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Chapter 1
Introduction

“

We are made of stardust”, sang Joni Mitchell at Woodstock. The phrase may
be a cliché but the statement holds true down to its literal meaning. The

carbon every living cell is made of, the iron in our blood, the calcium in our bones,
the oxygen we breathe, the silicon that composes the soil where we stand; none
of these elements existed when the universe began some 13.7 billion years ago
with a cataclysmic explosion known as the Big Bang. When the first particles
were created seconds after the explosion, only but the lightest elements were
formed (that is, hydrogen, helium and traces of lithium). Every other element
that we know of, has been produced in the core of stars in a process known as
nucleosynthesis, by which the nuclei of light elements are fusioned together into
heavier elements. These elements are then released at the end of a star’s lifetime
when it explodes, and subsequently incorporated into a new generation of stars –
and into the planets that form around the stars, and the lifeforms that originate
on the planets.

In this thesis we set out to investigate how and when galaxies are enriched with
metals by implementing detailed modeling of chemical evolution into a modern
cosmological model of hierarchical assembly.

1.1 The Hierarchical Assembly Paradigm

Over the last three decades, the Cold Dark Matter paradigm for structure for-
mation (Blumenthal et al. 1984) has revised the picture of how structure in the
Universe forms and evolves. In its modern, dark energy-dominated (ΛCDM) in-
carnation, structure originates from small fluctuations in the nearly-uniform den-
sity field of the early universe. These over-dense regions grow by gravitational
instability and form bound, virialized objects known as dark matter haloes. The
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structure formation occurs hierarchically, such that small objects form first and
subsequently merge to form larger structures. Dark matter (DM) is non-baryonic
in nature and only interacts with ordinary matter (baryons) through gravity.
Although it has not been directly detected, its existance is inferred from, for
example, the shape of galactic rotational curves and weak gravitational lensing.
The most recent cosmological measurements suggest that DM consitutes roughly
70% of all the matter in the Universe. In this scenario, galaxies form when gas
radiatively cools and condenses inside dark matter haloes (White & Rees 1978;
White & Frenk 1991). Galaxies then continue to grow by further accretion of the
tenous intergalactic gas and the merger with other stellar systems.

The semi-analytic approach provides the tools to study galaxy formation and
evolution within a cosmological framework, by following the merger history of
dark matter haloes and the relevant physical processes such as gas cooling, star
formation and feedback (e.g. White & Frenk 1991; Kauffmann et al. 1993; Cole
et al. 1994, 2000; Hatton et al. 2003; Somerville & Primack 1999; Somerville
et al. 2001). This is achieved by using observationally and theoretically moti-
vaded analytic prescriptions for these various processes. A major challenge for
models of galaxy formation within the CDM picture arises from the mismatch
between the shape of the mass function of the dark matter haloes and that of the
baryonic condensations that we call galaxies (White & Frenk 1991; Kauffmann
et al. 1993; Somerville & Primack 1999; Benson et al. 2003). The CDM theory
predicts a steeper slope for low-mass halos, and a more gradual drop-off in the
abundance of high-mass halos than is seen in luminous galaxies, implying that
the formation of stars must be inefficient in both low-mass and high-mass haloes
(Moster et al. 2009). However, the inclusion of physically motivated, if still ad
hoc, feedback processes in the semi-analytic models can cure these discrepancies.
The faint end of the luminosity function can be matched with a combination of
supernova feedback and suppression of gas cooling in low mass haloes as a result
of a photo-ionising background. At the bright end, heating by giant radio jets
powered by accreting black holes has become a favored mechanism for preventing
over-cooling and quenching star formation in massive halos (Croton et al. 2006;
Bower et al. 2006; Somerville et al. 2008). This latest generation of semi-analytic
models (‘SAMs’) is successful at reproducing many properties of galaxies at the
present and at high redshift, for example, the luminosity and stellar mass function
of galaxies, color-magnitude or star formation rate vs. stellar mass distributions,
relative numbers of early and late-type galaxies, gas fractions and size distribu-
tions of spiral galaxies, and the global star formation history (e.g. Croton et al.
2006; Bower et al. 2006; Cattaneo et al. 2006; De Lucia et al. 2006; Somerville
et al. 2008; Kimm et al. 2009; Fontanot et al. 2009, to name just a few).
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1.2 Galactic Chemical Evolution

The chemical evolution of galaxies studies the evolution of the abundances of the
most common chemical elements in the gas in galaxies. The chemical composition
of the interstellar medium (ISM) as a function of time is described by equations
that balance: (1) processes that deplete chemical elements from the interstellar
medium, namely star formation and galactic winds; and (2) processes that re-
plenish the ISM, such as stellar winds, supernovae (SNe), and infalling gas. The
main ingredients required to build models of galactic chemical evolution are:

• The initial conditions of the gas out of which the first stars will form; for
example, whether the gas is primordial (no metals) or already enriched in
heavy elements by a pregalactic stellar generation of very massive stars.

• A model of the total star formation rate as a function of time, gas mass,
gas density and/or any other parameters.

• The initial mass function (IMF) which gives the relative birthrates of stars
with different initial mass.

• A picture of the end-products of stellar evolution and nucleosynthesis, i.e.
which stars eject how much of their mass in the form of various heavy
elements after how much time.

• Assumptions about all other relevant processes in galactic evolution besides
the birth and death of stars (primarily inflows and outflows).

GCE in a cosmological context

The modelling of chemical enrichment of the galaxies and intergalactic (and in-
tracluster) gas has not been thoroughly developed in semi-analytic models, and
to date most SAMs have only used the instantaneous recycling approximation
(in essence only considering enrichment by type II supernovae) and trace only
the total metal content. There are, however, a few models that have included a
more refined treatment of the chemical enrichment. Thomas (1999) and Thomas
& Kauffmann (1999) were the first to include enrichment by type Ia supernovae
(SNe Ia) in models with cosmologically motivated star formation histories. How-
ever, rather than implementing the chemical evolution self-consistently within a
semi-analytic model, they made use of star formation histories from the SAM and
assumed a closed-box model (no gas inflows or outflows) for the chemical evolu-
tion. They calculated the evolution of [Fe/H] and [Mg/Fe] and found a decreasing
trend of [Mg/Fe] with increasing galaxy luminosity, in stark disagreement with
observations (e.g. Worthey et al. 1992; Trager et al. 2000a,b; Thomas et al. 2005).
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The first semi-analytic model to self-consistently track a variety of elements
due to enrichment by SNe Ia and type II supernovae (SNe II) was that of Na-
gashima et al. (2005a,b). Among other things, they adopted a bimodal IMF
described by a standard IMF for normal quiescent star formation in discs and
an extremely flat ‘top-heavy’ IMF during merger-driven starbursts. This model
was motivated by the difficulty that semi-analytic models with a standard IMF
experienced in reproducing the observed population of very luminous sub-mm
galaxies at high redshift (Baugh et al. 2005). However, the notion that early-
type galaxies form their stars with an IMF flatter than standard is not new
and has been proposed many times in the past as a plausible explanation for the
abundance patterns in early-type galaxies and in the ICM of galaxy clusters (e.g.,
Worthey, Faber & Gonzalez 1992; Matteucci & Gibson 1995; Gibson & Matteucci
1997; Thomas, Greggio & Bender 1999). The predictions of the Nagashima et al.
model were in good agreement with the abundances of the intracluster medium
(ICM) of galaxy clusters, matching the trend of individual elements (O, Fe, Mg,
Si) and abundance ratios with ICM temperature. However, the same model failed
to reproduce the trend of [α/Fe] in early-type galaxies, where they found that
the abundance ratio decreases with increasing galactic velocity dispersion, again
in clear contradiction with observations. Very recently, Pipino et al. (2008) have
coupled galactic chemical evolution to the GalICS semi-analytic model (Hatton
et al. 2003), and obtained results similar to those of Nagashima et al. (2005b).

