the X-Ray-emitting Gas. ApJ,
534:L135–L138.

Meyer, M. J., Zwaan, M. A., Webster, R. L., Brown, M. J. I., and Staveley-
Smith, L. (2007). The Weak Clustering of Gas-rich Galaxies. ApJ, 654:702–
713.

Meyer, M. J., Zwaan, M. A., Webster, R. L., Staveley-Smith, L., Ryan-Weber,
E., Drinkwater, M. J., Barnes, D. G., Howlett, M., Kilborn, V. A., Stevens,
J., Waugh, M., Pierce, M. J., Bhathal, R., de Blok, W. J. G., Disney, M. J.,
Ekers, R. D., Freeman, K. C., Garcia, D. A., Gibson, B. K., Harnett, J.,
Henning, P. A., Jerjen, H., Kesteven, M. J., Knezek, P. M., Koribalski, B. S.,
Mader, S., Marquarding, M., Minchin, R. F., O’Brien, J., Oosterloo, T., Price,
R. M., Putman, M. E., Ryder, S. D., Sadler, E. M., Stewart, I. M., Stootman,
F., and Wright, A. E. (2004). The HIPASS catalogue - I. Data presentation.
MNRAS, 350:1195–1209.

Mo, H. J., Mao, S., and White, S. D. M. (1998). The formation of galactic discs.
MNRAS, 295:319–336.

Mo, H. J. and White, S. D. M. (1996). An analytic model for the spatial
clustering of dark matter haloes. MNRAS, 282:347–361.

Monaco, P., Benson, A. J., De Lucia, G., Fontanot, F., Borgani, S., and Boylan-
Kolchin, M. (2014). A semi-analytic model comparison: testing cooling mod-
els against hydrodynamical simulations. MNRAS, 441:2058–2077.

Monaco, P., Theuns, T., and Taffoni, G. (2002). The pinocchio algorithm:
pinpointing orbit-crossing collapsed hierarchical objects in a linear density
field. MNRAS, 331:587–608.

Moore, B., Katz, N., Lake, G., Dressler, A., and Oemler, A. (1996). Galaxy
harassment and the evolution of clusters of galaxies. Nature, 379:613–616.

Moster, B. P., Somerville, R. S., Maulbetsch, C., van den Bosch, F. C., Macciò,
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