Chapter 1

Introduction

It was no more than 100 years ago when Hubble's identification of Cepheid stars1 in the "Great Andromeda Nebula" (later known as Andromeda Galaxy, Messier object M31) proved that the faint objects observed in the sky, considered once part of our Milky Way, were indeed external galaxies. This discovery set the beginning of extragalactic astronomy and established galaxies, rather than stars, as the building blocks of the Universe. Galaxies can be defined as gravitationally bound systems containing baryonic matter (stars, dust and gas) and dark matter surrounded by large volumes of relatively empty space2 . They are not only the cradles of the formation of stars and metals but they can probe and alter the structure of the Universe on a large range of scales. Since Hubble's discovery, our understanding of galaxies and the large-scale structure of our Universe has improved remarkably, owing to new observational probes and more refined theoretical models. The number of known galaxies has skyrocketed, from the few thousand galaxies in the early catalogs compiled by John Dreyer (New General Catalogue of Nebulae and Clusters of Stars andIndex Catalogues, 1888-1908) to the more than 200 million galaxies identified by the Sloan Digital Sky Survey (SDSS, Data Release 16; Ahumada et al., 2020) 3 . Deep multiwavelength imaging and spectroscopic surveys have charted the distribution and properties of galaxies out to redshift z ∼ 6, with light from individual galaxies being detected as far as z ∼ 11, just ∼ 400 Myr after the Big Bang [Oesch et al., 2016]. However, with knowledge came a slew of questions, many of which remain to be answered. How do galaxies acquire their gas and transform it into stars? Which physical processes make them devoid of gas, shutting down their star formation? And how do these processes depend 1 CHAPTER 1. INTRODUCTION on cosmic time, the properties of a galaxy and the environment that it inhabits? Before we delve into those, let us first briefly review how galaxies came into existence according to the currently prevailing cosmological theory.

1.1 From the Big Bang to the formation of the first galaxies

The current cosmological paradigm for the evolution of the Universe from its earliest known periods4 is described by the ΛCDM (Lambda Cold Dark Matter) model, a parametrization of the Big Bang theory, with inflation. The development of the model started with the work of Friedmann [1922], Lemaître [1927], Robertson [1929] and Walker [1935] who independently derived an exact solution of Einstein's field equations of general relativity, known as the Friedmann-Lemaître-Robertson-Walker (FLRW) metric. The metric is based on the cosmological principles of homogeneity and isotropy and allows for an expanding or contracting Universe with a scale factor5 as a function of time, derived through Einstein's field equations. Already in 1915, Slipher discovered that most spiral nebulae (later on identified as spiral galaxies) had Doppler shifts that denoted recessional velocities from Earth. This was explained by Lemaître as a result of the expansion of the Universe. The idea was supported by Hubble's observations and the formulation of his famous law that correlates the recessional velocity of an object with its distance [Hubble, 1929]. Thus, the idea of the Big Bang (BB) was born, as an expanding Universe projected back in time would lead to a finite single point, a "primeval atom" whose disintegration would produce the whole Universe [Lemaître, 1931]. The Big Bang theory was reinforced in the 1940's through the work of Gamow [1946] and Alpher et al. [1948], who argued that the early Universe must have been in a very hot and dense state in order to allow for the nucleosynthetic processing of hydrogen6 , and subsequently expanded and cooled down. This model predicted, in addition, the presence of a relic background radiation with a temperature of the order of a few Kelvin, left over from an early development stage of the Universe [Alpher & Herman, 1948, 1949]. The observation of this radiation known as the cosmic microwave background (CMB) radiation by Penzias & Wilson [1965] singled out the Big Bang as the best model to describe our Universe.

The CMB has a thermal black body spectrum at a temperature of ∼ 2.7 K and corresponds to the light that was emitted at the time of recombination. At this epoch (with redshift z ≃ 1100), the Universe had cooled enough due to expansion to allow for the formation of neutral hydrogen atoms. Photons which were previously coupled to matter due to Thomson scattering by free 1.1. FROM THE BIG BANG TO THE FORMATION OF THE FIRST GALAXIES electrons, were then able to travel freely through space, as the observed CMB radiation, and the Universe became transparent. The CMB radiation shows very slight variations in temperature (it is isotropic to roughly one part in 100,000) which are extremely important as they reflect the very early density fluctuations that grew due to gravitation instability to form the large scale structures that are observed today. However, early on it was recognized that the CMB anisotropies were much smaller than theoretically predicted in a pure-baryonic Universe [Silk, 1967;Peebles & Yu, 1970;Sunyaev & Zeldovich, 1970]. The discrepancy was resolved by introducing a new exotic form of matter, the dark matter, that does not emit or interact with electromagnetic radiation and would, thus, be able to collapse under its own gravity before the matter-radiation decoupling [Peebles, 1982]. The existence of dark matter was proposed earlier to account for the missing mass, i.e., the difference between the observed luminous mass and the dynamical mass in galaxies and galaxy clusters [Zwicky, 1933;Babcock, 1939;Rubin & Ford, 1970]. Subsequent studies showed that dark matter particles are preferably "cold", meaning that they became non-relativistic very early (in contrast, "hot" dark matter particles remain relativistic until shortly before recombination) [Blumenthal et al., 1984;Davis et al., 1985].

In 1998, two teams studying distant type Ia supernovae independently discovered that the expansion of the Universe is accelerating [Riess et al., 1998;Perlmutter et al., 1999]. The unexpected discovery proved that the Universe is currently in the dark energy-dominated era (which is estimated to have started when the Universe was about 9.8 billion years old) and led to the reintroduction of the cosmological constant Λ. The cosmological constant was originally introduced by Einstein into the GR field equations in order to produce a static universe [START_REF] Einstein | Sitzungsberichte der Königlich Preußischen Akademie der Wissenschaften[END_REF] and was abandoned with the discovery of the expansion of the Universe. Λ is equivalent to the energy density of empty space, whose strong negative pressure causes the acceleration of expansion in an already expanding universe. Today, dark energy is estimated to account for ∼ 69% of the critical density7 , while baryonic and dark matter have a contribution of ∼ 5% and ∼ 26% respectively. The above (dark energy plus matter) sum up to ∼ 0.9 to 0.999 the critical density indicating an almost flat, i.e. Euclidean, spatial geometry of the Universe [Planck Collaboration et al., 2016]. To account for the extreme fine tuning of the initial cosmological parameters needed to acquire a flat universe, known as the flatness problem, and the apparent homogeneity of the CMB8 , Guth [1981] proposed the theory of inflation. Inflation is defined as a period of exponential expansion in the very early Universe (∼ 10 -36 to 10 -32 seconds after the BB) which stretched quantum fluctuations to macroscopic scales, producing the density perturbations that acted as the seeds of the large scale structure formation.

The ΛCDM model with inflation, frequently referred to as the standard cosmological model, is currently the simplest model that provides a reasonably good fit to the observed properties of our Universe, including the CMB, the large scale structure in the distribution of galaxies, the chemical abundances and the accelerating expansion. However, it still faces several significant challenges like the cosmological constant problem9 , the missing satellites problem10 , the too big to fail problem11 , the core-cusp problem12 , the satellite planes problem 13 and others [Famaey & McGaugh, 2013;Bull et al., 2016]. Alternative theories that attempt to overcome these problems include modified Newtonian dynamics (MOND), modified gravity theories, different types of dark matter, such as warm dark matter (WDM), self-interacting dark matter (SIDM) and others [Clifton et al., 2012;Joyce et al., 2015;Bull et al., 2016].

In the standard cosmological model, structure grows hierarchically (bottom-up scenario). The initial small overdensities in the CDM density distribution collapse under their own gravity and decouple from the universal expansion. Subsequently they grow into larger structures by mergers of pre-existing DM halos and accretion. After the matter-radiation decoupling, the baryons fall into the CDM potential wells, leaving behind traces of their previous acoustic oscillations14 .

In the traditional view, the collapsing baryonic gas was assumed to be initially shock heated to the virial temperature of the DM halo near the virial radius. The shock-heated gas then cools radiatively from the inside out. The inner parts that could cool on a free-fall time-scale (or the Hubble time) fell and fragmented to form the first stars and protogalaxies (now referred to as hot-mode accretion), while the outer parts remain in quasi-static equilibrium until their eventual cooling [Rees & Ostriker, 1977;Silk, 1977;White & Rees, 1978;Blumenthal et al., 1984;White & Frenk, 1991]. Later on, simulations revealed a new paradigm in which part of the gas enters the halo along cold, dense filaments and accretes directly onto the galaxy without being shock-heated [cold-mode accretion; Kereš et al., 2005;[START_REF] Dekel | [END_REF]. The subsequent evolution of protogalaxies is defined by their merger and (hot-and cold-mode) accretion history and secular processes (e.g. star formation, feedback from stars or/and an Active Galactic Nucleus (AGN), gas flows, disc instabilities, e.t.c) 15 .

Galaxy Bimodality

The first classification of galaxies was published in 1936 by Hubble, who ordered galaxies based on their morphology in a sequence which is now referred to as the Hubble sequence or (because of its shape) as the Hubble tuning-fork diagram (see Fig. 1.1). Hubble distinguished see in Chapter 4, young, massive stars emit a larger fraction of their light at shorter (bluer) wavelengths than low-mass stars. Since more massive stars are short-lived, a blue/red galaxy indicates a/no recent or ongoing star formation. However, galaxy colors are also metallicity dependent, since metal-rich stars are redder. In addition, dust extinction is more efficient at short wavelengths, meaning, for example, that a disc galaxy that contains a high amount of dust or that is more inclined with respect to the observer can appear red. Later on, when larger galaxy catalogs including distance estimates became available, it became clear that, aside from color, various galaxy properties change systematically along the Hubble sequence, indicating that it reflects a sequence in the basic physical properties of galaxies. Roberts & Haynes [1994] showed that red ellipticals and S0 galaxies, show in general higher luminosities and masses and have lower gas content than spiral galaxies (see figure 1.2). Kennicutt [1998] found a similar trend: spirals with massive bulges contain less gas and form less stars than late-type spirals. Furthermore, within each morphological type brighter galaxies appear to be redder [e.g. Visvanathan & Griersmith, 1977;Sandage & Visvanathan, 1978;Tully et al., 1982].

In recent years, the advent of large imaging and spectroscopic galaxy surveys, such as the Sloan Digital Sky Survey (SDSS) and the Galaxy and Mass Assembly (GAMA) (among others) allowed the exploration of an unprecedentedly large sample of local galaxies with accurate photometric measurements. By studying the optical colors of 147,920 SDSS galaxies, Strateva et al. [2001] confirmed the color-morphology correlation and showed for the first time that the galaxies' color distribution can be approximated by the sum of two "normal" Gaussian functions (one representing blue, late-type and the other red, early-type galaxies) separated by a local minimum, i.e., a bimodal function. Subsequent studies, confirmed that this pronounced bimodality exists not only in the color [e.g., Baldry et al., 2004;Bell et al., 2004], but also in the specific star formation rate (sSFR = SFR/M * ) distribution of galaxies [e.g., Wetzel et al., 2012].

Coupled with the colour-luminosity relation, this bimodality is visible in the color-magnitude diagram (CMD; left panel of figure 1.3), in which galaxies occupy two main recognizable regions: 1) the 'blue cloud', occupied by galaxies showing typically late-type morphologies, young stellar populations and high SFRs, and 2) the 'red-sequence' showing a tighter colour-magnitude relation, occupied by galaxies exhibiting typically early-type morphologies, old stellar ages, high metallicities and low SFRs [Strateva et al., 2001;Blanton et al., 2003;Kauffmann et al., 2003a;Baldry et al., 2004;Noeske et al., 2007;Gallazzi et al., 2008;Blanton & Moustakas, 2009;Wuyts et al., 2011b;McGee et al., 2011;Wetzel et al., 2012;van der Wel et al., 2014]. When color is replaced by SFR and luminosity by stellar mass (left panel of figure 1.3) a second interpretation of the galaxy bimodality emerges with the blue cloud corresponding to a region called the Star Formation Main Sequence (SFMS) that dominates the low-mass end and the red sequence galaxies appearing strung along a locus of low SFR which dominates the high-mass end [e.g. Balogh et al., 2004;Moustakas et al., 2013a;Davies et al., 2016]. In addition, even among blue galaxies the specific star formation rate is found to decrease with increasing mass 1.2. GALAXY BIMODALITY [e.g. Elbaz et al., 2007a;Noeske et al., 2007;Salim et al., 2007a], the most massive galaxies being almost completely quenched.

The bimodality in galaxy properties has been found to persist out to redshifts as high as z ∼ 4 [Baldry et al., 2006;Brammer et al., 2009;Muzzin et al., 2013a;Davidzon et al., 2017]. But, what is more intriguing is that while the stellar mass density of the star forming population has been approximately constant over the last 8 Gyr (z < 1) the stellar mass of the quiescent population has nearly doubled [Bell et al., 2004;Borch et al., 2006;Bundy et al., 2006;Arnouts et al., 2007;Brown et al., 2007;Faber et al., 2007;Ilbert et al., 2013;Moustakas et al., 2013a;Muzzin et al., 2013a;Tomczak et al., 2014;Davidzon et al., 2017]. More specifically, while in the local Universe, quiescent galaxies contribute more than half of the stellar mass, this value drops below 50% at z = 1 and below ∼ 25% at z = 2. Moreover, the growth of the passive population seems to be mass dependent; at masses below M * ≃ 10 10.6 M ⊙ the number of quiescent galaxies has increased significantly since z = 1, but at higher masses it appears to be constant [Moustakas et al., 2013a;Davidzon et al., 2017;figure 1.4]. This indicates that the most massive quiescent galaxies have already formed most of their stars by z = 1. Observationally, it has been found that the cosmic star formation density (averaged over galaxies of all masses) was at its highest between redshifts z ∼ 1.5 -2. From that point to z = 0 it has declined by a factor of ∼ 10 [e.g. Madau et al., 1996;Cowie et al., 1996;Lilly et al., 1996;Madau et al., 1998;Hopkins, 2004;Cucciati et al., 2012;Behroozi et al., 2013;Ilbert et al., 2013], while the most vigorous sites of star formation moved gradually to lower mass systems [Cowie et al., 1996;Gavazzi et al., 2002;[START_REF] Boselli | SF2A-2006[END_REF]Noeske et al., 2007;Chen et al., 2009]. The phenomena described above, i.e. that massive galaxies were assembled earlier than low-mass ones, that the decline of the sSFR is faster for more massive systems, and that more massive galaxies in the local Universe host older stellar populations, have been collectively termed as galaxy downsizing [e.g. Fontanot et al., 2009]. But even within the SFMS, there appear to be variations in SFR with redshift. More specifically, at fixed M * , the median SFR of star-forming galaxies decreases by a factor of ∼ 3 from z = 1 to z ≃ 0 [e.g., Ilbert et al., 2013]. This implies that, globally, the star formation history declined both due to star formation occurring at a more moderate rate as the Universe aged, and (mainly) due to the increased fraction of passive galaxies. The latter suggests that a fraction of galaxies has migrated from the blue cloud to the red sequence via a process commonly referred to as star formation quenching.

In between the largely populated 'blue cloud' and 'red sequence' in the CMD, lies a sparser population of galaxies, the so-called 'green valley' (GV) population [Martin et al., 2007;Wyder et al., 2007]. The GV is widely thought of as the location of galaxies transitioning from actively star-forming to red and dead, although a smaller fraction could consist of previously passive galaxies whose star formation rejuvenated [e.g. Thilker et al., 2010;Mapelli et al., 2015;Chauke et al., 2019]. This interpretation is supported by the fact that GV galaxies tend to exhibit intermediate morphologies (lenticulars and barred early-type galaxies), SFRs and ages between red CHAPTER 1. INTRODUCTION and blue galaxies [Schiminovich et al., 2007;Mendez et al., 2011;Pan et al., 2013;Pandya et al., 2017]. Moreover, it has been estimated that the mass flux accross the GV is consistent with the estimated mass fluxes off the blue cloud and into the red sequence [Martin et al., 2007]. Based on that, the scarcity of the green population implies that the processes responsible for quenching star formation should act relatively fast. Recent studies on GV galaxies, however, suggest that there may exist several pathways to quiescence, characterized by different timescales, depending on redshift, environment, stellar mass and concentration [Gonçalves et al., 2012;Schawinski et al., 2014;Bremer et al., 2018;Rowlands et al., 2018;Nogueira-Cavalcante et al., 2018]. Another notable correlation is the one between galaxy properties and local environment. More specifically, galaxies residing in denser environments, such as groups or clusters, show redder colors [e.g. Butcher & Oemler, 1984;Brown et al., 2000;Balogh et al., 2004;Bamford et al., 2009], more early-type morphologies [e.g. Dressler, 1980;Treu et al., 2003;Blanton & Moustakas, 2009;Calvi et al., 2018], higher stellar and gaseous metallicities [e.g. Ellison et al., 2009;Pasquali et al., 2010;Peng & Maiolino, 2014b;Bahé et al., 2017;Maier et al., 2019;Trussler et al., 2020a] and lower SFRs at fixed stellar mass and redshift [e.g. Gómez et al., 2003;Kauffmann et al., 2004;McGee et al., 2011;George et al., 2011;Tanaka et al., 2012;Guglielmo et al., 2015;Paccagnella et al., 2016]. In addition, in individual clusters, the fraction of quiescent galaxies increases with decreasing cluster-centric distance [von der Linden et al., 2010;Presotto et al., 2012;Rasmussen et al., 2012;Wetzel et al., 2012;Haines et al., 2015;Barsanti et al., 2018], and the enhanced quenched fractions (relative to the field) have been found to extend even beyond the clusters' virial radii [e.g. Lewis et al., 2002;Gómez et al., 2003;Wetzel et al., 2012;Bahé et al., 2013]. The density-SFR relation is more pronounced for low-mass galaxies (M * 10 10 M ⊙ ) than for massive ones [e.g. Kauffmann et al., 2004;Kravtsov et al., 2004;Vulcani et al., 2015]. Moreover, the incidence of both quiescent galaxies and early-type galaxies in groups/clusters is redshift dependent. Butcher & Oemler [1978] studied cluster galaxy populations at intermediate redshifts (0.3 z 0.5) and found that they contain a significantly larger fraction of blue galaxies compared to low-redshift clusters. This became known as the Butcher-Oemler effect and has been confirmed by numerous studies since [e.g. Dressler & Gunn, 1983;Couch et al., 1998;van Dokkum et al., 2000;Kodama & Bower, 2001;Ellingson et al., 2001;McGee et al., 2009;Haines et al., 2013]. At intermediate redshift (0.1 z 0.5), only the highest-concentration clusters show a clear morphology-density relation [e.g. Dressler et al., 1997;Fasano et al., 2000]. With decreasing redshift, the quiescent S0 population grows at the expense of blue spiral galaxies at intermediate masses, whereas the frequency of massive ellipticals remains almost constant [Fasano et al., 2000;Postman et al., 2005;Desai et al., 2007;Nantais et al., 2016].

As mentioned above the average cosmic SFR density is a declining function of redshift. Hence, the Butcher-Oemler effect could be a reflection of the higher SFRs of field galaxies falling into clusters, as well as, of the higher galaxy infall rates at high z [Kodama & Bower, 2001;Ellingson et al., 2001]. The Butcher-Oemler effect, however, does not concern the comparison between cluster and field galaxies at high z. Later studies claimed that the SFR-density relation that is observed in the local Universe reverses at z 1 [Elbaz et al., 2007a;Cooper et al., 2008],

1.2. GALAXY BIMODALITY i.e., at high z cluster galaxies have on average higher SFRs than field galaxies [Elbaz et al., 2007a;Cooper et al., 2008;Ideue et al., 2009;Grützbauch et al., 2011;Popesso et al., 2011;Tran et al., 2010;Alberts et al., 2014] 17 . However, it is not clear whether this effect is driven by an increase of the SF efficiency with density at high z, or simply by the fact that the massive, star-forming galaxies that are strongly clustered at high redshifts [Farrah et al., 2006;Gilli et al., 2007] had not started quenching yet [Tonnesen & Cen, 2014;Hwang et al., 2019]. Having said that, several works have shown that the interaction of late-type cluster galaxies with their environment can also result, at least temporarily, in enhanced star formation [e.g. Kennicutt et al., 1984;Gavazzi & Jaffe, 1985;Moss & Whittle, 1993;Yuan et al., 2005;Poggianti et al., 2016;Fritz et al., 2017;Vulcani et al., 2018;Roberts & Parker, 2020].

Morphological transformation

The observed morphology-SFR correlation discussed in the previous Section, suggests that the processes that quench star formation are the ones that simultaneously transform the morphology of galaxies from late-type to early-type. However, the existence of early-type star-forming [e.g. Bamford et al., 2009;Schawinski et al., 2009a;Huertas-Company et al., 2010;George, 2017] and late-type passive galaxies [e.g. van den Bergh, 1976;Bekki et al., 2002;Bamford et al., 2009;Bundy et al., 2010;Masters et al., 2010;Rowlands et al., 2012;Fraser-McKelvie et al., 2018;Mahajan et al., 2020], suggests that the situation may be far more complicated. Hence, it is interesting to review individually the main theories for the formation and transformation of galactic morphologies and for the quenching of star formation.

The first suggestion for the formation of spheroidal galactic components can be traced in the seminal paper of Eggen et al. [1962]. By studying the motions of a sample of high-velocity stars in the Milky-Way, the authors proposed that the old spheroidal component in our Galaxy formed from a very rapid quasi-radial collapse of gas near the time of the formation of the first stars, some 10 10 years ago. This work motivated the "monolithic collapse" scenario which states that elliptical/spheroidal galaxies formed early on, during a proto-galactic collapse phase that occurred soon after an over-dense region of gas and dark matter decoupled from the expansion of the universe. Supposing that star formation was efficient enough during that collapse, a coeval spheroidal stellar system would have formed before the gas had enough time to dissipate its kinetic and potential energy and settle into a galactic disc plane [Partridge & Peebles, 1967;Larson, 1969Larson, , 1975;;Searle et al., 1973]. Therefore, in this scenario the final structure of the galaxy (spiral or elliptical) is determined by the ratio of the star-formation time to the dissipation/cooling time [Larson, 1975].

The dissipationless monolithic collapse scenario was successful in explaining the uniformity of elliptical galaxies, since it suggests that their stellar content was formed in a single burst at high redshift, after which they evolved passively until z = 0. However, it fails at reproducing both the observed sizes and masses of elliptical galaxies and the evolution of those 18 , as well as their DM distributions [START_REF] Mo | Galaxy Formation and Evolution[END_REF]. Moreover, it cannot be reconciled with the increasing number of passive ellipticals from z ∼ 1 onward 19 . Therefore, it became clear that the monolithic collapse scenario is not the principal scenario for the formation of elliptical galaxies. Yet, Naab et al. [2007] using high-resolution numerical simulations showed that there was indeed a phase of evolution of this type during which some small (∝ 1-2 kpc), concentrated, and massive systems were formed rapidly at high redshifts (2 z 4). An alternative to the monolithic collapse scenario was introduced by Toomre & Toomre [1972], who using simple numerical simulations, argued that the majority of ellipticals could have 18 Observations have shown that passive galaxies at z 1.5 are much smaller than present-day ellipticals of the same stellar mass [e.g. Daddi et al., 2005;van Dokkum et al., 2008;van der Wel et al., 2008] 19 Historically, the monolithic collapse model failed because it could not reproduce the triaxiality of giant ellipticals [Bertola & Capaccioli, 1975;Illingworth, 1977]. However, this discrepancy could be resolved by considering efficient angular momentum transfer from baryons to dark matter (see [START_REF] Mo | Galaxy Formation and Evolution[END_REF] and references therein).

MORPHOLOGICAL TRANSFORMATION

formed from mergers of disc galaxies20 . The merger scenario gained strength with the development of the ΛCDM hierarchical cosmology which predicts that mergers play a dominant role in the formation and evolution of every dark matter halo and, therefore of almost every galaxy [White & Rees, 1978]. Moreover, numerous observations in the local Universe have confirmed an abundance of merger remnants [e.g. Schweizer, 1982;Genzel et al., 2001;Tacconi et al., 2002;Rothberg & Joseph, 2004;Dasyra et al., 2006Dasyra et al., , 2007] ] as well as, structures [e.g. ripples, tidal tales; Malin & Carter, 1983;Schweizer, 1996;Conselice et al., 2003;[START_REF] Luo | [END_REF] thought to be signatures of galaxy collisions [e.g., Hernquist & Quinn, 1988;Hernquist & Spergel, 1992]. Early simulations of disc mergers, considered colissionless mergers between stellar discs [Gerhard, 1981;Farouki & Shapiro, 1982;Negroponte & White, 1983;Barnes, 1988;Barnes & Hernquist, 1992;Hernquist & Spergel, 1992;Naab & Burkert, 2003;Jesseit et al., 2005;González-García & Balcells, 2005;Naab & Trujillo, 2006]. When the two merging galaxies are of equal mass, these simulations result in merger remnants that are triaxial, slowly rotating (if they are embedded in extended dark matter haloes [Barnes, 1988]), display discy or boxy isophotes and have ellipticities which peak around ǫ ≃ 0.4 [e.g. Hernquist & Spergel, 1992;Barnes & Hernquist, 1992]. Although some of these properties are in several respects consistent with observations of giant elliptical galaxies, there is a disagreement in the predicted ellipticities (observations show always relatively small ellipticities ǫ 0.3), surface density profiles and kinematics [see Naab & Ostriker, 2009 and references therein]. Mergers remnants of unequal mass progenitors (e.g. with a mass ratio of 1:3), instead, are more supported by rotation and have discy isophotes in agreement with intermediate-mass elliptical galaxies [Barnes, 1988;Naab & Burkert, 2003]. However, even in this case the progenitor galaxies are required to have dense central bulges, in addition to their stellar discs [e.g. Carlberg, 1986;González-García & Balcells, 2005], which poses the question of how those bulges formed in the first place [Naab & Ostriker, 2009]. In the local Universe, disc galaxies have typical gas fractions of 10%-30% [McGaugh & de Blok, 1997;Boselli et al., 2014]. In addition, the old ages of bright ellipticals suggest that they formed the bulk of their stars at high redshift, where disc galaxies are observed to have even higher gas fractions (> 50%; see, e.g., Daddi et al., 2010a;Tacconi et al., 2010). Therefore, a large fraction of galaxy mergers are expected to be gas-rich. Hydrodynamic simulations have showed that the dissipative nature of gas can alter the structure of merger remnants significantly [Cox et al., 2006a;Khochfar & Silk, 2006;Ciotti et al., 2007]. In particular, dissipational merger remnants have steep cusps due to gas accumulating at their centers, are more compact, rounder, isotropic and have higher rotation velocity to central velocity dispersion ratios, in agreement with observations of intermediate ellipticals [Barnes & Hernquist, 1996;Mihos & Hernquist, 1996;Cox et al., 2006b;Burkert et al., 2008]. On the other hand, the formation of boxy remnants with slow rotation and shallow cusps, representing the observed bright ellipticals, is not predicted by simulations of dissipational mergers. It has, therefore been suggested that massive ellipticals formed by dissipationless (dry) mergers between elliptical progenitors of roughly equal mass CHAPTER 1. INTRODUCTION [e.g. Khochfar & Burkert, 2005;Naab et al., 2006;Cox et al., 2006a;Naab & Ostriker, 2009;Kormendy & Ho, 2013] or by multiple mergers [Weil & Hernquist, 1996;Li et al., 2007]. It is not yet settled, whether the rate of major mergers (mass ratio 1 : 3) as a function of redshift can account for the fraction of massive ellipticals at z = 0 [Lin et al., 2004;Genel et al., 2008;Khochfar & Silk, 2009;Bundy et al., 2009;Robaina et al., 2010]. Instead, minor mergers (1 : 10 mass ratio 1 : 3) are predicted to be ubiquitous (almost all galaxies have experienced one in the last few Gyr) [Stewart et al., 2008;Lin et al., 2004;Woods & Geller, 2007] and to become more frequent with increasing redshift [e.g. Khochfar & Burkert, 2001;Hammer et al., 2005;Conselice, 2007;Lotz et al., 2011]. This has led to the concern that there may exist too many mergers to explain the survival and abundance of galactic discs at low and intermediate masses [e.g. Kormendy et al., 2010]. Recent simulations have shown that significant stellar feedback and a large gas content are necessary for the survival of disc galaxies [e.g. Springel & Hernquist, 2005;Governato et al., 2007;Hopkins et al., 2009a;Brook et al., 2012;Christensen et al., 2014;Kannan et al., 2015]. When feedback is ignored, the merging galaxies quickly fragment and consume most of their gas before the collision takes place [Springel et al., 2005b]. Contrarily, strong stellar feedback redistributes gas out to large radii, preventing angular momentum loss and allows for a rapid reformation of discs after a merger [Hopkins et al., 2009a].

Besides mergers, internal secular evolution can also change galaxy morphologies. A primary example of secular evolution is the bar-instability within disc galaxies. Self-gravitating thin discs with high surface density are dynamically unstable [Hohl, 1971;Kalnajs, 1972]. In the linear regime, the instability takes the form of an open two-arm spiral but, as it saturates, the shape straightens into a bar in the inner disc, while the spiral in the outer disc winds up and disperses. Several authors have used numerical simulations to establish criteria that determine the stability of galactic discs or the lack thereof. Combes & Sanders [1981] found bars forming in truncated discs with mass larger than the DM mass within their radius. Athanassoula & Sellwood [1986] suggested that instabilities can be quelled by a high degree of random motion near the centres of galactic discs. Ostriker & Peebles [1973], Efstathiou et al. [1982] and Christodoulou et al. [1995] argued that disc stability can be achieved if a large fraction of the central attraction over most of the inner disc comes from spherically distributed matter (bulge and halo; see also Section 2.0.2.5). With time, usually about 1-2 Gyr after the formation of the bar [Martinez-Valpuesta et al., 2006], galactic bars may buckle out of the disc to form a central ellipsoidal component exhibiting a peanut-shape when viewed edge-on, the so-called 'pseudobulge ' [Combes et al., 1990;Kormendy & Kennicutt, 2004]. Contrarily to classical bulges that form from mergers, slowly built pseudobulges retain a memory of their discy origin; they show flatter shapes, larger ratios of ordered to random velocities, spiral structure or nuclear bars and nearly exponential brightness profiles [Kormendy & Kennicutt, 2004]. Instabilities may also be triggered in otherwise stable galaxies by interactions with other galaxies during high-speed close encounters ("flybys"). The cumulative effect of these encounters is 1.4. STAR FORMATION QUENCHING commonly referred to as galaxy "harassment". Tidal forces during flybys in groups and clusters can trigger the formation of a bar in one or both of the interacting galaxies [e.g. Noguchi, 1987;Lang et al., 2014a;Goz et al., 2015;Lokas et al., 2016a]. Simulations have shown that these tidally induced bars form soon after the pericentric passage and survive to the end of the evolution [Lang et al., 2014a;Lokas et al., 2016a]. Bars in normal-size or dwarf galaxies can also form through their interaction with a cluster-like potential [Byrd & Valtonen, 1990;Mastropietro et al., 2005]. In addition, tidal interactions can result in the formation of kinematically decoupled cores [De Rijcke et al., 2004], tidal tails [D'Onghia et al., 2010] and spiral arms [Tutukov & Fedorova, 2006;Lokas et al., 2016a]. Besides tidal interactions, galaxies moving within groups and clusters experience ram pressure from the intracluster medium (ICM), much like a moving cyclist experiences a drag force from the atmosphere even on a still day. Ram pressure has little influence on the stellar structure and kinematics. However, if its high enough it can strip most of the gas of the moving galaxy [Gunn & Gott, 1972;see Section 5.4]. If the gas removed by ram-pressure stripping is not replenished by accretion, the star formation in the disc will halt and any existing spiral structure will fade, giving rise to a reasonably smooth disc. Moreover, the gradual aging of the stars in the disc can somewhat increase their bulge-to-disc luminosity ratio. These effects induced by ram pressure stripping can cause a late-type spiral to transform into a lenticular (S0) galaxy [Spitzer & Schwarzschild, 1951;van den Bergh, 1976;Moore et al., 1999;Quilis et al., 2000;Barr et al., 2007;Moran et al., 2007;Cortesi et al., 2011;Kormendy & Bender, 2012]. However, several studies argue that ram-pressure stripping alone cannot be the origin of the cluster lenticular population [Burstein, 1979;Dressler, 1980;[START_REF] Boselli | SF2A-2006[END_REF]Sil'chenko et al., 2012]. The bulge sizes and bulge-to-disc ratios of lenticulars are systematically higher than those of spirals Burstein [1979]. Moreover, many edge on S0's are characterised by thick discs which are more likely to have formed by galaxy harassment than by ram pressure [Farouki & Shapiro, 1980;[START_REF] Boselli | SF2A-2006[END_REF].

Star formation quenching

In principle a galaxy becomes passive when its cold star-forming gas is depleted. This can be achieved by a) halting the supply of infalling gas on the galaxy, b) exhausting the existing cold gas through star formation, c) removing it from the galaxy through feedback or stripping, d) stabilizing the gas against star formation, or e) any combination of those. The underlying physical mechanisms could be various, including heating by virial shocks of gas infalling in massive dark matter haloes [e.g. Birnboim & Dekel, 2003;Kereš et al., 2005;[START_REF] Dekel | [END_REF]Cattaneo et al., 2006Cattaneo et al., , 2008;;Ocvirk et al., 2008;Kereš et al., 2009], stellar feedback and AGN feeback that can eject cold gas from within the galaxy and also prevent the hot gas surrounding it from cooling [Larson, 1974;Dekel & Silk, 1986;Tabor & Binney, 1993;Silk & Rees, 1998;Granato et al., 2004;Veilleux et al., 2005;Di Matteo et al., 2005;Croton et al., 2006;Nandra et al., 2007;Dalla Vecchia & Schaye, 2008;Cattaneo et al., 2009;Hopkins & Elvis, 2010;Fabian, 2012;Kormendy & Ho, 2013;King & Pounds, 2015;Vogelsberger et al., 2014;Schaye et al., 2015;Tollet et al., 2019], stabilization of a gas disc by a dense stellar core [morphological quenching; Martig et al., 2009], gravitational heating of a gas disc by clumpy mass infall [Birnboim et al., 2007;Dekel & Birnboim, 2008], an overdense enviroment (e.g. group or cluster) that halts the supply of cold gas [strangulation; [START_REF] Larson | [END_REF]Moore et al., 1998;Kawata & Mulchaey, 2008;McGee et al., 2009;Peng et al., 2015] or/and strips the existing gas from within the galaxy by ram-pressure [Gunn & Gott, 1972;Abadi et al., 1999;Quilis et al., 2000;Poggianti et al., 2017;Brown et al., 2017], minor mergers [Johansson et al., 2009], and tidal interactions with massive neighboring galaxies [e.g. Moore et al., 1998;Mayer et al., 2006;Chung et al., 2007]. The above mechanisms of suppression of star formation are characterized by different quenching timescales and, therefore, are generally classified as fast or slow [Barro et al., 2013;McGee et al., 2014;Schawinski et al., 2014;Smethurst et al., 2015;Rowlands et al., 2018]. Note that fast refers to processes that span timescales comparable to a dynamical time (or free-fall time, t dyn ∼ (Gρ) 1/2 ), whereas slow processes operate over several galaxy rotation periods. More commonly, though, quenching processes are categorized as internal (e.g. "mass quenching") or external ("environmental quenching") [Peng et al., 2010]. This distinction is motivated by the observational trends described in the previous section: on average, more massive galaxies and galaxies in denser regions are more likely to be quenched. Whether these two types of processes are independent from each other is still a matter of debate. Several observational studies have argued that at z 1 or for relatively high-mass galaxies at high redshifts, mass-and enviromental-quenching mechanisms are separable, with the latter affecting only satellite galaxies [Peng et al., 2010;Muzzin et al., 2012;Quadri et al., 2012;Kovač The central galaxy in a group or cluster of galaxies is the one residing nearest to the bottom of the halo's potential well, while all other galaxies within the halo are satellites. et al., 2014;van der Burg et al., 2018]. Balogh et al. [2016] and Kawinwanichakij et al. [2017], however, suggest that at z > 1 the environmental quenching efficiency increases with stellar mass, while Darvish et al. [2016] and Pintos-Castro et al. [2019] find such a dependence even for z 1 at high densities. Recently, a number of studies have found that centrals and satellites show similar passive fractions when controlled both for stellar and halo mass, suggesting that central galaxies in groups experience the same quenching effects as satellites [e.g. Hirschmann et al., 2014;Knobel et al., 2015;Wang et al., 2018, see however Davies et al. [2019] who suggest that this similarity arises from the group finding process in these studies and is not a real physical effect]. Knobel et al. [2015] went on to argue that the idea of "satellite quenching" should be replaced with the more general "group quenching". A related phenomenon is that of "galactic conformity" that is the observation that the fraction of quenched satellites around a quenched central is significantly higher than around a star-forming central, at fixed halo mass [Weinmann et al., 2006a;Hartley et al., 2015;Kawinwanichakij et al., 2016]. Moreover, there exist quenching processes that scale both with stellar mass and environment. In the hierarchical galaxy formation model, massive galaxies as well as those residing in denser regions are the ones that have experienced the most mergers 21 . Mergers, themselves, are consid-1.4. STAR FORMATION QUENCHING ered responsible for triggering a chain of events that can lead to the shutdown of star formation [Hopkins et al., 2005;Springel et al., 2005a]. Those involving gas-rich progenitors, produce inflows of gas through gravitational torques [Barnes & Hernquist, 1991, 1996], that can trigger an intense burst of star formation at the center of the galaxy that consumes a significant amount of gas [e.g. Mihos & Hernquist, 1994]. The high gas densities triggering these starbursts fuel rapid black hole growth. The feedback energy from the resulting supermassive black holes (SMBHs) can subsequently restrain gas accretion onto the galaxy (by opposing the cooling of the hot gas surrounding it) and/or expel the remaining cold gas, leaving behind a gas-poor remnant (see below).

Mass quenching

Mass or secular quenching refers in general to quenching processes that correlate with internal galactic properties and affect all galaxies irrespective of the environment in which they reside. These processes aim to explain why the cessation of star is particularly efficient above a given stellar mass threshold [e.g. Bundy et al., 2006]; an effect that is evident also in the active stellar mass function (see the right panel of figure 1.4, which shows SF galaxies accumulating at log(M * /M ⊙ ) = 11.5 in a redshift-independent way). Hence, they are believed to dominate at high stellar masses (M * 3 × 10 10 M ⊙ ), with passive fractions correlating with morphological features, such as Sérsic index, central compaction, bulge mass, bulge-to-total mass ratio [Bell, 2008;Cheung et al., 2012;Fang et al., 2013;Mendel et al., 2013;Bluck et al., 2014;Lang et al., 2014b;Liu et al., 2016;Barro et al., 2017;Whitaker et al., 2017;Bremer et al., 2018] and the presence of a bar [Masters et al., 2011;Gavazzi et al., 2015], central velocity dispersion [Wake et al., 2012;Bluck et al., 2016;Teimoorinia et al., 2016], and/or an AGN [Nandra et al., 2007]. The dependence of mass quenching on centrally concentrated components (e.g. a massive bulge or an AGN) is in agreement with observations showing that massive quiescent galaxies exhibit an inside-out quenching pattern, with inner regions showing lower sSFRs than the outskirts [Tacchella et al., 2015;Li et al., 2015a;Spindler et al., 2018;Liu et al., 2018].

As we saw in Section 1.1, part of the gas accreting onto a halo falls on the central galaxy directly through cold dense intergalactic filaments (cold-mode accretion), while part of it is shock-heated to the virial temperature forming a hot gas halo around the galaxy, and can fall onto the galaxy only after it cools radiatively (hot-mode accretion). Birnboim & Dekel [2003] used a spherical shock-stability analysis to argue that when the cooling time, t cool of the compressed gas is shorter than the compression time, t comp , a stable virial shock fails to develop and cold gas flows into the inner halo without ever being heated to high temperatures. The fulfillment of the criterion t cool < t comp depends on various parameters, among which the metallicity of the accreted gas (metal-rich gas cools faster), the shock radius and the solid angle from which the gas is accreted, which differ from halo to halo (even at fixed M vir ) and at different redshifts [e.g. Cattaneo et al., 2020]. Yet, both analytic calculations as well as numerical simulations point to a critical mass M crit vir ≃ 10 11.5-12 M ⊙ , that is almost independent of redshift out to z ∼ 2, above which gas accretion is almost completely dominated by the hot-mode [Birnboim & Dekel, 2003;Kereš et al., 2005;[START_REF] Dekel | [END_REF]Ocvirk et al., 2008;Kereš et al., 2009;Cattaneo et al., 2020].

Even in cases of massive haloes where the shock-heating of the cold flows is complete, the central galaxy cannot quench and remain passive unless subsequent cooling of its hot atmosphere is prevented. X-ray observations have revealed that the central region of the ICM in ∼two thirds of galaxy clusters has high enough density and low enough temperature (cold-core), that it ought to cool in less than a Hubble time [Bauer et al., 2005;Peterson & Fabian, 2006]. If no heating mechanism would compensate for the cooling of the ICM, cooling flows with an estimated rate of ∼ 100 -1000 M ⊙ yr -1 would occur in typical massive clusters [White et al., 1997;Peres et al., 1998;Allen et al., 2001;Hudson et al., 2010]. Yet, the observed amounts of cold gas or SFR within clusters can account only for ∼ 1% of these cooling rates [Tamura et al., 2001;O'Dea et al., 2008;Rafferty et al., 2008;McDonald et al., 2011;Hoffer et al., 2012;Molendi et al., 2016]. This discrepancy is commonly referred to as the "cooling flow problem". Simulations and semi-analytic models which do not suppress these cooling flows typically over-produce the masses and star formation rates of massive galaxies by at least an order of magnitude [e.g. Booth & Schaye, 2009;Li et al., 2015b;Henriques et al., 2015;Beckmann et al., 2017;Cattaneo et al., 2020]. An alternative scenario is that of "morphological quenching" whereby a dominant stellar bulge can stabilize the gas in a galaxy against collapse and fragmentation [ Martig et al., 2009]. Indeed, the presence of a massive bulge appears to be a necessary condition for star formation to quench (over 99.5% of local passive galaxies with M * > 10 10 M ⊙ have a prominent bulge component Bell, 2008). Morphological quenching can explain the existence of passive ETGs in less massive halos but has no effect on the cooling flows or maintaining quiescence of galaxies with M vir 10 11 M ⊙ [Su et al., 2019]. Therefore, an additional source of heating or pressure support is necessary. The most popular candidate to date is active galactic nuclei (AGN) feedback from supermassive black holes (SMBHs) [Silk & Rees, 1998;Di Matteo et al., 2005;Croton et al., 2006;Hopkins et al., 2006;Bower et al., 2006;Sijacki et al., 2007;Harrison et al., 2018]. AGN feedback is triggered by rapid gas accretion onto a SMBH, which fuels its growth and leads to the release of part of its binding energy into the surrounding gas. The detailed physics of AGN feedback (including, radiation pressure on dust and lines, magnetic processes, and Compton heating) remain uncertain [see e.g. Blandford & Znajek, 1977;Blandford & Payne, 1982;Murray & Chiang, 1995;Murray et al., 2005;Silk, 2005;Tortora et al., 2009;McKinney et al., 2012;Faucher-Giguère & Quataert, 2012;Abramowicz & Fragile, 2013;Wylezalek & Morganti, 2018]. However, two major modes of AGN feedback have been identified. The first is the radiative mode, or quasar or wind mode, related to high accretion rates onto the BHs. This mode is more concerned with ejection of cold gas from within the galaxies. The second mode is the kinetic mode with radio jets, or radio or maintenance mode, which typically operates when the BH has powerful jets fueled by low accretion rates. This mode is more dominant at low z and is not destructive for the galaxy but can stir and heat the surrounding hot gas, preventing it from collapsing [Churazov et al., 2005;Fabian, 2012;Maiolino et al., 2012;Russell 1.4. STAR FORMATION QUENCHING et al., 2013;Cicone et al., 2014;Heckman & Best, 2014;[START_REF] Eisenreich | [END_REF]Li et al., 2017;Weinberger et al., 2018;Yoon et al., 2018;Martizzi et al., 2019]. As mentioned above, accretion onto the central SMBHs is intensified through gas-rich mergers. At low redshift, where mergers become less common [Lotz et al., 2011], secular processes, such as bars, can also funnel gas to the central BH and ignite AGN feedback [Oh et al., 2012;Storchi-Bergmann & Schnorr-Müller, 2019].

Observational support for the role of AGN feedback includes among others: a) the ubiquity of SMBH in early-type galaxies [Magorrian et al., 1998;Tremaine et al., 2002] and of AGNs in green transitioning galaxies [Martin et al., 2007;Schawinski et al., 2009a;Silk & Mamon, 2012], b) the observation of massive molecular outflows in galaxies hosting an AGN [e.g. Cicone et al., 2014], c) the estimate that the energy from the radio mode driven jets is sufficient to offset radiative losses due to cooling [McNamara & Nulsen, 2012], d) the indication that black hole accretion persists after star formation cessation, maintaining the quiescence of passive galaxies [Nandra et al., 2007] and e) the evidence from X-ray data that radio jets can inflate large cavities (bubbles) in the hot ICM [e.g., Bîrzan et al., 2008;McNamara et al., 2005;Rafferty et al., 2006;Fabian, 2012]. The observation that cool core clusters are not nearly as relaxed as previously thought but are filled with jet inflated buoyant bubbles, dropped the classical estimate for cooling flows in clusters (100-1000 M ⊙ yr -1 ) by at least an order of magnitude [Bregman et al., 2005[Bregman et al., , 2006;;McDonald et al., 2014McDonald et al., , 2018;;Donahue et al., 2017]. However, while some studies have shown that AGN host galaxies exhibit lower SF than normal star-forming galaxies [e.g. Barger et al., 2015;Mullaney et al., 2015;Shimizu et al., 2015;Kalfountzou et al., 2017] others indicate equivalent or enhanced star formation [e.g., Silverman et al., 2009;Mullaney et al., 2012;Rosario et al., 2012;Santini et al., 2012;Juneau et al., 2013;Mahoro et al., 2017;Kalfountzou et al., 2017], suggesting positive feedback from the AGN. Nevertheless, AGN feedback is found to be the key ingredient in producing realistic mock massive galaxies in cosmological hydrodynamic simulations and semi-analytic models of galaxy formation [Sijacki et al., 2007;Dubois et al., 2013Dubois et al., , 2016;;Vogelsberger et al., 2014;Schaye et al., 2015;Li et al., 2018;Su et al., 2019;Henriques et al., 2019]. The shock heating of the infalling gas coupled with the increased efficiency of AGN feedback above the critical halo mass M crit vir (since there the gas is already hot and dilute) can possibly explain the well defined and redshift-independent stellar mass at quenching [Cattaneo et al., 2006;[START_REF] Dekel | [END_REF]Cattaneo et al., 2008].