In recent years, several studies of the chemical properties of the ICM have been
carried out within the hierarchical assembly paradigm through different model
implementations. The various approaches used include semi-analytic models of
galaxy formation implemented within merger trees extracted from dissipationless
N-body simulations (De Lucia et al. 2004; Nagashima et al. 2005a), full hydrody-
namic simulations of cluster formation which include, self-consistently, radiative
gas cooling, star formation, feedback and metal enrichment from core collapse
SNe and SNe Ia (Valdarnini 2003; Kawata & Gibson 2003a,b; Romeo et al. 2005;
Tornatore et al. 2007; Oppenheimer & Davé 2008), and an intermediate hybrid
approach that combines N-body and hydrodynamic simulations together with
semi-analytic (or similar) prescriptions of the various physical phenomena (Cora
2006; Cora et al. 2008; Domainko et al. 2006). All these approaches have their
own set of strengths and limitations. In the context of SAMs, for instance, De
Lucia et al. (2004) assume the instantaneous recycling approximation and trace
only the total metallicity and enrichment by type II supernovae (SNe II). The
semi-analytic approach has the advantage of being computationally very cheap,
however, this comes at the cost of only predicting global properties given the
absence of explicit gas dynamics. On the other hand, hydrodynamic simulations
allow the study of the spatial distribution of metals and have been quite succesful
at reproducing the observed abundance profiles in clusters. In this case the lim-
itations are that, in hybrid models, the galaxy formation process is not followed
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in a self-consistent way from the cooling of the gas during the cosmic evolution,
and the high computational cost of the fully-consistent simulations. A thourough
and complete review on the thermodynamic and chemical properties of the ICM
in hydrodynamic simulations can be found in Borgani et al. (2008a,b).

1.3 Thesis outline

Metallicities and abundance ratios contain valuable clues on the evolutionary his-
tory of galaxies. The chemical enrichment is a record of a galaxy’s star formation
history, modulated by the presence of infalls and outflows as well as mergers
and interaction between galaxies. Thus the study of the chemical properties of
galaxies, in simulations and observations, can be a critical tool to set constraints
on galaxy formation models. However, in order to take advantage of the ob-
servations, it is necessary to implement detailed modeling of chemical evolution
into a modern cosmological model of hierarchical assembly. In this thesis we
use the semi-analytical approach to incorporate detailed chemical evolution into
a ΛCDM galaxy formation model, taking into account enrichment by SNe Ia,
SNe II and long-lived stars, and abandoning the instantaneous recycling approx-
imation by considering the finite lifetimes of stars of all masses. The delay in
the metal enrichment by SNe Ia is calculated self-consistently according to the
Delay-Time-Distribution (DTD) formalism. The base model includes gas inflows
due to radiative cooling of gas and outflows due to supernova and AGN-driven
winds, as well as triggered star formation and morphological transformation of
galaxies via mergers, hierarchical clustering of dark matter halos, the growth of
supermassive black holes, the evolution of stellar populations, and the effects of
dust obscuration.

In Chapter 2 we present the new semi-anaylitic model with detailed galactic
chemical evolution (SAM+GCE). We show the prescriptions for the most im-
portant physical processes included in the SAM and describe in detail the GCE
model and its ingredients. With the new SAM+GCE, we first study the stellar
metallicities and abundance ratios of early-type galaxies in the local Universe.
We find that the new models are able to reproduce the observed mass-metallicity
(M?–[Z/H]) relation and, for the first time in a SAM, we reproduce the observed
positive slope of the mass-abundance ratio (M?–[α/Fe]) relation. Our results
indicate that in order to simultaneously match these observations of early-type
galaxies, the use of both a very mildly top-heavy IMF (i.e.,with a slope of x =
1.15 as opposed to a standard x = 1.3), and a lower fraction of binaries that
explode as Type Ia supernovae appears to be required. We also examine the rate
of supernova explosions in the simulated galaxies. In early-type (non-star form-
ing) galaxies, our predictions are also consistent with the observed SNe rates.
However, in star-forming galaxies, a higher fraction of SN Ia binaries than in our
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preferred model was required to match the data. If, however, we deviate from the
classical model and introduce a population of SNe Ia with very short delay times,
our models simultaneously produce a good match to the observed metallicities,
abundance ratios and SN rates.

Since the vast majority of the baryons in the universe reside not in stars
but in the hot and diffuse gas in clusters of galaxies, we then investigate the
chemical properties and enrichment histories of the ICM in clusters. The same
model predicts elemental abundance ratios in the ICM in good agreement with
the data. However, the overall metal content is too low unless some form of
metal-enhanced feeback is used. A “hot enrichment mode”, by which the most
of the metal-rich material ejected by the stars is deposited directly into the ICM
rather than the ISM appears to be a plausible solution. We present these findings
in Chapter 3.

So far, the model is able to reproduce abundance ratios and supernova rates of
early-type galaxies in the local Universe, as well as the elemental abundance ratios
and overall metal content in the ICM of nearby clusters. The models, however,
should also be able to make the right predictions for the high-redshift universe.
In Chapter 4 we study the evolution of the mass–metallicity relation (MZR) over
cosmic time within the hierarchical galaxy formation paradigm. At intermediate
redshifts (z = 0.75–2.5) the models show a fair agreement with the data. However
the predicted evolutionary trend is opposite to that observed. Our simulations
show little to no evolution for galaxies withM? < 1010 M� and a strong change in
metallicity for the more massive galaxies. At all redshifts, the oxygen abundance
of simulated massive galaxies is consistent with the observations, but for low-mass
galaxies it is overpredicted at very high redshift (z = 3–3.5) and underpredicted
locally (z ∼ 0). The discrepancy in the abundances of low-mass galaxies at high
redshift reflects with the fact that, in the SAMs, these galaxies are too efficient
at forming stars early in the Universe. This calls for a revision of the feedback
and/or star formation schemes adopted in the models.

Finally, we conclude the thesis with Chapter 5 in which we summarise the
main results of the thesis and discuss on-going and future work.



Chapter 2
Chemical properties of Early-type
galaxies in the local Universe.

Abstract

We study the metallicities and abundance ratios of early-type galaxies in cos-
mological semi-analytic models (SAMs) within the hierarchical galaxy formation
paradigm. To achieve this we implemented a detailed galactic chemical evolu-
tion (GCE) model and can now predict abundances of individual elements for
the galaxies in the semi-analytic simulations. This is the first time a SAM with
feedback from Active Galactic Nuclei (AGN) has included a chemical evolution
prescription that relaxes the instantaneous recycling approximation. We find that
the new models are able to reproduce the observed mass-metallicity (M?–[Z/H])
relation and, for the first time in a SAM, we reproduce the observed positive slope
of the mass-abundance ratio (M?–[α/Fe]) relation. Our results indicate that in
order to simultaneously match these observations of early-type galaxies, the use
of both a very mildly top-heavy IMF (i.e., with a slope of x = 1.15 as opposed
to a standard x = 1.3), and a lower fraction of binaries that explode as Type
Ia supernovae appears to be required. We also examine the rate of supernova
explosions in the simulated galaxies. In early-type (non-star forming) galaxies,
our predictions are also consistent with the observed SNe rates. However, in star-
forming galaxies, a higher fraction of SN Ia binaries than in our preferred model
is required to match the data. If, however, we deviate from the classical model
and introduce a population of SNe Ia with very short delay times, our models
simultaneously produce a good match to the observed metallicities, abundance
ratios and SN rates.

Based on Arrigoni M., Trager S.C., Somerville R.S. and Gibson B.K., 2010, MNRAS, 402,
173
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local Universe.
2.1 Introduction

The chemical properties and abundance ratios of galaxies provide important
constraints on their formation histories. Galactic chemical evolution has

been modelled in detail in the monolithic collapse scenario (e.g., Matteucci &
Greggio 1986; François et al. 2004; Romano et al. 2005; Pipino & Matteucci
2004, 2006). These models have successfully described the abundance distribu-
tions in our Galaxy and other spiral discs, as well as the trends of metallicity
and abundance ratios observed in early-type galaxies. In the last three decades,
however, the paradigm of hierarchical assembly in a Cold Dark Matter (CDM)
cosmology has revised the picture of how structure in the Universe forms and
evolves. In this scenario, galaxies form when gas radiatively cools and condenses
inside dark matter haloes, which themselves follow dissipationless gravitational
collapse (White & Rees 1978; White & Frenk 1991). The CDM picture has been
successful at predicting many observed properties of galaxies, though many po-
tential problems and open questions remain. It is therefore interesting to see
whether chemical evolution models, when implemented within this modern cos-
mological context, are able to correctly predict the observed chemical properties
of galaxies.

The semi-analytic approach provides a cosmological framework in which to
study galaxy formation and chemical evolution in different environments, by fol-
lowing the merger history of dark matter haloes and the relevant physical pro-
cesses such as gas cooling, star formation and feedback (e.g. White & Frenk 1991;
Kauffmann et al. 1993; Cole et al. 1994, 2000; Hatton et al. 2003; Somerville &
Primack 1999; Somerville et al. 2001). A major challenge for models of galaxy
formation within the CDM picture arises from the mismatch between the shape
of the mass function of the dark matter haloes and that of the baryonic con-
densations that we call galaxies (White & Frenk 1991; Kauffmann et al. 1993;
Somerville & Primack 1999; Benson et al. 2003). The CDM theory predicts a
steeper slope for low-mass halos, and a more gradual drop-off in the abundance
of high-mass halos than is seen in luminous galaxies, implying that the forma-
tion of stars must be inefficient in both low-mass and high-mass haloes (Moster
et al. 2009). However, the inclusion of physically motivated, if still ad hoc, feed-
back processes in the semi-analytic models can cure these discrepancies. The
faint end of the luminosity function can be matched with a combination of su-
pernova feedback and suppression of gas cooling in low mass haloes as a result
of a photo-ionising background. At the bright end, heating by giant radio jets
powered by accreting black holes has become a favored mechanism for preventing
over-cooling and quenching star formation in massive halos (Croton et al. 2006;
Bower et al. 2006; Somerville et al. 2008). This latest generation of semi-analytic
models (‘SAMs’) is successful at reproducing many properties of galaxies at the
present and at high redshift, for example, the luminosity and stellar mass function
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of galaxies, color-magnitude or star formation rate vs. stellar mass distributions,
relative numbers of early and late-type galaxies, gas fractions and size distribu-
tions of spiral galaxies, and the global star formation history (e.g. Croton et al.
2006; Bower et al. 2006; Cattaneo et al. 2006; De Lucia et al. 2006; Somerville
et al. 2008; Kimm et al. 2009; Fontanot et al. 2009, to name just a few).

The modelling of chemical enrichment of the galaxies and intergalactic (and
intracluster) gas, however, has not been thoroughly developed in semi-analytic
models, and to date most SAMs have only used the instantaneous recycling ap-
proximation (in essence only considering enrichment by type II supernovae) and
trace only the total metal content. There are, however, a few models that have in-
cluded a more refined treatment of the chemical enrichment. Thomas (1999) and
Thomas & Kauffmann (1999) were the first to include enrichment by type Ia su-
pernovae (SNe Ia) in models with cosmologically motivated star formation histo-
ries. However, rather than implementing the chemical evolution self-consistently
within a semi-analytic model, they made use of star formation histories from
the SAM and assumed a closed-box model (no gas inflows or outflows) for the
chemical evolution. They calculated the evolution of [Fe/H] and [Mg/Fe] and
found a decreasing trend of [Mg/Fe] with increasing galaxy luminosity, in stark
disagreement with observations (e.g. Worthey et al. 1992; Trager et al. 2000a,b;
Thomas et al. 2005).

The first semi-analytic model to self-consistently track a variety of elements
due to enrichment by SNe Ia and type II supernovae (SNe II) was that of Na-
gashima et al. (2005a,b). Among other things, they adopted a bimodal IMF
described by a standard IMF for normal quiescent star formation in discs and
an extremely flat ‘top-heavy’ IMF during merger-driven starbursts. This model
was motivated by the difficulty that semi-analytic models with a standard IMF
experienced in reproducing the observed population of very luminous sub-mm
galaxies at high redshift (Baugh et al. 2005). However, the notion that early-
type galaxies form their stars with an IMF flatter than standard is not new
and has been proposed many times in the past as a plausible explanation for the
abundance patterns in early-type galaxies and in the ICM of galaxy clusters (e.g.,
Worthey, Faber & Gonzalez 1992; Matteucci & Gibson 1995; Gibson & Matteucci
1997; Thomas, Greggio & Bender 1999). The predictions of the Nagashima et al.
model were in good agreement with the abundances of the intracluster medium
(ICM) of galaxy clusters, matching the trend of individual elements (O, Fe, Mg,
Si) and abundance ratios with ICM temperature. However, the same model failed
to reproduce the trend of [α/Fe] in early-type galaxies, where they found that
the abundance ratio decreases with increasing galactic velocity dispersion, again
in clear contradiction with observations. Very recently, Pipino et al. (2008) have
coupled galactic chemical evolution to the GalICS semi-analytic model (Hatton
et al. 2003), and obtained results similar to those of Nagashima et al. (2005b).

In a simple closed-box picture, it is well-known that galaxies with short star
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local Universe.

formation timescales are expected to have enhanced [α/Fe] ratios (because their
enrichment is dominated by α-rich Type II SNe), while galaxies with extended
star formation histories tend to have lower [α/Fe] (e.g. Worthey et al. 1992;
Thomas et al. 1999; Thomas 1999; Thomas & Kauffmann 1999; Trager et al.
2000b), because of the additional Fe contributed by delayed Type Ia enrichment.
Therefore a possible interpretation of the difficulties that CDM-based galaxy for-
mation models have experienced in reproducing the positive trend between mass,
luminosity, or velocity dispersion and abundance ratio is related to the issue of
so-called “downsizing”. This refers to the variety of observational evidence that
high-mass galaxies formed their stars early and over short timescales, while low-
mass galaxies have more extended star formation histories (see Fontanot et al.
2009, for a summary). Before the inclusion of AGN feedback or some other
mechanism that quenches star formation in massive halos, CDM-based galaxy
formation models predicted the opposite trend (massive galaxies continued to ac-
crete gas and form stars until the present day, leading to extended star formation
histories). It has been demonstrated that including radio-mode AGN feedback in
semi-analytic models leads to a “downsizing” trend for star formation that is at
least qualitatively in better agreement with observations (De Lucia et al. 2006;
Somerville et al. 2008; Trager & Somerville 2009; Fontanot et al. 2009). There-
fore we expect that the new models might do better at reproducing the trend of
[α/Fe] with mass as the more massive galaxies will have shorter star formation
timescales.