In low mass galaxies (M * 10 10 M ⊙ ), which do not host a strong AGN, feedback from stellar winds and supernova explosions is thought to regulate star formation activity [Larson, 1974;Dekel & Silk, 1986]. Stellar feedback can heat the cold galactic gas, preventing it from collapsing to form stars, and eject the more loosely bound gas from the galaxy [e.g. Dalla Vecchia & Schaye, 2008]. Part of the ejected gas escapes the halo completely (ejective feedback), while part of it falls back onto the galaxy on a ∼1 Gyr timescale, where it can become available for further star formation ["fountain feedback"; Shapiro & Field, 1976;Bregman, 1980]. Moreover, stellar winds can divert the incoming gas from cosmic filaments and prevent if from accreting 1.4. STAR FORMATION QUENCHING than centrals at a fixed stellar mass and redshift [e.g. Kauffmann et al., 2004;McGee et al., 2011;Peng et al., 2012;Wetzel et al., 2013;Paccagnella et al., 2016], these mechanisms are thought to primarily affect satellite galaxies. However, centrals with satellites of similar mass have also been found to respond to environmental quenching [Knobel et al., 2015]. In addition, this mode appears to be the dominant one at low stellar masses (M * 10 10 M ⊙ ) and to exhibit an outside-in quenching pattern, with outer galaxy regions showing a lower SFR than central ones [Liu et al., 2018]. Besides its dependence on the large scale structure (e.g., superclusters, clusters, groups, field, voids), observational studies have shown that environmental quenching is stronger with increasing local galaxy density [the galaxy number density around each individual galaxy; Peng et al., 2012;Li et al., 2012;Davies et al., 2016;Kawinwanichakij et al., 2017;Darvish et al., 2018;Treyer et al., 2018] and host halo mass [Woo et al., 2013;Prescott et al., 2011;Foltz et al., 2018] and decreasing group/cluster-centric distance [Wolf et al., 2009;Wetzel et al., 2012Wetzel et al., , 2014;;Woo et al., 2015;Barsanti et al., 2018]. However, van den Bosch et al. [2008b] and van den Bosch et al. [2016] argue that these trends could reflect mass quenching processes coupled with the fact that a) more massive haloes host on average more massive satellites and b) that satellites on smaller halo-centric radii are on average more massive ("mass segregation") and/or have been accreted earlier, i.e., have been exposed to satellite quenching processes for longer. They find that satellite properties (color and concentration) depend only on their stellar mass and the fact that they are satellites, regardless of how massive is their host halo. And, thus, argue that mechanisms that are thought to operate mainly in massive haloes, such as ram pressure stripping and harassment, are secondary in quenching satellites, which leaves strangulation as the main quenching mechanism [van den Bosch et al., 2008b,a]. Interestingly, Prescott et al. [2011], reached the same conclusion (supporting the dominance of strangulation) by observing that the increase in the red fraction of satellites is primarily a function of their host halo mass rather than their own stellar mass. Strangulation (or starvation) refers to the process through which the hot gas reservoir of a galaxy falling inside a larger halo is removed [START_REF] Larson | [END_REF]Balogh et al., 2000]. Accretion on satellite galaxies is dominated by the hot-mode since the cold flows that escape shock-heating from their host halo accumulate at the bottom of the halo potential well, where the central galaxy resides [Kereš et al., 2005;[START_REF] Mo | Galaxy Formation and Evolution[END_REF]. The hot gas of satellites is only loosely bound to the galaxy and therefore it can be easily stripped by ram pressure or tidal interactions even in low-mass groups [Kawata & Mulchaey, 2008]. With no fuel for future star formation, the SFR of the galaxy declines gradually on a relatively long timescale, of a few Gyrs, until it exhausts the available gas in the ISM. The importance of strangulation in quenching satellites is supported, among others, by the difference in ages and metallicities between star-forming and passive galaxies [Peng et al., 2015;Trussler et al., 2018], the difference in the color distribution between cluster and field galaxies [Balogh et al., 2000], the estimated long quenching timescales for galaxies in groups/clusters [McGee et al., 2009;Wetzel et al., 2013;De Lucia et al., 2012a], the observation of red spirals in massive halos [Skibba et al., 2009;Masters et al., 2010], the observed suppression of SF at all radii in satellites [Spindler et al., 2018;Belfiore et al., 2018] and the ease by which the majority of the hot gas is stripped in numerical simulations [McCarthy et al., 2008;Kawata & Mulchaey, 2008;Emerick et al., 2016;Steinhauser et al., 2016;Hausammann et al., 2019]. Ram pressure scales with the speed of the infalling galaxy and the densiy of the ICM (p ram ∝ ρ ICM υ 2 ; Gunn & Gott, 1972), both of which increase towards smaller cluster-centric distances (close to the pericentric passage). If it exceeds the gravitational force keeping the interstellar gas bound to the galaxy it removes it, in a process known as ram-pressure stripping (RPS). In its weakest form, ram-pressure stripping only affects the outer more loosely bound gas of disc satellites, which afterwards appear truncated, i.e., smaller than the stellar disc. When RPS is strong and observed in action, the stripped gas appears like a long tail extending in the direction opposite to the galaxy's orbit, in what resembles a jellyfish (see figure 1.6). Examples of both truncated gas discs and jellyfish galaxies have been observed in rich clusters [Gavazzi et al., 1995;Kenney et al., 2004;Chung et al., 2009;Yagi et al., 2010;Smith et al., 2010;Fumagalli et al., 2014;Kenney et al., 2015;Jaffé et al., 2018;Ramatsoku et al., 2019] but also in groups and intermediate-mass clusters [10 11 -10 14 M ⊙ ; Poggianti et al., 2016;Boselli et al., 2016]. The stripped galaxies show significant SF enhancements compared to non-stripped galaxies of the same stellar and HI mass, which is triggered by the ICM pressure [Gavazzi et al., 1995;Poggianti et al., 2016;Jaffé et al., 2016;Vulcani et al., 2018;Ramatsoku et al., 2019;Roberts & Parker, 2020]. Moreover, analysis of the position and velocities of these systems suggests that the stripping events occur primarily during first infall towards the cluster center on highly radial orbits. This is in agreement with phase space studies of cluster galaxies showing that infalling galaxies at large cluster-centric radii have higher sSFRs, bluer colors and younger ages than virialized ones, with poststarbust galaxies lying somewhere in between (located at intermediade distances but having high velocities) [Muzzin et al., 2014b;Jaffé et al., 2015;Noble et al., 2016;Weinzirl et al., 2017;Barsanti et al., 2018]. Together with strangulation, these findings form the currently favoured 'delayed-then-rapid' scenario for the quenching of low-mass (M * 10 10 M ⊙ ) satellites. According to it, satellite quenching is a two-stage process, whereby the SF of satellite initially declines slowly due to strangulation, until it is quenched rapidly by ram-pressure stripping in the inner, denser regions of the ICM [e.g. Wetzel et al., 2013;Muzzin et al., 2014b;Fillingham et al., 2015;Maier et al., 2019;Roberts et al., 2019]. Besides ram pressure, there can be stripping of the hot gas (strangulation) and cold galactic gas caused by interactions between the galaxy and the overall group/cluster gravitational potential [tidal stripping ;Merritt, 1984;Byrd & Valtonen, 1990;Mayer et al., 2006], and smaller-scale galaxy-galaxy interactions [harassment; Farouki & Shapiro, 1981;Moore et al., 1996;Duc & Bournaud, 2008]. Alongside with gas stripping, these processes can also induce SF bursts contributing to the exhaustion of the gas reservoir [Kewley et al., 2006;Stroe et al., 2015;Sobral et al., 2015]. In addition, they can strip part of the stellar mass of the galaxy which then contributes to the intracluster light [Merritt, 1983;[START_REF] Mamon | Third Paris Cosmology Colloquium[END_REF]Hayashi et al., 2003;Willman et al., 2004;Mihos et al., 2005;Abadi et al., 2006;Purcell et al., 2007;Kazantzidis et al., 2011;Smith et al., 2015;Tollet et al., 2017]. Finally, it has been suggested that local radiation [e.g.,

The intraclusterlight is a diffuse intergalactic cloud of stars observed in clusters formed by stripped stars or stars expelled during mergers Kannan et al., 2016] and magnetic fields [e.g., Tonnesen & Cen, 2014] may also contribute to 1.4. STAR FORMATION QUENCHING the quenching of satellites. Besides from isolated field galaxies, rich clusters are also formed from infalling groups of a few to tens of galaxies [e.g. Kodama et al., 2001;Cortese et al., 2006;Moran et al., 2007;Dressler et al., 2013;Just et al., 2019]. The properties of the infalling group members are, therefore, tightly linked to their group's evolutionary history before it was absorbed in the cluster [preprocessing;Treu et al., 2003]. While ram-pressure stripping and tidal stripping are expected to be stronger in clusters, satellites in groups are likely to have experienced both strangulation and harassment. Moreover, galaxy mergers can occur effectively in groups of galaxies but are very rare among satellites in clusters [START_REF] Mo | Galaxy Formation and Evolution[END_REF]. Collectively these processes affect the morphology and SF of the group members before cluster-specific processes kick in. Preprocessing is commonly evoked to explain the enhanced fractions of passive and early-type galaxies (in respect to the field) that are observed to extend well beyond the virial radii of clusters [Lewis et al., 2002;Treu et al., 2003;Gómez et al., 2003;Balogh et al., 2004;Fujita, 2004;Wetzel et al., 2012;Bahé et al., 2013;Lopes et al., 2014;Haines et al., 2015;Jaffé et al., 2015;Just et al., 2019] 22 .

Figure 1.6: The ESO 137-001 jellyfish galaxy located in the cluster Abell 3627. It has a radial velocity of ∼ 4700 km s -1 and shows a 80 kpc long and bright X-ray tail associated with a shorter (40 kpc) and broader tail of numerous star-forming H II regions [Jáchym et al., 2014]. This composite view of ESO 137-001 includes visible light from Hubble and X-ray light from the Chandra X-ray Observatory (in blue). 

Theoretical models

Already in the previous sections, we have marked several aspects of the currently favored picture of galaxy formation and evolution, that have emerged not only from observations of galaxies across cosmic epochs, but also from theoretical models trying to interpret them. The vast range of scales involved in modeling galaxies in a cosmological context, ranging from the sub-pc scales of individual stars and supernovae, and supermassive BH accretion discs, to the super-Mpc scales of the cosmic web, have given rise to a variety of modeling techniques. Here, we will briefly describe two broad classes of galaxy formation and evolution models: numerical simulations and semi-analytic models (SAMs). Comprehensive reviews on the different modeling methods and the current status in the area can be found in Silk & Mamon [2012], Somerville & Davé [2015], Naab & Ostriker [2017], Dayal & Ferrara [2018] and Vogelsberger et al. [2020].

Numerical simulations of galaxy formation can be generally divided into two main categories: Nbody simulations and hydrodynamical simulations. N -body methods, in which the phase-space density is sampled by an ensemble of N particles (with phase-space coordinates r i , ṙi , i = 1...N 1.5. THEORETICAL MODELS and masses m i ), are often employed to study the collisionless dynamics of dark matter. Purely gravitational N -body simulations, such as the Millenium runs [Springel et al., 2005c;Boylan-Kolchin et al., 2009] and the Bolshoi cosmological simulation [Klypin et al., 2011], were able to show the success of ΛCDM cosmology in reproducing the cosmic web, represented in the filamentary structure of the galaxy distribution.

The cosmic web refers to the weblike structure of the large-scale distribution of matter in the Universe, consisting of voids, walls, filaments and halos.

Modeling the baryonic, collisional component of the Universe has been proven to be a much more challenging task. It requires solving simultaneously the relevant equations of gravity, hydrodynamics and thermodynamics over particles or grid cells that represent dark matter, gas and stars. Doing so increases tremendously the complexity of the code, resulting in longer execution times and higher intrinsic uncertainties. As a result, current large-volume cosmological hydrodynamical simulations (with box sizes from a few Mpc to a few Gpc) although of paramount importance in studying statistically the galaxies properties, lack the resolution to catch the detailed (sub-kpc) internal structure of galaxies. Cosmological zoom-in simulations (with a resolution of a few pc) aim to alleviate this problem. There, a region of interest, such as a dark matter halo, is simulated in high resolution while the rest of the box is kept at a very coarse resolution. Complex processes on small scales such as star formation, black hole growth and their associated feedback, requiring sub-pc resolution, are still implemented through empirical, so-called sub-grid models. Hydrodynamical simulations are, therefore, not fully selfconsistent, as they include semi-analytical recipes, which must be tuned to observations. The advances in computational power and the significant improvement in our understanding of baryonic physics over the last few decades, has allowed cosmological hydrodynamic simulations to reproduce quite successfully many observational constraints. Among the best known are the large volume: Illustris [Vogelsberger et al., 2014], Illustris-TNG [Pillepich et al., 2018], EAGLE [Schaye et al., 2015] and Horizon-AGN [Dubois et al., 2014] and the zoom-in simulations: NIHAO [Wang et al., 2015] and FIRE [Hopkins et al., 2014]. The vast computational burden of simulating baryons has made it impractical for a general adoption of the cosmological hydrodynamical simulation approach. Therefore, a lot of effort has also been devoted in developing semi-analytic models (SAMs). SAMs, instead of solving N -body problems, adopt halo merger trees obtained from dark matter-only cosmological simulations or Monte-Carlo techniques. Subsequently, each DM halo is associated with a galaxy, whose evolution is followed based on simplified analytic prescriptions. Depending on the aim, the key processes (gas accretion, star formation, feedback, dynamical processes, chemical enrichment etc.) can be included with a varying degree of complexity. The low computational cost of SAMs allows for a fast exploration of the physical parameter space, within the large volumes necessary for galaxy surveys. This, along with their flexibility in incorporating physical processes and their relatively simple implementation makes it easy to understand the role of different processes by considering variations of the relevant parameters. Moreover, SAMs are free of numerical issues (except from those that they adopt from the N -body halo merger trees), which for many years caused difficulties in reproducing realistic galaxies in numerical simulations.

Since the original models of e.g. White & Frenk [1991], Cole [1991], Lacey & Silk [1991] and Kauffmann et al. [1993], SAMs have undergone substantial refinement to the point that they reproduce several observational statistical features, such as the luminosity/mass functions and star formation rates [see Knebe et al., 2015 for a comparison between different SAMs among which the Munich flavours SAGE: Croton et al., 2006and Lgalaxies: Henriques et al., 2013a, the SantaCruz SAM: Somerville et al., 2008, 2012;Porter et al., 2014, GALFORM: Bower et al., 2006;Font et al., 2008;Gonzalez-Perez et al., 2014, andGalICS: Hatton et al., 2003;Cattaneo et al., 2017Cattaneo et al., , 2020]]. Due to the similarities in the modelling of sub-grid physics in hydrodynamical simulations with the analytic recipes implemented in SAMs, the two approaches have arrived at the same qualitative conclusions about galaxy formation and evolution [Somerville & Davé, 2015]. Yet, numerical simulations are arguably more physical than SAMs, since in the latter much of the physical processes (except gravity that is dominated by DM) is controlled by hand. The prescriptions adopted are not necessarily physically motivated but can be empirical and tuned so that the model produces realistic galaxies. This poses the risk that the modeled galaxies appear akin to the observed ones but may fundamentally differ from them in some ways. Moreover, the large freedom in the choice of parameters may not guarantee a unique solution, although this risk is minimized by the large number of observational constraints that SAMs are still not able to reproduce. Finally, a crucial weakness of SAMs is that they completely neglect the back reaction of baryons to dark matter detected in simulations [e.g. Gnedin et al., 2004;Lin et al., 2006;Cui et al., 2014;Agertz & Kravtsov, 2016;Peirani et al., 2017], as galaxies evolve inside pre-determined haloes.

Scope and layout of the thesis

In this thesis, I investigate the role of feedback from supermassive black holes and environmental processes in quenching star formation in galaxies. To this end, I have used two different versions of the GalICS SAM; GalICS 2.0 [Cattaneo et al., 2017] (in Chapters 3, 4 and 5) and GalICS 2.1 [Cattaneo et al., 2020] (in Chapter 6). The main advancements of GalICS 2.1 is that it incorporates a physical model for the cooling of the hot gas atmospheres surrounding galaxies (in GalICS 2.0 hot gas never cools), and that it considers the multiphase structure of galactic winds by dividing them into a hot and a cold component (which forms the galactic fountain). Although less physical, GalICS 2.0 has the advantage of being already tuned to reproduce the galaxy stellar mass function from z = 2 to z = 0 [Cattaneo et al., 2017]. Moreover, despite its shortcomings, it achieves a better agreement with observations in some cases than the new, more complete model. This makes the comparison between the two SAMs particularly interesting. In Chapter 2 we describe in detail the GalICS 2.0 SAM as it was first presented in Cattaneo et al. [2017] and highlight any modifications it has undergone thenceforward. Chapter 3 describes the technical work for including a chemical evolution model in GalICS and compares its predictions to observations over a large range of redshifts.

1.6. SCOPE AND LAYOUT OF THE THESIS Chapter 4 describes the implementation of a spectophotometric evolution model and a dust extinction model in GalICS that allows for the prediction of galaxy magnitudes and colors. In Chapter 5, the chemical evolution model of Chapter 3 is utilized to investigate the quenching of satellite galaxies as it is imprinted on their stellar metallicities. Moreover, a model of ram-pressure and tidal stripping is described and added in GalICS 2.0 and its effect on the satellite population is investigated. Chapter 6, studies the growth of supermassive black holes during mergers and their role in quenching star formation. For this, the predictions of several merger models (incorporated in GalICS 2.1) are compared against a large volume of observational data, including stellar mass functions, star formation rates, detailed morphological data and central black hole masses.

Chapter 2 GalICS 2.0: Galaxies In Cosmological Simulations GalICS 2.0 [Cattaneo et al., 2017;hereafter C17], is based on previous experience with Gal-ICS [Hatton et al., 2003;Cattaneo et al., 2006Cattaneo et al., , 2008Cattaneo et al., , 2013] ] but re-written from scratch in order to take greater advantage of the numerical cosmological simulation used to construct the merger trees. The code exists in both a FORTRAN 2003 and a C++ version and consists of several different modules that capture the formation and evolution of galaxies on different scales. On the largest scale, the TREE module follows the hierarchical formation and merging of the DM haloes based on the network of relationships among them (progenitor, descendant, host, subhalo). The dark matter content of each halo determines the flow of baryons in and out of it in the HALO module. HALO, moreover, regulates the exchange of matter between the hot gas, the cold gas and the galaxy, but also between different haloes in case of mergers and interactions within clusters/groups. The internal structure of each galaxy is, subsequently, determined in the GALAXY module, which computes all morphological and kinematic properties of the galaxies. In GalICS 2.0 a galaxy can consist of different components, a disc, a bulge, a bar (or pseudobulge) and a cusp, whose star formation and feedback are followed in the COMPONENT module. The lowest scale corresponds to the interchange between the interstellar medium and the stellar content of each galaxy, whose evolution is followed in the GAS and STARS modules, respectively.

TREE

Cosmology and analysis of the N-body simulation

GalICS 2.0 runs on dark-matter (DM) merger trees from cosmological N-body simulations. The simulation used in this thesis assumes Ω M = 0.308, Ω Λ = 0.692, Ω b = 0.0481, σ 8 = 0.807 and H 0 = 67.8 km s -1 Mpc -1 [Planck Collaboration et al., 2014]. It has a volume of (100Mpc) 3 and its resolution has been increased from 512 3 particles (C17) to 1024 3 particles [Cattaneo et al., 2020]. The simulation has been performed with the RAMSES code [Teyssier, 2002], which uses the Adaptive Mesh Refinement (AMR) technique and, therefore, does not have a spatially uniform force resolution. The Poisson equation is solved on a grid that is continuously refined and de-refined during the simulation, to ensure that the mean number of particles per cell remains constant. In the densest regions (the centers of dark matter haloes) the grid reaches a force resolution of ∼ 1.5 kpc. Outputs of the simulation are given for 287 timesteps equally spaced in the logarithm of the expansion factor between z ≃ 16.7 and z = 0. Haloes and subhaloes are identified using the halo finder HALOMAKER [Tweed et al., 2009], which is based on the ADAPTAHOP [Aubert et al., 2004] algorithm. At each timestep and for each particle in the N-body simulation, the algorithm finds the n closest neighbors (with n between 20 and 64) and estimates the density associated to it using a Smoothed Particle Hydrodynamics (SPH) kernel. Moving from particle to particle, local maxima are identified throughout the density field. Particles with associated density above a density threshold ρ t are linked to their closest maximum and constitute groups. Then saddle points are identified in the density field between these groups and used to construct a structure tree i.e. an hierarchy of nodes (see fig. 2.1). Groups whose saddle point is above ρ t comprise the lowest level node of a structure tree. Each tree is then split into two branches separated by the lowest saddle point (if any) detected inside it. The process is repeated until no saddle point is found. Only the tips of branches, i.e. the highest level nodes commonly referred to as leaves, represent physical objects. Within each node structure, the leaf associated to the highest mass defines the halo. High mass leaves in other branches consist its subhaloes, while lower mass leaves are defined as sub-subhaloes, and so on (see fig. 2.2). The density threshold is computed with the fitting formulae of Bryan & Norman [1998] for a Planck cosmology, which gives ρ t ≈ 102ρ crit at z = 0. The merger trees, containing only physical haloes i.e. leaves in the node structure trees, are generated by the TreeMaker algorithm [Tweed et al., 2009] that identifies the generational relations between haloes at different timesteps. A halo is identified as a descendant of another halo (progenitor) when it inherits at least half of its progenitor's particles. Thus each halo can have many progenitors, with main progenitor the most massive of those, but at most one descendant. Haloes that lose more than half of their particles with no other halo accreting them have no descendant and disappear from the merger tree. These haloes, in our case, are very rare and thus statistically insignificant. At each timestep and for each halo containing at least 100 particles (corresponding to to a minimum halo mass of ∼ 4 × 10 9 M ⊙ ), we determine the virial ellipsoid that is centered on its centre of mass and contains all gravitationally bound particles with associated density above ρ t . The virial mass M vir is the sum of the masses of all particles contained within the virial ellipsoid, the virial angular momentum J vir is the sum of their angular momenta and the virial radius R vir is that of a sphere with volume equal to that of the virial ellipsoid. By fitting the mass distribution of each halo with an NFW profile:

M dm (x) = ln(1 + cx) -cx/(1 + cx) ln(1 + c) -c/(1 + c) • Ω M -Ω b Ω M M vir , (2.1)
CHAPTER 2. GALICS 2.0: GALAXIES IN COSMOLOGICAL SIMULATIONS

In the worst case in which a subhalo is close to the center of a massive cluster or group, it can be completely undetected even when its mass is ten times the mass resolution of the simulation. C17 assumed that whenever a subhalo is no longer detected by the halo finder, the associated satellite galaxy merges with the central galaxy of the host halo. Because of this assumption, the masses of central galaxies were overestimated and the number of satellite galaxies was underpredicted. Even state-of-the-art N-body simulations suffer from significant overmerging, mainly because of inadequate force softening, which causes excessive mass loss for satellite galaxies. In reality, as long as a subhalo is followed with sufficient mass and force resolution a bound remnant often survives [Kazantzidis et al., 2004;Diemand et al., 2007a,b;van den Bosch et al., 2018;van den Bosch & Ogiya, 2018].

To circumvent the overmerging problem, we have followed Tollet et al. [2017;T17 hereafter] and used a formula derived from cosmological hydrodynamic simulations that allows satellite galaxies to survive for some time after their subhalo is no longer detected. We refer to those satellites as orphan galaxies and to their subhaloes as ghost subhaloes. By treating ghost subhaloes as test particles we can compute their equation of motion:

V = -∇Φ + α df (2.4)
where

∇Φ = GM h (r) r 3 r, (2.5) 
the gravitational attraction exerted on the ghost subhalo by its host and

α df = - 4πG 2 ρ h M s lnΛ V 3 f V √ 2σ V (2.6)
the deceleration due to the dynamical friction force [Chandrasekhar, 1943] that is responsible for the orbital decay and the eventual merger. In equations 2.5 and 2.6, M h (r) and ρ h are the enclosed mass and the density of the host halo at radius r assuming an NFW profile, M s is the mass of the ghost subhalo, lnΛ = ln(1 + M h /M s ) is the so-called Coulomb logarithm, σ is the radial velocity dispersion of the DM particles (assumed to be Maxwellian) and

f (x) = erf(x) - 2 √ π x exp(-x 2 ).
(2.7)

As the ghost subhalo moves closer to the center of its host, its mass decreases due to tidal stripping. Negelecting this effect overestimates dynamical friction and accelerates orbital decay.

To solve this problem we fit an NFW profile to the subhalo at the time of last detection and truncate it at the tidal radius R t , which is computed along its orbit with the formula:

M s (R t ) R 3 t = 3 M h (r) r 3 , (2.8)
where M s (R t ) is the subhalo mass within R t [Tollet et al., 2017].

The ghost subhalo will eventually merge with its host at a pericentric passage after a dynamicalfriction timescale t df has passed since it entered the virial radius of the host. Chandrasekhar [1943] calculated t df in the simplifying case of circular orbits and by assuming that the host density follows a singular isothermal sphere profile. Under these assumptions, the specific angular momentum loss due to dynamical friction is:

d dt (rυ c ) = rα df , (2.9) 
where υ c = GM h /R vir = √ 2σ is the circular velocity independent of radius and ρ h = V 2 c /(4πGr 2 ). Hence, one gets:

dr dt = -f (1)lnΛ GM s rυ c , (2.10) 
which can be integrated to find the time it takes for the satellite to spiral from r = R vir to r = 0: .11) with A = 1/[2f (1)] ≈ 1.17, where M s is assumed to be constant [START_REF] Binney | Galactic Dynamics: Second Edition Birnboim[END_REF].

t df = ˆRvir 0 V c f (1)lnΛGM s rdr = A lnΛ M h R vir M s υ c , ( 2 
In a realistic scenario, where orbits are eccentric and subhaloes are stripped by the tidal field of the host, equation 2.11 fails to predict the correct timescale for orbital decay [START_REF] Mamon | Third Paris Cosmology Colloquium[END_REF][START_REF] Mamon | Third Paris Cosmology Colloquium[END_REF]Chan et al., 1997;Cora et al., 1997;Yi et al., 2013]. Jiang et al. [2008] investigated these effects using cosmological hydrodynamic simulations and found that equation 2.11 gives an accurate measure of the dynamical friction timescale if:

A = 1.17(0.94ǫ 0.6 + 0.6), (2.12)

where ǫ is the orbital circularity, i.e. the ratio of the actual angular momentum to that of a circular orbit with the same total energy (ǫ = 1 for circular orbits and ǫ = 0 for radial orbits). Using equations 2.4, 2.5 and 2.6 we find the pericentric passage that is closest in time to t df given from Jiang et al. [2008]'s formula and merge the ghost subhalo and orphan galaxy with their host. This method ensures that our average merging times are consistent with those measured in cosmological hydrodynamic simulations and that mergers always occur at the pericentre.

CHAPTER 2. GALICS 2.0: GALAXIES IN COSMOLOGICAL SIMULATIONS Following this approach, we have some backsplash galaxies1 , which cross massive structures and are only missed by the halo finder temporarily, falsely merging with their hosts. The reemerged subhalo moving outwards is then discarded from the merger tree as its particles are identified to descend from its host halo but do not suffice for it to be considered its descendant. This can lead to a somewhat underestimation of the fraction of backsplash galaxies with low subhalo to host halo mass ratios. T17 demonstrated that considering ghost subhaloes is equivalent to increasing the number of particles by at least an order of magnitude. They used abundance matching to assign stellar masses to the haloes and subhaloes identified in the simulations with 512 3 and 1024 3 particles. The simulation with 512 3 particles lacked satellites with stellar masses below 10 10 M ⊙ compared to the simulation with 1024 3 . However, once ghost haloes were included in the analysis of the simulation with 512 3 , its results agreed with those of the simulation with 1024 3 particles down to a stellar mass of 10 9 M ⊙ . By including ghost subhaloes in our analysis of the simulation with 1024 3 particles, we are confident that our stellar mass functions should be robust down to stellar masses of ∼ 10 8 M ⊙ .

The radii and masses of ghost subhaloes are computed taking into account that tidal stripping by their host halo. Assuming that subhaloes are in circular orbits and that tides are instantaneous (particles are stripped immediately when the tidal acceleration α t exceeds the gravitational acceleration ∇Φ s that bounds the particle to the satellite), the (tidal) radius R t of a ghost subhalo is given by:

GM s (R t ) R 2 t = α t = |α| M h (r) r 3 R t , (2.13) 
where M s (R t ) is the subhalo mass within R t , r is the distance of the subhalo from the center of the host, M h (r) is the mass of the host within r and α = d lnρ h /d lnr is the slope of the mean density profile of the host [Dekel et al., 2003]. For an NFW profile, α decreases from α = -1 at r = 0 to -2.6 α -2.2 at r = R vir . However, Tollet et al. [2017] showed that a higher value of α = -3, adopted in this work, gives a more accurate estimation of R t and that α is fairly independent of radius for r/R vir > 0.1.

Scheme to evolve galaxies along merger trees

The TREE module first reads the DM properties of all haloes in the merger trees; the virial mass, radius and angular momentum, the concentration, the position and velocity of the centre of mass, the position in the hierarchy of substructures (host halo/subhaloes) and the position in the tree (progenitors/descendant). At each timestep s the code loops over all haloes within each tree and assigns to each one of them a random merging time:

t s-1 < t m < t s , (2.14)
where t s and t s-1 are the age of the Universe at timesteps s and s-1, respectively. Initially, the progenitors (if any) of each halo are evolved between t s-1 and t m based on their DM properties at the timestep s -1. If there are more than one progenitor, those are merged at t m . The merger remnant, or the halo (in case of one or none progenitors) is subsequently evolved from t m to t s based on its DM properties at t s . Finally all the relevant quantities for each halo are saved in the output unit.

HALO

The HALO module follows the gas accretion onto a halo, the exchange of matter between the hot and cold gas within the halo and the central galaxy as well as among different haloes in case of mergers and interactions in group/cluster environments.

Gas Accretion

Baryon accretion onto haloes in GalICS is based on the notion that infalling DM carries with it the universal baryon fraction f b = Ω b /Ω M of baryonic mass in the form of gas. Let M vir (t s ) be the virial mass of the halo at t s and let M b (t m ) be the total mass of all the baryons that have accreted onto the halo since the Bing Bang including the sum of the baryon masses of all its progenitors. The accreted gas mass ∆M b between timesteps t m and t s is given by: In low-mass haloes, however, baryonic infall may be substantially reduced by heating of the IGM by a photoionizing ultraviolet background [gas in haloes whose virial temperatures are lower than the temperature of the intergalactic medium (∼ 10 4 K) is not able to cool and fall onto the central galaxy; Blanchard et al., 1992;Efstathiou, 1992;Gnedin, 2000;Croton et al., 2006]. These low-mass haloes will exhibit baryon fractions M bar /M vir lower than the universal value Ω b /Ω M . If we assume that the intergalactic medium has a Maxwellian velocity distribution we get: (2.16) where u esc the escape speed of the halo, T reio the temperature of reionization of the intergalactic medium, µ the mean particle mass, k the Boltzmann constant and Ω b /Ω M the cosmic baryon fraction. By using µσ 2 reio = kT reio , where σ reio is the one dimensional thermal velocity dispersion of the intergalactic medium and by assuming u esc = u vir √ 2, which is true for a singular isothermal sphere, Eq. 2.17 admits the solution:

∆M b = max[f b M vir (t s ) -M b (t m ), 0]. ( 2 
f b = Ω b Ω M ˆuesc 0 4π µ 2πkT reio 3 2 u 2 e -µu 2 2kT reio du,
f b = Ω b Ω M erf u vir σ reio - 2 √ π u vir σ reio e - u vir σ reio 2 .
(2.17)

The problem with this interpretation is that in GalICS 2.0 we require σ reio = 25 km s -1 to match the stellar mass function of galaxies, while photoionization heating is only important at υ vir < 20 km s -1 [Okamoto et al., 2008]. Simulations have shown that stellar feedback operates as an additional source for suppressing gas accretion onto low-mass haloes [Brook et al., 2012;Hopkins et al., 2014;Wang et al., 2017;Mitchell et al., 2018;Tollet et al., 2019]. Supernova feedback can divert the incoming gas on scales as larger as 6 R vir and prevent it from accreting onto haloes with virial velocitites as high as υ vir = 30 -40 kms -1 (pre-emptive feedback; Tollet et al., 2019). Hence, we can use equation 2.17 by replacing σ reio with a free parameter σ, as long as σ 40 km s -1 .

A fraction f hot of the gas that accretes onto a halo is shock-heated to the virial temperature while falling in and is added to the hot gas halo. The rest is added in the mass of the cold filaments M fil , which accretes onto the central galaxy. We assume

f hot = 0 for M vir ≤ M shock , f = logM vir -logM shock logM shutdown -logM shock (2.18)
for M shock < M vir < M shutdown , and f hot = 1 for M vir ≥ M shutdown , with M shock the low mass limit at which the infalling gas starts being shock-heated and M shutdown the halo mass above which all accreting gas is shock heated. M shock and M shutdown are free parameters of the model. In this work we have adopted M shock = 10 10.7 M ⊙ and M shutdown = 10 12.7 M ⊙ , like in C17. With these values, Eq. 2.18 is found to be in good agreement with the results of Ocvirk et al. [2008] who measured the flow rates of cold (T < 10 5 K) and hot (T > 10 5 K) gas through a spherical surface of radius 0.2 R vir in the Horizon-Mare Nostrum cosmological simulation. The equations giving the variation of the masses of the hot gas halo and the cold filaments are:

∆M hot = f hot ∆M b (2.19)
and (2.20) respectively. The second term on the right hand side of Eq. 2.20 gives the accretion rate from the filaments to the central galaxy, which is assumed to take place on a timescale equal to the freefall time:

∆M fil = (1 -f hot )∆M b - M fil t ff ∆t,
t ff = ˆRvir 0 dr υ ff (r) , (2.21)
where υ ff = √ -2φ is the freefall speed from rest at infinity and φ(r) is the gravitational potential of the halo, computed assuming an NFW profile3 . In GalICS 2.0, galaxies grow through cold accretion only; the gas in the hot halo never cools, hence there is no subtracting term in Eq. 2.19. This assumption is extreme even for massive haloes with M > M shutdown , where it leads to a total shutdown of gas accretion, let alone for lower mass systems. Besides preventing the cooling of the shock-heated gas that has been accreted from the intergalactic medium, it forbids the reaccretion of gas that has been ejected from the central galaxy. In reality, gas cooling is mitigated by AGN feedback, a physical model for which is lacking in GalICS 2.0. In this case, preventing the hot gas from cooling leads to galaxy color-magnitude distributions and stellar mass functions that are in much better agreement with the observations [Cattaneo et al., 2006]. However, in lower-mass systems, where AGNs are less prominent, reaccretion of the ejected gas is important in delaying star formation with respect to gas accretion onto the halo. Using the NIHAO simulations, Tollet et al. [2019] showed that a significant fraction of the gas expelled from galaxies is cold gas that has been entrained by the hot SN wind. This fraction is higher in low mass systems due their shallow potential wells. As a result, reaccretion is not determined by the hot CGM's radiative cooling time. In fact, 90% to 50% of the ejected gas per ejection event in dwarves and intermediate-mass (M * ∼ 3 × 10 10 M ⊙ ) spirals, respectively, falls back onto galaxies on a ∼1 Gyr timescale. Tollet et al. [2019] found that this "fountain feedback" reduces galaxies' masses by a factor of two to four, as gas spends half to three quarters of its time in the fountain, without contributing to the star formation within the galaxy. GalICS 2.0 neither distinguishes between the cold and hot phase of the ejected gas, nor does it account for cooling (but GalICS 2.1 does both; see Chapter 6). As we shall see in Chapter 5 this affects the fraction of our red and blue mock galaxies.

Outflows and mergers

When the mass of the gas that is blown out of the galaxy is higher than the mass of the hot gas in the halo, we assume that both the blown-out gas and the hot halo gas are expelled from the halo alltogether and store them in a "blown-out" component M blown-out to follow the contribution of gas and metals of each halo to the IGM. The total baryon mass M b of a halo that enters Eq. 2.15 is:

M b = M hot + M fil + M gal + M blown-out + M ICL , (2.22)
where M gal is the total bayonic mass of the galaxy and M ICL is the mass of the stars that have been stripped from galaxies in groups and clusters, which form the intracluster light (ICL). The blown-out mass is included in the total baryon mass to prevent its re-accretion onto the halo. When a merger occurs, we assume the different components of the baryon mass of the merging haloes do not mix. The merger remnant has a hot gas, filaments, galaxy, blown-out and ICL mass that is the sum of the respective components' masses of its progenitors.

Galaxy structure

A galaxy in GalICS 2.0 is modelled as a sum of four different components: a disc built through gas accretion and minor mergers, a bar (or pseudobulge) built through disc instabilities and a classical bulge and a cusp (that represents the central region of the classical bulge) built through major mergers.

The disc has an exponential surface density profile:

Σ(r) = Σ 0 exp - r r d , (2.23) 
where Σ 0 is the central surface density of the disc and r d is its scale-length. The stellar component of the disc follows the profile of equation 2.23, while its gaseous component is assumed to be more radially extended by a factor f d , i.e., to have a scale length of f d r d . Pseudobulges in GalICS 2.0, are assumed to follow the same exponential profile as the discs that formed them and are characterized by their radius R bar that encloses their total mass (computed in section 2.0.2.5). The structural properties of pseudobulges (boxy-peanut, bar or oval shape) are, therefore, not modeled. Classical bulges are assumed to be spherical and to follow the Hernquist [1990] profile:

M bulge (r) = r/r bulge 1 + r/r bulge 2 M bulge , (2.24) 
where M bulge and M bulge (r) the total mass and the mass of the bulge enclosed within radius r, respectively, and r bulge the scale radius of the bulge.

Disc radii and rotation speeds

All the gas that accretes onto the galaxy at each timestep is added to the disc, there is no gas accretion onto the other components.

We estimate the disc scale-length r d following Fall & Efstathiou [1980] and Mo et al. [1998a] by assuming that baryons have the same angular momentum distribution as DM and that the specific angular momentum is conserved, i.e., that:

J d M d = J vir M vir , (2.25)
where M d and J d are the total baryonic mass and angular momentum of the disc including the contribution of the pseudobulge. Cattaneo et al. [2017] note that even though Eq. 2.25 may give incorrect results for individual galaxies4 it is statistically valid, since discs have been found to show a similar specific angular momentum distribution to that of DM haloes both in simulations [Danovich et al., 2015] and in the local [Tonini et al., 2006] and high redshift [Burkert et al., 2016] Universe.

Given the disc angular momentum we can compute r d from:

J d = 2πΣ 0 ˆ∞ 0 e -r/r d r 2 υ c dr = M d r d ˆ∞ 0 e -x x 2 υ c dx =⇒ r d = λr vir ´∞ 0 e -x x 2 υc uvir dx , (2.26)
where υ c (r) is the disc rotation curve and

λ ≡ J h M h r vir υ vir (2.27)
is the spin parameter of the DM halo defined as in Bullock et al. [2001]. Figure 2.3 shows the median predicted scale length, r d , for disc galaxies as a function of stellar mass at z = 2 (blue) and at z = 0 (black); r d increases with decreasing redshift and increasing mass as does the 1σ uncertainty on the median (1.253σ/ √ N ), since disc galaxies become more scarce (the high mass end is dominated by elliptical galaxies). Disc galaxies are defined as those that have a bulge to total mass ratio, B/T < 0.7.

The disc rotation curve is computed taking into account the contribution from the DM halo, the bulge and the disc:

υ 2 c = GM DM (r) r + GM bulge (r) r + υ 2 d (r), (2.28)
where the contribution of the disc υ d is determined using Bessel functions as in Freeman [1970].

The value of υ c that enters Eq. 2.26 is the one that corresponds to the optical radius of the is given by:

υ d (2.2r d ) = 0.62 M d r d
(2.30) [Freeman, 1970]. By substituting the above in equation 2.29 we can rewrite the ELN criterion as: (2.31) where α = 0.28 for ǫ = 1.1. Since Mo et al. [1998a] and van den Bosch [1998], the ELN criterion has provided the standard description of disc instabilites that all current SAMS adopt (see references in [Devergne et al., 2020]). The main problem, however, is that while the ELN criterion determines whether a disc will become unstable, it does not predict the mass of the bar or pseudobulge that is likely to form because of this instability. Cole et al. [2000; see also Gonzalez-Perez et al., 2014 andGargiulo et al., 2015] considered an extreme model in which discs evolve into bulges when the criterion 2.31 is satisfied. GalICS 2.0 follows the more conservative model of Hatton et al. [2003], in which the radius of the pseudobulge R bar is the largest radius for which υ d (r)/υ c (r) > 2α. All gas and stars of the disc that lie within R bar are transferred to the bar/pseudobulge, so that M d decreases until the disc becomes stable again.

f d (2.2r d ) ≡ υ d (2.2r d ) υ c (2.2r d ) 2 > 0.62 ǫ 2 = (2α) 2 ,
As discussed by Devergne et al. [2020], this approach has no physical justification since the ELN criterion is a global one and the stability threshold depends on the radius at which it is applied, i.e., it is possible that f d (2.2r d ) < 2α (the disc is likely to be globally stable) but f d (r) > 2α at r < 2.2r d . C17 compensated this overpropensity of GalICS 2.0 to form pseudobulges by increasing the instability threshold to α = 0.45, a value which we adopt also here. Section 6.2.1.3 presents a new recipe for calculating the masses of pseudobulges derived from numerical simulations that is adopted in GalICS 2.1.

Mergers

Mergers in GalICS are distinguished into minor and major based on the mass ratio of the two galaxies that merge. First, the baryonic half-mass radii r 1 and r 2 of the galaxies are computed numerically from the profiles of their discs and bulges. If M 1 and M 2 are the total masses of the two galaxies, including baryons and DM, within r 1 and r 2 and M 1 > M 2 , their merger is identified as minor when M 1 /M 2 < ǫ m , where ǫ m is a free parameter of the model. In a minor merger, the merger remnant retains the structural properties (sizes and speeds of its components) of its most massive progenitor. The gas and stars in the disc, bar and bulge of the smaller galaxy are added to the respective components of the largest galaxy.

A major merger, that is when M 1 /M 2 > ǫ m , has a different outcome since the structural properties of the two galaxies are at least partly destroyed. In C17, which we follow in the largest part of this thesis, the remnant of a major merger comprises only a classical bulge. The stars from all components of the merging galaxies form large bulge, while all gas is concentrated in the central region of the bulge, i.e. the cusp, which has a star formation timescale ǫ SF-merge times shorter than the mean star formation timescale t SF,mean of all galaxies. A burst of star formation is, therefore, triggered in all major mergers with ǫ SF-merge > 1 and t SF,mean being free parameters of the model. A fraction ǫ • of the gas forming the cusp feeds the growth of a central supermassive black hole [Cattaneo et al., 2009]. The black hole mass of the merger remnant is, thus:

M • = M •,1 + M •,2 + ǫ • (M gas,1 + M gas,2 ), (2.32)
where M •,1 , M •,2 , M gas,1 and M gas,2 are the black hole and gas masses of the progenitors. The size of the bulge is computed assuming energy conservation [Cole et al., 2000;Hatton et al., 2003]: (2.33) where U bulge , U 1 and U 2 are the gravitational potential energies of the virialized6 remnant galaxy and its progenitors, respectively and E 12 is the interaction energy of the two-body system. We can rewrite Eq. 2.33 as:

1 2 U bulge = 1 2 U 1 + 1 2 U 2 + E 12 ,
1 2 C remn G(M 1 + M 2 ) 2 r 12 = 1 2 C 1 GM 2 1 r 1 + 1 2 C 2 GM 2 2 r 2 + 1 2 C 12 GM 1 M 2 r 1 + r 2 .
(2.34)

Here r 12 is the half mass radius of the merger remnant and C 12 is a factor that depends on the initial conditions of the merging galaxies. We assume that merging pairs start with zero interaction energy at infinity, which implies C 12 = 0 (in contrast, assuming that merging galaxies start from circular orbits around each other would imply C 12 = 1). We follow this assumption since it appears to be in better agreement with the size of spheroids found in cosmological hydrodynamic simulations [Shankar et al., 2013[Shankar et al., , 2014]]. C remn , C 1 and C 2 are the factors that relate the actual internal binding energy of each system to its mass and half-mass radius. These form factors are equal to 0.4 for a Hernquist [1990] profile and 0.49 for a pure self-gravitating exponential disc. Calculating their value in realistic cases is complicated and depends on the exact distribution of matter in the different components of the galaxy, so for simplicity we assume that C remn = C 1 = C 2 = 0.5 which gives good predictions for the sizes of remnants in dissipationless mergers [Covington et al., 2008]. Based on the above assumptions, the half-mass radius of the remnant galaxy is:

r 12 = (M 1 + M 2 ) 2 M 2 1 r1 + M 2 2 r2
.

(2.35)

If we further assume that the half-mass radius of the remnant galaxy is equal to the half-mass radius of its stellar component, which is reasonable for elliptical galaxies where DM has an insignificant contribution to the stellar dynamics, we can compute the scale radius of the bulge from:

r bulge = r 12 (1 + √ 2)
(2.36) [Hernquist, 1990].

The one-dimensional stellar velocity dispersion averaged over a cylindrical aperture on the sky of projected radius R e is given by:

σ 2 (R e ) = G M 1 + M 2 CR e , (2.37)
where C is a structure coefficient [Trujillo et al., 2004]. For a Hernquist [1990] profile the radius R e that contains half the mass in a two-dimensionless projection is related to the three dimension half-mass radius with R e = r 12 /1.33 = 1.8152r bulge and C = 3.31 [Courteau et al., 2014]. However, since the Hernquist profile is just a phenomenological model, we choose to adopt C = 2.5 as constrained by observations of early-type galaxies [Cappellari et al., 2006[Cappellari et al., , 2013]].

COMPONENT

A galactic component (a disc, a bar/pseudobulge and a classical bulge with its central cusp) consists of stars and gas. In the COMPONENT module we follow the conversion of gas into stars, the subsequent replenishment of the gas due to stellar evolution (galactic winds and SN remnants) and the ejection of gas from a component, i.e., the feedback.

Following strict mass conservation we can express the evolution of the gas mass within a component as:

Ṁgas = Ṁaccr + Ṁsml -SFR -Ṁout (2.38)
where Ṁaccr is the rate of gas inflow onto the component, Ṁsml is the rate at which stars restore both enriched and unenriched material into the ISM (stellar mass loss), SFR is the star formation rate and Ṁout is the rate at which gas is expelled from the system due to stellar feedback.

As explained in the previous sections, only the disc component accretes gas through cold flows in GalICS (there is no cooling in the current version of the model). The other components gain gas only through the transformation of the galaxy structure due to mergers and disc instabilities and have, therefore, Ṁaccr = 0. Since feedback from a component depends solely on stellar activity (there is no AGN feedback CHAPTER 2. GALICS 2.0: GALAXIES IN COSMOLOGICAL SIMULATIONS in GalICS 2.0) we can express the ejected gas rate as:

Ṁout = η • SFR, (2.39)
where η is a proportionality factor called the mass-loading factor. We can moreover introduce the star formation timescale t SF , which allows us to express the star formation rate as:

SFR = M gas t SF .
(2.40)

Substituting Eq. 2.39 and 2.40 into Eq. 2.38 we obtain:

Ṁgas = Ṁaccr + Ṁsml + (1 + η) M gas t SF , (2.41)
for the evolution of the gas within a component and

Ṁstars = M gas t SF -Ṁsml , (2.42) 
for the evolution of its stellar mass content. Both η and t SF depend on the structural properties of the component and/or on the redshift in our default model, which are only computed at the output timesteps of the N-body simulation used to construct the merger trees. The accretion rate Ṁaccr is determined based on the same timesteps (see Section 2.0.2.1). For simplicity we assume that Ṁaccr , η and t SF remain constant between consecutive timesteps. This allows us to solve analytically equations 2.41 and 2.42 after computing the stellar mass loss rate Ṁsml , which is done in the STAR module.

The star formation model

The star formation model determines the star formation timescale t SF for the different components. For discs, C17 assume that t SF is proportional to the orbital time t dyn (e.g., Kauffmann et al., 1993;Kennicutt, 1998). Hence:

t SF = t dyn ǫ SF = 1 ǫ SF × 2πr d υ c , (2.43)
where υ c is the circular velocity, r d is the disc scale radius and ǫ SF is a constant defining the star formation efficiency. Moreover, star formation is assumed to occur only in regions with gas surface density above a threshold value Σ th . Several authors have discussed star formation thresholds below which star formation is inefficient [e.g. Kennicutt, 1998;Schaye, 2004;Leroy et al., 2008]. Bigiel et al. [2008] find that below Σ gas ≃ 9 M ⊙ pc -2 the star formation varies dramatically at a given gas surface density (i.e. it departs from the mean Schmidt-Kennicutt law 7 ). This could suggest a SF threshold at this value of Σ gas , yet not a sharp one since there exist galaxies with a Schmidt-Kennicutt Σ SFR even below this point. C17 assume Σ th = 2 M ⊙ pc -2 because higher values suppress star formation too much in low mass halos.

By fitting a local sample of late-type galaxies by Boselli et al., 2014 with the above SF law, C17 found a star formation efficiency of ǫ SF = 1/25, which is the value we adopt in this study. With this efficiency, GalICS 2.0 reproduces the statistical relation between M gas and SFR in local galaxies and the SFRs of individual galaxies within a factor of two. Figure 2.4 shows the disc SF timescale as a function of redshift, in comparison to the observations of Santini et al. [2014]; Magnelli et al. [2014]; Berta, S. et al. [2016]; Genzel et al. [2015]; Schinnerer et al. [2016]; Béthermin et al. [2015b]; Scoville et al. [2016] and Tacconi et al. [2018b]. The observations that are shown with circles refer to molecular gas SF timescales while the ones shown with squares refer to molecular+atomic gas SF timescales 8 . All observations include galaxies with stellar mass above a few times 10 10 M ⊙ except from Magnelli et al.'s and Scoville et al.'s which also include lower-mass galaxies (M * > 10 9 M ⊙ ). GalICS's predictions refer to the total gas (atomic+molecular) within the disc. The solid black line shows the median t SF for all galaxies with M * ≥ 10 9 M ⊙ and the dashed black line shows the median t SF for all galaxies with M * ≥ 3 × 10 10 M ⊙ . We see that low-mass galaxies exhibit longer SF timescales, in agreement with the observed 'downsizing' scenario that wants low-mass galaxies to convert gas into stars less efficiently than more massive galaxies [e.g., Cowie et al., 1996;Neistein et al., 2006;Noeske et al., 2007;Thomas et al., 2005Thomas et al., , 2010, see also Section 3.4.2]. Moreover, our median t SF is shown to increase by a factor of ∼ 6 from z ≃ 3.8 to z = 0. 9 . In comparison to the observations, our t SF has a stronger dependence on z and is longer, especially at low redshift. A possible cause of that is that the orbital times are computed at the disc's scale length r d at all redshifts. However, the radius within which the gas forms stars effectively, r SF , which equals to the radius for which Σ gas (r SF ) = Σ th , has been observed to decrease with decreasing redshift, from ∼ 3.2r d at z ≃ 1 -3 [Tacconi et al., 2013] to ∼ 0.77r d at z ≃ 0 [Casasola et al., 2017] 10 . Taking into account that rotation curves in disc galaxies are 7 The Schmidt-Kennicut law is an empirical law connecting the gas surface density with the SFR density in a given region; Σ SFR ∝ Σ n gas with n ≃ 1.4 [Kennicutt, 1998]. 8 In the local Universe, the mass of atomic hydrogen in galaxies is measured with good precision using HI 21-cm emission surveys. This technique, however, is limited from the sensitivity of current radio telescopes to z ≤ 0.2 [Lah et al., 2007]. At high redshifts (z > 1.5), the density of atomic hydrogen is measured from observations of damped Lya absorption in quasars [see e.g. Wolfe et al., 2005]. The neutral (atomic plus molecular) gas masses for normal star-forming galaxies in the studies of Scoville et al. [2016] Santini et al. [2014] and Schinnerer et al. [2016] have been estimated using empirical dust-to-gas ratio-metallicity relations.