Clearly, observations of chemical abundances and abundance ratios in various
phases (stellar, ISM, ICM) offer the opportunity to obtain strong constraints on
galaxy formation histories and the physics that shapes them. However, in order
to take advantage of these observations, it is necessary to implement detailed
modeling of chemical evolution into a full modern SAM that includes the rele-
vant physical processes (e.g. triggered star formation and morphological trans-
formation of galaxies via mergers, the growth of supermassive black holes, and
AGN feedback). In this work we incorporate detailed chemical evolution into
the semi-analytic galaxy formation model of Somerville et al. (2008), taking into
account enrichment by SNe Ia, SNe II and long-lived stars, and abandoning the
instantaneous recycling approximation by considering the finite lifetimes of stars
of all masses. The delay in the metal enrichment by SNe Ia is calculated self-
consistently according to the lifetimes of the progenitor stars. This is, to our
knowledge, the first time that detailed chemical evolution has been included in
a semi-analytic model with AGN feedback (both radio-mode heating and AGN-
driven winds). The base model includes gas inflows due to radiative cooling of
gas and outflows due to supernova and AGN-driven winds. We compute the
abundances of many α and Fe-peak elements for early-type galaxies of different
masses, exploring different IMF slopes and values for the fraction of binaries that
yield a SN Ia event, and compare these with observations of abundances and
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abundance ratios for a sample of local early-type galaxies. We also calculate SNe
rates using both the classical Greggio & Renzini (1983) approach for type Ia SN
and the more recent Delay-Time-Distribution (DTD) formalism (Greggio 2005).
Another improvement in the present work is our use of re-calibrated estimates
for chemical abundances obtained from line-strengths in early type galaxies (see
Appendix B for details).

The outline of the chapter is as follows. In Section 2 we give an overview
of the main ingredients of the semi-analytic model. In Section 3 we describe in
detail the adopted treatment for the chemical evolution. In Sections 4 and 5 we
present our predictions and compare them with observations. In Section 6 we
summarise our findings and present our conclusions. Two appendices describe
the detailed implementation of the chemical evolution model and the data used
in this chapter.

2.2 The semi-analytic model

In this section we summarise the basic ingredients of the SAM used to model the
formation and evolution of galaxies. These include the growth of structure of the
dark matter component in a hierarchical clustering framework, radiative cooling
of gas, star formation, supernova feedback, AGN feedback, galaxy merging within
dark matter haloes, metal enrichment of the ISM and ICM, and the evolution
of stellar populations. The reader is referred to Somerville & Primack (1999),
Somerville et al. (2001) and especially Somerville et al. (2008, hereafter S08) for
a comprehensive and detailed description of the different prescriptions used in
this semi-analytic model. In what follows we briefly sketch the modelling of the
most important physical processes.

2.2.1 Dark matter merger trees and galaxy merging

The merging histories (or merger trees) of dark matter haloes are constructed
based on the Extended Press-Schechter formalism using the method described in
Somerville & Kolatt (1999), with improvements described in S08. Each branch
in the tree represents a merger event, and, in order to make the process finite,
the trees are followed down to a minimum progenitor mass of 1010 M�.

Whenever dark matter haloes merge, the central galaxy of the largest progen-
itor becomes the new central galaxy, and all others become ‘satellites’. Satellite
galaxies may eventually merge with the central galaxy due to dynamical fric-
tion. To model the timescale of the merger process we use a variant of the
Chandrasekhar formula from Boylan-Kolchin et al. (2008). Tidal stripping and
destruction of satellites are also included as described in S08.



12
chapter 2: Chemical properties of Early-type galaxies in the

local Universe.

2.2.2 Gas cooling, star formation and supernova feedback

Before the Universe is reionised, each halo contains a mass of hot gas equal to the
universal baryon fraction times the virial mass of the halo. After reionisation, the
photo-ionising background can suppress the collapse of gas into low-mass halos.
We use the results of Gnedin (2000) and Kravtsov et al. (2004) to model the
fraction of baryons that can collapse into haloes of a given mass after reionisation.

When a dark matter halo collapses, or merges with a larger halo, the gas
within it is shock-heated to the virial temperature of the halo, and gradually
radiates and cools at a rate given by the cooling function. To calculate this
function we use the metallicity-dependent radiative cooling curves of Sutherland
& Dopita (1993). A detailed description of how the cooling process is modelled
can be found in S08. The rate at which gas can cool is given by:

ṁcool = 1
2mhot

rcool
rvir

1
tcool

, (2.1)

where mhot is the mass of the hot halo gas, rvir is the virial radius of the dark
matter halo, rcool is the radius within which all of the gas can cool in a time tcool,
which itself depends on density, metallicity and temperature. In our models, we
assume that the cold gas is accreted only by the central galaxy of the halo, but in
reality satellite galaxies should also receive some measure of new cold gas. This
aspect of the modelling should be improved (cf. Pipino et al. 2008) and for the
present study we restrict our analysis to only the central galaxy of each halo,
except when otherwise stated.

When the gas cools we assume that it settles into a rotationally supported
disc. The radial sizes of the discs are calculated according to the results described
in Somerville et al. (2008), and agree well with observed disc sizes to z ∼ 2.

We model the star formation rate in quiescent discs with a recipe based on
the empirical Schmidt-Kennicutt law (Kennicutt 1989):

ṁ? =
2πAKΣNK

0 r2
gas

N2
K

×
[
1−

(
1 + NKrcrit

rgas

)
exp(−NKrcrit/rgas)

]
(2.2)

where ṁ? is the star formation rate, Σ0 ≡ mcold/(2πr2
gas) is the average surface

density of the cold gas, rgas is the scale-length of the gaseous disc (assumed to be
an exponential disc with its scale-length proportional to that of the stellar disc),
rcrit is the radius at which the gas reaches the critical surface density threshold for
star formation (Σcrit), and AK andNK are the normalisation and slope of the SFR
law. We adopt the values AK = 8.35 × 10−5, NK = 1.4 and Σcrit = 6 M�pc−2,
as in S08.
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Galaxy mergers in the SAM trigger enhanced episodes of star formation. The
burst is modelled by two parameters, the time-scale and the efficiency of the burst.
The time-scale is a function of the virial velocity of the progenitor galaxies, the
equation of state of the gas, the cold gas fraction in the discs, and the redshift
(Robertson et al. 2006). The efficiency, which is defined as the fraction of the
cold gas reservoir (of both galaxies) that is turned into stars during the burst,
is assumed to be a power-law function of the mass ratio of the merging galaxies,
and the exponent of the power-law depends on the galaxy morphology (Cox
et al. 2008). The collisional starburst occurs in addition to any ongoing ‘normal’
quiescent star formation, which continues uninterrupted through the merger but
is usually insignificant in comparison to the burst. Any new stars formed during
the burst are always placed in the bulge component of the resulting galaxy.

As supernovae occur, they inject energy into the ISM and reheat the cold gas,
which is then expelled from the disc and incorporated into the hot halo gas where
it can cool again. The rate of reheating by SNe is given by

ṁrh = εSN0

(
Vdisc

200 km/s

)−αrh

ṁ?, (2.3)

where εSN0 and αrh are free parameters. The circular velocity of the disc Vdisc is
taken to be equal to the maximum rotational velocity of the dark matter halo.
Some fraction of the reheated gas can also be ejected from the halo entirely into
the diffuse Intergalactic Medium. This fraction is described by:

feject(Vvir) = [1.0 + (Vvir/Veject)αeject ]−1, (2.4)

where αeject = 6 and Veject is a free parameter in the range ' 100 − 150 km/s.
This ejected gas is allowed to re-collapse into the halo at later times and once
again becomes available for cooling.

2.2.3 Formation of Spheroids

In most semi-analytic models each merger is classified as ‘major’ or ‘minor’ de-
pending on whether the ratio of the smaller to the larger galaxies’ baryonic masses
is greater than or less than the parameter fellip ∼ 0.25, respectively. The usual
assumption is then that, in a major merger, the bulge and disc stars of both
progenitor galaxies, as well as the stars formed in the merger driven starburst
(see below), are transferred to the bulge component of the resulting galaxy. In a
minor merger, all the pre-existing stars of the smaller galaxy end up in the disc
of the post-merger galaxy, and all the newly formed stars are placed in bulge.
We follow a similar practise here, but instead of using a sharp threshold to define
major or minor mergers, we use a more gradual transition function. In detail,
when two galaxies with bulge masses B1 and B2, and disc masses D1 and D2
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merge, the resulting galaxy has a bulge mass Bnew = B1 + B2 + fsph(D1 + D2)
and a disc mass Dnew = (1 − fsph)(D1 + D2). The value fsph is a continuous
function of the total mass ratio (baryons and dark matter) in the central parts
of the galaxy (see S08).

2.2.4 Black Hole Growth and AGN Feedback

The models of S08 also track the growth of super-massive black holes and the en-
ergy they release. Each top-level DM halo is seeded with a ∼ 100 M� black hole,
and these black holes are able to grow via two different accretion modes. The first
accretion mode is fuelled by cold gas that is driven into the nucleus of the galaxy
by mergers. This mode is radiatively efficient, and the accretion rates are close
to the Eddington limit. Because this accretion mode is associated with optically
bright classical quasars and AGN, it is referred to as ‘bright mode’ or ‘quasar
mode’ accretion. The second mode is fuelled by hot gas in a quasi-hydrostatic
halo, and the accretion rate is modelled via the Bondi-Hoyle approximation. Ac-
cretion rates in this mode are significantly sub-Eddington (∼ 10−4 to 10−3 times
the Eddington rate) and the accretion is assumed to be radiatively inefficient.
This mode is, however, associated with the production of giant radio jets, and is
therefore referred to as the ‘radio mode’.

Energy released during ‘bright mode’ activity can couple with the cold gas
in the galaxy via radiation pressure, driving galactic scale winds that can eject
cold gas from the galaxy. The mass outflow rate due to the AGN driven wind is
modelled by the following formula:

ṁagn = εwindηrad
c

Vesc
ṁacc, (2.5)

where εwind is the effective coupling efficiency, Vesc is the escape velocity of the
galaxy and ṁacc is the accretion rate of mass onto the black hole.

The radio jets produced by ‘radio mode’ activity are assumed to inject thermal
energy into the hot halo gas, partly or completely offsetting the cooling flow. This
process is responsible for quenching the star formation in massive galaxies (which
contain massive black holes) and solves the ‘over-cooling problem’ that plagued
CDM-based galaxy formation models for many years.

2.2.5 Stellar Population Synthesis and Dust

In order to compare the luminosities and colours of the galaxies in the simulations
with real observations, we convolve the star formation and chemical enrichment
history of each galaxy with the multi-metallicity simple stellar population (SSP)
models of Bruzual & Charlot (2003). We use the models based on the Padova1994
(Bertelli et al. 1994) isochrones with a Chabrier (2001) IMF.
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We also model the effects of dust extinction. Based on the model of Charlot &
Fall (2000), we consider extinction due to two components, one due to the diffuse
dust in the disc and another associated with the dense ‘birth clouds’ surrounding
young star forming regions. The V -band, face-on extinction optical depth of the
diffuse dust is given by

τV,0 ∝ τdust,0Zcoldmcold/(rgas)2, (2.6)

where τdust,0 is a free parameter, Zcold is the metallicity of the cold gas, mcold is
the mass of the cold gas in the disc, and rgas is the radius of the cold gas disc. To
compute the actual extinction we assign each galaxy a random inclination and use
a standard ‘slab’ model. Additionally, stars younger than 107 yr are enshrouded
in a cloud of dust with optical depth τBC,V = µBCτV,0, where µBC = 3. Finally,
to extend the extinction correction to other wavebands, we assume a Galactic
attenuation curve (Cardelli et al. 1989) for the diffuse dust component and a
power-law extinction curve Aλ ∝ (λ/5500Å)n, with n = 0.7, for the birth clouds.

2.2.6 Cosmological and Galaxy Formation Parameters

We adopt a flat ΛCDM cosmology with Ω0 = 0.2383, ΩΛ = 0.7617, h ≡
H0/(100 km s−1Mpc−1) = 0.732, σ8 = 0.761, and a cosmic baryon fraction of
fb = 0.1746, following the results of Spergel et al. (2007). We adopt these param-
eters for consistency with the published models of S08, but find that we obtain
nearly identical results with the updated values of the cosmological parameters
from Komatsu et al. (2009).

We leave the values of the free parameters associated with the galaxy forma-
tion models fixed to the fiducial values given in S08. These values were chosen by
requiring that the models reproduced key observations of nearby galaxies, such
as the z ∼ 0 stellar mass function, and gas fractions and star formation rates as
a function of stellar mass. These models have also been shown to produce rea-
sonable agreement with observed local galaxy colour distributions in Kimm et al.
(2009), and with observed stellar mass functions and star formation rates at high
redshift (0 < z < 4; Fontanot et al. 2009). In § 2.4 we check that our new models,
with the updated treatment of chemical evolution modelling, still reproduce the
key observational quantities with the same values of the free parameters.

2.3 Galactic Chemical Evolution

In S08, the production of metals was tracked using a simple approach commonly
adopted in semi-analytic models (see e.g. Somerville & Primack 1999; Cole et al.
2000; De Lucia et al. 2004; Kang et al. 2005). In a given time-step, when we
create a parcel of new stars dm∗, we also create a mass of metals dMZ = y dm∗,
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which we assume to be instantaneously mixed with the cold gas in the disc. The
yield y is assumed to be constant, and is treated as a free parameter.∗ We track
the mean metallicity of the cold gas Zcold, and when we create a new parcel of
stars they are assumed to have the same metallicity as the mean metallicity of
the cold gas in that time-step. Supernova feedback ejects metals from the disc,
along with cold gas. These metals are either mixed with the hot gas in the halo,
or ejected from the halo into the ‘diffuse’ Intergalactic Medium (IGM), in the
same proportion as the reheated cold gas. The ejected metals in the ‘diffuse gas’
reservoir are also re-accreted into the halo in the same manner as the gas.

In the present study, we discard the instantaneous recycling approximation
and allow the ISM to be enriched by the products of type Ia and type II super-
novae on their own timescales. Consequently, we now track individual elements,
and not just the total metal content. The integrated ejecta of each element is not
a free parameter, but instead is calculated according to theoretical yields and the
star-formation histories provided by the SAM. In the next subsection we describe
the implementation of the new chemical evolution model in detail.