9 The slope of t SF with time is affected by the fact that the number density of massive galaxies increases with decreasing redshift. As the orbital time t is proportional to (1 + z) -1/5 , for a given mass t SF is ∼ 10 times shorter at z = 3.8.

10 The same behaviour is seen in GalICS although with a higher normalization and a shallower slope. More specifically, r SF /r d = ln(Σ 0 /Σ th ), where Σ 0 the central surface density of the gas, increases by a factor of ∼ 2.4, from ∼ 2.5 at z = 0 to ∼ 6 at z = 3. This is not in contrast to the observations when we consider that our Σgas refers to the sum of the atomic and molecular gas and that the molecular gas fraction increases with redshift Assuming a Chabrier [2003] initial mass function in the stellar mass range 0.1 -100 M ⊙ and a minimum mass for core-collapse SNe of 8 M ⊙ , gives a number of SNe per unit stellar mass formed of Ψ SN ≃ 1/(140M ⊙ ). If E SN ∼ 10 51 erg is the energy released by one SN, then the total power output of SNe is E SN Ψ SN SFR. This power is not all used to drive gas out of a galaxy, since part of it is radiated. Let us assume that a fraction ǫ SN of the SNe energy is converted into wind kinetic energy. The SN driven wind will escape the gravitational potential well of the DM halo if its speed is greater than the escape speed υ esc , thus the outflow rate Ṁout from a component satisfies:

1 2 Ṁout υ 2 esc = ǫ SN E SN Ψ SN SFR,
(2.44) [Silk, 2003]. Since υ esc ∝ υ vir , we can rewrite Eq. 2.44 to define the mass-loading factor η:

η ≡ Ṁout SFR = 2ǫ SN E SN Ψ SN υ 2 vir , (2.45)
where we have reabsorbed the proportionality constant between υ esc and υ vir (which depends on the DM halo concentration) into the wind efficiency ǫ SN .

A constant ǫ SN would imply a mass-loading factor that scales with υ -2 vir but numerical simulations [Tollet et al., 2019] as well as SAMs [Guo et al., 2011a;Henriques et al., 2013a;Lacey et al., 2016a;Cattaneo et al., 2017] have shown that only a steeper dependence of η on υ vir can reproduce the shallow slope of the low-mass end of the galaxy SMF. Cattaneo et al. [2017] introduced a phenomenological ǫ SN that depends on both υ vir and z: (2.46) where υ SN , α υ and α z are free parameters that have been determined by fitting the observed galaxy SMF from z ≃ 2.5 to z ≃ 0.1. The maximum value for ǫ SN , ǫ max = 1 has been imposed, since η can not grow indefinitely at low υ vir , but is limited by the maximum energetic efficiency of supernovae. Therefore, the normalization constant υ SN corresponds to the virial velocity for which ǫ SN = 1 at z = 0. The resulting values of the fitting of C17 (υ SN = 24 kms -1 , α υ = -4, α z = 3) give lower massloading factors than the ones assumed by Guo et al. [2011a], Henriques et al. [2013a] and Lacey et al. [2016a], for all but the lowest mass haloes resolved by our simulation. This is probably due to the absence of cooling in GalICS 2.0, since even gas in winds that are not powerful enough to escape the halo but settle into the hot CGM, cannot be reaccreted.

ǫ SN = min u vir υ SN αυ (1 + z) αz , ǫ max ,
The anticorrelation of ǫ SN with υ vir is expected theoretically, because massive haloes contain massive hot gas atmospheres [START_REF] Dekel | [END_REF]] that confine winds and slow down their expansion. The outflowing gas spends a larger period of time within the dense CGM and, therefore, radiates a much higher fraction of its internal energy. Moreover, massive galaxies have higher escape speeds owing to their deeper gravitational potential wells. Therefore, a large part of the SNe energy output there is wasted accelerating particles that do not manage to reach speeds high enough to escape the halo [Tollet et al., 2019].

STAR

The STAR module follows the evolution of a component's stellar population. This is done either based on the instantaneous recycling approximation (see Section 3.2) or by using stellar evolution models (see Section 3.3). The latter allows us to follow the production and release into the ISM of different elements and compute stellar properties that depend on the age and metallicity of a stellar population, such as the spectral energy distribution of a galaxy (see Chapter 4).

GAS

The GAS modules computes the properties of a component's gas content, i.e., its mass, total metallicity and elemental abundances (when stellar evolution modeling is enabled)). Whenever, a gaseous mass is transferred from one component or galaxy to another, its metals are transferred with it automatically. In classical bulges the gas follows the same distribution as the stars, i.e., a Hernquist [1990] profile, but gas in exponential discs is characterised by its own scale-length to account for the fact that gas is commonly more radially extended than stars in disc galaxies.

Parallelization of the code

Using the 1024 3 particles N-body simulation, which includes 688101 trees with a total of 78997924 haloes, takes GalICS ∼3 hours to run. Computing stellar evolution as described in Chapter 3 raises the execution time by a factor of ∼10 and if one wants to calculate additionally colors and magnitudes one would need ∼a week or more (for GalICS 2.1 the respective execution times are significantly longer). Fast execution is the main advantage of SAMs that allows for the exploration of a large parameter space. We, therefore, deemed it necessary to parallelize the code so that it can run in all available cores simultaneously.

Let us call forest the set of all trees in the N-body simulation. Dividing the forest into trees, so that each tree runs in a separate thread, is sensible, since the evolution of the haloes within a tree is independent of all other trees. However, in our case the biggest tree, corresponding to a cluster of galaxies with total mass > 10 14.6 M ⊙ , has a size of ∼25 per cent the total size of the forest. When this tree is executed parallelly to n threads -1 more trees (where n threads is the number of threads equal to the available number of cores), such a large space is allocated that the code crashes due to memory overflow. The solution to this problem is to split the largest trees into branches that can be processed 2.1. PARALLELIZATION OF THE CODE individually. First we determine the optimal number of branches n branches for each tree as:

n branches (i) = max[ n threads • tree(i) size forest size , n threads ],
(2.47)

where tree(i) size is the number of haloes in tree i and forest size is the number of all haloes in the forest. Branches should have approximately equal size and when a halo belongs to a branch all its progenitors should belong to the same branch. This is possible since each halo has only one descendant (see Section 2.0.1.1). To do so, I used a recursive function that walks through all haloes at each timestep (starting from the last timestep at z = 0) and assigns each halo along with all of its progenitors at each timestep to the smallest branch yet. Each tree constitutes a (parent) task. If a tree is big enough to consist of more than one branches, at each timestep the parent task spawns child tasks, each of which processes the haloes within one branch. At each timestep, parent tasks (corresponding to small trees) and child tasks (corresponding to larger trees) can be processed parallely.

The distribution of tasks over the different threads has been done using OpenMP (Open Multi-Processing), an application programming interface (API) that supports multi-platform shared memory multiprocessing programming in C, C++, and Fortran.

When the initial thread that executes the serial region encounters the parallel region, it creates the team of n threads threads, and it becomes the master thread of the team. The master thread is a member of the team as well and takes part in the computations. For each thread a list of private variables (i.e., local variables to the thread) is created, including the tree index, the index of branches within the tree and the timestep. All threads share a variable that defines the number of tasks n tasks (including both parent and child tasks) that are being executed at each instant. When n tasks becomes greater than n threads a TASKWAIT command prevents the master thread from generating more tasks, until one of the team threads becomes free. This ensures that no surplus space is allocated that would lead to memory overflow. The child tasks, besides the private variables of their parent threads, own also a private list of variables themselves, including the index of haloes within the branch, and their progenitors. When the execution of a tree with its child tasks has been completed, the results are written in the output unit. This process is done using the OpenMP CRITICAL command, which restricts the access to the output unit to only one thread at a time. This ensures that halo properties are written in the correct order and not mingled together with the output properties of other haloes or trees. Child tasks in our scheme, as defined above, are only independent with one another when the evolution of each halo within them depends only on its DM properties. When processes that rely upon host halo-subhalo relations are computed, our parallelization scheme breaks, since a subhalo and its host can be part of different branches of a tree. Currently, the only such environmental processes that GalICS includes are tidal and ram-pressure stripping. To overcome this problem, stripping (when enabled) is computed in a CRITICAL region that follows a TASKWAIT command. The TASKWAIT command ensures that both the subhalo and its host at each timestep have already been processed before stripping is evaluated. Each tree in the forest is assigned its own IGM. The total baryon mass in the computational volume is equal to Ω b ρ crit L 3 , where ρ crit is the critical density of the Universe and L = 100 Mpc is the size of the simulation. Each tree adopts an IGM mass proportional to its maximum DM mass (the sum of the masses of all haloes and subhaloes within the tree) throughout the lifetime of the Universe. Under this prescription, all metals produced by galaxies within a tree remain within the tree. Cosmological hydrodynamic simulations suggest that this is not an unreasonable assumption [e.g. Khalatyan et al., 2008;Borrow et al., 2020].

Chapter 3

Galactic Chemical Evolution

Introduction

In the standard ΛCDM framework, galaxies are thought to have formed out of gas consisting of 76% hydrogen, 24% helium and traces of beryllium-and lithium-isotopes, the resulting final abundances of the primordial nucleosynthesis1 . Heavier elements (metals) that are observed at present are produced in stars by means of nuclear reactions of fusion and restored into the interstellar medium (ISM) during various mass loss events (stellar winds, planetary nebula ejection and supernova explosions). This leads to a gradual chemical enrichment of the ISM with time. Thus, stellar generations formed at later times in a galaxy have higher metallicities as they are formed out of a more metal enriched gas. Galactic Chemical Evolution (GCE) studies how chemical elements are formed in stars and distributed in a galaxy. A GCE model has, thus, to account for the transformation of gas and metals into stars, the synthesis of new elements into these stars and the subsequent dispersion of these elements into the ISM as stars lose mass and die. Since galaxies are not closed systems, most GCE models consider gas accretion and outflows. Besides regulating star formation by replenishing and depleting the galaxy's gas reservoir, respectively, these processes affect also the evolution of its chemical composition. The metal content within a galaxy is diluted as it accretes pristine (or metal-poor) gas from the IGM and, therefore, the rate of metal enrichment slows down. On the other hand, outflows in the form of galactic winds remove gas along with its metals from the system. This has a double effect on the metallicity of a galaxy. Firstly, as the gas reservoir is depleted faster, less stars are formed within a given time interval and, thus, the mean stellar metallicity increases more slowly. Secondly, outflows reduce the total gas mass available for star formation leading to a lower final stellar mass and stellar metallicity when the gas is exhausted. GCE does not yet hold the status of a full astrophysical theory since the mechanisms that drive chemical evolution in galaxies are still poorly understood. However, given the fairly high accuracy of stellar evolution and nucleosynthesis theory, comparing GCE models to observational data can provide a wealth of information on the relative importance and timescales of the mechanisms of galaxy formation (monolithic collapse model, accretion of dwarf galaxies, hierarchical clustering, mergers, inflows, outflows and the physics of star formation).

Elemental Synthesis and Stellar evolution

The first stars build up from purely primordial gas, constituting the so-called Population III (or Pop III) are believed to have formed at redshifts z ≃ 30 -15 or around 100-300 Myr after the Big Bang, depending on the strength of the overdensity in each region of the Universe [START_REF] Klessen | Formation of the first stars[END_REF]. Pop III stars remain purely hypothetical, as no metal-free stars have been observed either locally or at high redshift, perhaps because of their high masses correspond to very short ( 10 Myr) lifetimes. What we know of their nature comes from hydrodynamical simulations and the abundance patterns of the oldest and chemically most primitive stars observed [Frebel et al., 2005;Chiappini et al., 2011;Keller et al., 2014].

As already outlined in Section 1.1, after the matter-radiation decoupling, baryons start settling as proto-galactic clouds in overdense DM regions that have decoupled from the general expansion of the background Universe (the Hubble flow), turned around and collapsed. The gas collapsing in these proto-galactic clouds heats up, either via adiabatic compression or due to shock-heating, producing sufficient pressure to stop further gravitational collapse. If, however, the classical Rees-Ostriker-Silk criterion is fulfilled, namely if the radiative cooling timescale is shorter than the free fall time, t cool < t ff , the gas is able to cool and condense to high densities and undergo gravitational runway collapse [Rees & Ostriker, 1977;Silk, 1977]. In the previous "standard" model (see the review of Bromm & Larson, 2004), it was thought that the first stars formed in isolation, i.e., one per halo. The high accretion rates in the early Universe coupled with the absence of metals and dust grains (which are higher efficiency coolants than hydrogen and helium) resulted in estimated masses for the first stars of ∼ 100 -1000M ⊙ [Bromm, 2013;Whalen, 2013]. Additional mechanisms invoked in models, can increase the crit-3.1. INTRODUCTION ical mass for collapse even further (e.g. by suppressing H 2 formation and allowing only atomic hydrogen cooling [Latif et al., 2013;Agarwal et al., 2016] or by reducing protostellar feedback [Freese et al., 2010]) resulting into 'supermassive' stars (M * 10 6 M ⊙ ) which could in turn be the progenitors of supermassive black holes, powering the first quasars [Mortlock et al., 2011;Wu et al., 2015;Bañados et al., 2018]. More recently, improved models have painted a different picture for the formation of the first stars [Stacy et al., 2010;Clark et al., 2011;Greif et al., 2011Greif et al., , 2012;;Dopcke et al., 2013;Hosokawa et al., 2016;Stacy et al., 2016]. After the initial spherically distributed gas infall, material falling with non-negligible angular momentum starts building up a rotationally supported disc around the central core. This accretion disc is unstable to fragmentation for two main reasons. Firstly, if the mass load onto the disc by accretion exceeds its capability to transport material inwards, non-linear spiral arms form leading to run-away collapse at their interception regions.

Secondly, if the cooling timescale is shorter than the orbital one: t cool < 3Ω -1 even initially stable discs, become unstable [Gammie, 2001]. Because of fragmentation, stars form in small swarms at the centers of primeval halos, leading to a much broader mass range for Pop III stars (∼ 10 -1000 M ⊙ according to simulations), with a typical mass of a few 10 M ⊙ (see Bromm, 2013;[START_REF] Klessen | Formation of the first stars[END_REF]and references therein).

As the ISM becomes enriched by supernova ejecta from the first massive stars, the transition to the so-called Population II of metal-poor (Z 0.1 Z ⊙ ) stars and eventually Population I of metal-rich stars occurs. Stars form from higher metallicity gas clouds than can cool efficiently and so their mass range goes down to approximately 0.08 < m/M ⊙ < 150 and the IMF becomes increasingly bottom-heavy. Mass is the most decisive factor determining the evolution and feedback of a star (secondary factors include the helium factor and metallicity, rotation, binarity and elemental abundances). Therefore, for the purposes of chemical evolution stars are often divided into three categories: low-, intermediate-and high-mass stars. I give a brief review of their evolution here but refer the interested reader to [START_REF] Ryan | Inference from modeling the chemodynamical evolution of the Milky Way disc[END_REF]; Karakas [2010]; Langer [2012] and Nomoto et al. [2013a].

Low-mass stars

The lower mass limit, 0.08M ⊙ , for a star is set by the heat and pressure in the core of a compact object needed to ignite normal hydrogen thermonuclear fusion. In smaller objects, before the temperature increases enough to trigger fusion, the density reaches the point where quantum electron degeneracy pressure halts further gravitational contraction 2 (for the same reasons the lower mass limit for helium burning in stars is 0.5 M ⊙ ). Objects with masses below 0.08 M ⊙ (but above ∼ 0.015 M ⊙ , the upper mass limit for planets) are called Brown Dwarfs and are 'star like' in the sense that they fuse deuterium or even lithium (depending on their mass) in their cores. Up to about 0.8 M ⊙ , stars remain on the main sequence, quiescently converting hydrogen 3.1. INTRODUCTION (CNO) cycle, in which C, N and O act as catalysts, replaces the pp chain as the main source of H fusion and alters the composition of the core. Regardless of the fusion reaction, when a star exhausts the hydrogen at its core it leaves the main sequence and begins to fuse hydrogen in a shell surrounding the contracting helium core. The core increases in mass as more helium is produced and simultaneously the outer layers of the star expand and become convective, with its luminosity remaining constant or slightly decreasing. This results in the cooling of the photosphere, moving the star horizontally in the Hertzsprung-Russel Diagram (HRD), as can be traced in figure 3.2. When the convection extends all the way from the surface to the interior, the star reaches the Hayashi limit, which marks the end of the subgiant phase and the beginning of the red giant branch (RGB). The mixing of layers, owing to convection, can bring at the surface the signatures of H-burning (an increased 4 He abundance and decreased 12 C/ 13 C and C/N ratios) from the central regions of the star (the first dredge-up).

During the ascent of the RGB, the He core continues to contract and heat, increasing the luminosity and radius of the star. As a result, its outer layers that are loosely held can be lost through stellar winds, leading to a reduction of about ∼ 30% in the mass of the star. The RGB lifetime finishes when a temperature of ∼ 10 8 K, necessary for helium ignition is reached at the core. At this stage, stars with mass lower than about 2 M ⊙ , will have a completely degenerate core, which leads to a violent helium ignition, the so-called core helium flash. During the helium flash, the energy output of the core is increased by several orders of magnitude for a few days. However, the surface luminosity of the star does not change greatly, since most of the energy is consumed by the thermal expansion of the initially degenerate core. More massive stars, enter the helium burning phase in a smoother fashion and their non-degenerate cores allow them to contract, resulting in higher surface temperatures. Following, the star enters a period of central He-burning referred to as the Horizontal Branch (HB) for metal-poor (Pop II) stars and the Red Clump (RC) for metal-rich (Pop I) stars.

Once helium is exhausted in the core, the star expands ascending the giant branch for a second time, but for a much shorter period of time than the RGB phase that is known as the Asymptotic Giant Branch (AGB) phase. The expansion is now driven by a He-burning shell surrounding the core and an H-burning shell above it, while the Carbon-Oxygen (C-O) core becomes electron degenerate. In stars heavier than 3.5-4.5 M ⊙ , the outer layers get convective again, including regions where complete H burning had taken place, and that results in an increase of the helium and nitrogen abundances in the surface of the star (the second dredge-up). After the helium shell runs out of fuel, the thermally pulsing AGB (TP-AGB) phase starts. At this stage, the H-shell burns quiescently for relatively long periods, until it produces enough helium for the He-shell to reignite (the thermal pulse). The luminosity of the He-shell flash peaks at thousand times the total luminosity of the star but does not reach the surface. Instead, it is used up to expand the outer layers, shutting off the H-shell burning and causing strong convection in the zone between the two shells (third dredge-up). As a result, the products of partial Heburning (mainly 4 He and 12 C but also s-process elements6 ) are mixed to the surface of the star.

at Z = Z ⊙ ≈ 0.015).
Following that, the stars contracts, the hydrogen shell re-ignites and the cycle begins again. The series of increasingly stronger thermal pulses can lead to the formation of a carbon star 7 . However more massive stars (m 4 M ⊙ ) experience a process knows as hot bottom burning that favors the conversion of carbon into nitrogen and oxygen before it reaches the surface of the star, resulting into O-rich stars [García-Hernández et al., 2013]. Due to the increased luminosity produced by the thermal pulses, AGB stars lose almost all of their metal-enriched envelopes by strong stellar winds. Therefore, AGB stars are major contributors in the chemical enrichment of the galaxies. Ultimately, the star runs out of fuel for shell burning and goes into the post-AGB phase. The C-O core contracts, heats up and ionizes the expanding ejected envelope, which illuminates forming what is called a Planetary Nebulae. The star ends its life as a C-O white dwarf, an electron-degenerate remnant with mass in the range 0.5-1.2 M ⊙ that will slowly radiate its thermal energy away.

Supernovae of type Ia

Intermediate-mass stars may follow a different evolutionary path when they are part of a binary system, leading to a supernova type Ia explosion. There are two main progenitor models for SNe Ia, the single-and the double-degenerate channel. In the single-degenerate channel, the primary star of the binary system is already an electron-degenerate CO-WD and shares a common envelope with the secondary star which donates material to the primary most likely when it envolves onto the asymptotic giant branch. When the C-O white dwarf accretes enough matter to approach the Chandrasekhar mass, m ≈ 1.38M ⊙ (for a non-rotating star) it starts to collapse, increasing the temperature and density inside the core to the point where a thermonuclear runaway of carbon burning ignites [Hillebrandt & Niemeyer, 2000;Mazzali et al., 2007]. Within a few seconds, a significant fraction of the white dwarf's mass undergoes nuclear fusion releasing more than enough energy (1-2×10 51 erg) to unbind the star and create an outwardly expanding shock wave. The explosion is accompanied with an extreme increase in luminosity, reaching an absolute magnitude of M V = -19.3, with little variation. The uniformity in mass of the white dwarfs that explode as SNe Ia via this channel, leads to a consistent peak luminosity (with a deviation tightly correlated with observed quantities [Phillips, 1993;Tripp, 1998;Kasen et al., 2009]) that makes single-degenerate SN Ia the most reliable distance estimators, standard candles, at cosmological distances [Branch & Tammann, 1992;Riess et al., 1998]. In the double-degenerate channel, two white dwarfs spiral into each other, loosing angular momentum due to gravitational waves, until they merge and their combined mass exceeds the Chandrasekhar limit triggering the explosion. The luminosity of double-degenerate SN Ia can vary significantly (since the total mass is not constrained by the Chandrasekhar limit), questioning the use of SN Ia as standard candles, if they occur often [Maoz et al., 2012]. Depending on the ignition mechanism and metallicity, a single-degenerate SNIa releases into the ISM around 0.07-0.21 M ⊙ of carbon to aluminium elements (with 0.06-0.14 M ⊙ of oxygen), neutron-capture under moderate flux and beta decay.

7 Carbon stars are very cool and reddened stars with strong carbon lines in their spectra.

3.1. INTRODUCTION 0.22-0.27 M ⊙ of silicon to calcium elements and 0.67-0.9 M ⊙ of iron-peak elements8 ) [Nomoto et al., 1984;Iwamoto et al., 1999;Nomoto & Leung, 2018]. The different progenitor models have different Delay Time Distribution (DDT) functions, i.e. the typical time it takes for different SNIa progenitors to explode, depending on the assumed angular momentum loss and evolutionary stage of the progenitors. A combination of both SNIa progenitor models is usually assumed in chemical evolution models with a peak DDT at ∼ 1 -2 Gyr, producing around 30%-50% of the overall iron abundance in galaxies [START_REF] Matteucci | The chemical evolution of the Galaxy[END_REF]Dahlen & al., 2008;Mennekens et al., 2010;Maoz et al., 2011;Maoz et al., 2012].

Massive stars

Stars more massive than 8 M ⊙ retain enough mass during hydrogen-and helium-burning to fuse carbon in their core and form neon, sodium and magnesium. Once carbon burning is complete, neon begins to capture electrons which triggers neon burning. In stars with an initial mass below 10-12 M ⊙ this process is unstable. A star in this mass range will end its life either as an O-Ne-Mg white dwarf or, if the core mass grows to 1.38 M ⊙ , as an "electron capture supernova" leaving behind a neutron star [Poelarends et al., 2008;Wanajo et al., 2011;Leung et al., 2020].

Stars of larger initial mass, ignite hydrostatic neon burning, followed by complete oxygen and silicon burning. The result is a core consisting largely of iron-peak elements which is surrounded by shells of increasingly lighter elements still undergoing fusion9 . When the core mass exceeds the Chandrasekhar limit of about 1.4 M ⊙ , electron degeneracy is no longer sufficient to counter the gravitational compression. The inner core implodes within seconds and the outer core collapses inwards reaching very high speeds (up to ∼1/4 the speed of light). Due to the sudden compression the temperature of the inner core skyrockets releasing high-energy gamma rays that partially photodisintegrate iron nuclei into helium particles. Neutrons are formed via reversed beta-decay releasing vast quantities of neutrinos carrying energy (of ∼ 10 53 erg), causing the core to contract even further. The implosion finally slows down and rebounds due to neutron degeneracy, as the innermost parts of the core reach a density of 4-5×10 14 g cm -3 nearly twice that of the atomic nucleus. This creates an expanding shockwave that accelerates the overlying material outwards. The bounce is however not sufficient to form a supernova explosion as the shockwave stalls in the outer core due to photodisintegration of heavy elements. A process that is not clearly understood -and may involve neutrino interaction or jet feedback-allows the outer layers of the core to absorb the typical ∼ 10 51 erg supernovae energy and power the explosion [Woosley & Janka, 2005;Soker, 2017]. Depending on its core mass, metallicity and rotation, a massive star will end up its life either as a neutron star or as a stellar black hole [Heger et al., 2003]. Core-collapse supernovae enrich the ISM mainly with synthesized α-elements, a bit of iron-peak elements and traces of heavier r-process elements10 . However, there is some evidence that the majority of massive stars above 25 -40 M ⊙ may collapse quietly to black holes that would swallow a significant part of their nucleosynthesis products [Smartt, 2009;Heger & Woosley, 2010] 11 .

The simple GCE model

The simple model of galactic chemical evolution (GCE) is based on the following assumptions:

• the gas is well mixed at all times

• the IMF φ(m) is constant in time and space
The first assumption implies that the stellar ejecta from dying stars are immediately and efficiently mixed in the ISM, the instantaneous mixing approximation, such that at every instant the ISM has a unique chemical composition X i (t) (equal to the mean), which is the one that acquire the stellar populations formed at time t. We assume that this holds true within each of the separate components of a galaxy in GalICS, as each component is characterized by its individual gas flows and SF timescale. We therefore ignore any radial, vertical or random flows that would establish metallicity gradients within a galactic component.

In Section 2.0.3 we gave the equations that determine the evolution of the gaseous and stellar mass within a component (Eq. 2.41 and 2.42, respectively) assuming that the ejected gas rate is proportional to the SFR (Eq. 2.39) and that the SFR itself is proportional to the gas mass within the component (Eq. 2.40). The only parameter missing for solving these equations is the stellar mass loss rate Ṁsml , since the rate of gas accretion Ṁaccr is determined at each timestep by the growth of DM in the numerical simulation (Section 2.0.2.1). Stellar mass loss refers to all the mass that the stars evolving through stellar winds and SN explosions return to the ISM. In the limit that the lifetime of those stars can be considered negligible, while all stars less massive than a specific mass, m IRA , are assumed to be eternal and to not contribute to the ISM, the so-called instantaneous recycling approximation (IRA), we can assume that the rate of stellar mass loss is directly proportional to the SFR:

Ṁsml = R • SFR. (3.1)

THE SIMPLE GCE MODEL

The factor R in the above equation is the "returned fraction", defined as the fraction of mass restored into the ISM by a stellar generation, namely:

R = ´mup mIRA (m -M R (m))φ(m)dm ´mup 0.1 M⊙ mφ(m)dm (3.2)
where m is the initial mass of each star of the generation, M R (m) is its remnant mass and m up is the upper mass cutoff of the IMF12 . Usually, m IRA = 1.0 M ⊙ and m up = 100 M ⊙ [Vincenzo et al., 2016], however in Section 3.4.1 we will consider varying m up . Under IRA, equation 2.41 for the evolution of the gas mass within a component, becomes:

Ṁgas = Ṁaccr -(1 -R + η) M gas t SF , (3.3)
and admits the simple analytic solution:

M gas (t) = Ṁaccr τ + [M gas (0) -Ṁaccr τ ]e -t τ , (3.4) 
[ Cole et al., 2000;Lilly et al., 2013;Dekel & Mandelker, 2014;Peng & Maiolino, 2014a], where:

τ = t SF 1 -R + η (3.5)
is the gas-depletion timescale (the reservoir of gas available for star formation is depleted not only by star formation but also by outflows) 13 . By substituting equations 3.1 and 3.4 and into Eq. 2.42, we find a similar equation for the evolution of the stellar mass:

M * (t) = M * (0) + (1 -R) ˆt 0 SFR(t) dt = M * (0) + (1 -R) τ t SF • • Ṁaccr t -( Ṁaccr τ -M gas (0))(1 -e -t τ ) .
(3.6)

The mass of metals in the gas, M gas,Z , follows a similar equation to the one for M gas , with the difference that metals are not only accreted, used to form stars, returned to the ISM and ejected; metals are produced through stellar nucleosynthesis. Let y i be the yield per stellar generation, or net yield as defined in Tinsley [1980a], i.e. the total mass of a given chemical element i newly produced and released into the ISM by a stellar generation, normalised to the mass locked in low-mass stars and stellar remnants:

y i = 1 1 -R ´mup mIRA mp i (m)φ(m)dm ´mup 0.1 M⊙ mφ(m)dm , (3.7)
where p i (m) is the stellar yield defined such that m • p i (m) is the mass of the newly produced and ejected element i by a star with initial mass m. With this definition the rate of newly produced and released metals is equal to y Z (1 -R) • SFR and the equation determining the mass of metals in the gas is: [Tinsley, 1980b], where y Z the sum of all metals' net yields and Z accr the metallicity of the infalling gas.

Ṁgas,Z = Z accr Ṁaccr -(1 -R + η) M gas,Z t SF + y Z (1 -R) M gas t SF (3.8)
In the same way that Cole et al. [2000], Lilly et al. [2013], Dekel & Mandelker [2014] and Peng & Maiolino [2014a] had found an analytic solution for equation 2.41, I found that equation 3.8 admits the analytic solution:

M gas,Z (t) = (Z accr + ỹ) Ṁaccr τ + (3.9)

+[M gas,Z (0) -(Z accr + ỹ) Ṁaccr τ ]e -t τ + -ỹ Ṁaccr - M gas (0) τ te -t τ ,
where:

ỹ = 1 -R 1 -R + η y Z . (3.10) 60 3.2. THE SIMPLE GCE MODEL
Consequently, the mass of the metals locked into stars is found to be:

M * ,Z (t) = M * ,Z (0) + (1 -R) ˆt 0 Z gas (t)SFR(t) dt = M * ,Z (0) + (1 -R) τ t SF • • (Z accr + ỹ) Ṁaccr t + ỹ Ṁaccr - M gas (0) τ te -t τ + -(Z accr + ỹ) Ṁaccr τ + ỹ Ṁaccr - M gas (0) τ τ -M gas,Z (0) • • 1 -e -t τ .
(3.11)

where Z gas (t) = M gas,Z (t)/M gas (t) the metallicity of the gas at time t.

Using equations 3.4, 3.6, 3.9 and 3.11 we can follow the evolution, of the gas mass and gas metallicity Z gas = M gas,Z /M gas , stellar mass and stellar metallicity Z * = M * ,Z /M * , between two consecutive timesteps t i and t i+1 in the simulation, assuming only that the accretion rate, the star formation timescale t SF and the mass loading factor η are constant during a time ∆t = t i+1 -t i . Finally, by integrating M gas /τ and M gas,Z /τ over ∆t we can obtain the gas mass and gas metals' mass lost owing to star formation and feedback during our timestep:

∆M depl gas = Ṁaccr ∆t -( Ṁaccr τ -M gas (t i )) • (1 -e -∆t/τ ) (3.12)
∆M depl gas,Z = Ṁaccr,Z + y Ṁaccr ∆t + y Ṁaccr -M gas (t i )/τ ∆te -∆t/τ -y Ṁaccr τ -M gas (t i ) -M gas,Z (t i ) + τ Ṁaccr,Z + y Ṁaccr 1 -e -∆t/τ , (3.13) a fraction of (1-R)/(1-R +η) of which is used for the formation of new stars at each timestep, while a fraction of η/(1 -R + η) is expelled from the system.

Understanding the simple GCE model

The equations 3.4, 3.6, 3.9 and 3.11 derived above, describe the evolution of the gas and stellar mass and mass of metals in the gas and stars, respectively, of an isolated galaxy. Mergers between galaxies complicate things because while the mass of the merger remnant always in-creases, its metallicity can be abruptly diminished or boosted depending on the previous states of the merging galaxies. Let us assume that the merger histories of the galaxies in our SAM are correct (including the merger trees coming from our DM simulation and our baryonic treatment of mergers as described in Sections 2.0.2.2 and 2.0.2.6). In this case, the metallicity of a galaxy of a given mass M * is determined by the parameters entering the equations of our GCE model (y Z , R , Ṁ and η) and it is useful to disentangle the influence each one has on the chemical evolution of our galaxies.

Let us first consider the simple one zone closed box model, which besides the two main assumption of our simple GCE model (see beginning of section 3.2) assumes that:

• the system consists of one zone and is closed (no gas escapes from or accretes on to the galaxy), and

• the initial gas is primordial, i.e., Z IGM =0.

Following these, we find from equations 3.4 and 3.9 (with Ṁaccr = M gas,Z (0) = η = 0) for the gas' metallicity:

Z gas,cb (t) = y τ t = y Z (1 -R) t t SF = y Z ln(M gas (0)/M gas (t)) = y Z ln(1/µ), (3.14) 
where µ = M gas (t)/(M gas (t) + M * (t)) the gas fraction of the system, since M gas (0) = M gas (t) + M * in the closed-box model [Dalcanton, 2007;[START_REF] Matteucci | Chemical evolution of Galaxies[END_REF].

In equation 3.14, we see that given sufficient time the metallicity of the gas can reach very high values, as stars form and the initial gas mass is exhausted (µ → 0). Notice, however, that Z gas cannot be higher than 1 by default. This problem arises when IRA is adopted and a constant yield y Z independent of the stars' metallicity is used. Since the total metal yield represents the amount of metals produced from hydrogen and helium, we expect a star formed by highly enriched gas (Z gas → 1) to have a yield tending to 0. In Vincenzo et al. [2016] we see in fact the general trend of y Z decreasing with increasing Z * . However, theoretically determined yields, as the one used in this study, never predict values for such highly enriched stars, which although non observed in the Universe, can easily appear in analytical models, especially in cases where no pristine (or metal-poor) gas is accreted on the system (e.g. closed box). Therefore, we have added the restriction that the mass ejection rate of a stellar population must be equal or higher than the metals' mass ejection rate, i.e., that the metallicity of the ejected gas is ≤ 1, which using equations 3.3 and 3.8 leads to the constraint:

y Z ≤ R 1 -R 1 -Z gas (t) , (3.15)
which should hold true in all cases (not only the closed box), both when IRA is used and when chemical evolution is computed numerically using stellar yields.

THE SIMPLE GCE MODEL

Let us now assume that gas can escape from the system (η > 0) while accretion is still zero, what is called the leaky-box model. Again, from equations 3.4 and 3.9 we get:

Z gas,lb (t) = y τ t = y Z (1 -R) t t SF = y Z 1 -R + η ln(M gas (0)/M gas (t)) (3.16)
We see here, that for the same gas fraction M gas (0)/M gas (t), the metallicity of the leaky-box model is reduced by a factor of 1 -R + η in comparison to the closed-box. But notice that now

M gas (0) = M gas + M * (t) * (1 -R + η)/(1 -R) > M gas (t) + M * (t)
, since gas is also expelled from the system in the leaky-box model. Moreover, the gas in the system depletes faster here (not only by star formation but also by outflows), resulting to the equivalence of equations 3.14 and 3.16 when Z gas is expressed as a function of time. Therefore, we see that when no accretion is allowed, the time evolution of the gas metallicity does not depend on outflows (for a given t SF ). Of course, that is unless the outflow is strong enough to deplete the galaxy's gas reservoir completely, in which case the metallicity of the gas and stars remain at their values at the time of depletion.

The above relations refer to the gaseous components of the galaxy as denoted by their indices.

We will show, that on the contrary, the mean metallicity of the stars does not increase uncontrollably (meaning reaching values close to 1) with time in the closed-and leaky-box models. Dividing equation 3.11 over 3.6 with Ṁaccr = 0 we find:

Z * ,cb/lb (t) = -yM gas (0) t τ e -t/τ + yM gas (0)(1 -e -tτ ) M gas (0)(1 -e -t/τ ) = y 1 -e -t/τt τ e -t/τ 1 -e -t/τ , (3.17) which tends to Z * ,cb/lb (t) = y for t → ∞ or when µ → 0. We see, thus, that in case of the closed-box model the mean stellar metallicity can reach a maximum value equal to the net metal yield y Z , while outflow simply reduces the maximum value to that of an effective yield ỹ = y Z (1 -R)/(1 -R + η). Nothing, however, prevents individual stars that form at later evolutionary stages from highly enriched gas, from having metallicities higher than the effective yield.

Let us, finally, consider the accreting-box model with and without outflow. The gas mass, given by equation 3.4 and the gas metals' mass (eq. 3.9) are equal to Ṁaccr τ and (Z accr + ỹ) Ṁaccr τ , respectively, when t >> τ (or more specifically when t 10τ ). Therefore, the metallicity of the gas is driven (rapidly for a short t SF or more slowly for a long t SF ) to the value (Z accr + ỹ). For t < 10τ the gas metallicity can oscillate around (Z accr + ỹ) and can reach higher values when M gas (t i ) > Ṁaccr (t i )τ , i.e., when accretion is negligible and the system behaves like a closed-or a leaky-box14 . Soon after, however, it drops again and stabilizes at Z gas = (Z accr + ỹ).

Similarly, the stellar mass given by equation 3.6 becomes:

M * (t) = (1 -R) (1 -R + η) Ṁaccr t (3.18)
and the mass of metals in stars given by equation 3.11 becomes:

M * ,Z (t) = (1 -R) (1 -R + η) (Z accr + ỹ) Ṁaccr t (3.19)
if gas accretion continues for t >> τ . By dividing the above we find that the stellar metallicity tends to Z * → (Z accr + ỹ) for t >> τ . In reality the mean stellar metallicity, will increase monotonically up to a value lower than (Z accr + ỹ), since gas metallicity represents the current metal abundance of the galaxy, while the stellar average includes stars formed at early epochs from low-Z gas. Moreover, the rate at which the gas-phase and stellar metallicity grow before reaching their equilibrium value, increases with decreasing SF timescale.

To visualize the above conclusions, we plot in figure 3.3 the evolution of an isolated, quiescent (with no history of mergers) disc galaxy in GalICS, calculated using IRA. In the closedand leaky-box scenarios we have halted the gas infall when the virial mass of the DM halo is equal to ∼ 10 10.8 M ⊙ , which corresponds to an age of the Universe of ∼ 3.2 Gyr. From this time on, we have also set the mass-loading factor η to zero in the closed-and accreting-box models.

The solid curves show the evolution of the whole galaxy, while the dotted and dashed-dotted curves show the evolution of its disc and bar, respectively. Solar metallicity, here is set to Z ⊙ = 0.0134 and y Z =0.032. The star formation timescale of the disc has been set to a constant t SF = 2 Gyr, while the bar has a shorter t SF of 0.2 Gyr, so to demonstrate the effect of t SF on the chemical evolution of a component. The formation of the bar follows the prescription described in Section 2.0.2.5. Contrary to the other models where the galaxy mass is dominated by the disc, in the accreting box model with no feedback this results in a bar with mass comparable to that of the disc (see top-right panel). In this case the stellar metallicity of the bar rapidly reaches the value of the net metal yield ỹ = y Z ∼ 0.032, [log(0.032/Z ⊙ ) ≈ 0.38], as it has a very short star formation timescale. Its gas metallicity on the other hand oscillates as gas is exhausted and then replenished by pristine gas that falls in the galaxy.

The stellar metallicities of the discs in the closed-and accreting-box models also approach the value of y Z at the same pace, as equations 3.17, 3.18 and 3.19 dictate, but less rapidly (than the bar) as the system exhausts its gas more slowly. In order to reach the same metallicity, however, the disc in the accreting-box model needs to transform much more gas into stars than the disc in the closed-box model, due to the pristine gas that continuously dilutes its gas reservoir.

The stellar metallicity of the leaky-box model seems to freeze at its value at the time of the halt of accretion, since very little stellar mass is formed in the galaxy after t = 3.2 Gyr. The can be computed observationally from the observed metallicity and gas mass fraction. When the closed-box model applies, the effective yield is equal to the true yield, y Z . Outflows of metal-enriched material, instead, act to lower the value of the effective yield. The same is true when pristine gas is accreted from the IGM that dilutes the metallicity of the galaxy (although the net effect on the effective yield here is more modest, since at the same time gas inflow raises the gas mass fraction). Therefore, by comparing the effective yield at t obs with the true yield y Z we can get an understanding of the extent of ouflows and/or accretion that had taken place at earlier stages of a galaxy's evolution.

Delving deeper we find that when the leaky-and the accreting-box model with outflows are compared, the latter shows higher y eff as a function of M * . Enhanced accretion results into lower Z gas for a given stellar mass, but the increase in the gas mass fraction µ is such that y eff (M * ) increases with increasing Ṁaccr (when η is the same). Moreover, it is trivial to show that for a given Ṁaccr and η, the effective yield is affected by the SF timescale such that y eff ց when t SF ց. Contrarily, in the leaky-box model (as in the closed-box model) the M gas -M * , Z gas -M * and Z * -M * relations are independent of t SF . Therefore, the y eff -M * relation is also independent of t SF .

At the beginning of the Section, we emphasized that these conclusions apply only on the chemical evolution of isolated galaxies. It is, therefore, interesting to test how our treatment of mergers affects statistically the chemical evolution of galaxies in GalICS. To this end we plot the median stellar metallicity (top-left) the median gas metallcity (top-left), the effective yield (bottom-left) and the gas to total mass ratio (bottom-right) as a function of stellar mass at z = 0 for all galaxies (black curves), disc galaxies (blue curves) and elliptical galaxies (red curves). Elliptical galaxies are defined here as those with a bulge to total mass ratio, B/T larger than 0.7. We should note that in the model considered for this figure, the computation of disc instabillities is disabled, meaning that B includes only classical bulges formed through mergers (and not bars/pseudobulges).

What we first observe is that the median relations for all galaxies follow the relations for disc galaxies up to a stellar mass of ∼ 10 11.5 M ⊙ , above which disc galaxies are scarce. Elliptical galaxies display higher stellar and gas metallicities. Moreover, they have lower gas to total mass ratios for a given stellar mass. This happens because elliptical galaxies assemble a significant fraction of their mass through starbursts, where t SF,sb = t SF,dyn /10 (see Section 2.0.3.1). Moreover, star formation during starbursts is not confined by a minimum gas surface density, all gas accreted through a major merger is available for star formation. Therefore, a galaxy that has experienced mergers reaches a certain M * with fewer gas left in its reservoir than an isolated galaxy. The net effect of the higher Z gas and lower µ of ellipticals is that the median y eff of all our galaxies is driven towards lower values at high masses.

More importantly, while IRA is an acceptable approximation for elements that are almost entirely produced by short-lived core-collapse SNe, such as oxygen, it describes very poorly the abundance of elements produced on long timescales, such as Fe, C and N (see figure 3.7). Oxygen contributes the largest fraction of the metals ejected by a stellar generation and therefore M gas,Z can be well approximated by IRA. However, since the total mass loss is dominated by hydrogen and helium that are ejected on long timescales, the increase of Z gas owing to a stellar population (and consequently the Z * of the newly formed stars) can be somewhat underestimated during the initial evolutionary stages, when using IRA.

We have, therefore, added in GalICS the routines that allow for the computation of stellar evolution and chemical enrichment numerically. When the computation of stellar evolution is enabled, i.e. when IRA is abandoned, one can obtain the exact synthesis of the galaxies' stellar content, as it is divided into simple stellar populations (SSPs) defined by their age and metallicity. Each SSP is itself characterised by its total mass loss rate and stellar yields determined by stellar evolution theory. This way, the total metallicity of the gas and stars and the different elemental abundances can be followed accurately throughout the evolution of a galactic component and its constituent SSPs.

The code is constructed as follows. A star formation history table (thereafter sfh tab) consisting of rows representing the different ages and columns representing the metallicities is attributed to each component of a galaxy. The numbers and the values of the age-and metallicity-bins are user defined and can be chosen such that the different stages of stellar evolution are resolved in detail, e.g. a smaller timestep can be used for the youngest populations as they evolve rapidly and their properties (mass, yields, luminosity, colours etc.) cannot be considered constant over a long time period. An equivalent table giving the mass loss and stellar yields for each age and metallicity bin, as predicted by a stellar evolutionary synthesis model, is given as an input.

At each timestep, we, firstly, compute the total stellar mass and the total metal mass released in the ISM during dt by summing all the elements of the sfh tab, multiplied by the corresponding normalized mass loss rates and yields. These quantities are added to the right side of equations 3.4 and 3.9, respectively, and the evolution of the gas within the component is computed as in the previous section, by taking now R = y Z = 0. Subsequently, stellar mass is moved downwards in the sfh tab, as stars age by dt, except from those whose age exceeds the maximum value of the shf tab's Age Bins. If ∆Age = Age Bins(i + 1) -Age Bins(i) is the difference between two consecutive rows of the table, a fraction of dt/∆Age is subtracted from the element Age Bins(i) and added to Age Bins(i + 1). Finally, stars are formed from the available gas as explained in the previous section and their stellar mass is added to the first row of the sfh tab (with zero age) and the appropriate metallicity column. Thus, we can obtain at each evolutionary stage the mass weighted mean of the stellar metallicity and age of each galaxy's component by summing the sfh tab's elements multiplied by their corresponding metallicities or ages and dividing by the total mass. In addition, we can follow the system's enrichment in individual chemical elements, given the respective stellar yields.

MODELLING STELLAR EVOLUTION AND CHEMICAL ENRICHMENT NUMERICALLY

Stellar yields

In this study we use a set of stellar yields provided by Nikos Prantzos16 [Kubryk et al., 2015a,b].

The set adopts the yields of Karakas [2010] for low-and intermediate-mass stars (1-6 M ⊙ ) and a two-slope broken power law IMF (which is hereafter referred to as the Kubryk et al. IMF):

ξ(m) = dn dm = k a m -a    a = 1, m low < m < 0.5 M ⊙ a = 2.7, 0.5 M ⊙ < m < m up (3.20)
where the k ai terms ensure the continuity and normalisation of the IMF to unity in mass between m low = 0.1M ⊙ and m up = 100M ⊙ . Yields of massive stars (11-40 M ⊙ ) are adopted from Woosley & Weaver [1995]. The Woosley & Weaver [1995] yields concern non-rotating stars and contrary to the yields of Karakas [2010] assume that no mass is lost by stellar winds. Since the stars considered in Woosley & Weaver [1995] (M > 11 M ⊙ ) are due to explode as SNII (or type Ib or Ic), this is a critical assumption mostly for the elements that are expected to be lost before the explosion set off, mainly for the ejection of CNO nuclei, which is poorly understood and sensitive to metal-dependent stellar properties [Romano et al., 2010;Kubryk et al., 2015a]. More specifically, mass loss through stellar winds is expected to increase the ejection of the newly produced carbon and hence, depress the production of heavier elements (such as oxygen). Taking in account rotation, when calculating metal yields, enhances this effect, since mass loss is increased significantly, particularly at solar and super-solar metallicities and for the most massive stars (M > 30 -40 M ⊙ ) [Romano et al., 2010;Vincenzo et al., 2016]. Interestingly, the opposite is true for metal-free or low-metallicity stars, where the rotational mixing is very efficient, transporting carbon and oxygen from the He-burning core to the H-burning shell and, thus, leading to an enhancement of O ejection [Chiappini et al., 2008]. The SNIa rate, i.e., the SNIa per unit time per unit stellar mass formed, is given by:

R SNIa (t) = ˆt 0 ψ(t ′ )DTD(t -t ′ )dt ′ , (3.21)
where ψ(t ′ ) the SFR and DTD(t -t ′ ) the delay-time distribution of type-Ia supernovae. To compute DTD, a semi-empirical approach has been used; for earliest epochs (up to 4.5 Gyr) the formalism for the single-degenerate SNIa scenario17 proposed by [Greggio, 2005] has been adopted and for later times an extrapolation ∝ t -1 derived by [Maoz et al., 2012] by fitting a sample of 66000 SDSS2 galaxies.