2.3.1 Basic equations of the GCE

For the purposes of tracing the enrichment of the ISM, we still model our galaxies
as a single zone with instantaneous mixing of gas. We assume that newly pro-
duced metals are deposited into the cold gas, and may subsequently be ejected
from the galaxy and mixed with the hot halo gas (or ejected from the halo al-
together) according to the feedback model described above. The metallicity of
each new batch of stars equals that of the cold gas at the moment of formation.
In this context, the evolution of the abundance of metals in the cold gas is given
by

ĠZ(t) = −ψ(t)Z(t) + eZ(t) +
[
ĠZ(t)

]
inflow

−
[
ĠZ(t)

]
outflow

, (2.7)

where G(t) is the total mass of gas and Z(t) is the mass-weighted metal abun-
dance, GZ(t) = G(t)Z(t) is the mass of gas in the form of metals, ψ(t) is the
star formation rate and ψ(t)Z(t) represents the rate at which metals are depleted
from the ISM by star formation, eZ(t) is the rate of ejecta of enriched material
by dying stars (integrated over stellar mass), and the last two terms represent
the infall of cooled halo gas into the galaxy and the outflow of reheated gas from
the galaxy. Here we refer generally to ‘metals’ for simplicity, but in fact we apply
this equation to each individual element by considering the abundance Zi of a
given element i instead of the total metallicity Z. For comprehensive reviews of
Eq. 2.7, we direct the reader to Tinsley (1980) and Pagel (1997). The modelling
of the star formation rate, the inflow rate (cooling flows) and the outflow rate
∗ The yield parameter y, however, cannot take arbitrary values since it is constrained by the

IMF and the theory of stellar nucleosynthesis (albeit subject to the uncertainties in both).
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(supernovae and AGN driven galactic winds) have already been sketched in the
previous section. The different prescriptions shown before relate to the terms in
Eq. 2.7 in the following way:

ψ(t)Z(t) = ṁ?Zc;[
ĠZ(t)

]
inflow

= ṁcoolZh;[
ĠZ(t)

]
outflow

= (ṁrh + ṁagn)Zc; (2.8)

where Zc and Zh are the abundances of the cold ISM gas and the hot halo gas,
respectively.

In most SAMs previous to this work, chemical evolution was traced in a very
simple manner by assuming a constant ‘effective yield’, or mean mass of metals
produced per mass of stars, and the value of this effective yield was treated as
a free parameter. In the models presented here, we have implemented detailed
calculations for the production of heavy elements and the chemical enrichment
of the ISM (the second term in Eq. 2.7) in a similar fashion to the models of
Matteucci & Gibson (1995), Timmes et al. (1995) and Pipino & Matteucci (2004).
In this framework, not only do we trace the evolution of the total metallicity, but
we also track the distinct elements as well. At this moment we can follow the
evolution of the abundances of 19 different elements, but here we will only discuss
α-elements and Fe. By α-elements we mean the composite abundance of N, Na,
Ne, Mg, Si and S. At any given time, the rate at which an element i restored into
the interstellar medium is calculated according to the following formula

eZi =
∫ MBm

ML

ψ(t− τM )Qmi(t− τM )φ(M) dM

+ A

∫ MBM

MBm

φ(MB)

×
[∫ 0.5

µmin
f(µ)ψ(t− τM2)Qmi(t− τM2)dµ

]
dMB

+ (1−A)
∫ MBM

MBm

ψ(t− τM )Qmi(t− τM )φ(M) dM

+
∫ MU

MBM

ψ(t− τM )Qmi(t− τM )φ(M) dM (2.9)

where ML and MU are the lower and upper masses of stars formed, ψ(t) is the
star formation rate as before, φ(M) is the initial mass function (IMF), f(µ) is
the distribution function for the mass of the secondary star in a binary pair
(µ = M2/MB), τM is the lifetime of a star of mass M , and Qmi(t) represent the
fractional mass of an element i restored by a star of mass M in the form of both
newly synthesised and unprocessed material. Although not explicitly dependent



18
chapter 2: Chemical properties of Early-type galaxies in the

local Universe.

on time, the quantities Qmi depend on metallicity, which of course evolves in
time.

Each of the integrals in Eq. 2.9 represents the contribution to the enrichment
by stars in different mass ranges. The first integral indicates the contribution of
single stars with masses between ML = 0.8M� (the minimum mass which can
restore gas to the ISM within a Hubble time) and MBm = 3M� (the minimum
mass of a binary system which can give rise to a SNe Ia event). These stars
eject their chemical by-products through stellar winds and end their lives as
white dwarfs. The second integral refers to the contribution from type Ia SNe,
assuming that these events originate from C-O white dwarfs in binary systems
exploding by C-deflagration after reaching the Chandrasekhar mass. This implies
a maximum primary mass of 8M�, and therefore MBM = 16M� and µmin =
max

{
ML
MB

,
MB−8M�

MB

}
. The parameter A represents the fraction of binary systems

with total mass in the appropriate range that actually give rise to a SNe Ia event.
In essence, A is a free parameter. Chemical evolution models of the Milky Way
constrain the value of this parameter to around A ∼ 0.04 − 0.05 by ensuring
compatibility with the observed present-day rate of SNe I and SNe II in our
galaxy (François et al. 2004). However, this value results in an unacceptably
high abundance of Fe and Fe-peak elements in our models. Therefore, we allow
this parameter to take different values (0.015, 0.02, 0.03, 0.05) and constrain it
a posteriori by comparison with abundance ratios and SNe rates (see also the
discussion in de Plaa et al. 2007). The distribution function of the secondary
mass fraction is assumed to follow the law

f(µ) = 21+γ(1 + γ)µγ , (2.10)

with γ = 2. A complete description of all the quantities involved in the compu-
tation of the SNe I rate can be found in Greggio & Renzini (1983) and Matteucci
& Greggio (1986). Note that in this scheme, it is the mass of the secondary star
(M2) that sets the clock for the explosion. This implies a specific delay time dis-
tribution (DTD) for the explosions that may not represent reality (see § 2.5). The
third integral represents the mass restored by stars in the mass range 3–16 M�
which are either single, or, if binaries, do not produce a SN I event. These stars
end their lives as white dwarfs (M < 8 M�) or as SNe II (M > 8 M�). Finally, the
last term represents the contribution of short-lived massive stars (M > 16 M�)
that explode as SNe II. The fact that we take into account the lifetimes of the
stars implicitly involves a time delay for the different enrichment modes (AGB
stellar winds, SNe I and SNe II) since the integrands in Eq. 2.9 are by definition
zero whenever t < τM .

Before applying the GCE to the semi-analytic model, we tested the chemical
evolution code separately. We ran simulations using only the chemical evolution
algorithm and compared the results with simple models with analytic solutions,
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i.e., a closed box with either constant and continuous star formation or a single
initial burst of star formation. We also compared our results with the output
from other well-tested models, namely that of Fenner & Gibson (2003). Only
after achieving satisfactory agreement in these tests did we proceed to implement
the chemical evolution into the SAM.

2.3.2 Ingredients of the GCE

In the previous section, we introduced several fundamental quantities that deter-
mine the chemical enrichment of a galaxy’s cold gas reservoir and described them
in a qualitative manner. In what follows, we will point the reader to the different
studies that quantify the ingredients of this model, and the values adopted for
the simulations presented in the next section. We discuss the implementation in
Appendix A.

Initial Mass Function

The stellar initial mass function that we use is based on the parameterization of
Chabrier (2003):

φ(m) =
{
A e−(logm−logmc)2/2σ2 if m < 1 M�
Bm−x if m > 1 M�

(2.11)

where in the standard Chabrier IMF, x = 1.3, σ = 0.69, mc = 0.079 M�, and
the proportionality constants take the values A = 0.9098 and B = 0.2539 after
normalisation in the mass interval 0.1 − 40 M�. This IMF differs somewhat
from the standard power laws of Salpeter (1955) and Kroupa et al. (1993) often
used in the literature. The reason for this choice is consistency with the stellar
population synthesis models that are used to predict magnitudes and colors in
the simulations, since those models use the Chabrier IMF (Bruzual & Charlot
2003). Note that this expression is for the IMF by mass.

We show below that the results with this IMF were not entirely satisfactory.
We therefore explored different slopes (x = 1.2, 1.1, 1.0) and upper mass limits
(MU = 60, 100, 120 M�). The values of the normalisation constants A and B for
different values of x and MU are computed by requiring that

∫ MU

ML

φ(m) dm = 1. (2.12)

We note that these alternate values for the slope are within the observational
uncertainties (Chabrier 2003), and certainly do not represent a radical departure
from the observed local IMF.
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Stellar lifetimes

The adopted relation between the evolutionary lifetimes and the stellar mass is
that of Padova tracks for solar metallicity (Bertelli et al. 1994). In principle
the lifetimes depend not only on mass but also on metallicity. Nevertheless the
difference in stellar ages for different metal abundances is smaller than the age
binning in the grid that stores the star formation history of the galaxies in our
simulations (see Appendix A).

Stellar yields

Stellar yields are the amount of material that a star can produce and eject into the
ISM in the form of a given element, and are clearly one of the most important
ingredients in any chemical evolution model. These yields are the quantities
Qmi in the equations above. In this work we adopt different nucleosynthesis
prescriptions for stars in the different mass ranges.

Low and intermediate mass stars (0.8 < M/M� < 8) produce He, C, N, and
heavy s-process elements∗, which they eject during the formation of a plan-
etary nebulae. The yields that we adopt are from Karakas & Lattanzio
(2007, hereafter KL07).

Massive stars (M > 8M�) produce mainly α−elements (O, Na, Ne, Mg, Si,
S, Ca), some Fe-peak elements, light s-process elements and r-process ele-
ments. They explode as core-collapse Type II SNe. We adopt the yields
from Woosley & Weaver (1995, hereafter WW95). Note that the upper
mass limit in this study is 40 M�.

Type Ia SNe are assumed to be C-O white dwarfs in binary systems, exploding
by C-deflagration after reaching the Chandrasekhar mass via accretion of
material from the companion star. They mainly produce Fe and Fe-peak
elements. The yields we adopt are from Nomoto et al. (1997, hereafter
N97), model W7. When calculating the contribution of SNe Ia, we assume
that the primary star also enriches the medium as a normal AGB prior to
the SN event.

Except for the SN Ia yields, which are given only for solar metallicity, we use
metallicity dependent yields, namely those tabulated for Z = 0.0002, 0.004, 0.02,
interpolating when necessary but never extrapolating. Whenever the metallicity
falls below or above the limiting values, we use the yields corresponding to the
minimum or maximum Z respectively.
∗ At this point we do not trace s-process or r-process elements, but they will be included in

future versions of the code.
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Note that unlike in some recent studies of galactic chemical evolution (François
et al. 2004; Pipino & Matteucci 2004, 2006; Nagashima et al. 2005a,b) we do not
alter the yields in any way in our standard model. We want to see if we can fit
the data with as few degrees of freedom as possible.

2.3.3 Delay Time Distribution formulation for SNe Ia

As mentioned before, and shown in § 2.5, the SN Ia model described in the previ-
ous subsection does not seem to be the best representation of this phenomenon.
In order to test other models, we implemented the delay-time-distribution (DTD)
formalism developed by Greggio (2005). In this scenario, the SN Ia rate is de-
scribed by

RIa(t) = kα

∫ min(t,τx)

τi

A(t− τ)ψ(t− τ)DTD(τ) dτ (2.13)

where ψ(t) is the star formation rate, τi is the minimum delay time for the SNIa
events which we assume to be equal to the lifetime of an 8 M� star, τx is the
maximum delay and equal to the lifetime of a 0.8 M� star, and kα is the number
of stars per unit mass in a stellar generation defined by

kα =
∫ MU

ML

φ(m)m−1 dm. (2.14)

Finally, A(t − τ) is the fraction of binary systems which give rise to Type Ia
SNe and may, in principle, evolve in time, but here we will assume it to be
constant. It should be noted that in this case, A(t− τ) is the fraction relative to
the full mass range defined by the IMF (ML−MU ) and not only the mass range
3 − 16 M� as before. To ease the comparison with the previous model we will
define A(t − τ) = Af3−16, where f3−16 is the fraction of stars in the 3 − 16 M�
mass range (defined by the IMF) and A has the usual meaning.

This formulation allows for different SNe Ia models depending on the DTD(τ)
used. In particular we have chosen the distribution favoured by Mannucci et al.
(2006), and parametrized it in similar way as Matteucci et al. (2006):

logDTD(τ) =
{

1.4− 50(log τ + 1.3)2 if τ < τo
−0.71− 0.9(log τ + 0.3)2 if τ > τo

(2.15)

where delay time τ is in Gyrs, τo = 0.0851Gyr, and the distribution function is
normalized so that ∫ τx

τi

DTD(τ) dτ = 1 (2.16)

In Figure 2.1 we show the behaviour of the implemented DTD. Note that for a
single burst of star formation, about half of all SN Ia explosions occur within the
first 100 Myr.
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Figure 2.1: The normalized DTD proposed by Mannucci et al. (2006), and
adopted in this work.

2.4 Impact of the new GCE modelling in galaxy ob-
servables

In this section, and the next, we present the first results of our model and compare
them with stellar population studies of a variety of early-type galaxies in the
local universe. For this purpose, we ran simulations for a grid of dark matter
haloes of different masses, ranging from 1011 to 1013 M�, using both the original
(instantaneous recycling) and new (full GCE) version of the semi-analytic code.
As mentioned before, we limit our analysis to the central galaxies of each DM halo.
We selected early-type galaxies from our simulations according to the ratio of their
bulge-to-total luminosity in the B-band; namely, we consider a galaxy to be an
early-type when this ratio is larger than 0.4047 (Simien & de Vaucouleurs 1986).
This selection encompasses both elliptical and S0 galaxies. Unless otherwise
noted, the model results presented in this section are always for central early-
type galaxies. We begin with a comparison of the results of our new model with
those of the S08 SAM. We then proceed to compare the predictions of the new
model with observations. For the purpose of this comparison, we will only show
model galaxies with masses above 109 M� since the formation history for galaxies
below this mass cannot be accurately resolved given the mass resolution of the
dark matter trees (see § 2.2.1).

The new chemical evolution modelling affects the physics in the SAM in at
least three ways: changing the metallicity of the hot gas changes the cooling
rates; changing the metallicity of the cold gas changes the amount of dust, and
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therefore observed colours and magnitudes; and the metallicities themselves and
their evolution change as well. The original version of the S08 SAM did very well
at reproducing several key properties of galaxies and it is important to verify that
this is still the case after implementing the detailed chemical evolution model.
For this purpose we will compare simulations with three different ‘flavors’ for
the models: the original SAM from S08, a SAM+GCE with standard parameters
(i.e. x = 1.3 and A = 0.05), and a SAM+GCE with parameters that best fit
(best-fitting) the abundance ratios and metallicities of observed galaxies (x = 1.1
and A = 0.015, see § 2.5).