For the mass range of super-AGB stars (6-11 or 12 M ⊙ ) and for stars more massive than 40 M ⊙ , not covered by the adopted data sets, the authors performed an interpolation and an metal abundances. This idea has been supported by many studies [e.g. Dekel & Silk, 1986;Dekel & Woo, 2003;Tremonti et al., 2004;De Lucia et al., 2004;Kobayashi et al., 2007;Finlator & Davé, 2008] that, however, differ in their adopted outflow-efficiency to galaxy-mass dependence. Dekel & Silk [1986] and Dekel & Woo [2003], for example, find that a model in which the supernova energy is proportional to the stellar mass and galactic winds have a constant speed reproduces the MZR. The constant speed in their model results to a characteristic halo mass above which winds can not escape (η = 0) and below which gas removal becomes progressively more efficient. Finlator & Davé [2008], instead, showed that when the "constant wind" model of Dekel & Silk [1986] is incorporated into an hierarchical structure formation simulation, it gives rise to a too steep MZR and only a "momentum-driven wind" model in which η ∝ M -1/3 * is able to reproduce both the slope of the MZR, Z gas ∝ M 0.3 * at low masses and its flattening at M * 10 10.5 M ⊙ . Infall of pristine gas can dilute the metallicity of the ISM and lower the effective yield epsecially in low-mass galaxies that have very inefficient star formation due to their very low gas surface densities [Dalcanton et al., 2004]. This intepretation of the MZR being caused by the variation of the star formation efficiency with stellar mass is supported by various chemical evolution studies [e.g. Lequeux et al., 1979;Matteucci, 1994;Calura et al., 2009;Spitoni et al., 2010, cosmological N -body simulations [e.g. Brooks et al., 2007;Tassis et al., 2008] and hydrodynamical simulations [Tissera et al., 2005;de Rossi et al., 2007]. Dalcanton [2007], however, finds that only metal-enriched outflows, i.e., outflows with metallicity higher than the mean Z gas , can significantly reduce the effective yield and only in gas-rich systems; pristine gas inflow and outflows have no effect on the effective yield of gas-poor galaxies. Alternatively, the MZR can be reproduced by a variable IMF, becoming top-heavier (and thus predicting more metal-yielding massive stars) with increasing mass [Köppen et al., 2007;Spitoni et al., 2010].

In figure 3.9 we show a first comparison of the M * -Z * relation computed by GalICS 2.0, when IRA is adopted (black) and when we use stellar population synthesis to follow chemical enrichment (red) with the observations of Gallazzi et al. [2005] and Kirby et al. [2013]. Let us first focus on the difference between our predicted MZRs when IRA is adopted or not. Both cases use a Chabrier [2003] IMF and in the second case, each galaxy's stellar content is divided into 80 × 11 = 640 simple stellar populations (see Section 3.3) characterised by their age (80 logarithmically increasing bins) and metallicity (11 bins with Z = 0.0001,0.001, 0.01, 0.03, 0.1, 0.3, 1.0, 1.5, 3.125, 6.25 and 15 Z ⊙ ). The normalization difference, seen at the high mass end, between the two computed MZRs is not of particular importance, since IRA uses constant values for R and y Z that can not be directly compared to the varying R and y Z values (depending on metallicity and age) when stellar evolution is followed. What is clear, however is that the IRA-based MZR displays a steeper slope than the numerically computed one. As we saw in Section 3.3.1, at initial stages the metallicity of the ejected gas by one stellar generation can be somewhat underestimated when using IRA, since the majority of the ejected gas is in the form of hydrogen and helium that are, in reality, released on longer timescales than the majority of the metals' mass (while and metallicities. Moreover, here we have completely neglected matching our model galaxies to the SDSS fiber size and sample selection affecting the observations. On the modeling side, we have seen in Section 3.2.1 that the slope and normalization of the MZR are determined by the parameters entering the chemical evolution equations Ṁaccr , t SF , η, R and y Z . Assuming that our accretion and outflow rates and SF timescale as described in Section 2 are correct, the shape of the MZR can only be affected by our choice of the IMF. Indeed, the effective yield ỹ, determining the maximum metallicity a galaxy can obtain, is directly proportional to y Z . Moreover, as we saw from the comparison between the IRA-based and numerically computed MZRs (figure 3.9), a higher returned fraction R can lead to a stepper MZR since massive galaxies evolve as leaky-boxes in GalICS (have no accretion) which means that their SF becomes self-feeding, i.e., new stars are formed from the metal-enriched gas ejected by older stellar generations and not by infalling pristine gas. R and y Z can be computed theoretically, by assuming a stellar initial mass function and by using a stellar-evolution model to compute returned fractions and metal yields as a function of stellar mass, or they can be determined observationally by fitting the M * -Z * relation. From a theoretical perspective, R and y Z are higher for IMFs with a higher fraction of massive stars. As our adopted Chabrier [2003] IMF is one of the most top-heavy IMFs (see figure 3.5), our MZRs could be elevated because of the higher metal yields it predicts. Vincenzo et al. [2016] assumed an upper cut-off at 100 M ⊙ and found that the Chabrier [2003] IMF gives returned fractions in the range of 0.436 R 0.455 for the stellar yields of Romano et al. [2010] and 0.403 R 0.466 for the yields of Nomoto et al. [2013b]. The corresponding yields are in the range of 0.049 y Z 0.088. However, there is some evidence that the majority of massive stars above 25 -40 M ⊙ may collapse to black holes that would swallow a significant part of their nucleosynthesis products [Smartt, 2009;Heger & Woosley, 2010] 19 , in which case R and y Z will be lower than the values found by Vincenzo et al. [2016]. By fitting the results of our default model to the observational data we find that GalICS 2.0 reproduces the Z * -M * relation by Gallazzi et al. [2005] for R = 0.41 and y Z = 0.034 using IRA. These parameters correspond to a maximum mass for SNe of ∼ 40 M ⊙ , i.e. more massive stars eject no (enriched or unenriched) material into the ISM, so similarly, we eliminate the mass loss and metal yields for more massive stars in our table of stellar yields when we compute chemical evolution numerically. The change in R is minor because stars above 25 let alone 40 M ⊙ make up a small fraction of the total stellar mass but the effect on y Z is more significant since 25 M ⊙ is only three times the minimum mass for SN explosions [Smartt, 2009]. Under these assumptions our MZRs are shown in figure 3.11 for the stellar metallicities in comparison to the observations of Gallazzi et al. [2005] and Kirby et al. [2013] (left panel) and the gas metallicities in comparison to the observations of Tremonti et al. [2004] and [START_REF] Lee | [END_REF] (right panel). The gas-phase metallicities of Tremonti et al. [2004] given in oxygen abundances ǫ O = 12 + log(O/H) have been transformed to total metallicities Z gas assuming that all galaxies 3.4. RESULTS AND PRELIMINARY CONCLUSIONS have a solar composition:

Z gas = Z ⊙ 16 × 10 ǫO-12 16 × 10 ǫO,⊙-12 , (3.24) 
since m H = 1 and m O = 16 are the mass numbers of hydrogen and oxygen, respectively, and that ǫ O,⊙ = 8.69 [Tremonti et al., 2004] and Z ⊙ = 0.0134 [Asplund et al., 2009]. Similarly, the data of [START_REF] Lee | [END_REF] have been transformed from ǫ O to Z gas using their adopted values of ǫ O,⊙ = 8.66 and Z ⊙ = 0.0126 [Asplund et al., 2004].

We have fitted the observations of Gallazzi et al. [2005] at the high mass end, where the MZR flattens and Z * is determined by ỹ ∝ y Z . Therefore, the difference in the slope between the IRA-based and the numerically computed MZRs (see figure 3.9) can now be seen as a discrepancy at the lower mass end. The change in the metal yield from y Z = 0.6 to y Z = 0.034 has affected only the normalization of the MZR, as is obvious from the analysis of the chemical evolution equations in Section 3.2.1. Moreover, in figure 3.12 we see that the decrease of the returned fraction from R = 0.45 (solid orange curves) to R = 0.41 (solid black curves) is not large enough to significantly affect the M * -Z * relation (top left panel) when IRA is assumed and y Z is the same20 . Changing R has only a minor effect on y eff (bottom-left) and on the M * -Z gas relation (top-right panel) and only at high stellar masses, where SF becomes self-feeding.

As explained above, part of the steepness of the MZR's slope originates from the fact that low-mass galaxies are less evolved, i.e. have a greater µ = M gas /(M gas + M * ) fraction than massive galaxies (see figure 3.4. The rest, however, which explains the mass-dependence of the effective yield, y eff = Z/ln(1/µ) must originate from one or more mass dependent mechanisms.

In figure 2.4 we saw that our default t SF,dyn is longer for lower-mass galaxies, that could imply that their lower SF efficiency leads to their lower metal enrichment. To check this, we changed to a constant SF timescale for all galaxies and plotted the resulting M * -Z * and M * -Z gas relations (solid magenta curve for t SF = 2.2 Gyr and solid cyan curve for t SF = 1.1 Gyr) in comparison to our default model (solid black curves) in the top-left and top-right panels, respectively, of figure 3.12. It is obvious that neither the slope nor the normalization of the MZR has been affected significantly by these changes. Contrarily, we see that for the lower t SF = 1.1 Gyr galaxies of a given stellar mass exhibit higher gas metallicities. This is logical, considering that when SF is more efficient the galaxy reaches a certain stellar mass faster, i.e. with a gas reservoir that is less dilluted by pristine gas accreted from the IGM. This becomes clear from the comparison of the gas to total mass ratio µ = M gas /(M gas + M * ) as a function of stellar mass between the models shown at the bottom right panel of figure 3.12. The cyan curve (t SF = 1.1 Gyr) lies below the black curve (default model: t SF,dyn ) at all but the highest stellar masses, where t SF,dyn is small. Contrarily, the magenta curve (t SF = 2.2 Gyr) lies above the black curve at high masses, where t SF,dyn < 2.2 Gyr.

The decrease of µ for a given stellar mass, following an efficient SF, results to a decrease in the value of the effective yield y eff = Z gas /ln(1/µ) (see bottom left panel in figure 3.12), the dependence of y eff on M * , however, remains even for a constant t SF .

In reality, the SF efficiency, ǫ SF , in our model is not only reflected by the adopted SF timescale but also by the fact that this acts only on the part of the gaseous disc that has a surface density higher than the Σ th Kennicutt threshold. Lower-mass galaxies have smaller discs (see figure 2.3), however, this correlation between scale-length, r d , and M * is not strong enough to offset their significantly lower gas masses. As a result, low-mass galaxies have lower central surface densities and a larger fraction of their gas lies below the Kennicutt surface density threshold.

Taking this into account, the effective SF timescale, t SF,eff = M gas /SFR, referring to the total gas reservoir (even gas with Σ gas < Σ th ) increases more steeply with decreasing M * than our dynamical SF timescale (see figure 3.14). The high slope of the ǫ SF = 1/t SF,eff -M * relation could, again, contribute to the predicted slope of our MZR.

To check this, we run GalICS 2.0 with Σ th = 0 M ⊙ Mpc -2 (dashed black curve) and find that it makes no difference compared to the predicted M * -Z * relation of our default model with Σ th = 20 M ⊙ Mpc -2 (sold black curve) shown in figure 3.12. Interestingly, even when we increase the SF threshold by a factor of 10 (Σ th = 200 M ⊙ Mpc -2 ) we find that the effect on the M * -Z * relation is negligible (black dotted lines in figure 3.12). This value (indicated by the black dashed line) is larger than the median central surface densities, Σ gas,0 of low-mass galaxies at z = 0, shown in figure 3.15, meaning that those galaxies will have zero star formation. However, at higher redshift the stellar mass below which there is no SF decreases. Moreover, the scatter is large and even those galaxies with Σ gas,0 < Σ th can momentarily surpass the SF threshold if they accrete gas.

Contrarily to the M * -Z * , the M * -Z gas relation is affected by changing Σ th . Again, the model with the most efficient SF, i.e. the model with the lowest Σ th predicts highest gas metallicities and lower gas to total mass ratios for a given stellar mass. At low stellar masses increasing Σ th has a stronger effect on µ, since low-mass galaxies have a higher probability to have central densities below Σ th (see figure 3.15). The effect is mitigated for galaxies with intermediate stellar masses. As a result, a higher Σ th (lower SF efficiency) results in a flatter y eff -M * relation at least out to M * ≈ 10 11 M ⊙ above which the contribution of elliptical galaxies dominates (see figure 3.4). These results lead us to the conclusion that contrarily to Z gas , Z * is little affected by t SF,eff (defining the SF efficiency) unless its mean value (over the whole lifetime of the galaxy) is comparable to the galaxy's lifetime. This is also evident from the analysis of the chemical evolution equations in case of the accreting-box model (including inflows as well as outflows) in Section 3.2.1 that showed that, while M gas and M gas,Z are proportional to τ ∝ t SF , M * and M * ,Z are independent of τ , when t >> τ (notice that τ = t SF /(1 -R + η) decreases significantly for low-mass galaxies where η >> in GalICS 2.0). Consequently, the GSMF is, also, unaffected from reasonable variations of the t SF,eff (see figure 3.13). The implicit reason behind that is that in our chemical evolution model outflows are instantaneous and proportional to the SFR. When t SF is short, stronger outflows accompany the enhanced SF and less gas is available for local M * -Z * displays a stepper slope than the local M * -Z gas , meaning that the difference in metallicity Z gas (M * ) -Z * (M * ) increases towards galaxies with lower masses. The much lower stellar metallicities of low-mass galaxies imply a suppressed metal enrichment at earlier times followed by significant metallicity evolution. Lian et al. [2018] propose that only two scenarios can reproduce this metallicity difference; either a time-dependent IMF slope with a steeper IMF at early times or a time-dependent metal outflow loading factor with stronger outflows at early times. In the first case a steeper slope of the IMF (bottom-heavy) suppresses chemical enrichment at earlier times due to the lower number of massive stars that dominate the metal production. If that is followed by a normal IMF at later times, the gas metallicity increases rapidly while the average stellar metallicity remains low. In the second case less-massive galaxies are assumed to have higher average metal outflow rates at early times. Therefore, a higher fraction of their stellar mass forms in an extremely low metallicity environment at early epochs weighting the average stellar metallicity towards lower values while the gas metallicity increases rapidly at later times. Notice however, that Lian et al. [2018] assume that only metal-enriched stellar ejecta leave the galaxy in the outflow without interacting with the metal-poorer ISM of the galaxy. GalICS 2.0 manages to reproduce both the slope of the M * -Z * and of the M * -Z gas relations without invoking a time-(or mass-) variable IMF. Indeed, this results from the mass-and time-dependence of our mass loading factor η, which gives rise to stronger outflows at higher redshifts for a given mass and in lower-mass galaxies for a given redshift (see Section 2.0.3.2). This is qualitatively in agreement to the second scenario proposed by Lian et al. [2018]. In their best-fit model galaxies that have a low mass at z = 0 are assumed to have had high outflows for a longer period of their lives than those who are massive at z = 0. However, the SFR of those galaxies is assumed to have been lower at all times than the SFR of those that ended up massive at z = 0. This is consistent with the 'downsizing' scenario we also showed in figure 2.4. As a result of the rapid assembly of their stellar mass, local massive galaxies were dwarfs for a shorter period of time but at higher redshift corresponding to higher mass-loading factor than local low-mass galaxies in the model of Lian et al. [2018] (see their figure 17).

Besides the difference in slope, figure 3.11 shows that observationally the local M * -Z gas relation shows significantly smaller scatter than the local M * -Z * relation. Part of this difference originates from the fact that the M * -Z * relation includes both passive and star-forming galaxies. Indeed, numerous recent studies have shown that a galaxy's position with respect to the MZR correlates with its SFR, meaning that when the SFR is included as a secondary parameter, the scatter in the local MZR is reduced significantly [Ellison et al., 2008;Mannucci et al., 2010;Lara-López et al., 2010;Yates et al., 2012;Andrews & Martini, 2013;Salim et al., 2014;Peng et al., 2015;Trussler et al., 2018]. More specifically, the MZR of local galaxies with lower specific star formation rates, sSFR = SFR/M * lies higher at low-masses and starts flattening at lower M * . As a result, local galaxies with high SFRs are systematically offset to lower metallicities than more weakly star-forming galaxies, with this offset becoming smaller [Mannucci et al., 2010;Lara-López et al., 2010;Andrews & Martini, 2013;Trussler et al., 2018], zero [Ellison et al., 2008;Peng et al., 2015], or even reversing at high-masses [Yates et al., 2012] 22 . Mannucci et al. [2010] parametrized the second-order dependence (anti-correlation) of the MZR on the SFR by introducing the quantity:

µ α ≡ log(M * ) -αlog(SFR), (3.25)
where α is a free parameter. For α = 0, µ 0 = log(M * ) (no dependence on the SFR), while for a = 1, mu 1 = -log(sSFR). Mannucci et al. [2010] found that the scatter in the MZR is minimized for α = 0.32, and it can be fitted by: 12 + log(O/H) = 8.9 + 0.47x if µ 0.32 < 10.2 = 9.07 if µ 0.32 > 10.5 (3.26)

where x = µ 0.32 -10. But more importantly, Mannucci et al. [2010] argued that their M * -SFR-Z gas relation (given above) is redshift independent at least out to z ∼ 2.5, or "fundamental" (thus, "fundamental metallicity relation", or FMR).

The existence of the FMR in the local Universe, as well as its redshift-invariance has been a point of controversy in the literature. Lara-López et al. [2010] found that star-forming galaxies in the local Universe (0.04 < z < 0.1) lie on a fundamental plane relating the SFR, Z gas and M * . Using high redshift data from the literature (z up to ∼ 3.5 the authors found no evidence of evolution in this fundamental plane, supporting the idea of the FMR. Andrews & Martini [2013] agree that the metallicities in their local galaxy sample (∼ 200, 000 SDSS galaxies) are anti-correlated with SFR, but find that the scatter in metallicity at fixed µ α (eq. 3.25) is minimized for α = 0.66, suggesting an even stronger dependence of the MZR on the SFR. Sánchez et al. [2013] and Barrera-Ballesteros et al. [2017], however, argue that the MZR is independent or only weakly dependent on the SFR 23 . Likewise, Kashino et al.

[2016] using a

22 Yates et al. [2012] find that low-mass star-forming galaxies are more metal poor than low-mass passive galaxies, whereas high-mass galaxies have lower gas metallicity if their star formation rates are small. Andrews & Martini [2013] and Salim et al. [2014], however, note that this effect results from Yates et al. [2012] using the Tremonti et al. [2004] strong line computed metallicities that are also biased by multiple-line S/N cuts. When using the direct method, Andrews & Martini [2013] find that the SFR-dependence of metallicity is monotonic with stellar mass. The strong line method uses the flux ratios of the strong lines, which do not directly measure the metallicity of the H II regions but are metallicity-sensitive. The direct method utilizes the flux ratio of auroral to strong lines to measure the electron temperature of the gas, which is a good proxy of metallicity. The direct method is chosen over the strong line method when the auroral lines are detected, but that becomes harder at high metallicity [Andrews & Martini, 2013].

23 Sánchez et al. [2013] attribute this difference on the biases arising from aperture-based spectroscopic observations, like the SDSS. In studies with a wider redshift range, like the ones of Mannucci et al. [2010] and Lara-López et al. [2010], a single-aperture fiber covers a larger portion of the galaxies at higher redshift for the same stellar mass. As a result the derived abundances appear lower and the SFRs are higher for galaxies at higher z included in the survey (SF is enhanced and gas is more metal-poor in galaxies' outer regions). Salim et al. [2014], however, point out that the Sánchez et al. [2013] sample is incomplete at low masses and the dependence of the MZR to the SFR was not detected because they did not split their sample by stellar mass. Barrera-Ballesteros et al. [2017] find that their conclusions do not change even when they include the aperture bias in their data.
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sample of ∼ 83, 000 SDSS galaxies, report no anti-correlation between metallicity and SFR at 0.04 < z < 0.3. Yet, since their metallicity indicator is insensitive to dilution by pristine infalling gas the authors cannot rule out its existence. Using different abundance diagnostics, Telford et al. [2016], find that the anti-correlation between Z gas and SFR, at fixed stellar mass, is 30-55% weaker than the one reported by Mannucci et al. [2010] in the local Universe and is largely driven by galaxies in the high sSFR regime. Moreover, Sanders et al. [2018], although confirming that a M * -SFR-Z gas relation exists at high redshift, they refute that it is redshiftinvariant. By performing a direct comparison of stacks of z ∼ 0 and z ∼ 2.3 galaxies the authors find that z ∼ 2.3 galaxies have ∼ 0.1 dex lower metallicity at fixed M * and SFR. They argue that this evolution of the M * -SFR-Z gas relation suggests an increase with redshift of the mass-loading factor at fixed M * , as well as a decrease in the metallicity of the infalling gas at high redshift. Another interpretation comes from [START_REF] Bothwell | [END_REF], who suggest that the FMR is driven by a more fundamental relation between stellar mass, gas metallicity and gas mass. Using a sample of local galaxies, the authors found that this relation persists also at high masses, contrarily to the saturation of metallicity with SFR. Moreover, it shows a very low dispersion at intermediate masses ( 9< log(M * /M ⊙ ) < 11) suggesting a smooth evolution for galaxies in this mass range and a high dispersion at high and low stellar masses indicating that merging events and/or stochastic accretion and SF drive the evolution of these galaxies. The same conclusion reached Hughes et al. [2013], who studied the correlation between the MZR and both SFR and H I mass in nearby galaxies. The authors found an anti-correlation between gas fraction and oxygen abundance, at fixed stellar mass, but no trend between SFR and metallicity. Similarly, Zahid et al. [2014] find that the MZR originates from a more universal fundamental relation between metallicity and stellar-to-gas mass ratio and, moreover, that this universal relation is independent of redshift out to z ≈ 1.6. The existence of an M * -SFR-Z (or a M * -M gas /M * -Z) relation in the local Universe as well as its strength, can be used to disentangle the relative importance of the physical processes (e.g., accretion of pristine gas, outflows) that govern chemical evolution. In the simple galaxy chemical evolution model, the gas reservoir regulates the SFR that in turns determines the outflow rate [Lilly et al., 2013]. As a result, the redshift-invariance of the FMR or the M * -M gas -Z gas arises naturally in models where the relationships between inflow, outflow rate and SFR are independent of redshift [Sanders et al., 2018]. Proving that the FMR evolves (or not) with redshift will shed light on the evolution (or lack thereof) of the different processes across cosmic time. Observationally, however, all four parameters (M * , M gas , SFR and Z gas ) are susceptible to biases (including sample bias, application of S/N cuts, choice of metallicity calibration, uncertainty in stellar mass determination, aperture effects and dust) that affect the observed strength of the relations between them Telford et al. [2016]. Therefore, additional observational constraints derived using more sophisticated metallicity determination methods and larger high redshift datasets are needed to reduce the current controversy. In the meantime, we can examine the probable physical origins of the FMR using our model, so we shall return to it in the following section after discussing the evolution of the MZR with redshift.

Evolution of the MZR with redshift

Several authors have shown that the MZR exists also at intermediate redshift [Erb et al., 2006;Henry et al., 2013;Zahid et al., 2011Zahid et al., , 2013Zahid et al., , 2014;;Yabe et al., 2014;Steidel et al., 2014;Wuyts et al., 2014;Sanders et al., 2018] and higher (z > 3) [Maiolino et al., 2008b;Mannucci et al., 2009Mannucci et al., , 2010] ] and evolves with time, with lower metallicity at fixed M * at increasing redshift. Figure 3.16 shows the M * -Z gas relation at six distinct redshifts as predicted by GalICS 2.0. The solid line and shaded areas indicate the median and the 16th and 84th percentiles, respectively, for the default model (IRA with R = 0.41 and y Z = 0.034; black) and the model where chemical evolution is computed numerically (where y Z = 0 for stars with M * > 40 M ⊙ ; red). Where available, we have included data points for the observed MZR from the literature, i.e. the Tremonti et al. [2004] MZR at z ≈ 0.08, the Zahid et al. [2011] MZR at z ≈ 0.8, the Zahid et al. [2014] MZR at z ≈ 1.5 and the Erb et al. [2006] MZR at z ≈ 2.3. We have converted all the observed metallicities to the Tremonti et al. [2004] diagnostic using the conversion formulae in [Kewley & Ellison, 2008] 24 . Subsequently, we have transformed the converted gas-phase oxygen abundances to total metallicities using ǫ 0,⊙ = 8.69 and Z ⊙ =0.0134 [Asplund et al., 2009]. In addition, the stellar mass scale of Erb et al. [2006] has been offset by -0.29 dex to match the mass derivation method used in the other works [Zahid et al., 2012]. The agreement of the model predictions with the observational data is very good, with the exception that the predicted MZR is somewhat steeper than the observed one at z ≈ 0.08, a matter that was discussed earlier in this Section. We should note, however, that despite the favorable comparison there are some differences between our galaxy sample and the ones used in the respective observational studies. Our mock sample here consists of all galaxies with SFR> 0, the most passive of which lack from the observational samples, either due to direct color cuts (passive red galaxies are removed from the sample) and/or due to S/N cuts in the emmission line flux measurements [Tremonti et al., 2004;Erb et al., 2006;Zahid et al., 2011Zahid et al., , 2014]]. Applying to our sample the same cuts as the observational surveys at each redshift would drive our MZRs downwards as red, passive galaxies have generally higher metallicities than blue, star-forming galaxies 25 . Yet, another effect counterbalances this discrepancy. Nebular emission lines used to determine metallicities observationally, are emitted from sites with enhanced star formation, usually located at the central regions of disc galaxies or along dense spiral arm features. The same regions are the ones that commonly exhibit the highest metallicities as consecutive stel- 24 Zahid et al. [2011] computed the z ≈ 0.8 MZR from the DEEP2 survey [START_REF] Davis | Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series[END_REF] using the R23 strong line method calibrated by [Kobulnicky & Kewley, 2004]. The z ≈ 1.5 MZR is computed from the FMOS-COSMOS survey [Silverman et al., 2015] and converted to the Kobulnicky & Kewley [2004] by Zahid et al. [2014]. Erb et al. [2006] computed the z ≈ 2.3 MZR from 87 rest-frame UV-selected star-forming galaxies using the Pettini & Pagel [2004] N2 calibration. The different metallicity calibrations have a significant effect on the shape and normalization of the MZR; the absolute metallicity scale can vary up to ∆[log(O/H)] = 0.7 dex and the change in shape is substantial [Kewley & Ellison, 2008]. Converting from one calibration to another using the [Kewley & Ellison, 2008] formulae successfully removes the large discrepancies between the computed metallicities so to allow a comparison between different studies 25 As we will see in Chapter 5, GalICS 2.0 suffers from an overabundance of star-forming galaxies. Hence, including passive galaxies in the calculation of figure 3.16 has no strong effect here. model this trend is only reflected in the predicted stellar metallicities, shown at the bottomright panel of figure 3.19 (the triangles, squares and stars lie lower than the solid curves). On the contrary, the trend is not obvious for gas metallicities (some points lie lower while others higher than the solid curves), indicating that gas metallicities are more susceptible to small variations of the SFH (minor mergers, variations of the rate of accretion, e.t.c.). Using the parametrization of equation 3.25, we find that the scatter in metallicity at fixed µ α at z = 0 in our default model is minimized for α = 0.32 in agreement with Mannucci et al. [2010], but with high residual dispersion (∼ 1.6 dex) indicating that the correlation between Z gas and SFR is not very strong. The Z gas -µ 0.32 relation has a slope of 0.49 similar to the one of Mannucci et al. [2010;equation 3.26]. The value of α, however, increases at higher redshift to ≈ 0.46 an intermediate between Mannucci et al. [2010]'s 0.32 and Andrews & Martini [2013]'s 0.66. In the model with the constant t SF excluding elliptical galaxies, α=0.43-0.49 at all redshifts and with smaller residual dispersion (decreasing from ∼ 0.6 dex at z = 0 to ∼ 0.2 dex at z = 2). Hence, this model shows a stronger relation between Z gas and SFR that evolves less with redshift. When the Z stars -µ α relation is investigated, both models show significantly smaller residual dispersion, decreasing with redshift from 0.8 to 0.3 dex for the default model (top-right panel) and from 0.3 to -0.3 dex for the t SF,const model (bottom-right panel). Overall, we find that the gas metallicity at a given mass correlates strongly with the gas mass (bottom-left panel of figure 3. 19, where SFR∝ M gas ) in agreement with [START_REF] Bothwell | [END_REF], Hughes et al. [2013] and Zahid et al. [2014]. The M * -SFR-Z gas relation translates to a FMR (top-left panel of figure 3. 19), that is yet less clear due to the broad range of t SF,eff in our model causing large scatter. Both relations are deranged when galaxies that have undergone (especialy major) mergers are included. We emphasize that galaxies do not evolve along any single fundamental plane but instead each galaxy follows a unique evolutionary track shaped by its accretion, merger and star formation history. We find that the trends among metallicity, SFR (or gas mass) and stellar mass that emerge statistically, are clearer when stellar metallicities are considered, since those reveal the "star-formation history-averaged" galactic metallicity and are more robust against recent fluctuations (e.g. instantaneous variations in the accretion or ejection rate). As is the case in the local Universe, studying stellar metallicities in addition to gas-phase metallicities can put strong constraints on star formation and feedback processes [Lu et al., 2015;Lian et al., 2018]. Moreover, stellar metallicities have the advantage that they can be measured for both star-forming and passive galaxies. Reliable measures of gas metallicities, instead, have not yet been possible for passive galaxies, both due to their weak nebular emmision and because proper calibrations of metallicity diagnostics for the gas phase in passive regions have only recently been available [Kumari et al., 2019]. The existence of an anti-correlation between stellar metallicity and SFR at a given stellar mass has been confirmed in the local Universe [Gallazzi et al., 2005;Peng et al., 2015;Trussler et al., 2018, see Chapter 5]. However, stellar metallicities at higher redshift have been proven more difficult to measure observationally. Therefore, the evolution of the scaling relation between stellar metallicity and stellar mass, let alone the existence of a fundamental M * -SFR-Z * relation, remain to date open questions.

The problem in measuring stellar metallicities is twofold. Stellar population properties, such as age and metallicity, are derived by comparing observed colors or absorption linestrengths to the prediction of stellar population models [e.g. Gallazzi et al., 2005;Panter et al., 2008;Thomas et al., 2010;Spolaor et al., 2010]. However, the study of the integrated light of stellar systems is affected by a number of problems, such as the degeneracy between the age of a burst and its strength [e.g., Leonardi & Rose, 1996] or the well-known age-metallicity degeneracy [e.g., Worthey, 1994]. The latter can cause confusion between old, metal-poor galaxies and young metal-rich ones, since in the integrated light of a single age, single metallicity stellar population, an age change can be countered by a metallicity change so that almost every color and spectral index remains the same. To break these degeneracies, analysis of specific indices that are either more abundance sensitive or more age sensitive is required. Therefore, full spectral information is needed which is more challenging and expensive to acquire for faint high-redshift sources. The second part of the problem affects mainly star-forming galaxies, where emission lines from the interstellar medium have to be either subtracted or modeled together with stellar absorption lines. In addition, even if the emission lines are modeled perfectly, a lack of young stars in stellar libraries and the fact that the most luminous stars do not necessarily represent the majority of stars can cause large uncertainties and biases in the measured stellar metallicities [Leethochawalit et al., 2018]. As a result, even in the local Universe, the uncertainties of stellar metallicities of star-forming galaxies are generally twice those of quiescent galaxies [Gallazzi et al., 2005]. To trace the bulk of stellar populations, rest-frame optical diagnostics are required [e.g. Worthey, 1994;Worthey & Ottaviani, 1997]. Most studies of optical-based stellar metallicities, though, are limited to intermediate redshifts (z 1) [Schiavon et al., 2006;Fritz et al., 2009;Ferreras et al., 2009;Jørgensen & Chiboucas, 2013;Leethochawalit et al., 2018Leethochawalit et al., , 2019] ] or very small samples at higher redshift (z < 1 < 2), and target only red-sequence, quiescent galaxies with weak or no emission lines [Onodera et al., 2015;Estrada-Carpenter et al., 2019;Lonoce et al., 2020]. Depending on the mass range and size of their galaxy sample, these studies find either a weak [Estrada-Carpenter et al., 2019;Leethochawalit et al., 2018Leethochawalit et al., , 2019] ] or no evolution [Schiavon et al., 2006;Ferreras et al., 2009;Onodera et al., 2015] in the metallicities of massive, red galaxies indicating that these galaxies had formed the bulk of their stars and enriched to approximately Solar metallicities already by z > 2. While this is in agreement with the saturation of the metallicity of massive, quiescent galaxies predicted by our model (see top-right panel of figure 3. 19) it sheds no light on the evolution of the MZR of the total galaxy population. Gallazzi et al. [2014] derived the optical-based metallicities of ∼ 70 massive (M * > 10 10 M ⊙ ) star-forming and passive galaxies at z ∼ 0.7. Even though they lacked the statistics to establish a tight M * -Z * relation, the authors confirmed that similarly to local galaxies, z ∼ 0.7 galaxies exhibit higher metallicities with increasing stellar mass. Moreover, while quiescent galaxies in their sample need no additional star formation and chemical enrichment to evolve into the present-day quiescent population, the metallicities of z ∼ 0.7 star-forming galaxies are shifted by -0.13 dex in comparison to their local counterparts. Only a few works have pushed stellar metallicity analysis to z > 2 [e.g. Rix et al., 2004;Halliday 3.4. RESULTS AND PRELIMINARY CONCLUSIONS et al., 2008;Dessauges-Zavadsky et al., 2010;Sommariva et al., 2012]. All of these studies, however, employ rest-frame ultraviolet (UV) or far-ultraviolet (FUV) spectra, which while easier to observe from ground-based telescopes26 , trace mainly the abundances in the photospheres of young and massive O-B stars [e.g. Shapley et al., 2003;Halliday et al., 2008]. Using a composite spectrum of 75 star-forming galaxies at z ≃ 2, Halliday et al. [2008] find that their stellar metallicity is ∼ 0.25 dex lower than the gas-phase metallicity at the same redshift and galaxy mass. Contrarily to Gallazzi et al. [2014], Sommariva et al. [2012] found no significant evolution in the metallicity of their (yet only 5) star-forming galaxies from z = 3 to z = 0, highlighting once again the conflicting results coming from different metallicity determination methods. In addition, the small sample size of all the aforementioned studies (N = 2 for Rix et al. [2004] and N = 1 for Dessauges-Zavadsky et al. [2010]) led to no conclusive results with respect to the scaling relation between stellar metallicity and stellar mass. Recently, Cullen et al. [2019] determined the UV-based stellar metallicities of a larger sample (681 galaxies) of star-forming galaxies at 2.5< z < 5.0 and found a strong correlation between Z * and M * across the stellar mass range 8.5 < log(M * /M ⊙ ) < 10.2. Their derived M * -Z * shows no significant evolution across their redshift range and lies ≃ -0.6 dex from the z = 0 relation for star-forming galaxies derived by Zahid et al. [2017]. Even though Zahid et al. [2017]'s MZR is based on optical spectroscopic data (probing different stellar populations) Cullen et al. [2019] note that they obtain similar results by comparing to FUV-based metallicities at z = 0. As we have seen in section 3.2.1, gas-phase and stellar metallicities are driven by an equilibrium between the enrichment rate following star formation and the dilution rate due to the infall of metal-poor or pristine gas, which is itself regulated by the strength of the outflow due to stellar and AGN feedback. This redshift-dependence of the MZR could, therefore, be explained either by a lower SF-efficiency (longer SF timescale) or/and a higher inflow rate at earlier epochs or by a redshift-outflow rate correlation. In the first case, in order to reach a fixed M * the galaxy would require a longer time of evolution, during which metal-poor gas would be accreting, hence lowering the mean metallicity. However, observations have shown that galaxies on the mean M * -SFR relation exhibit a shorter SF timescale at redshift z ∼ 1-3 than at z ∼ 0, causing a larger sSFR at constant M * [Tacconi et al., 2013;Genzel et al., 2015]. A lower SF-efficiency is thus rejected as a possible cause of the MZR evolution. Besides, the increase of the mass-loading factor at fixed M * with increasing redshift, which seems to be certainly a plausible explanation and is at least broadly in agreement with observational constrains27 [Weiner et al., 2009;Steidel et al., 2010;Heckman et al., 2015;Chisholm et al., 2017], the metallicity of the inflowing gas can also contribute to the temporal evolution of the MZR. As stellar feedback expels metal enriched gas into the hot halo that surrounds the galaxy this mixes with the pristine accreted gas from the IGM, and if cooling is allowed it can be re-accreted back onto the galaxy. This way the metallicity of the infalling gas increases with time and consequently so does the mean metallicity of the galaxy at a given stellar mass.

Metallicity and elemental abundances as indicators of galaxy evolution

Observationally, the abundance ratios between key elements, such as iron and α-process elements, provide a wealth of information that can help decipher the star formation history (SFH) of galaxies [Schiavon, 2010].

In the ΛCDM framework galaxies are thought to have formed out of gas consisting of 76% hydrogen, 24% helium and traces of beryllium-and lithium-isotopes, the resulting final abundances of the primordial nucleosynthesis. Heavier elements (metals) that are observed at present are produced in stars and dispersed into the interstellar medium (ISM) during various mass loss events (stellar winds, planetary nebula ejection and supernova explosions). This leads to a gradual chemical enrichment of the ISM with time. While iron enrichment occurs through all type of supernovae, oxygen and α-elements (Ne, Mg, Si, S, Ar, Ca and Ti) are mainly produced by Type II supernovae of massive stars with short lifetimes (of the order of ∼ 10 Myr). These elements are expected to dominate the spectra of older stars, that were formed before the onset of supernovae type Ia, with typical delay times of 1-2 Gyr [START_REF] Matteucci | The chemical evolution of the Galaxy[END_REF]Dahlen & al., 2008;Maoz et al., 2011]. This age-[α/Fe] ratio correlation of stars in an individual galaxy does not imply that galaxies with higher mean stellar ages should have higher α-abundances (although this correlation is indeed observed). In fact, a young galaxy (consisting only of young stars) will have a high [α/Fe] ratio, since Fe coming mainly from SNIa has not had the time to form. Consequently, [α/Fe] traces how rapid the SFH of a galaxy was and simple chemical evolution models link high [α/Fe] ratios to short-lived SFHs [e.g. de La Rosa et al., 2011].

This is typically the case for massive, elliptical galaxies (early-type galaxies, ETGs) that are α-enhanced, which suggests that they underwent a rapid star formation at high redshift (and thus are also characterised by older stellar ages), forming the bulk of their stellar content from an α-abundant gas, followed by a decrease or halt of the SF at low-z (quenching). More specifically, observations reveal a correlation of all -age, total metallicity and α/Fe ratio-with velocity dispersion, hence mass [Thomas et al., 2005[Thomas et al., , 2010;;de La Rosa et al., 2011]. This antihierarchical trend, commonly referred to as downsizing (massive galaxies form first) [Cowie et al., 1996;Neistein et al., 2006] appears to oppose the standard cosmological model that envisages large structures to form gradually by mergers of smaller progenitors. A possible scenario that partially reconciles this discrepancy is the one in which massive objects form their stars early and assemble later [Bower et al., 1998;van Dokkum et al., 1999] through dry mergers (gasless so without triggering star formation) at low redshift (z < 1) [Khochfar & Silk, 2009]. However, this fails to explain simultaneously the correlation between metallicity and mass. A most promising solution appears to relate to baryonic feedback effects, particularly AGN feedback, that can quench massive ellipticals at high redshift [Pipino et al., 2009;Spolaor et al., 2010;Calura & Menci, 2011;Segers et al., 2016]. Before they quench due to AGN feedback,
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these massive galaxies should have already acquired high α-abundances through enhanced and short-lived star formation at high redshift. The SF bursts could have occurred in gas-rich mergers or been triggered by fly-by "harassments". Calura & Menci [2011] find that only through a combination of all three effects (AGN feedback, mergers and fly-bys), their SAM manages to reproduce the observed α-enhancements of massive ellipticals. Other proposed solutions include a mass dependent star formation efficiency [Calura et al., 2009;Spolaor et al., 2010], metalrich winds [Yates et al., 2013] and a varying IMF [Nagashima et al., 2005;Calura et al., 2009;Arrigoni et al., 2010;Spolaor et al., 2010;Yates et al., 2013;Gargiulo et al., 2015;Fontanot et al., 2017]. If metal-rich stellar winds remove α-elements more effectively in low-mass galaxies or massive galaxies are characterized by top-heavier IMFs (predicting higher numbers of SNe type II), galaxies with higher velocity dispersions (i.e. higher mass) would exhibit higher αenhancements.

The aforementioned correlations are overshadowed by a large scatter which could be due to several environmental effects, like massive galaxies that appear to contain a large fraction of young stars (formed at z ∼ 0.2) [Thomas et al., 2005] which could likely have been accreted at later stages [Walcher et al., 2015] or the fact that galaxies at the outskirts of clusters appear to have lower α-abundances than those at the cluster core [Smith et al., 2006]. More specifically, 80% of giant galaxies residing in the cluster center are classified as old and passive in comparison to ∼ 40% in the field. Environmental effects are even stronger for dwarf galaxies which become passive mainly by being satellites within a more massive DM halo that removes all their gas through ram-pressure stripping [Haines et al., 2006]. Moreover, the underlying trends can be obscured at regions with high rates of dry mergers that result in a flattening of the mass-metallicity and mass-α-enhancement relations [Thomas et al., 2010].

In figure 3.20, we show the [Mg/Fe]-σ relation for local early-type galaxies predicted by Gal-ICS 2.0, using the stellar yields and metal enrichment model presented in the previous sections.

Early-type galaxies are defined here as those that have a bulge to total mass ration B/T ≥ 0.7. Their stellar velocity disperion, σ is computed through equation 2.37 and the magnesium to iron abundances are found from: relation. Note that the abundances here have been computed assuming that stars more massive than 40 M ⊙ do not contribute any mass or metals in the ISM, an assumption that was taken so that our predicted MZR matches the observations of Gallazzi et al. [2005] (see Section 3.4.1). Abandoning this assumption (i.e., assuming that all stars up to m = 100 M ⊙ contribute mass and metals to the ISM) doesn't affect much the predicted slope (from -0.01 it becomes -0.03) but all points move upwards by about ∼ 0.13 dex.

[Mg/Fe] = log N Mg N Fe * -log N Mg N Fe ⊙ , ( 3 
Instead of a positive correlation between σ and [α/Fe] we find a slightly negative slope. That indicates that out massive galaxies have a too protracted star formation history. As SF proceeds, more stellar generations are formed from iron-peak elements and the mean α-elements to iron ratio of the galaxy decreases. Notice that our relation includes both passive and star-forming early-type galaxies. As a matter of fact, we predict too many high-mass ellipticals that are star-forming at low z, a problem that will be discussed in Chapter 5. Yet, even neglecting early-type star-forming galaxies does not increase the predicted slope above zero.

Another problem that results in the negative slope, is the existence of many low-mass strongly α-enhanced mock galaxies, most of which are satellites, that are not seen neither in the above low-z observational surveys, not at moderately high redshifts [e.g. Ziegler et al., 2005;z ∼ 0.4]. This problem has already been reported by Pipino et al. [2009], using an earlier version of GalICS [Hatton et al., 2003]. They attributed it to an inadequate treatment of satellite galaxies in the model, probably resulting from over-quenching. In GalICS 2.0 (and previous versions) galaxies stop accreting gas almost immediately after they enter a group or cluster.

Yet, as we will see in Chapter 5 there is another effect resulting in short-lived SFHs and hence high α-abundances for satellites in GalICS; satellites experience bursts of SF that exhaust most of their gas reservoir close to their pericentric passage. We shall leave this effect for now as we will analyze and explain it in Chapter 5.

Besides, the discrepancy in the α-abundances for satellite galaxies, Pipino et al. [2009] found a positive correlation between [α/Fe] and σ for early-type galaxies (yet with a shallower slope than the observed one), without invoking AGN ejective feedback. They only mimicked AGN maintenance feedback by imposing a halt of gas accretion onto galaxies in haloes with M vir > 10 12 M ⊙ . Our adopted value here, above which there is complete shut down of gas accretion onto galaxies, is M shutdown = 10 12.7 M ⊙ . This is probably the cause of the protracted SFHs of massive galaxies (and the high number of star-forming massive galaxies) that results in the flattening of the [α/Fe]-σ relation in our model. Notice, however, that [Pipino et al., 2009] did not manage to reproduce the MZR relation in their model. They found that all galaxies have an approximately solar Z * independent of σ and hence stellar mass. Instead, when they allowed all galaxies in their model to accrete gas, their predicted MZR had a slope closer to the observed one but a lower normalization due to prolonged dilution of the ISM by the pristine infalling gas.

Reproducing at the same time the mass metallicity relation and the α-enhancements of massive early-type galaxies is challenging, not only for GalICS, but for hierarchical galaxy formation models in general. Arrigoni et al., 2010, Gargiulo et al., 2015and Fontanot et al., 2017 all including AGN feedback in their models, found that without a varying IMF their models predict Chapter 4

Spectra and Luminosities

Having at hand the detailed star formation history of all individual galaxies at all timesteps, as described in section 3.3, we can derive their luminosities, spectra and colours at any redshift of interest by incorporating into GalICS a stellar population synthesis (SPS) model. These models describe the evolution of the spectrophotometric properties of stellar populations using the knowledge of stellar evolution, thus making them a fundamental ingredient of any galaxy evolutionary model in order for it to predict and be compared with the observed colours, luminosities and integrated galactic spectral energy distributions1 (SEDs). The capability of predicting stellar luminosities becomes increasingly important for high-redishift galaxies, where high resolution spectroscopic surveys determining metallicities become scarce and suffer from high signal-to-noise ratios, but is also crucial at low-redshift since observationally derived mean galactic ages and metallicities are most commonly luminosity-and not mass-weighted. Moreover, SPS models are used in fitting observed SEDs in order to extract the key variables describing galaxy evolution, such as the star formation history, chemical composition, star-dust distribution, interstellar radiation field etc. (see Walcher et al.2011 and Conroy 2013 broad reviews on modeling, through SPS, and fitting galaxy SEDs). The fundamentals of the SPS method were first developed in a series of papers by Tinsley, and the interested reader can refer to Tinsley 1980a for a thorough review. Due to their ubiquitous astrophysical applications and to the ever more sophisticated stellar evolutionary models developed in the following decades (including overshooting2 , nuclear rates, winds, opacities), numerous SPS models have been proposed [Bruzual A., 1983;Bica & Alloin, 1986;[START_REF] Renzini | Spectral Evolution of Galaxies[END_REF]Chiosi et al., 1988;Bressan et al., 1994;Vazdekis, 1999;Fioc & Rocca-Volmerange, 1997;Bressan et al., 1998;Bruzual & Charlot, 2003;Maraston, 1998Maraston, , 2005;;Kotulla et al., 2009;Vazdekis et al., 2010;Leitherer et al., 2010Leitherer et al., , 2014] ] 3 .

In their simplest version SPS models assume a simple stellar population (SSP), i.e. a population of coeval stars with a single metallicity and abundance pattern. SSP models have the advantage of being directly comparable to globular clusters (GCs), which are spherical collections of stars, tightly bound, in their majority comprised of a single generation of stars.

Through fitting with GCs data of known age and metallicity, SSPs models can be calibrated and most importantly provide insight into the accuracy of the input physics used in calculations (convection, opacities, mass loss etc.) and the adequacy of the canonical assumptions (e.g. neglecting of rotation, nonconvective mixing) [Renzini & Fusi Pecci, 1988]. With the SSP models as building blocks, composite populations comprised of different stellar generations can be modelled by convolving SSPs with a given star formation history. More complete SPS models take into account chemical evolution, based on sets of stellar yields, to determine the metallicities of stellar generations, as well as a model of dust attenuation and emission, as can be seen in figure 4.1 adopted from Conroy [2013].

Different SPS models use different approaches in calculating the evolution of a SSP's properties, the most common of which are the isochrone synthesis [e.g Chiosi et al. 1988] and the fuel consumption theorem [e.g. [START_REF] Renzini | Spectral Evolution of Galaxies[END_REF]Maraston 1998]. The former, requires three basic inputs: stellar isochones4 and stellar spectral libraries as a function of metallicity or preferably elemental abundances, and an IMF (see fig. 4.1). The spectrophotometric properties of the SSPs are then computed by integrating the contributions to the flux at each wavelength of all stellar masses along one isochrone. The latter method uses as integration variable the amount of hydrogen and/or helium used in nuclear burning at the turnoff mass of the post main sequence (PMS) stars, the so-called fuel, which is directly linked to their luminosity [Maraston, 2005]. This approach, although neglecting the stellar mass dispersion in the pre-main sequence (PMS) phase, has the advantage of describing more accurately rapid evolutionary stages (like the red (RGB) and the thermally pulsing asymptotic giant branch (TP-AGB) phase) where stellar masses remain approximately constant, and which are not well represented in isochrones with their discrete timesteps. Here we will focus on the isochrone synthesis technique, as is used in P ÉGASE (Projet d' Étude des GAlaxies par Synthèse Évolutive) the SPS model adopted in this study.

are described in Fioc & Rocca-Volmerange 1997. On top of that the third version advances in including evolutionary tracks for stars with non-solar metallicities, the contribution to chemical enrichment from SNIa and AGB stars, newer libraries of stellar spectra and dust extinction calculated through a radiative transfer model. Fioc & Rocca-Volmerange [2019b] and Fioc & Rocca-Volmerange [2019a] provide documentation of the 3.0 version and a comprehensive description of the developed algorithm. Following the above two papers we shall give here a brief presentation of the model.

As aforementioned, P ÉGASE is based on the isochrone synthesis, so the monochromatic flux per unit wavelength, F SSP λ of an SSP with an initial chemical composition {χ 0 } = {χ 0 (H), χ 0 (He), ...}, per unit initial mass of the SSP at age t, is given by:

F λ SSP (t, {χ 0 }) = ˆLstar λ (m, t, {χ 0 })φ(m)d(ln m), (4.1) 
where L star λ (m, t, {χ 0 }) is the monochromatic luminosity at this age of a star with initial mass m and initial composition {χ 0 }, and φ is the IMF with ´mφ(m)d(ln m) = 1. The luminosity L star λ is computed from:

L star λ (m, t, {χ 0 }) = L star (m, t, {χ 0 })ℓ star λ ({χ surf }, T eff , g), (4.2) 
where L star is the bolometric luminosity of the star, that is, the amplotude of the stellar spectrum and the function ℓ star λ is the shape of the spectrum. This shape depends mainly5 on three quantities: the surface composition {χ surf } of the star, its effective temperature T eff and its surface gravity g. Because of limitations in their input data, however, P ÉGASE 3.0 uses the initial metallicity Z of a star as a substitute for both {χ 0 } and {χ surf }. The quantities L star , T eff and g are given by stellar evolutionary tracks as a function of m, t and Z. The shape is interpolated as a function of Z, T eff and g from the elements of a metallicity-dependent library of stellar spectra. Then F SSP λ is computed by deriving from the stellar evolutionary tracks the isochrone of an SSP at age t, that is the locus of all stars in the (L star , T eff , g) Hertzsprung Russel (HR) diagram. The model includes stellar evolutionary tracks for various metallicities (Z = 0.0001 -0.1) that come mainly from the "Padova" group [Bressan et al., 1993;Fagotto et al., 1994a,b,c;Girardi et al., 1996]. For stars undergoing the helium flash, the mass loss along the red giant branch and early asymptotic giant branch phases is modeled with the Reimers [1975] law 6 and multiplied 4.1. STELLAR SPECTRA by an efficiency η = 0.4 [Renzini & Voli, 1981], as recommended by the authors of the Padova tracks. TP-AGB stars are modeled following Groenewegen & de Jong [1993] and hydrogen burning post-AGB and CO white dwarfs are derived from Bloecker [1995]; Schoenberner [1983]; Koester & Schoenberner [1986] and Paczyński [1971]. Finally, low mass stars ending their lifes as helium white dwarfs and nearly unevolving low-mass stars (m < 0.6 M ⊙ ) are represented by the models of Althaus & Benvenuto [1997] and Chabrier & Baraffe [1997], respectively. The library of stellar spectra in P ÉGASE 3.0 is made of two blocks: BaSeL's spectra for stars with an effective temperature T eff < 50000 K and the spectra from Rauch [2003] for hotter stars (avaiblable only at [Fe/H] ∈ {-1, 0}). It has a large wavelength range [91 Å-160 µm], with a variable resolution decreasing from a few Å in the far-UV to 20 Å in the visible and to 20 µm in the far-IR/submm. Finally, the model can also compute the attenuation of the stellar SEDs by absorption and scattering on dust grains, using grids of transmittance for disc and spheroidal geometries precomputed through Monte Carlo simulations of radiative transfer. The left panel of figure 4.2 shows the unattenuated P ÉGASE 3.0 spectra of SSPs of three different ages (1 Myr, 200 Myr and 10 Gyr) and the same initial metallicity (Z = 0.008). The right panel shows the spectra of three coeval SSPs of age θ = 200 Myr and metallicities 0.0001, 0.008 and 0.1. The comparison among different ages shows similar trends independent of metallicity, with young populations showing significantly higher luminosities in the UV (100-4000 Å). As we move towards longer wavelengths in the optical range (4000-7000 Å), the difference in the emitted luminosity between the populations decreases. In the infrared (λ 10 4 Å), the trend appears reversed for the youngest populations. More specifically, newly born stars emit the same amount of infrared radiation as ∼ 1-2 Gyr old stars (not shown here), with intermediate-age stars appearing brighter, and those older than 2 Gyr showing lower luminosities. The luminosity variation of coeval populations with metallicity (right panel) is less prominent. Still, there appears to be a trend, with metal-richer populations displaying lower luminosities at short wavelengths and higher at longer wavelengths. Moreover, the wavelength at which this transition occurs correlates with the age of the populations (10 3 Å for new born populations -5 •10 4 for stars of ∼ 10 Gyr). Besides the (unattenuated and attenuated) synthetic spectra, P ÉGASE can compute colours and magnitudes in various filters (Johnson-Morgan UBV, SDSS etc.), but also mass loss and metal loss rates7 of a SSP as a function of time, based on a number of user defined parameters (IMF form and lower and upper limits, inclusion or no of stellar winds, fraction of close binary systems, e.t.c.). The same quantities can be computed also for composite stellar populations (CSP), using user-defined star formation, infall and outflow rates as a function of time. The monochromatic flux, F CSP λ , at age t and wavelength λ in this case is given by:

F CSP λ (t) = ˆt t ′ =0 ψ(t -t ′ )F SSP λ (t ′ , Z[t -t ′ ])dt ′ , (4.3)
terstellar dust became a subject of extensive study involving observational surveys, laboratory studies of candidate materials and theoretical models (see [START_REF] Li | Solid State Astrochemistry[END_REF] for a comprehensive historical review on dust studies).

Dust shapes the spectra of galaxies through absorption and scattering at short wavelengths, and reradiation of the energy in the infrared. Even though dust grains comprise only a small mass fraction, ∼ 1%, of the interstellar medium (ISM), it is estimated that they account for 30% or more of the total galactic luminosity through their emission in the infrared [see e.g. Calzetti et al., 2000;Bernstein et al., 2002 and references therein]. The transformation of the galaxies SEDs by dust hampers their interpretation in terms of their fundamental parameters, such as age, SFH and IMF.

The launch of the Infrared Astronomical Satellite (IRAS) in 1983, being the first-ever satellite to perform an all-sky survey in the infrared, showed that most galaxies in the nearby universe contain at least some dust [Soifer et al., 1987].

Originally viewed as an irritating obstacle in observing and interpreting more interesting aspects of the Universe, it was through the process of disentangling its effect on stellar light, that the properties of dust and its importance in galaxy evolution was revealed. Moreover, dust plays a crucial role in the dynamics of star formation. By emitting IR radiation, grains act as a coolant in dense regions, promoting the collapse of molecular clouds [START_REF] Tielens | The Physics and Chemistry of the Interstellar Medium Timmes[END_REF]. In addition, dust provides shielding from external ionizing radiation thereby speeding up the growth of protostellar cores [START_REF] Draine | Physics of the Interstellar and Intergalactic Medium[END_REF]. These processes are however out of the scope of this study, where we focus merely on the way dust shapes the spectra of galaxies through absorption and scattering, at short wavelengths, and reradiation of the energy in the infrared.

Dust attenuation

To begin with, let us define the basic parameters governing the extinction of electromagnetic radiation as it travels through dust and gas from the emitting source to the observer. Extinction, which includes both the absorption and the scattering of light at a wavelegth λ, is commonly expressed as

A λ A V or E(λ-V ) E(B-V ) with A λ = 2.5log 10 I 0 (λ) I(λ) and 
E(λ-V ) = A λ -A V , (4.5) 
where I 0 (λ) is the unextincted intensity and A V , A B the total extinction in the photometric B (blue; 4500 Å) and V (visible; 5500 Å) bands.
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By reversing equation (4.5) we find

I(λ) = I 0 (λ)e -τ λ (4.6)
where

τ λ = A λ 2.5log 10 (e) ≈ A λ 1.086 (4.7)
is the optical depth, a dimensionless parameter describing the opacity extinction at wavelegth λ. More specifically, if dl is the infinitesimal path light travels along a line of sight, then the infinitesimal increase in optical depth is given by

dτ λ = i σ λ,i n i dl (4.8)
where σ λ,i = σ abs λ,i +σ scatt λ,i the effective cross section8 (cm 2 ) for the extinction (absorption+scattering) of particles of species i, and n i their number density. While A λ is obviously proportional to the amount of dust, the extinction normalised to a reference wavelength A λ /A V characterizes the kind of dust present and its size distribution, and although different for each line of sight, Cardelli et al. (1989) found that A λ /A V can be approximated by a one-parameter family of curves:

A λ /A V = f (λ, R V ). The quantity R V = A V /(A B -A V
) is commonly used to characterize these curves, since it varies significantly with the steepness of the curve (with small values of R V corresponding to a steeper slope of the extinction curve). Finally, here we must note the distinction between the extinction law described above and the quantity referred to as attenuation. The latter includes, besides absorption and out-of-the beam scattering of light, the scattering into the line of sight. It is therefore used to characterize extended bodies (such as external galaxies) where we expect that a substantial part (depending on the geometry and viewing angle) of the scattered light of individual stars will return to the line of sight and be visible by the distant observer. As a result, dust attenuation depends not only on the intrinsic properties of dust but also on the relative geometry of the emitting sources and the dust.

Dust grains are formed during late phases of stellar evolution, in the atmospheres of low-and/or intermediate mass stars on the asymptotic giant branch (AGB) and in supernova explosions [Morgan & Edmunds, 2003;Gomez & Matsuura, 2012], and are destroyed by energetic photons and shocks [START_REF] Tielens | The Physics and Chemistry of the Interstellar Medium Timmes[END_REF]Jones & Nuth, 2011]. Moreover, dust can be acquired externally through mergers and tidal interactions, e.g. in early-type galaxies (ETGs) [Smith et al., 2012], making its composition and spatial distribution a result of the complex galaxy's history of star formation, hierarchical merging, infall and outflow of material etc. In the Milky Way and the Magellanic clouds numerous studies have used the so called "pair method" -that is comparing the spectrophotometry of stars of the same spectral class, when one has negligible foreground dust while the other is heavily reddened [Draine, 2003]-to determine extinction curves along different lines of sight [Bless & Savage, 1972;Savage & Mathis, 1979;Bouchet et al., 1985;Fitzpatrick, 1986;Cardelli et al., 1989]. The spectral features and the wavelength dependence of these extinction curves subsequently allow for the constraint of the chemical composition and the size distribution and shapes of the dust grains, respectively. Based on the standard models, dust in the ISM consists of a mixture of silicate and graphite grains and polycyclic aromatic hydrocarbons (PAHs), the latter being responsible for the broad spectral features in the mid-IR [Draine, 2003]. However, there are significant differences observed both between different lines of sight in a single galaxy as well as among the average extinction curves of the MW, LMC and SMC. These can be mainly characterized by two basic features, which are the slope of the curve in the UV/optical range and the existence (or lack) of additional absorption at 1700-2100 Å, referred to as the 2175 Å bump, or the UV bump [Stecher, 1965]. More specifically, in contrast to the MW the average SMC curve appears significantly steeper and lacks the UV bump, while LMC curves exhibit intermediate steepness and UV bumps [see figures 2 and 3 in Gordon et al., 2003].

Attenuation curves of other nearby, ranging from quiescent to intensely star forming, galaxies have been derived through the analysis of their integrated light, using empirical9 [Calzetti et al., 1994[Calzetti et al., , 2000;;Keel & White, 2001;Wild et al., 2011;[START_REF] Battisti | [END_REF] or model-based methods [Conroy et al., 2010;Leja et al., 2017;Salim et al., 2018]. These studies have demonstrated varying and sometimes conflicting results on the attenuation curve slopes and bump strengths of low-redshift galaxies and their dependence on physical properties. Calzetti et al. [1994Calzetti et al. [ ,2000] ] find shallow, bump-free curves for local starburst galaxies. Somewhat steeper, but not as much as the SMC, are the curves of normal star forming (SF) galaxies obtained by Wild et al. (2011), who moreover found a flattening of the slope with increasing inclination and decreasing stellar mass surface density. [START_REF] Battisti | [END_REF] confirmed the results of Calzetti for SF galaxies, in contrast to Salim et al. (2018) and Conroy et al. (2010), who require significantly steeper slopes and UV bumps to fit most attenuation curves of a large sample of local galaxies.

Despite the different results between studies due to the use of different methodologies or galaxy sample introduced biases, some general trends are identified. Firstly, there is a strong anticorrelation of the slope of the attenuation curve with the optical depth of the galaxy. This is evident also from the exctinction curves of the MW and the Magellanic clouds, were sightlines that penetrate deeply into molecular clouds exhibit shallower curves. Chevallard et al. (2013) 4.2. DUST provide a physical explanation of this dependence; in galaxies with small optical depths (i.e. lower dust masses) scattering of light dominates over absorption. Now, while scattering is somewhat isotropic at longer wavelengths (red), it is more forward directed at short wavelengths, leaving the blue photons with less probabilities to be scattered out of the plane of a disk galaxy before being absorbed. At higher optical depths, on the other hand, absorption dominates over scattering resulting into a shallower attenuation curve. This phenomenon is reflected both in the shallow curves of starbursts (which intrinsically have higher values of A V ) as well as when galaxies are viewed from a high angle (closed to "edge-on"). Moreover, the strength of the UV bump appears to correlate with the steepness of the curve and neither of the two characteristics depend on gas-phase metallicity at fixed A V [Calzetti et al., 1994;Salim et al., 2018].

Implementation in the code

The first step towards introducing dust attenuation in GalICS is to determine τ V , the central face-on extinction optical-depth in the V band, from the surface to the mid-plane for a disc or from the surface to the center for a spherical galactic component. This is the quantity, to which most attenuation functions, either estimated through observational surveys or derived from radiative transfer codes, are normalized. For that, we choose the commonly used parametrization of Guiderdoni & Rocca-Volmerange (1987):

τ V = Z gas Z ⊙ s N H 2.1 × 10 21 cm -2 , (4.9)
which links τ V to the column density of metals in the cold gas. The normalization of τ V for a solar metallicity comes from the Milky Way study of Savage & Mathis (1979) and is confirmed in later studies [Draine, 2003[START_REF] Draine | Physics of the Interstellar and Intergalactic Medium[END_REF]. Its dependence on the gas metallicity is based on an interpolation between the Solar neighbourhood and the Large and Small Magellanic Clouds, which gives s = 1.6 for λ = 5500 Å [Guiderdoni & Rocca-Volmerange, 1987].

The column density of hydrogen for a disc component is computed from:

N H = 0.75 • M gas m p 4π(f d r d ) 2 , (4.10)
where we have assumed that 75% of the gas mass consists of hydrogen and that the gaseous disc follows an exponential profile with scale length f d r d , where r d is the exponential scale length of the stellar component and f d is the factor by which the gaseous disc is larger (or smaller) than the stellar one.

DUST

used plane parallel models are the slab, in which stars and dust are homogeneously mixed in the same infinite plane layer with the same vertical scale, and the sandwich model, where the dust distribution is thinner than the stellar distribution 11 . Both of these idealistic representations, however, result in significant errors [e.g., Disney et al., 1989;Kuchinski et al., 1998;Baes & Dejonghe, 2001]. The brightness distribution in disc galaxies is better described by an exponential fall-off in both the radial 12 and the vertical direction [Freeman, 1970]. And, even disregarding the distinction between arm and interarm regions in spiral galaxies, the dusty ISM and the stellar distribution of disc galaxies is observed to be patchy [e.g., Rix & Rieke, 1993;Keel & White, 2001]. The clumpiness of the ISM [Witt & Gordon, 1996;Kuchinski et al., 1998;Bianchi et al., 2000] and differences in the dust and stars configuration as a function of the ages of the individual stellar populations [Silva et al., 1998;Charlot & Fall, 2000;Popescu et al., 2000;Tuffs et al., 2004] affect srongly the attenuation function.

For these reasons, we opted for coupling our SAM with the results of the DIRTY radiative transfer code [Gordon et al., 2001;Pierini et al., 2004] that is based on a more realistic distribution of stars and dust. The DIRTY code uses Monte Carlo techniques [Witt, 1977;Audic & Frisch, 1993] to follow photons through a dust distribution and parameterize their interaction with the dust by the optical depth, the albedo and the scattering phase function assymetry parameter. The optical depth determines the probability distribution for where a photon of given wavelength interacts, the albedo the probability that a photon is scattered from a dust grain and the scattering phase function the probability distribution for the angle at which the photon scatters [START_REF] Navas | Dust in the galactic environment[END_REF]. Pierini et al. [2004] applied the DIRTY code separately to the bulge and disc components of late-type galaxies. The stellar bulge is considered to be dust-less and is modeled as a sphere of 4 kpc radius, with a stellar luminosity density decreasing exponentially (at a scale length of 1 kpc) with radial distance. The attenuation effects seen at the bulge are solely caused by the dusty, stellar disc that penetrates it. The stellar disc is modeled as a double exponential with a disc radius of 12 kpc and a scale length of 3 kpc. The disc total height (from the galactic plane) is 2.1 kpc but its scale height is assumed to increase with increasing wavelength of the tracing photons. This variation in the stellar scale height accounts for the distribution of the different stellar generations that dominate the galactic flux at different wavelengths: younger stellar generations that emit mostly at the far-UV are more embedded in the dusty medium than older generations, which emit mostly in the optical/near-IR.

Dust is present only in a double exponential disc with a radius of 12 kpc, a scale length of 3 kpc, a total height of 2.1 kpc and a scale height of 110 pc. Its consistency and extinction characteristics are similar to those of the average diffuse ISM of the Milky Way [Witt & Gordon, 2000; see Table 1 of Pierini et al., 2004].

11 But how much thinner? Bruzual A. et al. [1988] varied the relative thickness of the dust distributions and the stellar slab surrounding it and concluded that the differences in the attenuation curves between the various models were of the same order as the uncertainties associated with the optical parameters of the dust; hence that a homogeneous slab is a satisfactory model for disc galaxies.

12 The infinite slab geometry, instead, results in infinite obscuration for a galaxy viewed edge-on (see equation 10 in Guiderdoni & Rocca-Volmerange [1987]).

DUST

smaller than 8 we compute the effective optical depth τ λ at each wavelength using a 5th degree bivariate spline interpolation13 in the τ V -inclination angle space. In many cases, however, the computed τ V is larger than the maximum value of 8 given from Pierini et al. (see figure 4.4). In those cases we first extrapolate the attenuation curves for the two angles θ j < i and θ j+1 > i (with θ = [0, 18,36,50,65,70,75,80,85,90]), where i the inclination angle of the galaxy given by the simulation, and then we interpolate the resulting attenuation functions in inclination angle. We note that the results of our extrapolation scheme are highly uncertain. At z ≃ 0.1 the fraction of galaxies with τ V > 8 is ∼ 2.5%. At higher redshift (z > 0.5) their fraction declines to less than 1%, so we expect the uncertainty in our computed effective optical depths to not influence our results significantly. Since the results of Pierini et al. [2004] concern late-type galaxies, we apply the computed effective optical depth for bulges τ λ,eff only on pseudobulges formed by disc instabillities. We do not apply any extinction on the radiation emitted from stars within classical bulges, hence the spectra of our mock elliptical galaxies are unattenuated (unless they host smaller inner discs or they are undergoing a starburst). For the spherical cusp component, we adopt the generalized analytic formula of [START_REF] Lucy | Dust Condensation in the Ejecta of SN 1987 A[END_REF], that gives attenuation as a function of optical depth τ sph λ [Osterbrock, 1989] to the case where scattering is taken into account via the dust albedo ω λ :

A λ (τ ) = -2.5 log 10 α λ 1 -ω λ + ω λ α λ , (4.12 
)

α λ = 3 4τ λ 1 - 1 2τ 2 λ + 1 τ λ + 1 2τ 2 λ e -2τ λ .
(4.13)

We assume that dust and stars are homogeneously mixed in the cusp and thus there is no need to average over inclination angle, since the cusp is spherically symmetric. By substituting equation 4.13 into equation 4.7, we find the effective optical depth for the cusp component in the V band:

τ V,eff = -ln α V 1 -ω V + ω V α V , (4.14)
where ω V = 0.55 [START_REF] Draine | Physics of the Interstellar and Intergalactic Medium[END_REF]fig. 10]. From that we compute the effective optical depth at different wavelengths λ, using the formula of Charlot & Fall [2000]:

τ λ,eff = τ V,eff λ 5500 Å -0.7 .
(4.15)

Magnitudes and Colors

Given the attenuated spectrum of each galaxy:

F λ = F λ,disc e -τ λ,eff [disc] + F λ,bar e -τ λ,eff [bulge] + F λ,bulge + F λ,cusp e -τ λ,eff [cusp] (4.16)
we can compute the total flux passing through a band-pass filter i by weighting the galactic spectrum by the filter's response function R i , which quantifies the probability that an incident photon of a given wavelength or frequency will be measured by the detector:

F i = ´Fν (hν) -1 R i (ν)dν ´Ri (ν)(hν) -1 dν = ´Fλ R i (λ)λdλ ´c λ R i (λ)dλ . (4.17)
Here, the (hν) -1 term assumes that the detector is a photon-counting device and we have used that dν = c/λ 2 |dλ| and

F ν = dE/dν = λ 2 /c|dE/dλ| = λ 2 /c • F λ .
The response functions are extracted from a large library of commonly used filters. The absolute magnitude of the galaxy in this band is then given by:

M i = -2.5log F i Z + 2.5log(4πd 2 10 ), (4.18)
where d 10 = 10 pc = 3.086 • 10 19 cm and Z is the band-pass reference value (zero-point) for a given photometric/magnitude system. The color of a galaxy is then given by the difference between the magnitudes in any two different bands, characterizing the slope of the SED between them.

We have chosen to compute our magnitudes in the AB (ABsolute) photometric magnitude system, since this system has a constant zero-point Z = 3.631 • 10 -23 erg s -1 Hz -1 cm -2 for all bands14 [Fukugita et al., 1996]. As a result the colors of a source of constant frequency flux density in the AB system are equal to zero (for a comparison of the standard photometric systems and the conversion of magnitudes from one system to another see Bessell, 2005).

Preliminary results

Although we have completed the technical work required to compute galactic magnitudes and colors in GalICS we have not had the time to exploit them in this thesis. However, we can
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present here the luminosity functions predicted by the updated GalICS 2.0, which is used in Chapters 3 and 5 of this thesis. [0.55, 1, 2, 3, 3.8, 4.8] in the SDSSr (∼ 6231 Å) and the far-UV (∼ 1600 Å). Solid and dashed curves show the attenuated and unattenuated LFs, respectively. The points with errorbars denote the corresponding rest-frame LFs at this redshifts computed by Iary Davidzon (private communication), using the COSMOS2015 catalogue [Laigle et al., 2016], assuming the same cosmology as we do (see the beginning of section 2.0.1.1) and corrected for Malmquist bias15 , but not corrected for dust extinction. We have not yet included a model for dust emission in GalICS 2.0, however, this is unlikely to influence our results significantly, since dust emission dominates galactic SEDs above a few µm = 10 4 Å [e.g. Calzetti, 2001;Weingartner & Draine, 2001;Dale & Helou, 2002;Draine, 2003;Draine & Li, 2007;Casey, 2012;and references therein].

At first sight, it seems that the observed LFs in SDSSr are in better agreement with our predicted unattenuated LFs while in the UV band the observations are in perfect agreement with the attenuated LFs. In figure 4.2 of this Chapter we saw that the spectra of SSPs depend primarily on their age and more weakly on their metallicity. Figure 4.8 shows the depedence of the emitted radiation at the peak wavelength of the SDSSr (∼ 6231 Å) and the far-UV (∼ 1600 Å) bands, from SSPs of metallicity Z = 0.008 as a function of their age θ. We see that stellar populations with age θ 0.5 Gyr emit a larger fraction of their energy in the SDSSr than in the UV. The age for which F UV /F SDSSr = 1 is metallicity dependent. At very low metallicities (Z * = 0.0001) it happens at θ ∼ 1.3 Gyr while at high metallicities (Z * = 0.05) it decreases to θ ∼ 0.3 Gyr. It is, therefore, safe to say that in most galaxies the emission in the SDSSr band traces the bulk of the galaxies' stellar mass while the UV emission traces the younger stellar populations or equivalently the SFR. Assuming that our model for dust attenuation is correct, it appears that our galaxies have right SFRs at all redshifts, but are lacking older stars. The shortage of mass is more evident for the more luminous galaxies and increases with increasing redshift. At z = 4.8 the observed SDSSr LFs match our unattenuated functions, meaning that only if dust extinction in the r-band is zero at this redshift we would reproduce the observations. The underprediction of massive galaxies at redshifts higher than z ≃ 0.8 is already evident from the comparison of our stellar mass functions with the observed ones, shown in figure 3.10 of Chapter 3. Hence, the disagreement seen in the SDSSr LFs probably points to an intrinsic flaw of GalICS 2.0. However, our stellar mass functions at z < 0.8 are in perfect agreement with the observations, while our LFs in the SDSSr band are not. Our LFs in the r-band are dominated by the emission from the discs (and bars) in late-type galaxies and from classical bulges in early-type galaxies. As mentioned in Section 4.2.1.1, discs and bars are attenuated using the attenuation libraries of Pierini et al. [2004], while for classical bulges we assume that there is no dust extinction (they are gasless). Hence, the discrepancy in the top-left panel of figure 4.6 (z = 0.55) can be explained: a) if our attenuation model for discs/bars is too strong at optical wavelengths, b) if the high end in the luminosity function is dominated by discs rather than ellipticals or c) both. The LFs in the UV-band are dominated by star formation in the discs of late-type galaxies and starbursts in the cusps of ellipticals. The agreement with the observations could indicate that both the intrinsic UV luminosities of our mock galaxies and our attenuation model for discs and cusps at UV wavelengths are correct. Alternatively, we could have massive galaxies that are way too star-forming, coupled with an extensive dust extinction. Unfortunately, the results in Section 3.4.2 point to the latter option. Our massive galaxies show too protracted star formation (revealed by their low α-abundances) and in addition we predict too many star-forming, massive galaxies at low z, a problem that we will revisit in Chapter 5. We, therefore, conclude that both our adopted dust attenuation model and our predicted galaxy morphologies should be compared with and constrained by observations, before further exploitation of the galaxy luminosities and colours predicted by GalICS is undertaken.

Chapter 5

Bursting and Quenching in Satellite Galaxies

Introduction

The metallicity of galaxies depends on their star formation history (since metals are formed by stellar nucleosynthesis), on their accretion history (which dilutes the metallicity of the ISM by the incorporation of metal-poor/pristine gas from the IGM) and on their outflow history (since metal-rich gas from the ISM is removed by feedback processes or stripping and consequently enriches the IGM or the CGM). Moreover, the galactic metal content is affected by the accretion of gas and stars via major and minor mergers. The star-formation, accretion and outflow histories are themselves partly intertwined. Star formation is enhanced when gas accretion delivers substantial fuel for it and the increased star formation subsequently boosts stellar feedback that depletes the gas reservoir. Partly, because these relations are determined by a multitude of other properties and physical processes such as environmental processes (strangulation, stripping and galaxy interactions), the galaxy morphology and stellar mass, disc instabilities, the presence of a central AGN, and others (see Section 1.4.1). All these processes and their evolution through cosmic time are reflected on the chemical properties of the stellar population and the interstellar medium. As already remarked in Chapter 3, the gas metallicity, Z gas , provides information on the current state of a galaxy, as it is strongly influenced by recent evolutionary processes. For example, in the event of strong accretion of metal-poor gas, the mean metallicity of the interstellar medium decreases instantaneously. Stellar metallicities, on the other hand, trace the chemical abundances in the photospheres of stars. The photospheres of lower mass, long-lived stars preserve the abundances of the ISM from which they were formed, since only a little, if any, enriched material from the stellar interiors is dredged up. Hence, the mean stellar metallicity, Z * , of a galaxy reflects its entire formation history and is, therefore, more robust against recent events. An exception to this, is of course the case of mergers, where the stellar metallicity instantaneously converts to the mean of the 123 CHAPTER 5. BURSTING AND QUENCHING IN SATELLITE GALAXIES stellar metallicities of the merging galaxies. Besides the stellar mass-metallicity relation (MZR), which shows that more massive galaxies have higher stellar and gaseous metallicities (see Section 3.4.1), a significant scaling relation is that between metallicity and star formation rate. More, specifically passive galaxies are observed to exhibit higher gas-phase [e.g. Ellison et al., 2009;Mannucci et al., 2010;Salim et al., 2014] and stellar metallicities [e.g. Peng et al., 2015;Trussler et al., 2018] at fixed stellar mass than star-forming galaxies. Especially when stellar metallicities are concerned, this dependence does not arise naturally from the equations governing the chemical evolution of galaxies (see Sections 3.2 and 3.2.1). For example, if passive galaxies are preferentially those that had the strongest outflows during their evolution, they would exhibit lower stellar metallicities for a given M * , since metals formed from older stellar generations would be effectively removed from the galaxy and younger generations would form from metal-poor gas accreted from the IGM. If, on the other hand, passive galaxies were quenched by strangulation/starvation (i.e. by the halt of gas accretion from the circumgalactic/intergalactic medium; see Section 1.4.1), they would exhibit higher metallicities; with no pristine gas dilluting the ISM, young stars will form from progressively enriched gas by older stellar generations. The difference in stellar metallicity between star-forming and passive galaxies can provide information not only on the dominant quenching mechanism but also on the timescales that quenching mechanisms are acting on. If star formation is shut down instantaneously (due to e.g. stripping or strong feedback from an AGN), the stellar metallicities of red galaxies would freeze to their values at the time of quenching. Instead, when galaxies evolve under strangulation, the increase in Z * depends both on outflows (characterized by the mass-loading factor η = Ṁout /SFR) and on the SF timescale, as well as on the time that has passed since the onset of strangulation (see equation 3.17 in Section 3.2.1). Peng et al. [2015;hereafter P15] pioneered the idea that stellar metallicities can be used to discriminate efficiently between different quenching mechanisms. The authors analyzed the luminosity-weighted stellar metallicities of ∼26,500 local galaxies in the SDSS DR4 [Adelman-McCarthy et al., 2006] and found that passive galaxies have systematically higher metallicies than star-forming ones, with the logarithmic difference ∆logZ * (M * ) = logZ passive * (M * ) -logZ SF * (M * ) decreasing from ∼ 0.4dex at M * = 10 9.5 M ⊙ to zero at M * = 10 11 M ⊙ . By comparing the observed ∆logZ * (M * ) with the predictions of a gas regulator model [Peng & Maiolino, 2014a], P15 concluded that strangulation is the primary mechanism responsible for quenching star formation. They found a typical mass-independent quenching timescale t q ∼ 4 Gyr for M * < 10 11 M ⊙ , in agreement with their estimated difference in ages between passive and starforming galaxies. Moreover, to acquire the observed high metallicities, strangled galaxies in their model had to have zero effective outflows (η = 0; closed-box model). When η = 1 was assumed, the metallicity difference between passive and star-forming galaxies was significantly underpredicted even for t q = 5 Gyr. Trussler et al. [2018;hereafter T18] undertook a similar analysis by computing the massweighted stellar metallicities of ∼80,000 local (0.02< z <0.085) galaxies in SDSS DR7 [Abazajian et al., 2009]. They found a somewhat higher metallicity difference between passive and 5.1. INTRODUCTION star-forming galaxies, decreasing from ∼ 0.46 dex at M * ≃ 10 9.5 M ⊙ to ∼ 0.16 dex at M * ≃ 10 11.4 M ⊙1 . Using empirical scaling relations for the average gas and stellar metallicity, gas fraction and SFR for star-forming galaxies as a function of stellar mass and redshift [Maiolino et al., 2008a;Boselli et al., 2014;Popping et al., 2014;Tacconi et al., 2018a], T18 derived the properties of the star-forming progenitors of local passive galaxies at high redshift. For that, the authors assumed that local passive galaxies started to quench through strangulation at a mass dependent lookback time, t lb (M * ) equal to their mean stellar ages t 0 (M * ) at z ≃ 0, i.e., massive (M * ∼ 10 11 M ⊙ ) galaxies started quenching about 10 Gyr ago while lower-mass galaxies started quenching at later cosmic epochs. This assumption implies that a negligible amount of additional stellar mass is formed during the quenching phase, i.e. that the mass of the gas reservoir at the onset of quenching is small compared to the mass of stars assembled beforehand. T18 subsequently compared the metallicity difference between local passive galaxies and their star-forming progenitors with the predictions from gas regulator models. They concluded that the quenching of galaxies at all masses involved an extended phase of starvation. When using a closed-box model, T18 found that the quenching phase lasted about 2 Gyr for galaxies of all masses. After that, however, some sort of sudden gas removal or heating phase is required to prevent further star formation an chemical enrichment. Alternatively, the observed SFRs and Z * can be reproduced by models incorporating continuous outflows (leaky-box models). The duration of quenching then rises to t q ∼ 5 -6 Gyr 2 . In addition T18 found that the strength of outflows should be mass-dependent; outflows play a minor role in the quenching of massive galaxies (η < 0.5 for M * 10 10.5 M ⊙ ) but are of increasing importance in quenching low-mass galaxies (η ∼ 1.5 for galaxies with 9.4 < log(M * /M ⊙ ) < 10).

The anti-correlation between the required t q and η is not hard to interpret. When gas is ejected (under strangulation), there is less star formation and chemical enrichment proceeds less rapidly. Therefore, more protracted star formation is necessary to produce the same final metallicity. More importantly, the maximum stellar metallicity of a galaxy evolving in a leaky-box model is proportional to 1/(1 -R + η) (see equation 3.17), where R is a constant defining the fraction of mass returned to the ISM by a stellar generation. Therefore, if outflows are strong enough the gas reservoir may be depleted before the galaxy ever acquiring the observed Z passive * (M * ). The real question, however, is which physical processes starved red galaxies of gas. For lowmass galaxies (M * 3 × 10 10 M ⊙ ), environmental effects such as tidal forces and ram pressure are the prime suspects (see Section 1.4.2). These effects can act two ways: if they are weak, they disrupt the flow of gas onto galaxies; if they are strong, they remove gas from galaxies. In the first case, they act as a starvation mechanism and raise the metallicity; in the second case, they act as a quenching mechanism and freeze it. For a galaxy that falls into a cluster, tidal and ram-pressure stripping will be weaker at the entry time and stronger at the pericentre. Therefore, it is logical to associate the entry time with the time t s at which gas accretion is shut down, and the pericentric passage with the time t q at which star formation is quenched, so that t delay = t q -t s . Studies of how red and blue galaxies populate the phase-space of galaxy clusters [Mahajan et al., 2011b;Wetzel et al., 2013;Muzzin et al., 2014a] and semi-empirical models based on abundance matching [Tollet et al., 2017] converge towards a similar delayed-quenching scenario. After a galaxy falls into a cluster its SFR declines slowly. Only after a delay time t delay ∼ 2 Gyr that corresponds to the lapse of time between entry and the first pericentric passage does the SFR go to zero in under 0.5 Gyr [Muzzin et al., 2014a]. If star formation were quenched immediately as soon as a galaxy becomes a satellite, the masses of satellite galaxies would be underpredicted. Without any stripping, they would be overpredicted [Tollet et al., 2017]. A similar picture characterizes the quenching of massive galaxies. Here starvation is accomplished by the shock heating of the infalling gas as it enters the DM halo and by the prevention of its subsequent cooling via AGN feedback (maintenance feedback). Besides hampering accretion, AGN feedback can also eject cold gas from within the galaxy (ejective feedback) resulting in a fast quenching that doesn't allow for further chemical enrichment (see Section 1.4.1).

Here we build upon the original idea of P15 and compare the observed stellar metallicity difference between passive and star-forming galaxies with the predictions of GalICS 2.0, described in detail in Chapter 2. The great advantage of this approach is that several free parameters that enter the gas regulator models of P15 and T18 are now determined by the cosmological N-body simulation used to construct the merger trees. For satellite galaxies, t q is equal to the time a galaxy enters a group or cluster and t delay is the difference between the entry time and the time of the first pericentric passage. For central galaxies t q is defined by the time the DM halo reaches the critical mass M shutdown = 10 12.7 M ⊙ , above which the shock-heating of the infalling gas is complete (see Section 2.0.2.1). The cumulative accretion before the onset of strangulation is also determined by the N-body simulation, as the accreted gas is proportional to the DM halo growth at each timestep. In addition, the mass loading factor η(υ vir , z) has already been tuned by C17 to reproduce the stellar mass function of galaxies from z = 2 to z = 0 (see Section 2.0.3.2). The structure of this Chapter is as follows. In Sections 5.2 and 5.3 we describe our methodology and present our results for the conditional stellar mass function of satellite galaxies and the metallicities of red and blue galaxies and compare them with the observational measurements of Yang et al. [2009] and T18, respectively. Our results are based on models that include strangulation but do not include stripping (no gas or stars are removed from galaxies). In Section 5.4, we present our adopted models for ram-pressure and tidal stripping and estimate the maximum effect that these processes could have on our results. In Sections 5.5 and 5.6, we discuss these results and summarize our conclusions.

Methodology

The evolution of the galaxies' gas metallicity Z gas (t) = M gas,Z (t)/M gas and stellar metallicity Z * (t) = M * ,Z (t)/M * (t) in GalICS 2.0 is followed from one timestep in the merger tree to the 5.2. METHODOLOGY next using the analytic solutions for the evolution of the gas mass and mass of metals in the gas, stellar mass and mass of metals locked into stars, given by equations 3.4, 3.9, 3.6 and 3.11, respectively. As shown in Section 3.2.1, in the accreting-box model (with or without outflows) the gas and stellar metallicity at time t is proportional to Z accr + ỹ, where Z acc is the metallicity of the infalling gas and ỹ = y Z (1 -R)/(1 -R + η), with y Z the net metal yield and R the returned fraction of a stellar generation. In this study, we make the simplifying assumption that the metallicity of the infalling gas Z accr is equal to zero. This assumption is not unreasonable for cold-mode accretion, since the IGM is unlikely to have metallicity larger than one third the Solar value [e.g. [Rafelski et al., 2012[Rafelski et al., , 2014;;Berg et al., 2016]]. Hence, Z IGM ≪ ỹ for all galaxies in the mass range considered in this study (M * ≥ 10 9 M ⊙ ) where η is never much greater than unity3 . It could be a poor assumption for hot-mode accretion, as the CGM can reach metallicity values of 0.5 Z ⊙ and higher [see Tumlinson et al. [2017] and references therein]. However, in GalICS 2.0 galaxies grow through cold accretion only, hence Z accr = Z IGM . Consider a galaxy that starts forming at t = t 0 through cold accretion, i.e., M gas (t 0 ) = M * (t 0 ) = 0. The mass of metals in the ISM and the mass of metals locked into stars at the next timestep t 1 (for Z accr ≪ ỹ) will be:

M gas,Z (t 1 ) = ỹ Ṁaccr [τ -τ e -t 1 τ -te -t 1 τ ] ∝ y Z (5.1)
and

M * ,Z (t 1 ) = ỹ Ṁaccr (1 -R) τ t SF t 1 + t 1 e -t 1 τ -2τ (1 -e -t 1 τ ) ∝ y Z , (5.2)
while its stellar metallicity will be:

Z * (t 1 ) = ỹ t 1 + t 1 e -t 1 τ -2τ (1 -e -t 1 τ ) t 1 -τ (1 -e -t 1 τ ) ∝ y Z .
(5.3)

At the next timestep t = t 2 , the mass of metals locked into stars will be:

M * ,Z (t 2 ) = M * ,Z (t 1 ) + (1 -R) τ t SF • • ỹ Ṁaccr ∆t + ỹ Ṁaccr - M gas (t 1 ) τ ∆te -∆t τ + -ỹ Ṁaccr τ + ỹ Ṁaccr - M gas (t 1 ) τ τ -M gas,Z (t 1 ) • • 1 -e -∆t τ ,
(5.4) respectively (T18). Models a and b are the most standard (a is the default model of C17 except for the minor modifications described in Chapter 2) and both reproduce well the trend of ∆log Z * with M * at 10 10 M ⊙ M * 10 11 M ⊙ , although in both cases there is a systematic offset of ∼ -0.05 dex of the models (black curves) with respect to the data points.

RESULTS

Results

The blue and the red curves in Fig. 5.2 show the M * -∆log Z * relation for central and satellite galaxies, separately. In GalICS 2.0, passive satellite galaxies have higher stellar metallicities than passive central/field galaxies for a fixed stellar mass (the red curves are above the blue curves). P15 (but not T18) find a similar trend: for the same stellar mass, passive galaxies in dense environments have higher metallicities than passive galaxies in the field. We do not know why the results of P15 and T18 differ on this point. However, we remark that the Universe contains more pathways to quiescence than our SAM. Dwarf galaxies have shallow potential wells. Galactic winds can easily unbind their gas reservoir and disrupt the accretion flow onto them on scales as large as a megaparsec [Tollet et al., 2019]. The result is stochastic SFR histories, characterised by bursts of star formation interspersed by long periods of quiescence GalICS 2.0 is always larger than 60%. Baldry et al. [2006] and Weinmann et al. [2006b] have already pointed out the inability of several SAMs to reproduce the observed passive fractions of satellite galaxies. Most SAMs assume that the entire hot gaseous halo is instantaneously stripped the moment the galaxy is accreted into a larger halo, which results in severely overpredicted red satellite fractions [Kang & van den Bosch, 2008]. The absence of cooling in GalICS 2.0 combined with decreased cold-mode accretion for satellite galaxies leads to the same effect. Indeed we see that shutting down cold accretion onto satellites (model b) makes very little difference both in the quiescent fractions and in the metallicity difference. Haloes in GalICS accrete gas only when they grow in mass and most satellite haloes stopped growing even before the halo finder identified them as subhaloes (e.g., Tollet et al., 2017;hereafter T17) et al. [2005]: the observed MZR flattens below M * = 10 10 M ⊙ , while the theoretical prediction of our SAM becomes even steeper. The slope of the MZR is set by feedback, which becomes more important for lower-mass galaxies because of their lower escape speeds [Larson, 1974], but the discrepancy at M * < 10 10 M ⊙ suggests that the efficiency of feedback may increase less rapidly below a certain mass because star formation becomes sporadic [Tollet et al., 2019]. We note, however, that the MZR shown in figure 3.11 considers all galaxies in our computational volume and is therefore dominated by field galaxies, which are more numerous, while figure 5.2 is dominated by the behavior of red galaxies, which are mainly satellites at M * 10 11 M ⊙ . Hence, our outflow rates may be correctly calibrated for field and central galaxies (the agreement in Fig. 3.11 is more than satisfactory) but they may be too strong for satellite galaxies. This possibility is not far fetched because GalICS 2.0 works on the assumption that the massloading factor η is entirely determined by the depth of the gravitational potential well (Eq. 2.46) but other physics are likely to play a role, e.g., the pressure of the hot gas at the centres of massive systems may suppress and confine galactic winds [Schindler et al., 2005;Kapferer et al., 2009;Mulchaey & Jeltema, 2010a], or it may be more difficult for satellite galaxies to attain the critical SFR density for galactic winds [Larson, 1974] due to environmental effects that reduce their gas fractions (strangulation, ram-pressure stripping, tidal stripping). A lower value of η in satellites may explain the turning point at M * ≈ 10 10 M ⊙ as well as the ∼ -0.05 dex offset of the black curves with respect to the data points in figure 5.2.

To check to what extent figure 5.2 is affected by feedback, we have run a model in which there are no outflows in satellites (model d; solid curves in figure 5.4). The left panel of figure 5.4 shows a dramatic increase of ∆log Z * at low masses (but not at M * 10 11 M ⊙ ) to the point that some feedback is clearly needed (the strong effect of outflows on ∆log Z * at low masses than the other three models (< 20% at 10 10 M ⊙ M * 10 11 M ⊙ ). To find out why, we have followed the star-formation and chemical-evolution histories of a number of galaxies. The one shown in figure 5.7 is one of them. Figure 5.7 follows the evolution of a low-mass spiral with M * ∼ 10 10 M ⊙ in a group with M h ≃ 3 × 10 13 M ⊙ (masses at z = 0). The black curves and the red curves show how its SFR, gas mass, stellar mass, metallicity, distance from the centre of the group, star-formation timescale and virial radius evolve with cosmic time in models b and c, respectively. The only difference between the two models is the disc star-formation timescale. We now follow its history in model b and model c in detail. Just before the cosmic time t = 5 Gyr a major merger triggers a starburst that consumes all the gas. Later the galaxy regrows a disc. Hence, the gas mass and the stellar mass keep growing until t ≃ 7.5 Gyr. After t ≃ 7.5 Gyr the DM halo stops growing and the galaxy ceases to accrete. Stars keep forming but the gas reservoir is now emptying. At t ≃ 10 Gyr the galaxy becomes a satellite of a group with virial mass M h ≃ 3 × 10 13 M ⊙ and its halo becomes a subhalo, but until t ≃ 11 Gyr the predictions of model b and model c are still quite similar. The difference at t > 11 Gyr arises because model b displays a burst of star formation that depletes the gas reservoir. The SFR peaks around t = 12 Gyr. This burst is entirely due to a sharp decrease of the disc star-formation timescale (evolution of t SF in figure 5.7), since the last major merger and the last minor merger occurred at t ≃ 4.7 Gyr and t ≃ 8.4 Gyr, respectively. This cannot happen in model c, where t SF = 3.5 Gyr at all times by construction. Model b predicts a higher final stellar metallicity than model c because the more stars form, the more Z gas increases, since a larger mass of metals is deposited into a smaller gas reservoir, and this affects the metallicities of new stellar generations. The question is why model b exhibits a sharp decrease of t SF at t 11 Gyr. The answer lies in equation 5.5: in model b, t SF is proportional to the disc exponential scale-length r d . The star formation timescale t SF decreases after t ≃ 11 Gyr because r d shrinks as the satellite approaches its orbital pericentre (in figure 5.7, r shows the distance of the galaxy from the centre of the cluster as a function of time). What causes r d to contract, however? In GalICS 2.0, r d is computed taking the disc's self-gravity into account (see Section 2.0.2.4) but this is a small correction. To the extent that the disc has a flat rotation curve with circular velocity υ c , the conservation of specific angular momentum gives:

2r d υ c = λR vir υ vir , (5.9) 
where R vir is the virial radius of the halo (or subhalo, in the case of a satellite), υ vir is the virial velocity, and λ is the spin parameter of the DM halo defined as in Bullock et al. [2001]. If we further assume υ c ∼ υ vir , which is inaccurate [Cattaneo et al., 2017] but not unreasonable, we find:

r d ≃ λ 2 R vir .
(5.10)
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Hence, r d is essentially determined by quantities measured from the N-body simulation. More quantitative calculations show that equation (5.10) is accurate to 20%.

A possible complication arises because the virial radii that the halo finder (AHOP; Tweed et al., 2009) returns for subhaloes are in fact truncation radii. Hence, they are expected to decrease as tidal stripping peels the subhaloes' outer layers [Kazantzidis et al., 2004;Diemand et al., 2007a,b]. When baryonic physics are included, tidal disruption may become stronger or weaker depending on the masses of the host halo and the subhalo, and the time since the formation of the group/cluster [Dolag et al., 2009;Fiacconi et al., 2016;Chua et al., 2017;Despali & Vegetti, 2017;Sawala et al., 2017;Garrison-Kimmel et al., 2017;Graus et al., 2018;Kelley et al., 2019]. For subhaloes in the mass range 10 6 -10 9 M ⊙ , there appears to be a consensus that their number is lower in hydrodynamic simulations with baryons relative to pure DM N-body simulations both in Milky Ways and higher-mass systems. This suggests that the contribution of baryons to the gravitational potential of the host increases the effectiveness of tidal forces [Sawala et al., 2017;Chua et al., 2017;Despali & Vegetti, 2017;Garrison-Kimmel et al., 2017;Graus et al., 2018;Kelley et al., 2019]. Things are less clear for subhaloes with masses larger than 10 9 M ⊙ . Despali & Vegetti [2017, eagle] found that the lack of substructures is maintained at all masses. Dolag et al. [2009] and Fiacconi et al. (2016;Ponos), found that a concentrated baryonic component makes massive substructures more resistant to tidal disruption and thus increases their number. Chua et al. [2017], Despali & Vegetti [2017] and Graus et al. [2018] confirmed this behaviour with the Illustris simulation but only for subhaloes with M vir > 10 10 M ⊙ .

Given that in the mass range considered in this work most satellites have virial masses M vir > 10 10 M ⊙ , it is hard to quantify the effect of neglecting baryons on the disruption of substructure. However, figure 5.7 reveals a different effect: as satellites move away from the centre of the group or cluster to which they belong, their virial radii, R vir , increase again in an almost symmetric fashion to the one they decreased before the pericentric passage. This effect points to a limitation of halo finders based on three-dimensional configurations rather than six-dimensional phase-space analysis [Knebe et al., 2011[Knebe et al., , 2013]]. Reliance on configurations only forces AHOP to assume instantaneous tides and this approximation overestimates tidal stripping (T17). What matters, however, is not as much R vir as the specific angular momentum of the DM. Disc sizes are computed by assuming that the disc has the same specific angular momentum as the DM halo (Eq. 5.9); R vir would not matter if the specific angular momentum of the DM were insensitive to the radius within which it is measured. However, particles at the centre of a DM halo have lower specific angular momentum on average that particles in the outskirts. Hence, smaller truncation radii result in smaller disc scale-lengths and shorter t SF around the pericentre.

One may dismiss the burst of star formation in model b as a numerical artifact. However, tides may trigger bursts of star formation through other processes that our SAM neither includes nor can easily capture (i.e., tidally induced bars and compressive tides; Moss et al., 1998;Renaud et al., 2014). Lokas et al., 2016b used computer simulations to study the infall and evolution of disc galaxies in a cluster environment. Tidally induced bars formed on all orbits soon after to produce enough metals in passive galaxies at low masses (M * ∼ 10 10 M ⊙ ) and predicts too many metals in passive galaxies at high masses (M * ∼ 10 11 M ⊙ ). The trend in T18's observations is thus completely reversed. Model c predicts higher ∆log Z * than model b at M * 10 10.5 M ⊙ because galaxies above ∼ 10 10.5 M ⊙ acquire a non-negligible fraction of their mass through mergers [Cattaneo et al., 2011a], which will be very gas-rich if gas is not consumed in lower-mass objects (the final metallicity will be higher if gas is first allowed to accumulate and then exhausted in highermass objects, due to the anticorrelation of η with virial mass). Merger-driven starbursts are an effective way to form stellar populations with high metallicities, especially in massive galaxies, which have deep gravitational potential wells and behave like close boxes (the effect is accentuated by the absence of ejective quasar feedback in our SAM). However, we must note that only a small number of massive galaxies in model c experience starbursts strong enough to move them to the red sequence resulting in a bias of their MZR towards higher metallicities. The higher fraction of passive satellites in model b (60% to 70% vs. < 20% in model c) confirms that the difference with model c is due to model b's more efficient star formation, which causes many satellite galaxies to run out of gas. Using t SF = 2.2 Gyr [Bigiel et al., 2008] instead of t SF = 3.5 Gyr [Boselli et al., 2014] 8 produces somewhat more agreeable metallicities for passive galaxies at high masses. The metallicities of low-mass galaxies (M * ∼ 10 10 M ⊙ ) are still very underpredicted (figure 5.6; dashed curves) and the fraction of red satellites increases only slightly at low masses (M * 10 10 M ⊙ ). Lowering the value of t SF in model c even further increases the fraction of passive satellites significantly (figure 5.6; dotted curves). However, the metallicity difference between passive and star-forming becomes even lower. Figure 5.10 displays the median metallicity of all starforming (blue) and all passive (red) galaxies for t SF = 3.5, 2.2 and 1 Gyr (solid, dashed and dotted curves, respectively). The median metallicity of passive galaxies remains approximately constant in the three cases, even though the number of passive galaxies differs. Contrarily, the median Z * of star-forming galaxies increases with decreasing t SF , hence the drop in ∆logZ * . In a model with lower t SF , star-forming galaxies reach a given mass faster, without having the time to dilute their gas reservoir significantly by pristine infalling gas (their MZR is elevated). Counterintuitively, we, therefore, find that even though a shorter t SF results in a higher fraction of passive galaxies (since they exhaust their gas reservoir faster), the difference ∆log Z * between passive and star-forming galaxies becomes smaller. In contrast, the success of model b relies on decreasing only the SF timescale of satellite galaxies (SF bursts), while at the same time ensuring that high-mass galaxies have acquired enough gas prior to the onset of strangulation (t SF decreases only after the entry time). In order to disentangle the effects of pressure-induced starbursts and the suppresion of outflows, we consider a variant of the closed-box model d (figure 5.4, dashed lines), in which we force the before the merger (see also Hopkins et al. [2010] who discuss misidentification of merger ratios in cosmological hydrodynamic simulations and SAMs). However, this matter should be investigated further, possibly in comparison with observed major merger rates [e.g. Robaina et al., 2010;Lotz et al., 2011].

Effects of stripping

In the previous section, we explored models that included strangulation (the shutdown of gas accretion onto satellites) but did not include any stripping. We now wish to explore how ram pressure and tidal stripping could affect the metallicities of satellite galaxies. Ram pressure strips gas more effectively at large radii [Bekki, 2014;Steinhauser et al., 2016] in agreement with observations that cluster galaxies have more concentrated star formation than their field counterparts [Bretherton et al., 2013]. Truncating discs is equivalent to removing the gas with the lowest metallicities and increases the mean metallicity of the gas that is left over to form stars. Genel [2016, Illustris] and Bahé et al. [2017, eagle] found that this mechanism accounts for a significant part of the metallicity enhancement of the gas in satellites compared to field galaxies. In a similar manner, tidal stripping of outer, metal-poor stars can simultaneously increase the average stellar metallicity and reduce the stellar mass of satellite galaxies, although this is likely to be a minor effect [Pasquali et al., 2010]. To assess the maximum effect that these mechanisms may have on stellar metallicities we have explored an extreme model in which stripping removes gas but does not remove any metals from galaxies. For this calculation we have computed t SF with Eq. 5.5 but we have assumed that the disc scale-length of satellite galaxies remains constant after the entry time. Otherwise, the artificial contraction of gaseous discs brings the gas so close to the centre that its stripping is artificially impossible.

Methods

Ram pressure stripping

Following Gunn & Gott [1972], the ram pressure exerted by the ambient hot gas on a satellite galaxy is equal to:

p ram (r) = ρ h (r)υ 2 sat (r), (5.11) 
where r is the distance of the satellite from the centre of the host, ρ h (r) is the density of the hot gas of the host halo at radius r and υ sat (r) is the velocity of the satellite in the host's reference frame, determined from the N-body simulation.

In the C17 version of GalICS 2.0 the hot gas density was computed using the Komatsu & Seljak [2001]'s exact analytic solution for a polytropic gas in hydrostatic equilibrium with the gravitational potential of an NFW halo. The main disadvantage I noticed, in using this solution is that it does not guarantee that its integral over the virial sphere will be equal to the mass of 5.4. EFFECTS OF STRIPPING hot gas computed by our SAM. Moreover, it has been derived by fitting with observed X-ray profiles of galaxy clusters and does not consider lower-mass systems. Therefore, in this work we follow a much simpler profile:

ρ h (r) = ρ h,0 1 + r r c,h 3 , (5.12) 
where ρ h,0 is the central hot gas density, R vir and c is the virial radius and the concentration parameter of the DM halo and r c,h is the core radius of the hot gas. We also define the dimensionless parameter α = cr c,h /R vir with sets the ratio between the core radii of the hot gas and the DM. The density profile in Eq. 5.12 has been found to fit the density of the ICM in adiabatic cosmological simulations for α ∼ 0.7 [Faltenbacher et al., 2007]. Moreover, it has the same behavior as the NFW profile for r → ∞ and is in good agreement with the Komatsu & Seljak [2001] profile for r 2R vir [Cattaneo et al., 2020]. Finally, it is analytically simple.

To determine the values of ρ h,0 and r c,h we assume that the hot gas of the galaxy extends out to the virial radius which gives:

M hot = 4π ˆRvir 0 ρ h (r)r 2 dr = 4πρ h,0 r 3 c,h ˆc α 0 x 2 (1 + x) 3 dx = 4πρ h,0 r 3 c,h 4c/α + 3 2(c/α + 1) 2 + ln c α + 1 - 3 2 . 
(5.13)

This assumption is mostly accurate for massive clusters for which we can also require ρ h /ρ NFW → Ω b /Ω M for r → ∞, since most of their baryons are in the hot gas [e.g., Sanderson et al., 2013].

The appropriate assumption for smaller haloes with M hot /M vir << Ω b /Ω M is far less clear.

Here, we assume that:

lim r→∞ ρ h ρ NFW = M hot M vir , (5.14) 
where:

ρ NFW = ρ NFW,0 r Rs 1 + r Rs 2 (5.15)
and ρ NFW is the halo density profile obtained by fitting an NFW model. In equation 5.15, R s = R vir /c is the scale radius of the DM halo and:

ρ NFW,0 = M vir 4πR 3 s [ln(1 + c) -c/(1 + c)]
(5.16)
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and

ρ h,0 = M hot 4π 0.6Rvir c 3 ln(1 + c) -c 1+c .
(5.21)

This value of α is very close to the one Faltenbacher et al. [2007] found in adiabatic simulations (α ≃ 0.7). It is also close to the value needed for equation 5.12 to approximate the Komatsu & Seljak [2002] solution for a cluster with c = 5 (α = 0.8), but not the one for lower-mass systems (α = 1 for a Milky Way galaxy with c = 10) [Cattaneo et al., 2020].

All the above calculation was based on assumptions 5.13 and 5.14. Although arbitrary from a theoretical standpoint, we find that the hot gas profile of equation 5.12 with r c,h = 0.6R vir /c is consistent with observations spanning more than three orders of magnitude in halo mass [Voit et al., 2019b]; including galaxy clusters [Cavagnolo et al., 2009], ellipticals [Babyk et al., 2018;Singh et al., 2018], the Milky Way [Voit, 2019], and the ICM of galaxies with 10 11.5 M ⊙ M vir 10 12.5 M ⊙ studied through absorption line measurements with the Cosmic Origins Spectrograph [Voit et al., 2019a].

Coming back to ram-pressure, we first compute the ram-pressure stripping of the hot gaseous haloes of satellite galaxies following McCarthy et al. [2008]. McCarthy et al. [2008] proposed a simple analytic model, analogous to the original formulation of Gunn & Gott [1972], but appropriate for the case of a spherical gas distribution. Here, we will briefly rederive their analytic solution.

Assuming the hot gas has a spherically symmetric distribution, we expect the gas in the outer projected areas of the system to be stripped first as it is the least-bound. Consider a projected annulus between radii R and R + dR with area dA = 2πRdR (see diagram in Fig. 5.12). The force due to ram pressure at this annulus is F ram (r) = p ram (r)dA, exerted in the direction z opposite to the velocity of the satellite in the host's reference frame υ sat . The gas annulus will be stripped if F ram (r) exceeds the maximum gravitational restoring force in the -z direction F grav = g max (R)Σ h,sat (R)dA, where g max (R) is the maximum restoring acceleration in this direction and Σ h,sat (R) is the projected surface density of the hot gas in the annulus. For a singular isothermal sphere we have

g max (R) = GM gal (R)/(2R 2 ) and Σ h,sat (R) = πρ h,sat (R)R.
This results in the following condition for stripping the hot gas:

p ram (r) > π 2 GM gal (R)ρ h,sat (R) R , (5.22) 
where p ram (r) is given by equation 5.11 and M gal (R) includes both the DM and the baryon mass (stars and gas in all galactic components and the hot gas halo) of the satellite enclosed within radius R. At each timestep of the satellite's orbit within the virial radius of its host halo we evaluate the radius R = R strip,h for which equation 5.22 holds and the mass of the hot gas 5.4. EFFECTS OF STRIPPING the disc at radius R is given by:

P rest (R) = 2πGΣ disc (R)Σ gas (R) = 2πG Σ * (0)e -R r d + Σ gas (0)e -R f d r d Σ gas (0)e -R f d r d , (5.25) 
where Σ disc (R) is the surface density of the disc at radius R, Σ * (0) and Σ gas (0) are the central surface densities of the stellar and the gaseous disc, respectively, r d is the exponential scalelength of the stellar component and f d is a free parameter of the model that defines the factor by which the gaseous disc is larger than the stellar one. Equation 5.25 neglects the contribution of the DM halo to the gravitational potential (it is possible for a gaseous mass to escape the disc but be restrained by the halo's gravitational force). It is, therefore, probable that the effect of ram-pressure on the gas within the galaxy is less strong than we estimate.

Again at each timestep we evaluate the radius R strip for which P ram (r) = P rest (R strip ) and the gas mass that is stripped from the satellite:

M gas,stripped = 2π ˆRtrunc Rstrip Σ gas (r)rdr (5.26)
after which we set the truncation radius R trunc = R strip for the gaseous disc, if R strip < R trunc .

Our description for ram pressure stripping is very simplistic. We assume that whenever the ram pressure force exceeds the gravitational restoring force, gas from the satellite is transferred instantly to its host. In reality, stripping is not instantaneous, since gas can only respond to changes in its environment on a finite time-scale. McCarthy et al. [2008] who used 3D hydrodynamic simulations to study the stripping of hot gas haloes of satellites, showed that for the most common orbital parameters it takes ∼ 1 Gyr of stripping to reach a convergent value (that is to reach the 3D radius where the ram pressure force equals the gravitational restoring force of the satellite). The instantaneous approximation leads SAMs to predict a higher number of red group and cluster galaxies than what is observed [e.g. Baldry et al., 2006;Weinmann et al., 2006b]. In GalICS 2.0, stripping of the gasesous halo (instantaneous or not) does not affect the star formation of the galaxy, since cooling does not take place anyway. However, this "time-delay" does also concern stripping of the cold gas in galactic discs and the stripped mass depends on the time-integrated ram pressure [e.g. Roediger & Brüggen, 2007;Köppen et al., 2018]. Moreover, ram pressure acts in more ways than simply "pushing" away gas in areas where gravity is not strong enough. It can cause viscous stripping, applied even to satellites moving edge-on, due to the Kelvin-Helmholtz instability induced by the ICM wind flowing over the surface of the gas disc [Nulsen, 1982;Quilis et al., 2000;Roediger & Brüggen, 2007]. Introducing these physics in our SAM is out of the scope of this analysis, which is not focused on stripping per se. However, we shall take them into account when analyzing our results.

Tidal stripping

In contrast to DM, tidal stripping of a subhalo's concentrated stellar and gaseous components occurs almost entirely at pericentric passages, as there the variations of the tidal acceleration lead to strong tidal shocks [Ostriker et al., 1972;Mayer et al., 2006;[START_REF] Klimentowski | [END_REF]. We, therefore, evaluate tidal stripping only at pericentric passages following Tollet et al. [2017], whose analytic prescription for tidal stripping we rederive here. We first compute the pericentric radius r p and speed υ p from the conservation of energy:

1 2 υ 2 p + Φ h (r p ) = e (5.27)
and the conservation of angular momentum:

r p υ p = j, (5.28) 
where e is the specific mechanical energy of the satellite, j is its specific angular momentum and Φ h is the gravitational attraction of the host system.

In reality e and j are not conserved along the orbit since the satellite is subject to the dynamical friction force. However, we expect their variation to be small between snapshots and use the values for e and j measured in the simulation at the snapshot just before the pericentric passage (where ṙ changes sign) in equations 5.27 and 5.28. In Section 2.0.1.1, we computed the tidal radius (equation 2.13) of the DM distribution of ghost subhaloes based on the assumption of circular orbits and instantaneous tides. In order to estimate the effect of tidal stripping on the subhaloes' stellar mass we must, however, take into account that most satellites are on elongated orbits [Ghigna et al., 1998] and that particles are not stripped immediately as soon as the tidal acceleration exceeds the gravitational acceleration of the satellite. The impulsive approximation dictates that a particle is tidally stripped only when:

1 2 (υ s + ∆υ) 2 + Φ s ≥ 0, (5.29) 
where υ s is the velocity of the particle in the satellite before the tidal perturbation, and ∆υ = ˆαt dt (5.30)

is the impulse imparted by the tidal acceleration α t to the particle and Φ s the gravitational potential of the satellite.
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The integral in Eq. 5.30 is dominated by the contribution around the pericenter, which gives:

∆υ ∼ α t ∆t p ∼ |α| GM h (r p ) r 3 p r p u p r, (5.31) 
where ∆t p ∼ r p /u p is the duration of the pericentric passage, M h (r p ) is the mass of the host halo within r p , r is the distance between the particle and the centre of mass of the satellite and α t is given by equation 2.13 with α = -3.

If we assume that υ s • α t = 0, since υ s has a random orientation, substituting equation 5.31 into equation 5.29 gives:

1 2 |α| GM h (r p ) r 2 p R t υ p 2 = -Φ s (R t ) - 1 2 υ 2 s .
(5.32)

By further assuming that the test particle is on a circular orbit υ 2 s (R t ) = GM s (R t )/R t , as stars and gas particles in discs of spirals and S0 galaxies, and by substituting υ 2 c (r p ) = GM h (r p )/r p , equation 5.32 becomes:

-2 Φ s (R t ) υ 2 s (R t ) -1 M s (R t ) R 3 t = α 2 2 υ c (r p ) υ p 2 M h (r p ) r 3 p 
(5.33) [Tollet et al., 2017]. All the stellar and gaseous mass that lies outside of the tidal radius R t is stripped from the satellite and added to the ICL and the hot gas halo of the host halo, respectively. In contrast to ram-pressure stripping, tidal stripping does not result in a truncation radius in our model, since we assume that between two pericentric passages the disc has enough time to relax back to an exponential profile (in fact, many stripped discs exhibit an antitruncated profile; Pranger et al., 2017).

Results

In this model, besides stripping only gas and no metals from the satellites (to maximize the effect stripping has on raising stellar metallicities), we have also set θ = 0 in equation 5.24 (all satellites move face-on) to maximize ram-pressure stripping of the gas withing disc galaxies. Figure 5.13 shows the gas surface-density profiles for disc galaxies in GalICS 2.0, assuming that the exponential scale-length of the gaseous disc is twice that of the stellar disc, i.e., for f d = r d,gas /r d = 2. We find that this value of f d compares well with the density profiles in Fillingham et al. [2016] who compiled observational gas surface density profiles from the THINGS, Little THINGS and SHIELD data sets [Walter et al., 2008;Cannon et al., 2011;Hunter et al., 2012;McNichols et al., 2016;Teich et al., 2016]. We have also considered f d = 3 to assess the stronger impact that stripping could have on more extended discs.

gas inwards. Their point was that this would make the gas harder to strip but we remark that, by funnelling gas inwards, tides also increase its SFR. The effectiveness of RPS as a quenching mechanism is a strong function of satellite mass and pericentric radius [Mayer et al., 2006;Fillingham et al., 2016;Simpson et al., 2018]. The Auriga cosmological hydrodynamic simulation finds that, in a system similar to the Local Group, RPS can quench star formation in dwarf galaxies but only below a stellar mass M * ∼ 10 7 M ⊙ [Simpson et al., 2018]. A semi-analytic calculation based on the Hi surface-density profiles of 66 nearby galaxies finds that RPS becomes important at satellite stellar masses below ∼ 10 8 M ⊙ , and even then is not fully effective in most systems unless the density of the hot circumgalactic medium is higher than the canonical value 10 -3.5 cm -3 [Fillingham et al., 2016]. High-resolution wind-tunnel simulations [Emerick et al., 2016;Hausammann et al., 2019] confirm that RPS can remove the hot diffuse gas very efficiently but find that cold gas (T < 10 3 K) is remarkably resilient9 . All the above studies are for systems on the mass-scale of the Local Group but Steinhauser et al. [2016;arepo] found similar results for satellites in a cluster environment. They confirmed that cold gas is very difficult to strip unless the pericentric radius is very small but they also noted that inefficient stripping is balanced by increased star formation in discs compressed by ram pressure.

The conclusion of this first set of studies is that RPS is an effective mechanism for strangulation but not for quenching, at least in the mass range that is relevant for our study (M * > 10 9.5 M ⊙ ). This is good news for the models studied in Section 5.3, which neither included RPS nor required any strangulation mechanism.

Besides causing strangulation and stripping, several theoretical works have shown that ram pressure can trigger a star formation enhancement [Vollmer et al., 2001;Bekki & Couch, 2003;Kronberger et al., 2008;Kapferer et al., 2008Kapferer et al., , 2009;;Tonnesen & Bryan, 2009;Bekki, 2014;Steinhauser et al., 2016;Troncoso Iribarren et al., 2016]. Bekki & Couch [2003] ran windtunnel simulations of a molecular cloud moving through the hot gas at the centre of the Coma cluster and found that 80% of the gas was converted into stars in just over 10 Myr. Simulations of satellite galaxies moving through a cluster environment confirmed their result by showing that infall into a cluster increases the SFR by a factor of three [Kronberger et al., 2008] or even by up to an order magnitude depending on the density of the intracluster medium [Kapferer et al., 2009]. More recently, Bekki [2014] run a parameter study in which he examined the evolution of the SFR as a function of satellite mass (he considered three galaxies with masses from a dwarf irregular to the Milky Way), host-halo mass (he explored the mass range from M h = 10 13 M ⊙ to M h = 10 15 M ⊙ ), orbital parameters (hence, the pericentric radius r p ), and inclination. All galaxies exhibit decreasing SFRs until they reach the pericentre. Then, star formation may be enhanced, reduced, quenched, or unaffected, in which case it continues its gentle decline.

The least affected galaxies are edge-on discs (the effects of ram pressure are strongest when the velocity and the angular momentum are aligned and weakest when their orientations are orthogonal). M * /M h is the key quantity that determines the probability of quenched vs. enhanced star formation. Quenched or reduced star formation is typical of dwarves in cluster environments. For massive spirals, enhanced star formation is far more common. The enhancement factor can approach an order of magnitude in the case of a face-on disc [Bekki, 2014] and occurs because the molecular fraction increases with pressure [Henderson & Bekki, 2016].

Measuring a temporary increase of the SFR at the first pericentric passage does not solve the problem of the long-term evolution of star formation in satellite galaxies. Bekki [2014] showed that star formation may be enhanced at the first pericentric passage and reduced at the second, or that it may be unaffected at the first pericentric passage and enhanced at the second. Using numerical hudrodynamic simulations, Vollmer et al. [2001] found that an instantaneous burst driven by ram-pressure occurs in the inner galactic disc of satellites and that this burst is stronger (SF can increase up to a factor of ∼ 2) at the pericenter. Contrarily, Tonnesen & Bryan [2009], although confirming (but not quantifying) a SF enhancement, argued that this should occur closed to the edges of clusters, where ram pressure is weaker. Bursting followed by immediate quenching is one evolutionary path. There is no reason why it should be universal, but our results do not require that. All we need to explain the metallicity difference between passive and star-forming galaxies is that passive galaxies experienced a phase of enhanced star formation between the onset of strangulation (the time they ceased to accrete gas) and the time of quenching (the time they ceased to form stars).

From an observational standpoint, there is little evidence for star formation at the centres of local clusters but the presence of a conspicuous population of star-forming galaxies in the cores of rich clusters at z ∼ 0.5 has been known since Butcher & Oemler [1984]. Finn et al. [2005], alike, found a significant population of starburst cluster galaxies at z ≃ 0.75 using the ESO Distant Cluster Survey (EDisCS) and remarked that these galaxies can be matched to poststarburst galaxies (PSG) at z ≃ 0.45, assuming the poststarburst phase lasted five times longer than the starburst phase. Paccagnella et al. [2017] investigated the occurence and properties of PSGs 10 galaxies in 32 clusters in the local Universe (0.04 < z < 0.07) and found that the fraction of PSGs is similar to the fraction of galaxies with slowly decreasing SFRs (SRFs that decrease on timescales longer than 2 Gyr). As in Paccagnella et al. [2017] the post-starburst phase lasts for 1 Gyr by construction, this finding implies that two thirds of passive galaxies reached the red sequence through the post-starburst route.

On the opposing side, are Treu et al. [2003], who observed the morphological distribution in a cluster with R vir = 1.7 Mpc at redshift z = 0.4 out to radius r = 5 Mpc. They argued that tidal/ram-pressure triggering of star formation and RPS should not be important at r > 0.8 Mpc; hence, they concluded, these processes cannot explain the gradual increase of the early-type fraction from 40% in the field (r > 5 Mpc) to 70% in the central region. Slow strangulation and harassment were proposed as more likely mechanisms. We note, however, that Treu et al. [2003]'s early-type fractions at r ∼ 0.6 Mpc and r ∼ 3.7 Mpc (50% and 45%, 10 PSGs are thought to result from fast quenching mechanisms and exhibit properties intermediate between passive and star-forming galaxies for ∼ 1 Gyr after the halt of SF.

respectively) are indistinguishable within the error bars and that r ∼ 3.7 Mpc is the outermost radius for which Treu et al. [2003] have data for the cluster in question. Moreover, a double mechanism and/or timescale scenario is plausible, in which SF is quenched rapidly by a process that acts primarily on the gas content (RPS or RP induced bursts), while morphological transformation occurs on longer timescales [Poggianti et al., 1999;Paccagnella et al., 2017]. Considering the dependence of the passive fraction not only on radius r but also on radial velocity υ r lead Mahajan et al. [2011b] to an opposite conclusion to Treu et al. [2003]. The radial velocity was used to separate infalling galaxies, which have not reached their pericentres yet, virialised galaxies, which may have done several orbits, and backsplash galaxies, which are likely to have experienced only one pericentric passage. Mahajan et al. [2011b] found that the fraction of galaxies with ongoing or recent star formation is higher in the infalling population than in the other two, which contain similar fractions of galaxies with ongoing or recent star formation: star-forming galaxies that fall into a cluster keep forming stars all the way down to the centre but one pericentric passage is enough to quench their star-formation activity. The identification of galaxies currently undergoing ram pressure stripping in clusters and groups, is based on peculiar morphological features (e.g. tails, asymmetric star formation, shock fronts), the most extreme form of which appears in the so-called "jellyfish" galaxies (see Section 1.4.2). Gavazzi et al. [1995] observed three such peculiar galaxies in the cluster A 1367 and found them to contain supergiant HII regions about 10 times more abundant than normal. Merluzzi et al. [2013] studied a disturbed spiral galaxy in the rich cluster A3558 and found that it is undergoing a starburst characterized by a ∼ 5× increase in the SFR over the last ∼ 100 Myr. Kenney et al. [2014] studied a stripped galaxy in the Virgo Cluster and found that its spectrum and colors are consistent with it having been quenched 300 Myr ago after a strong starburst. Similarly, Ramatsoku et al. [2019] showed that the "jellyfish" galaxy JO206 has a SF timescale about four times shorter than that of "normal" spiral galaxies. The above observations concern individual peculiar galaxies. Recently, however, Poggianti et al. [2016], Vulcani et al. [2018] and Roberts & Parker [2020] gathered large samples of stripping candidates residing in several groups and clusters. They all found that disturbed galaxies (with masses up to 10 11 M ⊙ ) show on average higher SFRs than both undisturbed group/cluster galaxies and isolated galaxies in the field at fixed stellar mass. The average SF enhancement is found to be about 1.5 to 2, however individual galaxies can lie even 1 dex higher than the field SFR-M * relation. Moreover, their positions in projected phase-space are consistent with the galaxies being at their first infall into the cluster [Ramatsoku et al., 2019;Roberts & Parker, 2020]. Slow strangulation predicts a broad unimodal of galaxy colour. Rapid quenching predicts a blue peak, a red peak, and very few galaxies in the green valley that separates them. The colour distribution of satellites in clusters is bimodal but the green valley is not empty. The best fit is for a delayed-quenching scenario (slow strangulation followed by rapid quenching; Wetzel et al., 2013). The phase-space distribution and the stellar spectra of star-forming, recently quenched and quiescent galaxies support the notion of strangulation over a 2.3 Gyr period followed by quenching 0.4 Gyr after the first pericentric passage [Muzzin et al., 2014a; recently quenched 5.5. DISCUSSION galaxies tend to exhibit low r and high |υ r |; furthermore positive υ r are more common than negative ones, suggesting that quenching is more likely to occur after a pericentric passage]. The difference between our scenario and the one proposed by Wetzel et al. [2013] and Muzzin et al. [2014a] is that quenching is due to bursting rather than gas removal. Our interpretation is in better agreement with the metallicities of quenched satellites and with hydrodynamic simulations, which have shown how difficult it is for ram pressure to strip all the gas. The only problem is the relatively strong calcium K absorption line that Muzzin et al. [2014a] observe in the spectra of recently quenched galaxies, which cannot be reproduced by a very young stellar population. We expect, however, the final burst to occur after strangulation has depleted the gas reservoir considerably or for galaxies to continue forming stars and quench a significant time after the burst in case of less prominent starbursts (figure 5.7 shows one of the strongest starbursts to illustrate the phenomenon more clearly but is exceptional in regard of the SFR that is attained). Hence, spectral modelling would be needed to investigate the problem's quantitative significance. The metallicities of star-forming satellites are another diagnostic of how the metallicity difference between passive and star-forming galaxies originates. If the difference builds up gradually, the metallicities of star-forming satellites should be intermediate between those of passive galaxies and star-forming galaxies in the field, and should increase at low r for a given stellar mass. If the final burst makes an important contribution to ∆log Z * , then the metallicities of starforming satellites should be closer to those of star-forming field galaxies with the same stellar mass than to the metallicities of passive galaxies. Petropoulou et al. [2011] found that, for M * 10 9.5 M ⊙ , the M * -Z gas relation in the Hercules cluster is consistent with Amorín et al.

[2010]'s MPA/JHU reference sample of star-forming galaxies. Furthermore, observations in the nearby clusters A1656 (Coma), A1367, A779 and A634 [Petropoulou et al., 2012] have shown that the mean gas-phase metallicities of star-forming galaxies at r ≤ r 200 and r > r 200 are the same at all masses in A779 and A634, and differ very little in A1367. Only in Coma, the most massive of the four clusters, and only for star-forming galaxies with M * < 10 9.5 M ⊙ is the metallicity at r ≤ r 200 clearly larger than the metallicity at r > r 200 (only dwarves in clusters with M h 10 15 M ⊙ experience significant increases of Z * while they are still star-forming and have not approached their pericentres yet). Using the SDSS DR4 catalogue, Pasquali et al. [2012] confirmed this result and showed that the gas-phase metallicities of star-forming satellites with M * > 10 9.5 M ⊙ are enhanced by less than ∼ 0.025 dex compared to their field counterparts. We expect the difference in stellar metallicity between star-forming central and satellite galaxies to be even less pronounced, since Z gas reflects the current state of a galaxy while Z * represents an average over its entire SF history. Interestingly, a pure chemical evolution study by Spitoni et al. [2017], which considered neither the cosmological context nor the environment, came up with a similar conclusion that shorter SF timescales are needed to explain the metallicity of passive galaxies. Even with bursting, there is still a small offset between the ∆log Z * predicted by GalICS 2.0 and those measured by T18. The mechanism that causes the bursts is irrelevant in this regard as long as the final gas mass is virtually zero. Stripping the metal poor gas residing in the outskirts of satellites, does result into higher gas-phase metallicities as Genel [2016] and Bahé et al. [2017] have proposed, but the effect on stellar metallicities is not large enough to resolve this discrepancy. Moreover, assuming that satellite galaxies have lower mass-loading factors than field galaxies with the same mass [Schindler et al., 2005;Kapferer et al., 2009;Mulchaey & Jeltema, 2010a] can solve the problem at M * 10 10.3 M ⊙ without affecting the stellar mass function significantly, but cannot remove the offset at larger masses. Without a physical model for starbursts, one could imagine that a slight underprediction of their strength is the reason for the offset at the high mass end. However, our purpose here was not to constrain the strength and dependencies of the pressure induced bursts but to show their necessity for reproducing both the mass distribution and the MZR relation of passive satellite galaxies.

Conclusion

We have used the GalICS 2.0 SAM to study how strangulation (the shutdown of gas accretion onto satellite galaxies) affects their chemical evolution. A key strength of this approach with respect to previous studies is that the ratio of the outflow rate to the SFR is not a free parameter. Mass-loading factors are determined by the requirement to reproduce the stellar mass function of galaxies. In GalICS 2.0, strangulation arises naturally because gas accretion is proportional to the growth of the DM halo and most haloes stop growing when they become subhaloes (often even before they are identified as such by the halo finder). As soon as the metallicity of the gas within a satellite is no longer diluted by the accretion of pristine gas from the intergalactic medium, its value begins to increase and so does the metallicity of the stars that form. Still, star formation must be significant for the stellar metallicity to increase substantially. We find that, unless feedback is heavily suppressed (in which case GalICS 2.0 no longer reproduces the observed stellar mass function of galaxies and conditional stellar mass function of satellites), strangulation alone is not sufficient to explain the observed difference in metallicity between star-forming and passive galaxies (T18) because there is not enough star formation after the onset of strangulation. Moreover, the predicted fraction of passive galaxies (∼ 20%) remains well below the observational range found by Wetzel et al. [2013, 55 -95 percent]. Stripping the metal-poor gas in the outskirts of satellites does not solve the problem because it increases stellar metallicities by 0.02 dex at most. Allowing small bursts of star formation at pericectric passages increases the passive fraction to 60 -70 percent. The bursts exhaust the satellites' gas reservoir and rapidly drive their metallicity to the high values observed. Numerous studies involving hydrodynamic simulations and observations have shown evidence for SFR increases in satellite galaxies [Butcher & Oemler, 1984;Bekki & Couch, 2003;Finn et al., 2005;Kronberger et al., 2008;Kapferer et al., 2009;Bekki, 2014;Paccagnella et al., 2017]. Physically their likely origin is compression by ram pressure which promotes the formation of molecular clouds [Henderson & Bekki, 2016] and triggers their collapse [Bekki & Couch, 2003]. In our model, the bursts have a numerical origin.

REVISION

The halo finder overtruncates subhaloes at pericentres because it assumes instantaneous tides (T17) and therefore underestimates their specific angular momenta. Artificially low disc sizes produce artificially enhanced SFRs. However, out artificial bursts mimic the behaviour that is expected physically. They occur close to the pericentre and their strength grows with M h /M * , where M h is the virial mass of the host and M * is the stellar mass of the satellite, as expected from hydrodynamic simulations [Bekki, 2014]. Hence, the median delay time between the onset of strangulation and quenching decreases with M h and increases with M * at least up to M * ≈ 10 10 M ⊙ in agreement with previous studies [De Lucia et al., 2012b;Wetzel et al., 2015;Fillingham et al., 2015].

Revision

After we published the presented in the previous sections [Koutsouridou & Cattaneo, 2019], Trussler et al. [2018] obtained new stellar-population data for the SDSS DR7 and revised some of their conclusions. The new data were obtained using an improved version of the firefly spectral fitting code [Comparat et al., 2017;Goddard et al., 2017;Wilkinson et al., 2017]. The Maraston & Strömbäck [2011]- Sánchez-Blázquez et al. [2006, MILES] empirical population model grid, has been extended using theoretical population models, which improved the sampling of the age-metallicity plane. The new fitting grid, being symmetric in age and metallicity, reduced the uncertainties resulting from the age-metallicity degeneracy. The left panel of figure 5.15 shows the new median mass-weighted stellar metallicities of Trussler et al. [2018] as a function of stellar mass, for star-forming and passive galaxies (bright blue and red lines, respectively) in comparison to the old ones (faint blue and red lines, respectively) that were used in our analysis in Section 5.3. The bright and faint errorbars show the 1σ uncertainty on the median in the new and old data, respectively. The stellar metallicities of passive galaxies remained largely unchanged, yet the metallicities of star-forming galaxies were found to be higher, especially for galaxies below M * ≃ 10 10.3 M ⊙ . The resulting metallicity difference ∆logZ * = logZ passive * -Z SF * between passive and star-forming galaxies as a function of mass, obtained with the improved version of firefly is shown in the right panel of figure 5.15 (bright black errorbars) in comparison to the old one (faint black errorbars). The solid lines in the left panel of figure 5.15 show the metallicity difference between passive and star-forming galaxies predicted by our default model (model b in table 5.1), for central galaxies (blue) and satellites (red). In the previous sections we showed that we managed to reproduce at the same time the (old) metallicity difference between passive and star-forming satellite galaxies and the conditional stellar mass function of Yang et al. [2009], only when using a model in which the quenching of satellites is preceded by a burst of SF (model b of table 5.1). These bursts were essential both for exhausting the gas reservoirs of satellites and for increasing their metallicities to the observed values. Yet, even with these bursts the predicted metallicity difference ∆logZ * for satellites with M * 10 10 M ⊙ was ∼ 0.05 -0.2 dex lower than the observed one (compare the red curve with the faint black errorbars in figure 5.15). Instead, the new derivation of Z * by 157 5.7. REVISION reject their existence. After all, strongly enhanced star formation in ram-pressure stripped satellites has been detected in numerous observational studies (see the Discussion section 5.5). However, the numerical origin of the bursts in our model does not allow us to quantify their strength and frequency and to establish the physical mechanisms that induce them. We aim to formulate a physical model for ram-pressure and/or tidally induced bursts, after examining how satellites quench and enrich without them.

In Section 5.3, we saw that GalICS 2.0 fails to reproduce the passive fractions of both satellite and central galaxies. The satellite passive fraction predicted by the default model b is weakly dependent on stellar mass (0.6-0.8 for 9.3 ≤ log(M * /M ⊙ ) ≤ 11.5), while the observed passive fraction for satellites increases from ∼ 0.4 to 1 in this mass range. This indicates that satellite galaxies in GalICS 2.0 are overquenched partly because they are strangled from the moment they are accreted in a cluster/group and partly because of the SF bursts exhausting their gas reservoir. On the other hand, we find that GalICS 2.0 largely underpredicts the passive fraction for centrals galaxies at all masses, pointing to the lack of strong mass-quenching mechanisms in our model (see figure 5.3). These discrepancies were not a objection against our results in this chapter, since we showed that the passive fraction of galaxies does not necessary correlate with their metallicity enhancement. However, a successful model should reproduce both observables.

Chapter 6

GalICS 2.1: towards a more physical modeling of quenching

Introduction

In this chapter, we study quenching mechanisms, once again, but using the newer version of our SAM, GalICS 2.1 presented in Cattaneo et al. [2020]. The principal advancement of GalICS 2.1 is the inclusion of a physical model for the cooling of the hot gas surrounding galaxies (in GalICS 2.0 the gas that was shock-heated while falling through the DM halo or the gas that was ejected from galaxies by stellar feedback and remained within a virial radius, never cooled). In addition, the new version includes an improved model for stellar feedback that accounts for galactic fountains, i.e. for the cold gas swept-up by stellar winds that reaccretes onto galaxies on a ∼ 1 Gyr timescale. This mechanism is the key to reproducing the low-mass end of the galaxy stellar mas function over a large range of redshifts. It allows to mitigate star formation at high-z without reducing too much the masses of low-mass galaxies at z ∼ 0. Finally, GalICS 2.1 follows the metallicity enrichment of the ICM and the IGM, meaning that the gas accreted through both cold-and hot-mode accretion is no longer pristine. Since GalICS 2.1 does not account for any source of heating against the cooling of the galaxies' hot gas atmospheres, it fails to reproduce the sharp decrease in the number of galaxies with M * > 10 11 M ⊙ and the emergence of a dominant passive population at high masses with decreasing redshift. In this work, we aim to model the effect of AGN feedback on suppressing gas accretion onto (primarily massive) galaxies and on their eventual quenching. To this end, we follow the growth of supermassive black holes predicted by different merger models incorporated into GalICS 2.1. The models are, subsequently, constrained by comparing their predictions to the observed galaxy stellar mass functions, fractions of passive galaxies, morphological distributions and specific star formation rate (sSFR) distributions. In Section 6.2, we briefly describe all differences between GalICS 2.0, presented in Chapter 2, QUENCHING and GalICS 2.1 used in this study. Subsequently, we present the merger models tested in this work and our adopted model for AGN feedback. In Section 6.3, we present our results and compare them with observational data. In Section 6.4, we discuss these results and summarize our conclusions.

6.2 The Model 6.2.1 GalICS 2.1 6.2.1.1 Gas accretion: cold-mode vs hot-mode As in GalICS 2.0, the gas accreting onto a halo between two timesteps is proportional to the mass growth of the DM halo: Ṁbar = f b Ṁvir , (6.1)

where f b is a function of the virial radius of the halo (given in equation 2.17), that accounts for the suppression of gas accretion onto low-mass haloes resulting from photoionization heating and stellar feedback. A fraction f hot of this gas is shock heated and added to the hot gas halo surrounding the galaxy and a fraction 1 -f hot streams onto the central galaxy in cold filamentary flows. In GalICS 2.1, f hot is computed individually for each halo based on the shock heating stability criterion of Birnboim & Dekel [2003;hereafter DBO3]. DB03 demonstrated that a spherical shell of shock-heated gas in hydrostatic equilibrium is stable to compressive perturbations if its effective polytropic index is larger than a critical value γ c :

γ ≡ dlog p dlog ρ = γ ad - 1 3 r s υ 2 | q| e > γ c , (6.2) 
where p and ρ are the pressure and the density of the gas, respectively, γ ad = 5/3 is the adiabatic index for a monoatomic gas, r s is the radius of the shell, υ 2 > 0 is the speed at which the shell is compressed (the post-shock infall speed in the reference frame of the shock), q < 0 is the heat radiated by the gas per unit mass and e is the specific internal energy. If we introduce in equation 6.2 the compression time:

t comp = r s υ 2 (6.3)
and the cooling time:

t cool ≡ e | q| = 3 2 n kT dΩ n 2
H Λ(T, Z accr )dΩ , (6.4)

THE MODEL

where n and T are the post-shock number density and temperature, respectively, Z accr is the metallicity of the accreted gas1 , k is the Boltzmann constant, Λ(T, Z accr ) is the cooling function normalized to a number density of hydrogen atoms of n H = 1 cm -3 (adopted here from Sutherland & Dopita, 1993) 2 and dΩ is the solid angle covered by the cold flows, we can rewrite the stability criterion, γ > γ c , as a condition for the ratio of the compression time to the cooling time:

t comp t cool < Γ c ≡ 3(γ ad -γ c ). (6.5)
After some calculations (that we choose not to repeat here but are presented in detail in Cattaneo et al., 2020), equation 6.5 becomes:

t comp t cool ≃ 0.5 C Ṁbar Ωr s Λ(T, Z accr ) (kT ) 2 < Γ c . (6.6)
Here, Ṁbar is the baryonic accretion rate onto the halo given by equation 6.1, C = n 2 / n 2 is the clumping factor of the gas within the filaments and Γ c = 3(γ -γ c ) ≃ 0.71, with γ c = 10/7 adopted from BD03 3 . In this work, we adopt the value for the concentration C = 9 from Cattaneo et al. [2020] that is based on a numerical study of the distribution of cold gas within filaments [Ramsoy et al., in prep.]. The solid angle Ω and the temperature T (r s ) are computed from first principles on a halo-by-halo basis (see Cattaneo et al., 2020) and r s for each halo ranges from 0 to R vir . We set f hot = 1 when the condition 6.6 is satisfied for r s ≤ R vir and f hot = 0 when it is not. At each timestep and for a given halo, f hot can only take the values 0 or 1. On a population average, however, f hot can take all intermediate values. Cattaneo et al. [2020] find that shockheating is negligible for M vir < 10 10 M ⊙ (f hot ∼ 0) and that it is complete at M vir 4×10 12 M ⊙ (f hot = 1 for all haloes). At high masses (M vir > 3 × 10 11 M ⊙ ) cold accretion is more important at high z, where gas is accreted from narrower solid angles. Contrarily, at lower masses there is more cold accretion at low z where Z accr is higher 4 . The gas in the cold filaments that survives shock heating accretes onto the central galaxy on the freefall time t ff given by equation 2.21. In addition, cold filaments penetrating massive hot atmospheres can be disrupted by the Kelvin-Helmholtz (KH) instability on a timescale:

t KH = r fil υ 1 ρ fil ρ hot , (6.7) QUENCHING
[e.g. Agertz et al., 2007], where r fil is the radius of the filaments, υ 1 is the relative speed of the cold gas in the filaments with respect to the hot gas and ρ fil and ρ hot are the characteristic densities of the filaments and the hot gas, respectively (see Appendix B in Cattaneo et al., 2020 on how we evaluate the above quantities). The gas mass from the filaments that evaporates through the KH instability at each timestep is added to the hot atmosphere of the halo.

The cooling rate of the hot gas atmosphere is modeled following White & Frenk [1991]. The cooling radius r cool is the maximum radius within which both the cooling time:

t cool = 3 2 27 12 2 ǫ cool µ ρ kT Λ(T, Z hot ) (6.8)
and the freefall time:

t ff = ˆr 0 dr ′ 2[φ(r) -φ(r ′ )] (6.9)
are shorter that the time t available for cooling (in GalICS 2.1, the time since M hot > 0).

Here, ρ, T and Z hot are the density, temperature and metallicity of the hot gas, ǫ cool is a fudge factor calibrated on hydrodynamic simulations, n/n H = 27 12 is the ratio of the particle number density n to the number density of hydrogen atoms n H5 , and µ = 16 27 m p = ρ/n is the mean particle mass for a fully ionized plasma (T > 10 4.5 -10 5 K), where m p is the proton mass. The mass of the hot gas, M cool , that cools and flows onto the central galaxy between t and t + ∆t is the mass of the hot gas enclosed within the cooling radius r cool at t + ∆t, M hot (r cool ), minus the mass M cooled of the gas that had already cooled at time t.

To calculate M hot (r cool ) we assume that the initial density profile of the hot gas is the one that it would have if it had not cooled. Hence, the initial density profile is a theoretical construct rather than an observable quantity (Benson & Bower, 2011 referred to it as the "notional" profile). Our notional hot gas density profile is given by equations 5.12, 5.20 and 5.21 presented in Chapter 5. An example is given in figure 6.1, which compares the hot gas density profile in our most massive halo (M 500 = 10 14.6 M ⊙ ; black squares) at z ≃ 0.1 with the observational data in Voit et al. [2019b;red and blue lines]. The observational profiles are for galaxy clusters in the ACCEPT sample [Cavagnolo et al., 2009] at z ∼ 0.05-0.89. The blue lines show cool-core (CC) clusters and the red lines show non-cool-core (NCC) clusters. CC clusters have higher central densities and temperature profiles falling towards the center, indicating that cooling is taking place in their central regions. NCC clusters show lower central densities and have central cooling times usually exceeding the Hubble time, indicating the presence of a heat source (e.g. an AGN) [Hudson et al., 2010]. Our notional profile lies at the border between the two types of clusters.

where f NFW = ln(1 + c) -c/(1 + c). In this work, we have adopted γ = 1.26 for the hot gas from Faltenbacher et al. [2007]. This polytropic index is in reasonably good agreement with observations of galaxy clusters [Komatsu & Seljak, 2001;Ascasibar et al., 2006;Ghirardini et al., 2017], which are approximately adiabatic because of their long cooling times. Cattaneo et al. [2020] find that GalICS 2.1 predicts galaxy stellar mass functions in good agreement with cosmological hydrodynamic simulations when run with cold-mode accretion only and with cold-mode plus hot-mode accretion (when feedback is turned off in both GalICS 2.1 and the simulations for a cleaner comparison). The only discrepancy with the observations appears at the high mass end (M * 10 12 M ⊙ ), where GalICS 2.1 overpredicts the galaxy number densities. This probably results from an excess of objects by ∼ 40% at M vir ∼ 10 13.8 -10 14 M ⊙ in the N-body simulation used to construct the merger trees, already discussed in Cattaneo et al. [2017;GalICS 2.0].

Stellar feedback

The outflow rate from a galactic component due to stellar feedback is modeled similarly to GalICS 2.0 (see Section 2.0.3.2):

Ṁout = η • SFR = 2ǫ SN Ψ SN υ 2 w SFR, (6.13) 
where Ψ SN = 1/140 is the number of SNe per unit stellar mass formed for a Chabrier [2003] IMF, E SN = 10 51 erg is the energy released by one SN,

ǫ SN = min υ vir υ SN αυ • (1 + z) αz , 1 (6.14)
is the fraction of this energy used to power the SN-driven wind (υ SN is the virial velocity for which ǫ SN = 1 at z = 0), and υ w is the wind speed.

In GalICS 2.0, it was assumed that all the outflowing gas escapes the gravitational potential of the halo, i.e. that υ w ∼ υ esc , where υ esc is the escape speed from the virial radius. The novelty of GalICS 2.1 is that it takes into account the multiphase structure of galactic winds by separating them into a cold component with mass-loading factor η cold and a hot component with mass-loading factor η hot , such that η = η cold + η hot in equation 6.13. The cold component has outflow speeds υ cold w << υ esc and forms part of the galactic fountain. The hot component has outflow speed υ w ∼ υ esc and is seldom reaccreted6 . Let ǫ fount be the wind mass fraction processed through the fountain, such that η cold = ǫ fount (η cold + η hot ). Tollet et al. [2019; hereafter T19], using cosmological hydrodynamic simulations found 6.2. THE MODEL that:

η cold ∝ υ -5.6
vir , (6.15) which makes (6.16) By introducing the above dependence in equation 6.17 we find:

ǫ hot SN ∝ η hot υ 2 esc = 1 -ǫ fount ǫ fount η cold υ 2 esc ∝ υ -3.6 vir .
ǫ hot SN = min υ vir υ SN -3.6
• (1 + z) αz , 1 (6.17) and (6.18) Notice that υ SN and α z remain free parameters of the model that are tuned to reproduce the GSMFs. In this work we assume υ SN = 55 km/s and α z = 2.5. Cattaneo et al. [2020] assumed that ǫ fount = 0.7 for all haloes. However, cosmological hydrodynamic simulations show that ǫ fount decreases with increasing υ vir (or M vir ) [see figure 10 in Christensen et al., 2016 and figure 12 in T19]. Here we assume that:

η = η hot (1 -ǫ fount ) = 1 (1 -ǫ fount ) 2ǫ hot SN Ψ SN υ 2 esc SFR.
ǫ fount = min 0.7 υ break υ vir , 0.7 (6. 19) where

υ break = υ SN (1 + z)
αz αυ (6.20) the virial velocity below which ǫ hot SN = 1 at each redshift z. The galactic fountain, which consists of the cumulative mass entrained by the cold winds, has a reaccretion timescale:

t reaccr = 1.1 M vir 10 11 M ⊙ -0.18
Gyr, (6.21) based on cosmological hydrodynamic simulations (T19). Moreover, in haloes where the fountain is embedded in a massive hot atmosphere, thermal QUENCHING conduction causes part of it to evaporate on a timescale: (6.22) [Cowie & McKee, 1977], where T 0 is the central temperature of the hot gas and t 0 ev = 2 Gyr [Armillotta et al., 2017]. Notice, however, that the value of t 0 ev depends on the size of the cold clouds, which is considerably uncertain7 . Hot winds have υ w = υ esc by construction. However, a massive hot atmosphere can still stifle their expansion and prevent them from escaping into the IGM. We, therefore, introduce the supplementary escape condition: (6.23) where g h = -dφ/dr is the gravitational acceleration at the centre of the DM halo. When equation 6.23 is satisfield the pressure force of the wind is larger than the gravitational force and the wind material escapes into the IGM drawing away all the hot gas with it. If the condition 6.23 is not satisfied, the gas in the hot wind that escapes from the galaxy is added to the hot gas halo.

t ev = t 0 ev T 0 10 6 K -2.5

Gyr

Ṁ hot w υ esc > M hot g h ,

Disc instabilities

In Section 2.0.2.5, we discussed the use of the Efstathiou, Lake, & Negroponte [1982;ELN] criterion in SAMs (including GalICS 2.0) for determining whether a disc is unstable, as well as its main shortcoming, that is its inability to predict the mass of the bar/pseudobulge resulting from this instability. The analysis presented in the previous chapters, which focused on galaxy metallicities and quenching, was not affected by any uncertainty in the predicted bar masses, since we assumed everywhere that bars have the same SF timescale as discs (chemical enrichment and gas exhaustion are not affected by the shape of a galactic component in our SAM). In this study, however, we shall include morphology as an additional constrain to study quenching in relation to the growth of SMBHs. Hence, it is important that our model for disc instabilities and mergers predict bulge-to-total mass ratios in agreement with observations.

In this work, we adopt a new recipe for computing the masses of pseudobulges, based on the results of Devergne et al. [2020;hereafter D20]. D20 used a series of simulations to study the growth of pseudobulges in isolated thin exponential stellar discs embedded in static spherical haloes. All discs were assumed to be exponential and isothermal in the vertical direction and to QUENCHING Figure 6.2 shows the median B/T as a function of stellar mass, for all galaxies (black curves), ellipticals (B/T > 0.7; red curves) and disc galaxies (B/T < 0.7; blue curves) as predicted by GalICS 2.0. The data points with errorbars show the SDSS DR7 data by Mendel et al. [2014; ∼660000 galaxies] 11 . The left panel refers to a model with mergers only (forming classical bulges). The right panel shows a model that contains both mergers and disc instabilities 12 . The model without disc instabilities predicts reasonably well the B/T of galaxies at M * > 10 11 M ⊙ but fails completely at lower masses, where mergers make a negligible contribution to the mass growth of galaxies [Cattaneo et al., 2011b]. Including disc instabilities improves the agreement with the observations remarkably, especially at M * < 10 10.5 M ⊙ , where B/T is dominated by the contribution of the bar/pseudobulge. As we shall see in the following sections, this agreement persists when using GalICS 2.1.

This work

Star formation

In this work, we adopt a star formation recipe based on the empirical Schmidt-Kennicutt law [Kennicutt, 1998]. The star formation density for the disc and the bar component is given by

Σ SFR = A Σ nK gas , (6.26) 
where n K = 1.4, A = 1.26 × 10 -4 , Σ gas is the surface density of the gas in the disc (or the bar) in units of M ⊙ pc -2 and Σ SFR has units of M ⊙ yr -2 kpc -2 . The normalization constant A has been computed by fitting equation 6.26 with n K = 1.4 into the observations of Viviana Casasola 13 (private communication; see figure 6.3). We assume that star formation is inefficient below a critical gas surface density threshold Σ th (see Section 2.0.3.1) that corresponds to a radius: (6.27) 11 The bulge, disc and total stellar masses in the catalogue of Mendel et al. [2014] are based on a homogeneous catalogue of g-and r-band photometry described by Simard et al. [2011], extended with bulge+disc and Sérsic profile photometric decompositions in the SDSS u, i and z bands. Mendel et al. [2014] stress that SED modeling assumptions, including the choice of synthesis model, extinction law, IMF, and details of stellar evolution, are likely to contribute a 60% uncertainty in any mass estimate based on broadband SED fitting.

r th = ln Σ 0 Σ th r d,gas ,
12 For these runs, an alternative model for major mergers was used, in which the fraction of the primary's disc mass that is transferred to the bulge (or the cusp in the case of gas) of the merger remnant is given by ftr

= ǫm-M 1 /M 2 ǫm-1
, where M 1 and M 2 are, respectively, the total masses of the primary and the secondary galaxy within their baryonic half-mass radii, and ǫm = 3 defining the transition mass ratio M 1 /M 2 between minor and major mergers. The same fraction ftr of the total secondary mass is transferred to the bulge (or the cups in the case of gas) of the merger remnant. We do not examine the validity of this merger model here, since it does not seem to affect the B/T of disc galaxies at low masses (see figure 6.2). The effect of using different merger models in the evolution of galaxies is studied in Section 6.3.

13 INAF, Istituto di Radioastronomia Via Piero Gobetti 101 40129, Bologna, Italy, email: viviana.casasola@inaf.it QUENCHING the rest is consumed in a starburst (with SF timescale t SF,cusp ). In minor mergers (µ < 1/ǫ m ), the merging galaxies are added component by component and the size of the bulge, the bar and the disc of the merger remnant are equal to the ones of the primary galaxy. This simplified picture for major mergers transforming the whole resulting galaxy into a bulge, is adopted by most SAMs (Galacticus: Benson [2012]; Morgana: Lo Faro et al. [2009]; Sag: Gargiulo et al. [2015]; ySAM: Lee & Yi [2013]; Galform: Gonzalez-Perez et al. [2014]; Lgalaxies: Henriques et al. [2015]; Sage: Croton et al. [2016]; SHARK: Lagos et al. [2018] 15 ; an exception is e.g. Santa Cruz: Porter et al. [2014]). However, it appears to be at odds with the results of recent hydrodynamic simulations, which show that mergers are not as efficient as previously thought in transforming discs into bulges. More specifically, the probability of disc survival in a major merger is found to correlate with stellar feedback, the presence of a hot gas halo (that replenishes the disc of the galaxy keeping it gas rich), the inclination θ of the secondary's orbit relative to the primary's disc16 and to anti-correlate with the gas fraction and the bulge to total mass ratio of the progenitors [Springel & Hernquist, 2005;Governato et al., 2007;Hopkins et al., 2009a;Brook et al., 2012;Christensen et al., 2014;Kannan et al., 2015; see also Section 1.3]. Hopkins et al. [2009a] and Kannan et al. [2015] used high-resolution hydrodynamic simulations of colliding galaxies to study the formation of classical bulges and the triggering of starbursts in mergers. They both parametrized their results, using simple prescriptions adequate to be used in SAMs. These prescriptions predict, for a given arbitrary encounter, the fraction of stars and gas that survive (without significant angular momentum loss or violent relaxation) to re-form a disc in the merger remnant, versus being dissipationlessly and violently relaxed or dissipationally losing angular momentum and forming a compact central starburst. More specifically, for the dissipationless component, i.e. the stellar component, Hopkins et al. [2009a] found that a fraction of: f * ,prim = µ (6.28)

(where µ = M 2 /M 1 is defined as in GalICS) of the stellar disc of the primary galaxy is transferred to the bulge. Kannan et al. [2015]'s results, instead, suggest a much smaller discto bulge transfer fraction of f * ,prim = 0.3µ but that also 0.2µ of the primary's stellar disc is dispersed into the stellar halo during a merger. For the secondary galaxy, Kannan et al. [2015] found that a fraction f * ,sec = 0.91µ (6.29) 6.2. THE MODEL of the galaxy's total stellar mass ends up into the bulge, while in Hopkins et al. [2009a] the whole stellar mass of the secondary is destroyed and added to the bulge of the merger remnant. For the dissipational component, i.e. the gas, both authors find that a fraction of f gas,prim = α (1 -f gas )µ (6.30) of the gas in the disc of the primary falls into the central bulge and is consumed in a starburst, where f gas = M gas,disc /(M gas,disc + M * ,disc ). In Kannan et al. [2015], α = 0.64. In Hopkins et al. [2009a], α is a function of the orbital parameters and the pre-merger disc to total mass ratio but Hopkins et al. [2009b] stress that assuming α ∼ 1 only affects the scatter in the B/T distribution and not the mean trends. Hopkins et al. [2009a] find that equation 6.30 can be also applied to the secondary galaxy, but in practice, it makes little difference even to assume that the entire gas mass of the secondary is part of the burst. Kannan et al. [2015] do not comment on the fate of the secondary's gas.

In this work we will test the effect on galaxy evolution of three additional merger models: B, C and D (besides model A described in the beginning of the section). In all three models the treatment of the stellar component is the same. More specifically, we assume that a fraction f * ,prim = µ of the stellar disc of the primary and a fraction f * ,sec = µ of the total stellar content of the secondary ends up in the bulge of the merger remnant.

In agreement with Hopkins et al. [2009a], we find that the treatment of the secondary's gas content has no statistically significant effect in the evolution of galaxies, we, therefore, assume (in all three models) that all the gas in the secondary ends up in the cusp. For the gas in the primary's disc, we consider two options. In models B and C, we assume that a fraction of f gas,prim = µ(1 -f gas ) of the primary's disc mass is transferred to the cusp of the merger remnant, in agreement with Hopkins et al. [2009a] and Kannan et al. [2015]. In model D, we assume that the gas behaves like the stars, i.e., we assume a gas disc-to-cusp transfer fraction of f gas,prim = f * ,prim = µ. Hopkins et al. [2009a] and Kannan et al. [2015] do not consider the presence of bars/pseudobulges formed from disc instabilities in the merging galaxies and, thus, do not comment on the survival of their stellar or gas content. Bournaud & Combes [2002] and Berentzen et al. [2007], who studied bar evolution using simulations, found that the formation of a bulge/central mass concentration and the heating of the bar in interactions can prevent even gas-rich systems from maintaining a bar after a significant merger. Here, we assume (in all three models) that all the stellar mass in the bar of the primary galaxy is transferred to the bulge of the merger remnant.

Otherwise (if we consider that the bar comprises part of the stellar disc) we risk ending with a lower B/T = (M * ,bar + M * ,bulge )/(M * ,bar + M * ,bulge + M * ,disc ) after the merger. For the gas in the primary's bar we consider two options. In model B, we assume that the gas in the bar constitutes part of the disc, such that a gas mass µ(1 -f gas ) • (M gas,disc + M gas,bar ), with f gas the gas fraction in the disc plus bar component, is transferred from the primary to the cusp of the merger remnant. In models C and D, we assume that all the gas in the bar of Table 6.4: Stellar and gas mass that survive in the disc of the merger remnant in the merger models considered here (see Section 6.2.2.2). In all models, except from A, the rest of the stellar mass is transferred to the bulge of the remnant and the rest of the gas mass is transferred to the cusp and is consumed in a starburst with tSF,cusp = 0.2 Gyr. In minor mergers (µ < 1/ǫm), in model A, only what was already in the bulges and cusps of the merging galaxies remains there. The indices p and s refer to the primary and the secondary merging galaxies, respectively. The indices * and g refer to the stellar and gas mass, respectively. fgas is the gas to total mass ratio in the disc plus bar components in model B and in the disc only in model C. µ = M2/M1, where M1, M2 are the total (DM+baryon) masses of the primary and secondary, respectively, within their baryonic half mass radii. In this work we assume ǫm = 4.

Model

Survives in the stellar disc Survives in the gaseous disc

A min maj M * ,disc,pr + M * ,disc,s 0 M g,disc,p + M g,disc,s 0 B (1 -µ)(M * ,disc,p + M * ,tot,s ) [1 -µ(1 -f gas )] • (M g,disc,p + M g,bar,p ) C (1 -µ)(M * ,disc,p + M * ,tot,s ) [1 -µ(1 -f gas )] • M g,disc,p D (1 -µ)(M * ,disc,p + M * ,tot,s ) (1 -µ)M g,disc,p
the primary is transferred to the cusp of the remnant. A summary of the four merger models is given in table 6.4. We can also summarize the characteristics of the four models as follows. Model A is a classical model in which bulges form through major mergers only. Model C is a new model based on hydrodynamical simulations and characterised by a smooth transition between minor and major mergers. Models B and D are variants of model C. In model B, the transfer of gas to the central cusp is less efficient than in model C because not all the gas in the bar is moved to the cusp. In model D, the transfer of gas to the central cusp is more efficient than in model C because there is no preferential tendency of the gas to resettle into a disc with respect to the stars when f gas is high.

The growth of supermassive black holes

In our default model, we assume that black holes form during mergers from the cold gas that accumulates in the central cusp of the merger remnant. If, initially, the merging galaxies do not host a central BH and if M gas,cusp > M seed after the merger, then a seed black hole with mass M seed forms in the center of the merger remnant, where M seed is a free parameter of the model (discussed below). If one or both of the merging galaxies have pre-existing BHs, we assume that these merge to form the central BH of the merger remnant. The resulting BH grows through gas accretion from both the hot halo (see Section 6.2.2.4) and the spheroid gas. Merger-driven starbursts in GalICS are not instantaneous. Instead, the gas mass that has accumulated in the cusp declines exponentially due to star formation and feedback on a timescale τ = t SF /(1 -R + η) (equation 3.4). It is reasonable, therefore, that the cusp gas available for BH growth also declines exponentially, unless new gas is driven to the cusp due to a subse-6.2. THE MODEL quent merger. Hence, we assume that a fraction ǫ BH of the gas that forms stars in the cusp, M cusp,gas SF , accretes onto the central BH.

In GalICS 2.0, ǫ BH was assumed to be constant for all haloes. Here, we find that a constant ǫ BH results in some cases in too massive BHs in the centers of low-mass, gas-rich galaxies. To prevent this we can either suppress BH formation in low-mass galaxies (M * 10 9 M ⊙ ) completely, or, alternatively, we can assume that the accretion efficiency scales with the square of the virial velocity. The latter prescription is our default model. More specifically, we assume that , 2000]. The parameters ǫ BH,max and V BH control the maximum efficiency and the virial velocity at which the efficiency saturates, respectively, and are both free parameters of the model17 .

ǫ BH = ǫ BH,max 1 + (V BH /υ vir ) 2 (6.31) [Kauffmann & Haehnelt
The accretion rate onto the BH is not only limited by the available gas mass but, also, by the Eddington limit (the rate at which the outward radiation pressure force on the infalling gas, through electron scattering, matches the inward gravitational force): (6.32) where c is the speed of light, L Edd = 4πcGM BH m p /σ T is the Eddington luminosity for a pure hydrogen gas (σ T is the Thomson scattering cross-section for the electron and m p is the proton mass) and ǫ = 0.1 is the radiative efficiency, i.e., the fraction of the rest-mass energy of the accreting material that transforms into heat. Hence, at each timestep dt the growth of the SMBH is given by

ṀEdd = L Edd ǫ c 2 ,
∆M BH =    (1 -ǫ)ǫ BH M cusp,gas SF if ǫ BH M cusp,gas SF < ṀEdd dt (1 -ǫ) ṀEdd dt if ǫ BH M cusp,gas SF ≥ ṀEdd dt (6.33) Let f Edd = min ǫ BH M cusp,gas SF ṀEdd dt , 1 (6.34) QUENCHING
be the average fraction of the Eddington limit a black hole is accreting throughout its lifetime.

The BH mass at time t after its formation, will be given by: The above scenarios are not mutually exclusive. After all, ∼ 10 9 M ⊙ SMBHs are very rare at z > 6 (having a number density of ∼ 1 Gpc -3 ). BH seeds formed in different haloes can have masses that range from a few tens to ∼ 10 8 M ⊙ , according to the most extreme models [Haemmerlé et al., 2020]. Here, we assume a constant BH seed of M seed = 10 2 M ⊙ for all haloes and test the effect on the galaxy population when M seed varies in the range 10 2 -10 5 M ⊙ in Sections 6.3.2 and 6.3.3.

M BH (t) = M seed • exp f Edd (1 -ǫ) t ǫ t Sal , ( 6 

AGN feedback

In this work, we adopt a semi-empirical model for AGN feedback based on the results of Chen et al. [2020]. Chen et al. [2020] used empirical relations between M * , M BH and other galaxy parameters (e.g., SFR, half-light radius R e , stellar surface density within the central 1 kpc 6.2. THE MODEL Σ 1 ) as a function of halo mass M vir , and followed the evolution of star-forming galaxies based on a formula for halo mass growth derived from N-body simulations [Rodríguez-Puebla et al., 2017b]. They further assumed that galaxies start quenching and move to the green valley when the total effective BH energy, E BH , exceeds the binding energy content of the halo gas, E bind , multiplied by a constant f B , i.e., when: (6.36) where η is an efficiency factor for converting BH accretion energy into useful feedback energy, c is the speed of light and f b is the universal baryon fraction. The underlying quenching mechanism is not specified in their analysis, it could be gas heating and ejection, deflection of the infalling primordial gas, or actual gas unbinding, and the cumulative BH energy is in principle large enough to accomplish any of these things. This quenching criterion has been proposed by several other authors and found to be in agreement with the results of numerical simulations [Silk & Rees, 1998;Ostriker et al., 2005;Booth & Schaye, 2010, 2011;Bower et al., 2017;Oppenheimer, 2018;Davies et al., 2019Davies et al., , 2020;;Oppenheimer et al., 2020]. Chen et al. [2020] compared their model to 18 different observed scaling relations for star-forming and passive galaxies, including the peak at M * ∼ 10 10.7 M ⊙ of the stellar mass distribution in the high-mass green valley from z = 3 to now and the flow of highmass central galaxies across the quenching boundary from z = 3 to now [Ilbert et al., 2010;Barro et al., 2017]. They found that the criterion 6.36 reproduces well most of them for f B = 4, when η = 0.01 is assumed, if galaxies are not allowed to rejuvenate after they enter the green valley. Replacing these to equation 6.36, we find:

E BH = ηM BH c 2 > f B E bind = f B × 1 2 f b M vir υ 2 vir ,
M BH M vir > 32 υ vir c 2 , (6.37) 
for f b = 0.16. Following Chen et al. [2020], we assume that all gas accretion (hot-mode, cold-mode and accretion from the galactic fountain) onto a galaxy is halted whenever its host halo satisfies equation 6.37, and remains zero thereafter.

In Section 6.3.3, we investigate an additional physical model for AGN radio mode feedback. We assume that in addition to their rapid merger-driven growth, black holes are also allowed to accrete gas from the hot gas atmospheres of their galaxies. When the accretion rate is lower than a critical value λ cr of the Eddington limited accretion, most of the power emerges in kinetic mode with radio jets that can heat the hot halo, thereby reducing the cooling rate onto the galaxy [e.g. Bîrzan et al., 2004;McNamara & Nulsen, 2007;Merloni & Heinz, 2008;Fabian, QUENCHING 2012; see also Section 1.4.1]. We can express the maximum power of the jets as P jet,max = ǫ ṀBH c 2 = λ cr ǫ ṀEdd c 2 (6.38) (Merloni & Heinz, 2008; also see Dabhade et al., 2020), where c is the speed of light, ǫ = 0.1 is the standard efficiency of converting rest-mass into energy and ṀEdd is the Eddington-limited accretion rate given by equation 6.32. Observations suggest that, statistically, λ cr is not higher than ∼ 0.1 at any redshift (even considering all uncertainties in its derivation) [Cattaneo & Best, 2009] and that on average λ cr ≃ 0.01 -0.04 [e.g. Maccarone, 2003;Greene et al., 2006;Merloni & Heinz, 2007]. In this study, we adopt λ cr = 0.01. Assuming that all the energy of the jets can couple to and heat the hot gas, we can compute the net cooling rate onto a galaxy from: (6.39) where Ṁcool = M cool /dt is the cooling rate at a timestep dt as computed in Section 6.2.1.1 and

Ṁcool,net = Ṁcool • max 1 - P jet,max L X , 0 , 
L X = 4π ˆRvir 0 n 2 H Λ(T, Z ICM )dr (6.40)
is the luminosity of the hot gas halo (here the cooling function Λ(T, Z ICM ) is normalized to the number density of hydrogen atoms n H = 12 27 n and Z ICM is the metallicity of the hot gas halo). By substituting our hot gas density profile (equation 5.12) in equation 6.40, we get:

L X ≃ 4π n 2 H,0 r 3 c,h Λ(T 0 , Z ICM ) ˆc 0.6 0 x 2 (1 + x) 6 dx ≃ 4π 30 n 2 H,0 r 3 c,h Λ(T 0 , Z ICM ), (6.41) 
where n H,0 and T 0 are the central density in hydrogen atoms and the central temperature of the hot gas atmosphere that we compute through equations 5.21 (n H = ρ h /m p • 12/16) and 6.12, respectively, c is the concentration of the DM halo and r c,h = 0.6R vir /c. In the above, we have assumed for simplicity that all the hot gas is at the central temperature T 0 . Taking into account the radial variation of temperature in our model (equation 6.10), lowers L X by a factor of ∼ 0.82. We have not modified our simulations, although nothing prevents us from using this more accurate estimate in the future, because an 18% effect is insignificant compared to other approximations (i.e., our calculation of the central density).

RESULTS

The corresponding black hole accretion rate at a timestep dt is given by: (6.42) where c is the speed of light and ǫ = 0.1.

ṀBH = 1 -ǫ ǫ 1 c 2 • min P jet,max , L X ,

Environmental quenching

In all models considered in this work, we compute ram-pressure stripping of the hot gas halo and the cold gas withing galaxies, and tidal stripping of both gas and stars according to the prescriptions described in Chapter 5 (Section 5.4). In addition, we suppress the SF bursts induced in satellites due to the artificial shrinking of their virial radii close to pericenter (see Chapter 5). To this end, we force the disc scale-length r d , of satellite galaxies to remain constant after the entry in a group/cluster, unless ram-pressure strips the outer parts of the satellite's gaseous disc, in which case a truncation radius derived through equations 5.24 and 5.25 is set. , where no model for AGN feedback is included, which sets the baseline for all subsequent models. The blue curves show the GSMFs when galaxies grow through cold-mode accretion only (cooling of the hot halo is disabled) and the red curves show the GSMFs when galaxies grow through both cold-mode and hot-mode accretion. As is obvious from the figure, not only the cooling of the hot gas but also the accretion from cold filamentary flows must be supressed in order for galaxies at the high-mass end to not be overpredicted. Figure 6.6 shows the passive fractions at z ∼ 0.1 for central (black) and satellite (green) galaxies in GalICS 2.1, when galaxies grow through both cold-mode and hot-mode accretion and there is no AGN feedback. The data points show the observations of Wetzel et al. [2013;circles] and [START_REF] Mamon | [END_REF]triangles]. The model fails to reproduce the observed passive fractions for centrals at all masses as well as for satellites with M * 10 10 M ⊙ . Only the passive fractions of lower-mass satellites, which are affected from environmental quenching mechanisms, are in (fairly good) agreement with the observations. Figure 6.7 shows the stellar mass functions as predicted by the four merger models of table 6.4, coupled with the model for AGN feedback described in Section 6.2.2.4. Figure 6.8 shows the corresponding local (z ≃ 0.1) passive fractions as a function of galaxy stellar mass M * , in comparison to the observations of Wetzel et al. [2013] (circles) and [START_REF] Mamon | [END_REF] (triangles). Figure 6.9 shows the median BH masses as a function of M * predicted by the four models at z ∼ 0.1, in comparison to the observations of Davis et al. [2018] and Sahu et al.

Results

Comparison of merger models

RESULTS

GSMFs can be reproduced simultaneously. Comparing the passive fractions of model C or D with those in figure 6.6, shows that our model for AGN feedback affects mainly galaxies with M * > 10 10 -10 10.5 M ⊙ . At lower stellar masses, our predicted fractions of central passive galaxies remain still below the observed values (see the bottom-right panel of figure 6.8). It is probable, that there are not enough low-mass centrals with BHs massive enough to quench them according to our criterion 6.37 or/and that accretion onto these galaxies is too high. In the latter case, the increased accretion could result from an overly massive fountain or from over-cooling of the hot gas halo (see Section 6.3.3). In all our models, the passive fraction for satellite galaxies appears to be overestimated at low masses and underestimated at high masses. In GalICS 2.0, satellite galaxies showed a passive fraction of ∼ 60 -70% almost independent of stellar mass. The inclusion of cooling in Gal-ICS 2.1 and the suppression of the strong artificially induced SF bursts (see Section 6.2.2.5), has alleviated this problem of satellite over-quenching. However, it is possible that gas stripping is too efficient at low-masses and not efficient enough for high-mass satellites. Alternatively, a too strong tidal stripping of the satellites' stellar content could result in a similar effect 19 .

In figure 6.11, we show the median bulge to total mass ratio (B/T ) for all galaxies (black), discs (B/T < 0.7; blue) and ellipticals (B/T < 0.7; red) as a function of stellar mass for our four merger models, in comparison to the observations of Mendel et al. [2014]. Figure 6.12 shows the corresponding fractions of ellipticals (B/T > 0.7), spirals (0.1 < B < 0.7) and late-type spirals (B/T < 0.1) as a function of M * , in comparison to the observations by Mendel et al. [2014;circles] and Dimauro et al. [2018;stars]. Once more, model A shows the worst performance in both plots, predicting too high B/T ratios for elliptical galaxies and too low B/T ratios for disc galaxies in figure 6.11, as well as a very high number of late-type spirals (blue) at the expense of earlier-type disc galaxies (green) at all stellar masses in figure 6.12. This highlights, once again, the importance of the contribution of minor mergers in the built up of bulges, as has been found in numerical simulations [e.g. Bournaud et al., 2005;[START_REF] Eliche-Moral | Formation and Evolution of Galaxy Disks[END_REF]. Models B, C and D show similar contributions of the different morphological types for galaxies with M * 10 10 M ⊙ in figure 6.12. Above this mass, where the effect of AGN feedback becomes perceptible, the three models differ. Model B predicts fractional contributions for three morphological types in agreement to [Mendel et al., 2013]. However, the bulge-to-total mass ratios of ellipticals in this model are underestimated (figure 6.11), indicating that bar instabilities should contribute more in bulge formation during mergers. Models C and D show higher fractions of elliptical galaxies at M * 10 10.5 M ⊙ and M * 10 10 M ⊙ , respectively, but median B/T s in agreement with the observations for both discs and ellipticals. This difference between the three models does not, solely, reflect the fact that bulges form more efficiently in models C and D than in model B. Because of the accelerated growth of BHs in models C and D, a higher number of galaxies satisfies the quenching criterion 6.37 and QUENCHING does so at higher redshift. Gas accretion onto these galaxies completely halts, preventing them from reforming a disc after mergers. Hence, model B would also predict a higher number of massive ellipticals if BHs were allowed to accrete more efficiently (e.g. if we increased ǫ BH in equation 6.33). The difference between the data by Mendel et al. [2013] and Dimauro et al. [2018] in figure 6.12, highlights the uncertainties in the observational estimates of galactic morphologies. However, we note that the number of massive ellipticals in models C and D would decrease, if we allowed a smaller fraction of the stellar disc to move to the bulge during mergers. As already mentioned in Section 6.2.2.2, Kannan et al. [2015] found that only a fraction ∼ 0.3µ of the primary's stellar disc is transferred to the cusp, while Hopkins et al. [2009a] found a disc-to-bulge transfer fraction for stars equal to ∼ µ, the one that we adopt here. Adopting Kannan et al. [2016]'s value in our models results in too low B/T (not shown here), but another intermediate value could possibly improve the agreement of models C and D with the observed morphologies.

Effects of varying M seed and of Eddington-limited accretion

In all models, so far, we have assumed that supermassive black holes grow from gas accretion onto stellar mass BH seeds of M seed = 10 2 M ⊙ . As mentioned in Section 6.2.2.3, different formation scenarios predict BH seeds as massive as M seed = 10 6 M ⊙ . Hence, we should check the effect of varying M seed on the evolution of the galaxy population. Figure 6.13 shows the median M BH -M * relation predicted by model C, for M seed = 10 3 M ⊙ (magenta curves), M seed = 10 4 M ⊙ (cyan curves) and M seed = 10 6 M ⊙ (red curves), at z ≃ 0.1 (solid curves) and at z ≃ 4.8 (dashed curves). We see that the change in M seed has no effect on the BH masses of massive (M * 10 10.3 M ⊙ ) galaxies at z ≃ 0. The final M BH in these models is determined by all the gas that has been funneled to the cusp throughout the merger history of each galaxy. This must be somewhat lower for the model with the highest M seed due to the increased feedback lowering gas accretion onto galaxies. Yet, the difference must be minimal and overcompensated by the initial super-Eddington formation of the massive BH seed. However, varying M seed has a significant effect on the median BH masses of low-mass (M * 10 9 M ⊙ ) galaxies at low z and of all galaxies at high redshift. In these cases, the lookback time to the formation of the seeds is short for subsequent growth to erase the difference in the initial seeds. These effects are imprinted in the respective GSMFs for the three sub-models that are shown in figure 6.14. The M seed = 10 5 M ⊙ -model (red curves) behaves better at high redshift, suppressing the growth of massive galaxies. However, with decreasing redshift (z 1) this model fails to reproduce the low-mass end and the knee of the GSMF. Direct-collapse BHs of M seed > 10 4 M ⊙ are predicted to form at z > 6 (in haloes of M vir > 10 7 M ⊙ ), since a key requirement for this formation scenario is that the host halo should be metal free so that the cooling and fragmentation of the gas is avoided [Latif & Ferrara, 2016]. However, the requirement of a metal-free environment can be relaxed if the gas inflow rate to the center is higher than the star formation rate [Begelman & Shlosman, 2009]. Mayer et al. [2010], showed that such condition can be satisfied during major mergers of disc-dominated QUENCHING galaxies (their simulated galaxies have M * = 10 5 M ⊙ , B/T ∼ 0.17, gas/stars fraction in the disc of 20% and M vir = 10 12 M ⊙ ). Bonoli et al. [2014] generalized and implemented these results in a SAM applied to the MILLENIUM simulation. They envisioned a scenario in which a supermassive star forms at the center of galaxies that just experienced a major merger owing to a multi-scale powerful gas inflow, provided that such galaxies live in haloes with M vir ≥ 10 11 M ⊙ , are gas-rich and disc-dominated, and do not already host a massive black hole. They assumed that the ultimate collapse of the supermassive star leads to the rapid formation of a black hole of 10 5 M ⊙ following a quasi-star stage. They found that most major mergers above z ∼ 4 in haloes with mass > 10 11 M ⊙ meet these criteria. Moreover, even at low-redshift, a ∼ 20% of major mergers in such haloes satisfies the conditions for forming massive BH seeds. Indeed, the catalogue of Sahu et al. [2019] does include a local low-mass galaxy (M * ≃ 10 9.1 M ⊙ ) with M BH ∼ 10 5 M ⊙ . Yet, our results suggest that even though massive BH seeds are particularly appealing at high redshift, their formation must be progressively rarer at z < 1 in order for galaxy growth to not be overly suppressed.

Although the mean BH accretion rate is significantly lower than the Eddington-limited accretion rate (equation 6.35 would result in a ∼ 100 dex increase in M BH for f Edd = 1 and t = t z=0.1 -t z=4.8 ≃ 11.4 Gyr), the Eddington limit is important due to the episodic (mergerdriven) nature of BH growth. In figure 6.15, we compare the median M BH -M * relation of model C when the Eddington limit is adopted (black curves) or abandoned (green curves) at z ≃ 0.1 (solid curves) and at z ≃ 4.8 (dashed curves; both cases here have M seed = 10 2 M ⊙ ). Abandoning the Eddington limit boosts strongly BH growth at high redshift (by one to more than two dex depending on the galaxy mass), where gas fractions are higher. This is evident also from the fact that in the super-Eddington accretion-rate model, a galaxy at z ≃ 4.8 hosts a more massive BH than an equal mass galaxy at z ∼ 0. With decreasing redshift, the difference between the two models diminishes, especially towards the high mass end. This behaviour is reflected in the respective GSMFs (figure 6.16), where again we see that super-Eddington accretion during mergers reproduces better the masses of galaxies at high z but behaves worse at z ≃ 0.1 around the knee. Here, however, low-mass galaxies are not underpredicted since there was not enough time for them to grow massive BHs since the formation of the seeds. We note that accretion onto BHs from the hot gas halo remains at 1% the Eddington limit in both models (see equation 6.38). Super-or hyper-Eddington accretion can occur, in principle, in radiatively inefficient accretion discs or in accreting envelopes emitting highly anisotropically [see Mayer & Bonoli, 2019;Inayoshi et al., 2019 and references therein]. In both cases, high accretion rates from large scales are required that must not be impeded by strong radiative feedback from a pre-existing massive BH, conditions which are more probable in high-redshift massive haloes. However, X-ray sources that are estimated to accrete at super-Eddington rates have also been observed in the local Universe [e.g. [START_REF] Okuda | 8th Asian-Pacific Regional Meeting[END_REF]Poutanen et al., 2007]. QUENCHING may solve this problem but we have not had the time to explore it. Preliminary investigations show that even moderate BH growth can easily lead to an overprediction of the passive fraction at low masses. Therefore BH feedback associated to growth via disc instabilities must be carefully calibrated not to overproduce the desired effect. In addition, the problem with the passive fractions of satellite galaxies, discussed in the previous section, persists in the refined models, indicating that we should revise our environmental quenching mechanisms.

In figure 6.20, we show the sSFR distributions for central galaxies in nine stellar mass bins predicted by models C2 (top) and D2 (bottom). The blue shaded areas show the distributions of the clean sample of SDSS DR12 galaxies by [START_REF] Mamon | [END_REF]. The stellar masses and SFRs in the observational sample have been computed by fitting the SDSS spectra with non-parametric SFHs and chemical enrichment histories using the STARLIGHT stellar population synthesis code [Cid Fernandes et al., 2005]. The sample is complete down to SFR = 0.032 M ⊙ /yr. The resulting sSFRs show a bimodal distribution in the intermediate mass bins with a break, a local minimum, at sSFR≃ 10 -11 M ⊙ that is indicated by the vertical green line in each panel. Our predicted sSFRs distributions are shown with the blue solid lines in figure 6.20. In the lowest mass bins, the shape of our model sSFR distributions is similar to the observed one, but progressively the peak of the star-forming population is shifted to higher sSFR, highlighting, once again, that our star-forming galaxies with M * 10 10 M ⊙ have too enhanced star formation. At higher masses, where AGN feedback becomes perceptible, a progressively larger number of galaxies falls off from the star-forming main sequence, broadening it towards lower values of sSFR that extend down to zero (for the few objects with gas surface density below our threshold Σ th = 3 M ⊙ pc -2 ). In addition, most of our model passive galaxies fail to maintain sSFRs higher than ∼ 10 -12.5 yr -1 in order to establish the observed bimodality in the intermediate mass bins (10 10 -10 11 M ⊙ ). This problem is faced by a large number of SAMs and numerical simulations. Katsianis et al.

[2020] compared the SDSS sSFR distributions with those predicted by Illustris [Genel et al., 2014;Vogelsberger et al., 2014], Illustris-TNG [Pillepich et al., 2018], EAGLE [Schaye et al., 2015], Mufasa [Davé et al., 2017], ELUCID+Lgalaxies [Wang et al., 2016;Luo et al., 2016], Shark [Lagos et al., 2018] and Simba [Davé et al., 2019]. They found that only the last three are able to reproduce the bi-modal form of the distribution at intermediate masses, with the rest predicting a unimodal distribution with a peak at the star-forming main sequence and a tail skewed towards low sSFRs. They concluded that the quenching schemes in these models need to be reconsidered in order to allow passive galaxies to retain a small level of SF activity. However, even the models that reproduce the bimodality qualitatively, fail to reproduce it quantitatively, by showing either weaker (Shark, Simba) or stronger (L-galaxies) bimodality. Hirschmann et al. [2016] tested several stellar feedback schemes on the GAEA SAM [De Lucia & Blaizot, 2007;De Lucia et al., 2014] and found that none was able to reproduce the evolution of the shape and normalization of the sSFR distribution with increasing mass. QUENCHING Kauffmann et al. [2004] and Wetzel et al. [2012] were among the first to examine the sSFR distribution of SDSS galaxies. The both reported that the break at sSFR≃ 10 -11 yr -1 is independent of galaxy stellar mass and host halo mass (for M * > 10 10 M ⊙ ) and that the distribution rises again below the break. However, they noted that the strong peak observed at sSFR≃ 10 -12 yr -1 is artificial, since all galaxies with unresolved SFRs have been assigned arbitrary values in that range.

More recently, a number of studies have claimed that the observed sSFR bimodality is an "illusion" caused by uncertainties and observational biases in the SFR measurements [Feldmann, 2017;Eales et al., 2017Eales et al., , 2018b;;Corcho-Caballero et al., 2020]. Eales et al. [2017] argued that the tight red sequence representing passive galaxies in the optical color-magnitude diagram is the result of optical colour depending only very weakly on sSFR. The red sequence is therefore better thought of as the accumulated number of galaxies that passed below a critical sSFR∼ 5 × 10 -12 yr -1 , rather than a distinct class of galaxies. Eales et al. [2018b] showed that the submm and far-IR Herschel data favor a picture in which the sSFR-M * plane is populated by a single Galaxy Sequence extending down to very low sSFRs, rather than by two distinct, well-separated galaxy populations. Feldmann [2017] argued that when dead or unresolved galaxies are excluded from observational data or numerical simulations results, the distribution in the sSFR-M * plane is unimodal with a peak at the SFMS and an extended tail that accounts for the passive population. Similarly, Corcho-Caballero et al. [2020] showed that a unimodal distribution can fit equally well both the SDSS and GAMA data as a double log-normal fit (illustrating the bimodal paradigm). In order to allow for a better comparison with the observations we have granted an artificial gaussian distribution to the model galaxies with sSFR≤ 10 -12 yr -1 that are possibly misrepresented in the observational sample. The mean, ̟, of the gaussian was chosen in each mass bin so as to mimic the observed distribution: ̟ =[ 12, 12.2, 12.4, 12.6] for 10 < log(M * /M ⊙ ) < 10.5, 10.5 < log(M * /M ⊙ ) < 11, 11 < log(M * /M ⊙ ) < 11.5 and 11.5 < log(M * /M ⊙ ) < 12, respectively. All gaussians have a standard deviation of σ = 0.2. The resulting distribution is shown with the dashed black lines in figure 6.20. The agreement with the observed distributions for galaxies with M * = 10 10 -10 12 M ⊙ is, clearly, improved after this procedure. Still, however, there exist a number of massive (M * 10 11.5 M ⊙ ) galaxies that show too enhanced star formation. One may think that by assigning artificial values for the sSFRs of very passive galaxies, in the way described above, an agreement with the observations is guaranteed. We shall demonstrate that this is not the case, by performing the same procedure to the sSFRs predicted by the merger model D before the inclusion of the "tidal-tails" and, more importantly, the "burstsin-discs" assumptions. This model was chosen, since it predicts passive fractions for central galaxies in better agreement with the observations (see dashed lines in the bottom right panel of figure 6.19). However, the trends that we will discuss here are similar in all models presented in the previous section. The sSFR distributions for central galaxies in model D before (blue solid lines) and after (black dashed lines) reassignment (for galaxies with sSFR < 10 -12 yr -1 ) are shown in figure 6.21. QUENCHING

AGN ejective feedback

In all of our previous models, we have neglected the role of ejective quasar-mode feedback. Sanders et al. [1988] brought up the idea of a connection between starburst activity and active galactic nuclei, by proposing that ultraluminous infrared galaxes (ULIRGs) may represent the initial, dust-enshrouded stages of quasars. The dense (more commonly merger-driven) nuclear gas concentrations in ULIRGS feed the central SMBH that eventually expels the obscuring dust and gas, terminating star formation, appearing as a luminous quasar and leaving behind a red elliptical [Sanders & Mirabel, 1996;Archibald et al., 2002;Di Matteo et al., 2005;Springel et al., 2005a;Hopkins et al., 2006]. Subsequent observations have highlighted a delay between starburst and AGN activity and evoked controversy regarding the role of quasar winds in quenching starbursts. Davies et al. [2007]'s high resolution AGN observations hint at a delay of 50-100 Myr between the onset of the central star formation and the fueling of the black hole (see also Schawinski et al., 2009a). Wild et al. [2010] find that the average black hole accretion rate rises steeply ∼ 250 Myr after the onset of the starburst. Similarly, Yesuf et al. [2014] find a significant delay (median age difference of 200 Myr) between the peak of the starburst and the AGN activity in a sample of post-starburst galaxies. Woo et al. [2017] investigate the connection between AGN driven outflows and star formation in a sample of ∼ 110, 000 AGNs and star-forming galaxies at z < 0.3 and find that the sSFR of non-outflow AGNs is much lower than that of strong outflow AGNs, with the latter being comparable to that of normal star-forming galaxies. They suggest that this trend can be interpreted either as no feedback at all, such that the AGN activity decreases as the gas is depleted by star formation, or as delayed AGN feedback (see also Harrison [2017] and references therein). Theoretically, the time-lag between the peak of SF activity and AGN activity could be plausibly caused by strong supernova feedback [e.g. Norman & Scoville, 1988;Wild et al., 2010] or by the lack of efficient gravitational torques in the central gas dominated regions [Hopkins, 2012] at earlier times. Observations [Cano-Díaz et al., 2012;Cresci et al., 2015;Carniani et al., 2016] and highresolution simulations [Costa et al., 2018] suggest that in most cases AGN-driven outflows may only suppress star formation in the central regions (see, however, Maiolino et al., 2012 for an example of extreme outflows capable of affecting the whole galaxy). However, part of the ejected gas may not escape the host halo, but fall back onto the galaxy at later times [Arribas et al., 2014]. In addition, central quenching may be accompanied by enhanced star formation in the surrounding regions, triggered by outflow induced gas pressure ("positive feedback") [Silk & Norman, 2009;Silk, 2013;Zinn et al., 2013;Cresci et al., 2015;Carniani et al., 2016].

In this section, we test a toy-model to account for AGN ejective feedback. This toy model was developed in the last days of this research project and is one of the reason why an extension was seeked. The need to submit within a deadline has prevented us from commenting extensively on this topic. The results are interesting, nevertheless.

RESULTS

In this model, we assume that: v ) whenever a galaxy satisfies our "binding-energy" quenching criterion 6.37, all the gas within its central components (cusp, classical bulge and bars/pseudobulges) is ejected instantaneously into the hot gas atmosphere.

The resulting GSMFs and passive fractions for models C2+v and D2+v are shown in figure 6.26. Figures 6.27 and 6.28 show the corresponding M BH -M * relations and the sSFR distributions for the two models. The addition of ejective feedback in model D2 has only slightly reduced the number of massive galaxies at all redshifts and has increased somewhat the number of passive galaxies at intermediate masses. On the contrary, the number of passive galaxies with M * 10 11.3 M ⊙ is somewhat lower (compare the solid and dashed lines in the bottom-left panel of figure 6.26). This effect is more pronounced in model C2. While star formation and galaxy counts in model C2 have been suppressed at intermediate masses [10 10 < log(M * /M ⊙ ) < 10 12 ] the number of over-massive galaxies (M * > 10 12 M ⊙ ) at z ∼ 0.1 has increased from three (before ejective feedback; figure 6.20) to six (figure 6.28). AGN ejective feedback has reduced by ∼ 0.2 dex the median M BH of all the affected galaxies (i.e., those with M * 10 10.3 M ⊙ ). As a result, the most massive galaxies in model C2 were unable to grow BHs massive enough to satisfy our binding-energy criterion, and remain accreting out to z ∼ 0. This indicates, once again, the need for a less stringent quenching criterion at high masses (or a more efficient BH growth). In our simple model, black holes grow concurrently with starbursts, the ejected gas never returns (since there is no gas accretion onto galaxies that satisfy our quenching criterion) and no positive feedback accompanies AGN outflows. Hence, it may be considered an extreme model, unless our requirement of a M BH > 32(υ vir /c) 2 M vir for ejective feedback is too strong. Since our models with and without quasar mode feedback are very similar in most ways, we are cautiously confident that we are on the right track.

Summary and discussion

We have used the latest version of our SAM, GalICS 2.1 [Cattaneo et al., 2020] to study how mergers drive the growth of supermassive black holes (SMBHs) and how feedback from SMBHs contributes to the quenching of massive galaxies. The new version incorporates an improved model for stellar feedback based on cosmological hydrodynamic simulations, which takes into account the multiphase structure of winds. More specifically, stellar winds are separated into a hot component that either mixes with the hot halo or escapes into the IGM, and a cold component that does not reach the escape speed but forms a galactic fountain. In GalICS 2.1, a shock-stability criterion, evaluated on a halo-by-halo basis, determines whether cold flows give way to the formation of a hot quasi-hydrostatic atmosphere. The hot gas atmosphere cools at a rate determined by the freefall time, the cooling time, and the time available for cooling. What the new model lacks is a source of heating to counteract the cooling of the hot gas. As a result, galaxies become over-massive at all redshifts (red curves in figure 6.5). In our research, we started by implementing a semi-empirical model for AGN feedback based on Chen et al. [2020], who concluded that galaxies enter the green valley when the total effective energy emitted by their central black holes equals four times the binding energy of the haloes' baryonic content. We assume that, whenever this condition is satisfied, accretion on the galaxy halts and is never reinstated. Hence, galaxies quenched because of this criterion do not require any later maintenance. Physically, we can assume that violent heating has brought the gas on a very high adiabat (a very low density configuration), so that the post-quenching cooling time becomes very long. In the standard merging scenario [Sanders et al., 1988;Springel et al., 2005a;Hopkins et al., 2006Hopkins et al., , 2008]], quenching occurs through the ejection of the entire cold-gas reservoir by quasar winds. In this thesis, however, we have proceeded step by step, and the ejection of cold galactic gas is the final one. Therefore, in our "standard" quenching model, all the cold CGM is blown away, the hot CGM is heated violently, but the ISM is left behind and continues to form stars until all the gas is exhausted. With our AGN feedback model in place, we tested different merger models to examine their efficiency in: a) building adequate BHs so that our quenching criterion is satisfied where it should, and b) aiding galaxy quenching through merger-driven starbursts. In each merger model, a fraction of the stellar mass in the discs of the merging galaxies is transferred to the central regions of the merger remnant and forms part of a classical bulge. A fraction of the gas in the discs of the merging galaxies loses angular momentum and falls to the center of the merger remnant (the cusp in our model), where part of it feeds the growth of the central BH and the rest is exhausted by a starburst with t SF = 0.2 Gyr. We further assume that the BHs in the merging galaxies coalesce to form a new BH and that mass is conserved during the coalescence process. In agreement with previous studies [e.g. Kauffmann & Haehnelt, 2000], we find that the fraction of cusp gas that accretes efficiently onto the central BHs should decrease with decreasing halo mass (equation 6.31) in order for low-mass galaxies to not be overquenched. This conclusion is supported by observational studies that detect a correlation between BH accretion rate and M * at fixed SFR [e.g. Delvecchio et al., 2015;Rodighiero et al., 2015]. By comparing the results of different merger models with observations we conclude that minor mergers (µ ≡ M 2 /M 1 < 0.25) make a significant contribution to both the build-up of central BHs and morphological transformations. Neglecting their contribution leads to disc galaxies with low bulge-to-total mass ratios (panel A in figure 6.11) and central BHs that are not massive enough (panel A in figure 6.9). On the contrary, the survival of some fraction of the discs in major mergers (µ ≡ M 2 /M 1 > 0.25) is essential in order for elliptical galaxies to not become overly bulge-dominated. Adopting similar prescriptions to the ones proposed by Hopkins et al. [2009a] and Kannan et al. [2015] for the mass fraction transferred from discs to bulges during mergers gives results in good agreement with the observed distributions of galactic morphologies (panels B and C in figures 6.11 and 6.12). Hopkins et al. [2009a] and Kannan et al. [2015] used hydrodynamical simulations and found that the fractions of the stellar disc and gaseous disc that are transferred to the bulge component during mergers are proportional to µ and µ(1 -f gas ), respectively. The difference arises from the collisional nature of the gas. Gas dissipates energy but conserves angular momentum. Hence, it tends to settle into a disc unless its angular momentum is torqued away. In mergers, the torque is primarily internal, from the stars in the disc. Hence, in the limit of very gas-rich discs, there is no significant stellar feature to torque the cold gas, which rapidly reforms a disc after the mergers [Hopkins et al., 2009b; see also Barnes & Hernquist, 1996]. Implementing into our SAM the assumption that the gas fraction transferred to the bulge should scale as 1 -f gas leads to the prediction that gas-rich high-z discs should survive mergers more easily than their low-z counterparts. However, gas-rich discs can also easily fragment into clumps that sink to the centre because of dynamical friction. Their coalescence leads to the formation of blue "nuggets", which turn into red "nuggets" after all the gas has been exhausted [Zolotov et al., 2015]. Although this process has not been included in our SAM, we have explored a variant where gaseous discs do not survive mergers more easily than their stellar counterparts (model D). Hopkins et al. [2009b] used an empirical model of galaxy evolution to investigate how different treatments of gas in mergers affect the demographics of bulges and discs at z = 0. They explored three models, very similar to ours: a model with a threshold mass ratio µ for major mergers equivalent to our model A; the model of Hopkins et al. [2009a], in which transferred fraction scales as µ(1 -f gas ) (our model C); and a gas-fraction-independent model equivalent to our model D. Contrarily to Hopkins et al. [2009b], we find that the collisional (model C) or collisionless (model D) treatment of gaseous discs in mergers has no strong effect on the morphological distributions of galaxies at z ∼ 0 (compare the panels C and D in figures 6.11 and 6.12). The reason is that, in these models, the gas that had accumulated within bars prior to merging and that suddenly becomes available for BH growth at the time of merging becomes the dominant contribution to the growth of SMBHs, which controls the accretion of gas onto galaxies and, thus, their chances of reforming discs after mergers. Models C and D treat this gas in the same way.

While there is robust evidence that gas-rich mergers trigger BH growth [Sanders et al., 1988;Nardini et al., 2008], observations also suggest that not all AGN activity is merger-driven. Gabor et al. [2009] analyzed the host morphologies and environments of a sample of ∼ 400 AGNs in the COSMOS field at redshifts 0.3 < z < 1.0. They found that the asymmetry distributions and the number of companion galaxies around AGNs were consistent with the ones of their control sample of inactive galaxies, indicating that strong interactions are no more prevalent among AGNs than among normal galaxies. Similarly, Cisternas et al. [2011] analyzed 140 COSMOS AGN host galaxies and a matched control sample of inactive galaxies and found no strong distortions in the vast majority (> 85%) of the AGN host galaxies and similar distortion fractions between active and inactive galaxies. They concluded that the bulk of BH accretion since z ∼ 1 has not been triggered by major mergers and, therefore, argued that alternative mechanisms such as minor mergers and internal secular processes are the leading triggers for major BH growth (see also Storchi-Bergmann & Schnorr-Müller, 2019 for a review on the observational constraints on the feeding of SMBHs). Numerical simulations show that gas within the corotation radius of bars, is driven inwards in an effort to thicken and enrich the central bulge and re-stabilize the disc [e.g. Bournaud & Combes, 2002;Lin et al., 2013]. Once gas reaches sub-kpc scales, the torques from large-scale bars become less efficient and additional mechanisms, such as "bars within bars", are required to transport it to the much smaller scales relevant for BH growth [Shlosman et al., 1989;Laine et al., 2002;Schinnerer et al., 2006;Hopkins & Quataert, 2010, 2011;Du et al., 2017] 21 . Violent instabilities in high redshift, gas-rich discs are increasingly efficient in driving inward gas flows that fuel BH growth [Genel et al., 2008;Gabor & Bournaud, 2013;Bournaud et al., 2012;[START_REF] Bournaud | Bulge Growth Through Disc Instabilities in High-Redshift Galaxies[END_REF]; see also Shankar et al., 2012], although, once the central BH becomes massive enough, it can quickly dissolve the short bars within bars, and terminate inner-bar-driven gas inflows [e.g. Du et al., 2017]. Our SAM does not currently include a model for BH accretion via disc instabilities. However, our model is in better agreement with the observations if all the gas associated with the bar component is moved to the central starburst (i.e. the cusp) during mergers (compare models B and C in figure 6.7). This finding makes sense because bars funnel the gas into the central region, where it settles into a nuclear mini-spiral, which the interaction with a companion can easily destabilise triggering the formation of bars within bars [see, e.g., NGC 1097;Prieto et al., 2019]. Subsequently, we examined the effects of a physical model for radio-mode AGN feedback. In this model, SMBHs grow not only through the accretion of cold gas in mergers but also through a quasi-continuous accretion of hot gas at low-Eddington-ratios. In this low-accretion-rate mode, most of the power is channelled into jets. Our key assumption is that the jet power self-regulates so that it exactly compensates the thermal losses, i.e. the X-ray luminosity, provided the central BH is massive enough to do so (we assume that the jet power cannot exceed 1% of the Eddington limit). This is a maintenance model: at each instant, the BH offsets the radiative QUENCHING losses at the time. We find that this radio-mode feedback alone is unable to halt gas accretion efficiently so that we produce a realistic galaxy population. The problem is twofold. First, the cooling rates that we compute in our model are based on a notional profile for the hot gas density. In our current implementation, stellar feedback and feedback from SMBHs do not have any effect on the hot gas distribution, while observations and numerical simulations show that these mechanisms can lower the central densities of hot haloes by more than an order of magnitude [Sijacki & Springel, 2006;Magliocchetti & Brüggen, 2007;Puchwein et al., 2008;Dubois et al., 2011;Mittal et al., 2011;Barai et al., 2016;Chon et al., 2016;van de Voort et al., 2016]. High central densities result in high X-ray luminosities. Hence, our model requires powerful jets that are difficult to obtain for realistic BH masses. In reality, it is not feedback that needs to be increased; it is the density of the gas that needs to be lowered. Second reason, shutting down cooling does not preclude other mechanisms via which cold gas may be supplied to galaxies (cold flows, the galactic fountain). If cold-mode accretion in GalICS 2.1 is not suppressed in massive haloes (in which shock heating is not complete), we still over-reproduce the number of massive galaxies at 0 < z < 2.5 even with a total shutdown of cooling (blue curves in figure 6.5). The empirical "binding-energy" quenching criterion does not suffer this problem because it makes the extreme assumption that, after quenching, the ambient hot gas is brought to a high-entropy state with a very long time (pre-heating; Benson & Madau, 2003). In reality, a combination of pre-heating and maintenance is likely to occur. Indeed, a combination of the physical radio-jets model and the empirical "binding-energy" quenching criterion does bring our galaxy stellar mass functions in better agreement with the observations. To improve our fits even further, we consider two additional findings of the merger study by Kannan et al. [2015]: a fraction 0.2µ of the stars in the primary disc are flung into tidal tails and scattered into a stellar halo (the intra-cluster light if the merger occurs in a cluster environment); in major mergers (µ > 0.25), even the gas that is not transferred to the bulge undergoes a starburst with t SF = 0.2 Gyr. The latter assumption is supported by hydrodynamic simulations (Kannan et al., 2015 identified SF enhancements in the discs of their simulated galaxies; Powell et al., 2013 showed that most major mergers exhibit extended SF in their early stages, which then concentrates to the nuclear region as the galaxies approach coalescence) but is also an observational fact (look at the Antennae galaxies). The appeal of merger-driven starbursts in discs is that they exhaust the gas reservoir without being accompanied by BH growth as the bursts in the cusp. A recent study by Rodighiero et al. [2015] is very interesting in this regard. The authors investigated the co-evolution of the black hole accretion rate (BHAR) and the SFR for galaxies at 1.5 < z < 2.5 in the COSMOS field. They found that starburst galaxies have SFRs six times higher than normal SF galaxies but the enhancement in BHAR is only a factor of three. Rodighiero et al. [2015] concluded that starburst-inducing mergers are more efficient at boosting the SFR than the BHAR.

Our assumption that all the gas is exhausted during major mergers may be too strong. However, we note that SF bursts in the disc occur also during minor mergers [Kannan et al., 2015] and can also be induced by fly-by events, an effect which we have completely neglected in our 6.4. SUMMARY AND DISCUSSION models. Even though fly-by encounters are less successful at triggering starbursts than mergers [Mihos et al., 1992] their plethora could make their cumulative contribution appreciable [see e.g. Lamastra et al., 2013]. Models C and D with these improvements are referred to as models C2 and D2, respectively. Our revised models C2 and D2 are in fairly good agreement with the observed GSMFs at 0 < z < 2.5 and the passive fractions of central galaxies with M * 10 10 M ⊙ (figure 6.19). At lower galaxy masses, we underpredict the fraction of passive central galaxies. This could occur because the cooling of hot gas is not counterbalanced by stellar feedback in our model. Moreover, recent observational studies [Kauffmann, 2014] and numerical simulations [Shen et al., 2014;Tollet et al., 2019] have shown that the SF histories of low-mass galaxies are characterized by bursts of star formation interspersed by long periods of quiescence. These SF histories are not captured by our SAM. Their net effect is to increase the number of low-mass passive galaxies. Passive fractions for satellite galaxies are in better agreement with the observations than in previous versions of our SAM. Yet, there are still discrepancies at all masses. The quiescent fraction for dwarf satellite galaxies with M * ∼ 10 8 M ⊙ is higher in our SAM than in the observations (40% instead of 20%) because we have implemented ram-pressure and tidal stripping but have not had time to calibrate their efficiency extensively. Notice, however, for comparison, than in classical SAMs nearly all satellite galaxies were quiescent [see, e.g., Cattaneo et al., 2006Cattaneo et al., , 2007]]. The reduced passive fractions of low-mass (M * 10 10 M ⊙ ) galaxies in our models are reflected in the sSFR distributions in these mass bins, that exhibit a similar shape to the observed ones but are centered at a ∼ 0.5 dex higher sSFR (figure 6.20). In intermediate mass bins (M * = 10 10-11 M ⊙ ), our models reproduces the observed bimodality if we assign an artificial gaussian distribution to galaxies with sSFR≤ 10 -12 ys -1 . It is likely that the very low SFRs of passive galaxies may be misrepresented in the observational sample [Kauffmann et al., 2004;Wetzel et al., 2012;Feldmann, 2017;Eales et al., 2017Eales et al., , 2018a;;Corcho-Caballero et al., 2020]. However, we note that by assuming a weaker SF burst during major mergers, we could allow our passive galaxies to retain a small level of SF activity. Whether this would generate the observed passive peak at sSFR≃ 10 -12 yr -1 -10 -12.5 yr -1 remains to be answered. Our models embody a merger-driven picture for galaxy quenching, in which BH growth and starbursts work in tandem to move galaxies towards the red sequence. Quenching is accompanied by a transformation of the galactic morphologies, which is featured in the B/T -sSFR correlation (bottom panels of figure 6.22), in agreement with observational studies [e.g. Wuyts et al., 2011b;Lang et al., 2014c;Whitaker et al., 2015]. Despite this success, there is still a small number of massive SF galaxies in our models. We have attempted to accelerate their quenching using two approaches. First, we have assumed that the quenching criterion of Chen et al. [2020] flattens at high halo masses, i.e. that accretion onto galaxies in shut down as long as they host supermassive black holes with M BH > 10 -5 × M vir . Second, following Mayer et al. [2010] and Bonoli et al. [2014], we have adopted a variable BH seed (M seed = 10 5 M ⊙ for galaxies with M vir > 10 11 M ⊙ and M seed = 10 2 M ⊙ for galaxies with M vir < 10 11 M ⊙ ) in agreement with observational studies and theoretical predictions [e.g. Latif & Ferrara, 2016;Inayoshi et al., 2019;Haemmerlé et al., 2020;see Section 6.3.2]. The justification for the first assumption is as follows. Chen et al. [2020] put the quenching threshold very high. They require that BHs have dumped into the gas more than four times its binding energy. We speculate that the energy requirement is so high because of radiative losses, which are significant for systems with M vir ∼ 10 12 M ⊙ (the critical halo mass around which quenching occurs in the Universe). An average bathtub holds 300 litres of water but one may need to pour 1200 litres water into it before it fills if the plug does not shut properly. Massive systems (X-ray groups and clusters) have longer cooling times. In our analogy, they correspond to bathtubs that leak less and will thus fill more easily. The combination of the two above assumptions ensures that the most massive galaxies are quenched earlier and brings our predicted GSMFs in agreement with the observations at all redshifts (figure 6.24; versions that include these two assumptions are referred to as models C2 + iii + iv and D2 + iii + iv). Exploring the impact of ejective quasar feedback on models C2 and D2 (models C2 + v and D2+v, respectively) has been the final step of this research. We remind the reader that the cold CGM (filaments, fountain) is blown away in all our quenching models. The difference of models C2 + v and D2 + v is that we blow away also the cold ISM within the central components of galaxies (the cusp, the bulge and the pseudobulge) once the "binding-energy" quenching criterion is satisfied. Figure 6.26 shows that ejective quasar feedback improves the agreement with the data but the difference is not dramatic. Models C2 + iii + iv and D2 + iii + iv are arguably those in best agreement with the observations, but model D2 + v is equally good with more standard assumptions. We conclude that AGN quenching combined with a careful description of the effects of galaxy mergers can simultaneously explain: 1) the galaxy stellar mass function and its evolution with redshift; 2) the key features of the sSFR distribution and the fraction of passive galaxies as a function of stellar mass; 3) the morphological makeup of the galaxy population (fractions of late-type spiral, early-type spiral and elliptical galaxies; bulge-to-total mass ratio vs. stellar mass for the spiral population); 4) the BH mass-stellar mass relation for different morphological types; 5) the morphological characterization of galaxies on a SFR-stelllar mass diagram (the comparison with the observations in relation to point 5 has been purely qualitative; we have not had time for a quantitative analysis). The next steps would be to make a link between our analysis of AGN quenching and the metallicity studies in Chapters 3 and 5, and to investigate the quenching of central and satellite galaxies separately, with a better calibration of environmental effects such as ram-pressure and tidal stripping, but ars longa, vita brevis, and the time of this thesis has come to an end. their growth is hampered. In figure A.2, we show the predictions of GalICS 2.1 when there are no cold flows in haloes with M vir above M fil crit = 10 12 M ⊙ , no cooling above M vir = M cool crit = 10 12 M ⊙ , and accretion from the galactic fountain is shut down above M vir = M fount crit = 3 × 10 12 M ⊙ . This model behaves slightly better at low redshift, since M fount crit has been increased and cold gas entrained in the galactic fountain is allowed to reaccrete onto galaxies residing in more massive haloes. However, still the number of massive galaxies is significantly underpredicted.

Next, we test a model (figure A.3) where there are no cold flows in haloes with M vir above M fil crit = 3 × 10 12 M ⊙ , no cooling above M vir = M cool crit = 10 12 M ⊙ , and accretion from the galactic fountain is shut down above M vir = M fount crit = 10 12 M ⊙ . The galaxy stellar mass functions predicted by this model are in good agreement with the observations, except from the high-mass end in some redshift bins. The fractions of central passive galaxies are, yet, considerably lower than the observations at all stellar masses.

Raising both M fil crit and M fount crit to 3 × 10 12 M ⊙ , while keeping M cool crit = 10 12 M ⊙ (figure A.4), brings GalICS 2.1 in agreement with the observed GSMFs at all redshifts, but not with the observed passive fractions at z ∼ 0. We note that the increase of M fount crit from 10 12 M ⊙ to 3 × 10 12 M ⊙ , in comparison to the previous attempt (figure A.3) has raised substantially the number of massive galaxies at all redshifts.

Finally, in figure A.5, we show the results of GalICS 2.1 where M fil crit = 10 12 M ⊙ , M cool crit = 3 × 10 12 M ⊙ , and M fount crit = 10 12 M ⊙ . Cold-mode accretion is already restricted in high-mass galaxies (even without a complete shutdown above M fil crit ) due to shock-heating of the cold filamentary flows while they fall through their massive hot atmospheres. Figure A.5 shows clearly that cooling must be heavily suppressed above the characteristic mass M vir = 10 12 M ⊙ , in order for galaxies to not grow over-massive and to not remain star-forming out to z ∼ 0.

We note that we have not fully explored the M fil crit , M cool crit , M fount crit parameter space, but the results presented in this Appendix are indicative of the contributions of the three different modes of accretion in the growth of galaxies. As was the case for GalICS 2.0, we find that implementing a halo mass criterion for the shutdown of accretion in GalICS 2.1, is capable of reproducing the galaxy stellar mass function and its evolution with redshift but not without overpredicting the star formation activity of galaxies at z ∼ 0 (e.g. figure A.4).

  Figure 1.6: The ESO 137-001 jellyfish galaxy located in the cluster Abell 3627. It has a radial velocity of ∼ 4700 km s -1 and shows a 80 kpc long and bright X-ray tail associated with a shorter (40 kpc) and broader tail of numerous star-forming H II regions [Jáchym et al., 2014]. This composite view of ESO 137-001 includes visible light from Hubble and X-ray light from the Chandra X-ray Observatory (in blue).Figure credit: NASA, ESA, CXC

  .15) Equation 2.15 ensures that M b /M vir is always larger or equal to f b 2 .

Figure 3 . 1 :

 31 Figure 3.1: Periodic table showing the cosmogenic origin of each element. Credit: Wikipedia, based on data by J. Johnson, Ohio State University, credited on ESA/NASA/AASNova

  Figures 4.6 and 4.7 show our predicted luminosity functions (LFs) at redshifts z =

Figure 5 .

 5 Figure 5.2 shows the median logarithmic metallicity difference

Figure 6 .

 6 Figure6.5 shows the galaxy stellar mass functions predicted by theCattaneo et al. [2020] version of GalICS 2.1, where no model for AGN feedback is included, which sets the baseline for all subsequent models. The blue curves show the GSMFs when galaxies grow through cold-mode accretion only (cooling of the hot halo is disabled) and the red curves show the GSMFs when galaxies grow through both cold-mode and hot-mode accretion. As is obvious from the figure, not only the cooling of the hot gas but also the accretion from cold filamentary flows must be supressed in order for galaxies at the high-mass end to not be overpredicted. Figure6.6 shows the passive fractions at z ∼ 0.1 for central (black) and satellite (green) galaxies in GalICS 2.1, when galaxies grow through both cold-mode and hot-mode accretion and there is no AGN feedback. The data points show the observations ofWetzel et al. [2013; circles] and[START_REF] Mamon | [END_REF] triangles]. The model fails to reproduce the observed passive fractions for centrals at all masses as well as for satellites with M * 10 10 M ⊙ . Only the passive fractions of lower-mass satellites, which are affected from environmental quenching mechanisms, are in (fairly good) agreement with the observations.

  a flat mass-[α/Fe] relation. Using cosmological hydrodynamic simulations,Okamoto et al. [2017] found that maintenance-mode AGN feedback naturally reproduces the observed σ -[α/Fe] relation but results in an inversely correlated mass-metallicity relation for galaxies with M * 10 11 odot. In addition, they authors analyzed public data of the Illustris [Illustris-1;Nelson et al., 2015] and theEAGLE [McAlpine et al., 2016] simulation and showed that both simulations suffer from the same problem at high masses (stellar metallicities decrease with increasing mass above M * ∼ 10 10.5-11 M ⊙ ). Using a SAM,[De Lucia et al., 2017] reached the same conclusion, reproducing simultaneously the MZR and the σ-[α/F e] relation in the current framework of galaxy formation is difficult, unless more exotic solutions, such as metal-rich winds or a variable IMF, are adopted.

Table 5 .

 5 1: Models considered in this work. Accretion and feedback refer to satellite galaxies only. Star formation refers to the total gas (atomic+molecular) mass of the disc component.

	Model Accretion Star formation Feedback
	a	Standard	Eq. (5.5)	Eq. (2.46)
	b	No	Eq. (5.5)	Eq. (2.46)
	c	No	t SF = 3.5 Gyr Eq. (2.46)
	d	No	Eq. (5.5)	η = 0

  . A freefall time after the halo stops accreting the galaxy stops accreting, too. Shutting down accretion onto satellites simply enforces what is already happening in most cases. Hence, strangulation is not an additional physical process that our SAM needs to invoke; strangulation arises naturally from tidal forces in the N-body simulation. The change in behaviour at M * < 10 10 M ⊙ (the black curve falls; the data points rise with an even greater slope) mirrors what we have already seen in figure 3.11 of Section 3.4.1 showing the local M

* -Z * relation predicted by GalICS in comparison to the observations of Gallazzi

  .35) where t Sal = cσ T /(4πGm p ) is the Salpeter time (∼ 0.45 Gyr ) for a pure hydrogen gas. Equation 6.35, shows that the resulting BH masses are not only determined by the parameter f Edd but also by their initial mass M seed , especially when t is short.BH seeds of masses M seed ≃ 10 -100 M ⊙ are estimated to have formed at high redshift (z ∼ 15 -30) from the collapse of massive Population III stars [stellar mass BHs; seeLatif & Ferrara, 2016; Haemmerlé et al., 2020 and references therein]. Observations of extremely bright quasars at z ∼ 6 -7.5 which are estimated to host SMBHs of ∼ 10 8-10 M ⊙ [e.g.Fan, 2006;Wu et al., 2015;Bañados et al., 2018], however, are in tension with this BH formation scenario. If BH growth is dominated by Eddington-limited accretion, the lookback time is too short for a light BH seed of 100 M ⊙ to grow to 10 10 M ⊙ by z > 7[Inayoshi et al., 2019;Haemmerlé et al., 2020]. This issue could be resolved if stellar mass BHs are allowed to accrete gas at rates higher than the Eddington-limited value [seeInayoshi et al., 2019 and references therein and Section 6.3.2]. Another more promising solution is offered by a class of models that invoke the formation of massive BH seeds (with M seed ∼ 10 5-6 M ⊙ ) via direct collapse of very metal-poor, lowangular momentum gas in protogalaxies 18 [see the review ofWoods et al., 2019]. Alternatively, intermediate-mass BH seeds (∼ 10 3-4 M

⊙ ) can form through stellar mergers in the cores of dense stellar clusters in metal-poor protogalaxies [e.g.

[START_REF] Omukai | [END_REF]Devecchi & Volonteri, 2009]

.

A Cepheid star is a type of star that pulsates radially, varying in both diameter and temperature and producing changes in brightness. After studying thousands of variable stars in the Magellanic Clouds, Henrietta Swan Leavitt 1908 discovered a strong direct relationship between a Cepheid's luminosity and pulsation period, which established Cepheids as primary distance indicating standard candles.

A more formal definition requires galaxies to have a relaxation time less than the Hubble time H -1 0 (≃14 billion years according to current measurements) and a half light radius > 100 pc[Forbes & Kroupa, 2011].

For comparison, direct counting and extrapolation of the galaxies in the Hubble Ultra Deep Field suggests that the total number of galaxies in the observable Universe is at least N ∼ 10 11 , an estimate that increases by a factor of ∼ten when distant faint galaxies, undetectable with present technology are accounted for[Conselice et al., 2016].

The Planck era corresponds to the period when the Universe was younger than tp ≈ 10 -43 sec. Before this time physical interactions are assumed to be dominated by quantum effects of gravity and there is currently no physical theory able to describe them. Around Planck time gravity begins to differentiate from the other forces and the Universe enters the Grand Unification Epoch, itself followed by the Inflationary Epoch.

The dimensionless scale factor α(t) describes the relative expansion of the Universe. If d(t) the distance at some time t (proper distance), the distance d 0 at the present time t 0 is given by d 0 = d(t)/a(t).

The Big Bang nucleosynthesis is believed to have started at approximately 10 seconds after the BB and resulted in the production of hydrogen (∼

76%), helium (∼ 24%) and small amounts of deuterium, tritium, helium-3 and beryllium-and lithium-isotopes.

The density for which the spatial geometry is flat: ρc = 3H 2 /8πG, where H the Hubble parameter and G the gravitational constant.

The particle horizon, i.e. the physical distance that light has traveled since t = 0, at the time of recombination corresponds to an angular size of ∼ 1.7 degrees on the sky today. The horizon problem points out that regions seperated by larger angular distances today where causally disconnected at the time of recombination, yet the CMB appears isotropic.

The cosmological constant problem is the disagreement between the small value of the cosmological constant (the density of vacuum space) and the zero-point energy suggested by quantum field theory.

The missing satellites problem refers to the high number of halo substructures predicted by simulations, compared to the (orders of magnitude) lower observed number of satellite galaxies.

ΛCDM simulations predict a high number of massive subhalos that (should have been but) are not observed in the local Universe.

The discrepancy between the inferred dark matter density profiles of low-mass galaxies (cores, i.e. flat central density profiles) and the density profiles predicted by cosmological N-body simulations (cuspy, i.e., with density increasing steeply at small radii).

Satellite galaxies of both the MW and Andromeda are aligned on relatively thin, rotating planes, a phenomenon that is not predicted by ΛCDM simulations.

 14 For a review on Baryon Acoustic Oscillations see[Bassett & Hlozek, 

2010].15 These processes will be introduced in Sections 1.3 and 1.4.

Scoville et al. [2013],Brodwin et al. [2013],Ziparo et al. [2014] andAlberts et al. [2016] do not detect the same trend but find similar levels of SF activity in both field and group/cluster galaxies at z 1.

The idea that interacting galaxies would likely combine to form a larger galaxy was earlier proposed byHolmberg [1941]. Holmberg performed arguably the first N-body simulation on the dynamics of interacting galaxies, using light-bulbes as mass particles and light intensity as a tracer of the gravitational force.

In the ΛCDM cosmology, halos of all masses are predicted to have (average) merger histories that are very similar in terms of the mass ratios of their progenitors[START_REF] Mo | Galaxy Formation and Evolution[END_REF]. Therefore, massive galaxies are predicted to have experienced more mergers when both major and minor mergers are considered.

Notice that a large fraction of quenched or disturbed galaxies outside the cluster radius are "backsplash" galaxies, i.e. galaxies that were once inside the virial radius of the host but now reside beyond it[Gill et al., 2005; Mahajan et al., 2011a]. However,Haines et al. [2015] andJaffé et al. [2015] find that the backsplash population cannot fully explain the decreased SFRs outside the cluster radius.

Backsplash galaxies are those that pass through a group or a cluster and come out to the other side.

M b /M vir can be higher than f b if M vir decreases because we do not remove baryons from haloes when that happens.

C17 used the ratio of the virial radius to the virial velocity. Our new definition accelerates the accretion of the cold gas in the filaments by a factor of order unity.

Cosmological hydodynamic simulations have shown that the angular momentum of the accreting gas originates from large-scale motions of the cosmic web rather than from the virialised DM halo host and that angular momentum is not conserved during infall[Kimm et al., 2011;Danovich et al., 2015].

The virial theorem states that the total energy of a stable system of gravitationaly interacting particles equals half its gravitational potential energy.

A good overview and the historical development of cosmological nucleosynthesis is given inWeinberg [2008], withGamow [1946],Hayashi [1950] andAlpher et al. [1953] laying the foundations.

The Pauli exclusion principle states that two or more identical half-integer spin particles (electrons and all other fermions) cannot occupy the same quantum state. Due to this, in very densely packed electron gas the electron degeneracy pressure emerges that resists further compression of the gas.

The slow neutron-capture process (s-process) produces heavy elements (such as Sr, Zr, Nb, Ba and La) and isotopes (such as 86 Sr,96 Mo, 1 04Pd and 116 Sn) in a series of reactions is which iron seeds grow by successive

Iron-peak elements are the ones surrounding the local maximum in the abundances of chemical elements in the Universe that corresponds to iron and include Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu and Zn.

Iron has the highest binding energy per nucleon, i.e., is the most stable element, making its fusion into heavier elements an endothermic process. If gravitational collapse causes a temperature increase high enough to fuse iron, the required energy is absorbed almost instantaneously leading to a rapid collapse, reheating the core and restarting the process.

Rapid-neutron-capture-process (r-process) elements are formed from iron seed nuclei during a supernova explosion, using the explosion energy and the abundance of neutrons, in an endothermic nuclear reaction.

The transition may be smeared by metallicity, rotation and mass loss, and by the presence of an intermediate regime with weak SNe.

The lower limit 0.1 M ⊙ in the integral of the denominator of eq. 3.2 is commonly used instead of the lower mass limit for a star 0.08 M ⊙ (see Section 3.1.1.1) to normalize the IMF.

Many authors call star-formation timescale the inverse specific SFR and gas-depletion timescale the time t SF . We do not follow this convention because we call gas-depletion timescale the one defined in Eq. 3.5.

Oscillations can arise in models where the SF timescale is short enough to come close to exhaust the gas reservoir before new gas is accreted on the next timescale. In the Universe oscillations in the gas metallicity are expected in systems where accretion is stochastic.
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single degenerate SNIa

The transition may be smeared by metallicity, rotation and mass loss, and by the presence of an intermediate regime with weak SNe.

Since IRA is assumed the difference in R does not reflect a delayed contribution of metal-poor gas ejected from long-lived stars that would dilute the gas reservoir at late stages.

Infrared observations from ground-based telescopes are challenging because water vapor in the Earth's atmosphere absorbs infrared radiation.

broadly because observational estimates of η show typically higher values with increasing redshift over a wide range of galaxy stellar masses, but suffer from large systematic uncertainties.

Spectral energy distributions are plots of brightness or flux density as a function of frequency or wavelength of light.

Convective overshoot is the phenomenon in which material is transferred from an unstable towards a stratified, stable region, due to the momentum of the convective material.

3 http://www.sedfitting.org provides a list and general description of models and techniques used in SED fitting, as the aforementioned SPS models and various dust emission models.

Stellar isochrones estimate the relation between effective temperature T ef f , surface gravity log g, and mass as a function of t and Z.

The effects of rotation and stellar winds on stellar spectra are neglected

Reimers's law, given as Ṁ = η L * R * M * , connects the stellar luminosity, radius and mass to the mass loss rate Ṁ of late-type giants and supergiants. Although lacking a physical interpretation and constructed solely based on dimensional scaling arguments (as the "simplest quantity" giving units of g s -1 ), Reimers law has been proven successful in reproducing the observational data when the fitting parameter η is calibrated individually for the different types of giants[Schröder & Cuntz, 2005].

For that a table of stellar yields is included in the code. For details seeFioc & Rocca-Volmerange [2019b].

The effective cross section denotes the area that when multiplied by the irradiance of electromagnetic waves incident on an object, gives the total flux scattered and absorbed by the object.

comparing reddened galaxy SEDs to those of galaxies determined to be dust-free, usually based on the difference in optical depth between the nebular Balmer emission lines Hα and Hβ, which acts as a proxy for continuum attenuation[Calzetti et al., 1994] 

A bivariate spline interpolation is used for interpolating data points on a two-dimensional regular grid. The interpolated surface is smoother than corresponding surfaces obtained by bilinear interpolation or nearestneighbor interpolation[Pinchukov, 2015].

The Z value corresponds to the flux density of Vega in the Johnson V band (∼ 5500 Å).

In an apparent magnitude limited survey, intrinsically more luminous galaxies can be detected at a greater distance, creating a false trend of increasing intrinsic brightness with distance, the Malmquist bias. Here, Iary Davidzon has used the common 1/Vmax method to correct the Malmquist bias[Schmidt, 1968; see also[Davidzon et al., 2017]]. The 1/Vmax correction method assumes that the distribution of galaxies in space is uniform. Based on that, the contribution in the luminosity function of each galaxy of absolute magnitude M in the survey, is weighted by 1/Vmax, where Vmax is the comoving survey volume, measured in Mpc 3 , within which the galaxy would have been detected (i.e. would have an apparent magnitude m bright < m < m faint , where m bright and m faint the brightest and faintest magnitudes that can be detected in the survey).

Following the publication of the study presented in this chapter[Koutsouridou & Cattaneo, 

2019], the observational data of T18 were revised, due to an improvement in their adopted spectral fitting code. In order to present our original analysis and conclusions, the models in this chapter are compared to the original data of T18 (that are similar those ofPeng et al., 2015). The new data are presented and discussed in Section 5.7.2 T18 defined the duration of quenching tq as the time during which a star-forming progenitor should quench before its stellar metallicity is equal to the stellar metallicity of local passive galaxies.

The returned fraction R and the metal yield y Z depend on the assumed IMF. For the usually adopted IMFs: 0.26 R 0.47 and 0.023 y Z 0.088[Vincenzo et al., 2016].

The Herschel Reference Survey used byBoselli et al. [2014] includes the Virgo cluster and may therefore be more representative of group and cluster environments, which are the primary focus here. We also observed that GalICS 2.0 with the star-formation timescale from Eq. (5.5 ), which gives t SF = 3.5 Gyr on average[Cattaneo et al., 2017], reproduces correctly gas fractions[Garnett, 2002b;Noordermeer et al., 2005;Zhang et al., 2009;Boselli et al., 2014] and the SFR -M * relation in the local Universe[Elbaz et al., 2007b; Salim et al., 2007b; Wuyts et al., 2011a].

Hausammann et al. [2019] argue thatMayer et al. [2006] andSimpson et al. [2018] found evidence for quenching simply because they did not let the gas cool below

4 K and condense into molecular clouds.

The metallicity of the IGM in the tree to which the halo belongs (see end of Section

2.1)2 The cooling function (expressed in the units erg cm 3 s -1 ) gives the total cooling rate per unit volume per hydrogen number density squared.3 In a polytropic gas, γ is constant and γc = 4/3. BD03 found γc = 10/7 because they considered that the effective polytropic index γ in equation 6.2 may depend on the radius, and in order to eliminate the freedom introduced by this dependence they assumed a constant temperature T for the shock-heated gas across the shell.4 The cooling rate increases with increasing metallicity and GalICS 2.1 predicts that the metallicity of the IGM grows by a factor of three between z = 2.25 and z = 0.

In a plasma that is three quarters hydrogen and one quarter helium in mass there are 27 particles (12 protons, one helium nucleus and 14 electrons) for every 12 hydrogen atoms.

In reality particles with speeds much larger than υesc = 2[φ(r vir ) -φ(0)] do exist. Yet, the wind's velocity distribution is a strongly decreasing function of outflow speed[Tollet et al., 2019], which allows us to assume that all hot wind particles have υw ∼ υesc

Armillotta et al. [2017], using hydrodynamic simulatiions, find that the cold phase has a half-lifetime of ∼ 0.25Gyr for T 0 = 2×10 6 K. This half-lifetime corresponds to an e-folding time of ∼ 0.35Gyr for T 0 = 2×10 6 K, if the fountain mass declines exponentially, from which we infer t 0 ev ≃ 2 Gyr since our evaporation times are normalized at T 0 = 10 6 K. This figure is based on assuming a cloud radius of α = 250 pc; tev ∝ α 2 [Cowie &McKee, 1977] but smaller α cannot be excluded[Cattaneo et al., 2020].

ySAM, Lgalaxies and Sage, although moving all stars of the merging galaxies into a bulge, use different treatments for the gas. The rest of the models cited here assume that all gas in major mergers is consumed in a starburst.

Hopkins et al. [2009a] find that when θ decreases, larger tidal and bar asymmetries are excited that rapidly drain the gas of all angular momentum, which thereby collapses at the center. The effect is maximized in prograde-prograde, coplanar mergers of discs, where the angular momentum of both discs and the orbital angular momentum are all perfectly aligned.

The gas mass ǫ BH M cusp,gas SF that is available for fueling the SMBH growth, has already a dependence on υ vir even for a constant ǫ BH , since M cusp,gas SF ∝ τ (1 -e -t/τ ) and τ ∝ 1/η ∝ υ 2 vir .

Although these models are commonly referred to as direct collapse black hole models, initially a supermassive star of ∼ 10 5-6 M ⊙ forms which then collapses into the massive BH[Inayoshi et al., 2019].

If a passive satellite before tidal stripping has a stellar mass of e.g., 10 10 M ⊙ and after tidal stripping it has a mass of 10 9.5 M ⊙ , its contribution to the quiescent fraction-M * diagram would move leftwards, thereby reducing the passive fraction at M * = 10 10 M ⊙ and increasing it at M * = 10 9.5 M ⊙ .

Such mechanisms are also required for merger-driven gas flows to reach the innermost nuclear regions, even though these are probably less rotationally supported.

The model ofCattaneo et al. [2006] reproduced the colour bimodality in all magnitude bins because satellite galaxies were not allowed to accrete any gas. The red sequence below the characteristic halo mass (corresponding to a stellar mass M * ≃ 3×10 10 M ⊙ ) was solely populated by passive satellites (see alsoDekel & Birnboim, 

2006).Later on it was found that all galaxies, regardless of central satellite designation, exhibit a bimodal distribution at M * = 10 10 -3 × 10 10 M ⊙[Wetzel et al., 2012] 
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where ∆t = t 2 -t 1 . Since M gas,Z (t 1 ) ∝ y Z and M * ,Z (t 1 ) ∝ y Z , M * ,Z (t 2 ) and Z * (t 2 ) are also proportional to y Z (since M * (t 2 ) is independent of the net metal yield). Therefore, we find that if Z accr ≪ ỹ, the metallicity of galaxies at all timesteps (whether they are accreting gas or not) will be proportional to the net metal yield y Z . In Section 3.4.1, we saw that in order to reproduce the normalization of the MZR at z ∼ 0 with GalICS 2.0, we had to assume R = 0.41 and y Z = 0.034 or equivalently (when using stellar evolution models) that stars more massive than ∼ 40M ⊙ do not contribute any mass (or metals) to the ISM. We adopt the same values for R and y Z in this work, however here we focus on the analysis of logarithmic metallicity differences. Since, the stellar metallicity of all galaxies at any timestep is proportional to y Z , any logarithmic metallicity difference ∆logZ * is independent of y Z . Hence, any uncertainty on the adopted value for the metal yield is completely irrelevant for this analysis.

The evolution of the galaxies' metallicity is governed by the amount of gas accretion Ṁaccr , the SF timescale t SF and the mass-loading factor η. In this study we will consider four different models with variations of the above parameters. Model a uses the default prescriptions for Ṁaccr , t SF and η in GalICS 2.0 described in Sections 2.0.2.1, 2.0.3.1 and 2.0.3.2, respectively.

In the standard version of GalICS 2.0, cold gas already within the halo keeps accreting onto the galaxy, independently of whether the galaxy is a central or a satellite. Here, we will consider a model with strangulation, in which there is no gas accretion onto satellites (model b). In this case, the gas in the satellite's halo is transferred to the host at the time when the satellite galaxy and its host halo's central galaxy finally merge. The default SF timescale for discs in GalICS 2.0 is:

where υ c is the circular velocity and r d is the disc's exponential scale-length computed assuming conservation of angular momentum (see Section 2.0.2.4). Equation 5.5 gives t SF,disc ≃ 3.5 Gyr on average (in agreement with Boselli et al., 2014) but it also predicts a dependence on the angular momentum of the DM, which affects the value of r d . To explore how this dependence may affect our results, we also consider a variant of model b, in which all discs have a constant star formation timescale of t SF = 3.5 Gyr (model c). Finally, we also consider a variant of model b in which all satellite galaxies evolve in a closed-box model (η = 0; model d).

For merger-driven starbursts, all models considered here assume a constant SF timescale of t SF = 0.35 Gyr (consistent with Bigiel et al., 2008). The effects of secular disc instabilities are far less clear as they can both increase and reduce the SF efficiency. We therefore ignore them altogether and assume that pseudobulges formed through disc instabilities have the same SF timescale as discs. Table 5.1 summarizes the four models considered in this work.

Refining models C and D ⇒ models C2, D2

In the previous sections, we examined models in which gas accretion onto galaxies is halted when they satisfy the "binding-energy" criterion 6.37, i.e., when the cumulative effective energy radiated by their black hole equals four times their halo-gas binding energy. We have also considered a physical model for how radio jets from AGN mitigate the cooling of the hot gas halo (described in Section 6.2.2.4), the results of which we will present here.

In figure 6.17, we show the GSMFs predicted by our merger model C (see table 6.4), when galaxies are quenched based on the empirical "binding-energy" criterion (equation 6.37; blue), based on the physical radio-jets model (equation 6.39; orange) and when both are incorporated in our SAM (red). Figure 6.18 shows the M BH -M * relation (left panel) and the passive fractions of central galaxies as a function of M * (right panel) in the three cases, in comparison to the data of Davis et al. [2018] andSahu et al. [2019], and Wetzel et al. [2013] and [START_REF] Mamon | [END_REF], respectively. The physical model, alone, increases the passive fractions of central galaxies from ∼ 20% (without AGN feedback; figure 6.6) to ∼ 60%. Yet, they still remain well bellow the observed passive fractions. The reduced quenching in this model is reflected, as well, in the overprediction of massive galaxies in figure 6.17. The failure of this model can be attributed to two reasons. First, this model works only to suppress the hot-mode accretion onto galaxies. Yet, as we saw in the Section 6.3.1, in order for our SAM to reproduce the high-mass end of the GSMFs, cold-mode accretion should be mitigated too (figure 6.5). And, currently, we do not own a model that describes how the energy from AGN couples to the cold gas within the filaments. Second, it is probable that the cooling rates we compute from our hot gas density notional profiles are too high to be efficiently counterbalanced by the power of the AGN radio jets. In our current implementation, AGN feedback has no effect on the density distribution of hot gas haloes. However, observational studies [Magliocchetti & Brüggen, 2007;Mittal et al., 2011] as well as numerical simulations [e.g. Sijacki & Springel, 2006;Puchwein et al., 2008;Dubois et al., 2011;Barai et al., 2016;Chon et al., 2016] indicate that AGN feedback can lower the central density ρ h,0 (or equivalently the X-ray luminosity L X ) of hot gas haloes by more than an order of magnitude (see also figure 5.11), thereby significantly reducing the cooling rate onto galaxies. In addition, in lower-mass haloes (M vir 10 12 M ⊙ ) the hot gas density is strongly suppressed by stellar winds [e.g. van ). However, it does appear to lower somewhat the number of massive galaxies, since hot-gas cooling is mitigated in lower-mass haloes that subsequently merge to form bigger galaxies. For this reason, we choose to include both prescriptions in our final model. In this picture, galaxy quenching can commence even before the empirical criterion 6.37 is satisfied but becomes perceptible only after [Chen et al., 2020]. QUENCHING Finally, we show the corresponding B/T -M * relations for the two models in the top panels of figure 6.22. The addition of the physical model for radio-mode AGN feedback appears to have worsen our agreement with Mendel et al. [2014]. That is because the fraction of ellipticals has increased (reaccreting a disc is more difficult with stronger feedback) and is now higher than what they find. Notice, however, that Dimauro et al. [2018] find a higher fraction of ellipticals than Mendel et al. [2014] at high stellar masses. Hence, the verdict is still open. The bottom panels of figure 6.22, illustrate the tight relation of galaxy morphologies to star formation activity, resulting from the merger-driven nature of quenching in our model. At fixed stellar mass, the mean bulge to total mass ratio increases with decreasing SFR. The star-forming population (sSFR≡ SFR/M * > 10 -11 yr -1 ) is mostly dominated by disc galaxies (B/T < 0.6), while elliptical galaxies dominate at high masses and low SFRs.

The two models are in general very similar. Model D2, which assumes a higher disc-to-bulge gas transfer fraction, behaves slightly better in predicting less massive star-forming galaxies.

Here, it is important to note, that the simulations of Hopkins et al. [2009a] and Kannan et al. [2015] do not resolve the small-scale physics of the ISM, but instead model it as a stable, homogeneous, and thermally pressurized medium. Mergers between high redshift (z ∼ 2), turbulent and clumpy discs may be much more effective at funneling gas to the center [Bournaud et al., 2011]. Model D may be a more realistic description of such situation.

RESULTS

ing threshold (black solid line) in figure 6.23. Yet, M87 is quenched (with sSFR< 10 -12 yr -1 ; Bauer et al., 2013).

To eliminate the appearance of such abnormal galaxies (as the two green galaxies at the high mass end of figure 6.23), we assume that our queching criterion flattens at high virial masses. More specifically, in addition to our criterion 6.37 we assume that:

iii ) all galaxies with M BH /M vir > 10 -5 (i.e. the galaxies that lie above the dashed line in figure 6.23) are shut down. Gas accretion onto these galaxies is never reinstated.

In section 6.3.2, we saw how varying the initial M seed can affect the evolution of our galaxy population. A more massive M seed than our default value, M seed = 10 2 M ⊙ , is preferential for high mass galaxies but becomes problematic for low-mass galaxies at low redshift. A variable M seed can resolve this problem. Here, we follow Mayer et al. [2010] and Bonoli et al. [2014] (see Section 6.3.2), and assume that: iv ) whenever a galaxy residing in a halo with M vir ≥ 10 11 M ⊙ experiences a merger which fuels gas with M gas ≥ 10 5 M ⊙ in its nuclear region, a SMBH of M seed = 10 5 M ⊙ forms at its center, provided that this galaxy does not already host a black hole. Galaxies that do not satisfy these criteria start with a stellar BH seed of M seed = 10 2 M ⊙ .

In figure 6.24 we show the GSMFs predicte dy model C2 before (cyan) and after (green) including the additional quenching criterion iii, and for models C2 and D2 when including both the criterion iii and the variable-seeds assumption iv (red and magenta curves, respectively). We see that only the combination of both assumptions manages to bring the high-mass end of the GSMF in agreement with the observations at all redshifts.

The resulting sSFR distributions are shown in figure 6.25. The addition of the variable-M seed assumption ensures that a larger fraction of massive galaxies satisfies the quenching criterion iii at earlier times, thereby preventing the appearance of overly massive galaxies at z 0.1. Therefore, the galaxies appearing in the highest mass-bin of the sSFR distribution previously (see figure 6.20) have disappeared, i.e. have moved to lower mass bins. However in model D2, which assumes a larger disc-to-bulge gas transfer fraction during mergers, the combination of the variable-M seed assumption with the quenching criterion iii results in the overquenching of intermediate mass (M * ≃ 10 10-11 M ⊙ ) galaxies. Here, we should stress that there is no strong reason for choosing M BH /M vir = 10 -5 as the value determining which galaxies are shut down (criterion iii ). Moreover, it is probable that a black hole seed of M seed = 10 5 M ⊙ is too high in some cases (intermediate M seed values are of course plausible). The aim of the two assumptions tested in this section is simply to explore the effect of a less stringent quenching criterion at high masses.

Appendix A

Previous versions of GalICS invoked a halo mass criterion to decide whether accretion onto a galaxy should continue or not [Cattaneo et al., 2006[Cattaneo et al., , 2017; see Section 2.0.2.1]. This was our starting point, as well, in our research with GalICS 2.1, the results of which we shall present in this Appendix for future reference.

In GalICS 2.1, there are two additional modes of gas accretion onto galaxies besides the cold-mode from filamentary flows; hot-mode accretion from the cooling of hot gas haloes and accretion from the galactic fountain. We have tested different combinations of the critical halo masses above which each mode of accretion is shut-down, M fil crit for cold-mode accretion, M cool crit for hot-mode accretion and M fount crit for the galactic fountain. All critical halo masses are constant with redshift. In figure A.1, we show the GSMFs and the passive fractions for central and satellite galaxies as predicted by GalICS 2.1, when all three modes of accretion are shut down for galaxies with M vir > M fil crit = M cool crit = M fount crit = 10 12 M ⊙ . This value corresponds to the maximum efficiency for converting baryon into stars [Guo et al., 2010;Moster et al., 2010;Behroozi et al., 2013; see figure 1.5] and is the characteristic halo mass above which galaxies are typically quenched [Birrer et al., 2014;Rodríguez-Puebla et al., 2017a]. Cattaneo et al. [2006], using a previous version of GalICS, found that if gas supply is abruptly shut down above M vir = 10 12 M ⊙ after a critical epoch z ∼ 3, their model reproduces the galaxy luminosity function at z ∼ 0.1 1 . At earlier epochs, cold-mode accretion was required even in haloes above this critical mass so that the model of [Cattaneo et al., 2006] reproduces the bright star-forming galaxies at z ∼ 3-4.

Here, we do not consider a redshift dependence of the characteristic halo masses. This could be part of the reason why our model fails to produce massive galaxies at all redshifts. Moreover, galaxy growth has a strong dependence on the assumed stellar feedback model, and massloading factors in GalICS 2.1 are somewhat higher than the ones in previous versions due to the contribution of the cold wind component forming the galactic fountain (see Section 6.2.1.2). Since this cold wind is expelled but not allowed to reaccrete onto galaxies with M vir > 10 12 M ⊙ ,