A fundamental feature that any good galaxy formation model must repro-
duce is the luminosity function or stellar mass function of galaxies. Given the
distribution function of dark matter halos and sub-halos predicted by CDM, the
relationship between stellar mass and halo mass implies a specific stellar mass
function. The required stellar mass to halo mass relationship, in the form of the
fraction of baryons in the halo that are converted to stars in a galaxy, has been
derived by Wang et al. (2006) and Moster et al. (2009). In Figure 2.2 we show
the stellar mass fraction as a function of halo mass for the SAM with and without
GCE and compared with the empirical relation obtained by Moster et al. (2009).
The agreement between all ‘flavors’ of the models (S08, standard parameters,
best-fitting) and the observations is excellent. This implies that the stellar mass
function in our new models will be nearly identical to that presented in S08,
which was shown to agree well with observations.

In Figure 2.3, we show the average star formation histories (SFH) of our
model early-type galaxies, for galaxies with different present-day stellar masses.
As pointed out in previous studies (see, e.g., De Lucia et al. 2006; S08; Trager
& Somerville 2009, hereafter TS09), SAMs with AGN feedback do qualitatively
reproduce a downsizing-like trend (i.e., the higher mass galaxies have shorter SF
timescales and less extended SFH). This is still true in our new models.

Another very important observational quantity to reproduce is the colour-
magnitude diagram (CMD) of galaxies. In Figure 2.4 we show magnitudes and
colours of early-type galaxies in the SAM with and without GCE. Here there
is one caveat regarding the calculation of the galaxy luminosities. The stellar
population models that we use to predict the colours and magnitudes (Bruzual &
Charlot 2003) use a fixed standard Chabrier IMF, while we allow the slope of this
IMF to change when calculating the chemical evolution. Although this is not self-
consistent, such a minor change in the IMF parameters should not significantly
affect the predicted colours or magnitudes since the early-type galaxies studied
here are dominated by old populations for which high-mass stars are of little
importance (C. Conroy, private communication). We divide the CMD into red
and blue regions using the magnitude-dependent cut of Baldry et al. (2004). The
galaxies form two clear groups: the majority in a bright red sequence and a few
in a fainter blue cloud. The “original” and “best fit” models agree quite well
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Figure 2.2: The fraction of baryons in the form of stars as a function of halo mass
for model galaxies in the SAM+GCE with the best-fitting parameters (x = 1.1
& A = 0.015, black squares), with standard parameters (x = 1.3 & A = 0.05,
green squares), and in the original SAM without GCE (red squares). The blue
lines mark the empirical relation, and 1-σ uncertainties, derived by Moster et al.
(2009).

with the observed CMD, while the luminous galaxies in the “standard model”
are slightly too blue.

In the previous version of the SAM, the fraction of cold gas relative to stars in
galactic discs at the present time was used to calibrate the models by comparison
with the observational estimates of Bell et al. (2003) for morphologically late-
type galaxies (see Figure 5 in S08). This property is well reproduced by all test
cases after implementing the GCE. Here we also compare the gas fraction of
our galaxies, both early-type and discs, with those from Kannappan (2004) as
a function of u − r colour, as shown in Figure 2.5. The agreement in the slope,
scatter and zero-point of the relation is quite good for all models, especially when
the new model of galactic chemical evolution is included.

The first evidence for the mass-metallicity relation can be seen when looking
at the metallicity distribution function of galaxies of different masses, which we
show in Figure 2.6 for our three test cases. All of the models agree qualitatively,
showing an increasing mean of the distribution as the mass range increases. At
a given mass, however, the distributions for the best-fitting model are shifted
to higher metallicities since galaxies in this simulation are more metal rich (see
below).

Summarising, we have seen that including a detailed chemical evolution model
in the SAM has a minor effect on the predicted formation histories and present-
day properties of galaxies, and therefore does not require a re-calibration of the
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Figure 2.3: Smoothed average star-formation histories for model early-type
galaxies in (from bottom to top) the SAM+GCE with the best-fitting parameters
(x = 1.1 & A = 0.015), with standard parameters (x = 1.3 & A = 0.05), and
in the original SAM without GCE, binned by the stellar mass of the galaxy at
z = 0.
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free parameters of the model. In the next subsection we will investigate the
predicted metallicities and abundances, which are indeed affected by the GCE.

2.5 Chemistry of Early-type Galaxies
The main effect of the new treatment of chemical evolution is reflected in the
metallicity and abundance ratios of the galaxies. Most SAMs reproduce fairly
well the mass-metallicity relation of galaxies (with effective yield treated as a free
parameter), but to date they have been unsuccessful in fitting the slope of the
mass–[α/Fe] relation (e.g., Nagashima et al. 2005b; Pipino et al. 2008). This is
the main challenge that we address in this study.

The galaxy sample used for comparison is that described in Trager et al.
(2000a). This sample has been reanalysed using the updated stellar population
synthesis method presented in Trager et al. (2008), which is sensitive to age,
metallicity and abundance ratios. In the current study, we use models based on
the Bruzual & Charlot (2003) models with index variations due to abundance
ratios taken from Lee et al. (2009). Inferred stellar population parameters are
tabulated in Appendix B. When making the comparisons, we use the stellar mass
of the simulated galaxies and the inferred dynamical mass of the observed ones.
This should not introduce a significant bias since the dynamical mass is a good
tracer of the stellar mass within one effective radius for most early-type galaxies
(Cappellari et al. 2006). The abundances presented here were normalised to the
solar values from Grevesse et al. (1996). We have also computed the present
epoch SNe Ia and II rates for our galaxies and compared them with the results
of Mannucci et al. (2005) and Sullivan et al. (2006).

2.5.1 Dependence on IMF slope and SN Ia fraction

In Figures 2.7 and 2.8 we show the relation between total metallicity ([Z/H]) and
stellar mass (M?). From these figures, we see that in the “old” SAMs, galaxies
tended to be too metal-poor compared to the observations (as seen in TS09), and
implementing the detailed chemical evolution with the standard IMF improves
the results only slightly. We explore the parameter space of the GCE equations to
see if it is possible to improve the agreement with the observations. Specifically,
the parameters allowed to vary are the fraction of binaries that give rise to SNe
Ia (A in Eq. 2.9), the slope of the IMF above 1 M� (x in Eq. 2.11) and the upper
mass limit of the IMF (MU in Eq. 2.9). However, we will only show the results
for MU = 40 M� for the following reason. Given that our chosen SN II yields
(WW95) are only tabulated up to that value, we are forced to assume that the
yields relative to the initial mass remain constant and equal to those of a 40 M�
star for stars above this value when running simulations with higher upper mass
limits. This proves to be an unreliable assumption, as reflected for example in
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IMF (x = 1.1) used in the SAM+GCE. Note the significantly better agreement
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the non-monotonic behaviour of the [α/Fe] ratio as a function of the stellar mass
of our galaxies, in serious disagreement with observations. Other properties, such
as the SNe Ia rate, are not significantly affected by this parameter, as expected.
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We also note that, even though we have varied the slope of the IMF, the
supernova feedback efficiency remains the same because the prescription for the
SN feedback energetics and the SN chemical enrichment are decoupled; the SN
feedback efficiency is set manually as a free parameter (see Eq. 2.3), independent
of the IMF. In this sense, the model is not entirely self-consistent. However, this
choice makes it easier to interpret the effect of changing the IMF in the models.

We now compare the predictions for the observed galaxy sample, the original
SAM, and the new SAM with GCE with a standard Chabrier IMF, a shallower
IMF (x = 1.1) and two choices of the parameter A (0.015 and 0.05). The use of a
shallower IMF results in an upwards shift in the zero-point of the mass-metallicity
relation, bringing it into much better agreement with the observations. This
increase in metallicity with a shallower IMF is expected since more massive stars
are produced and therefore the gas is enriched more efficiently. The metallicities
of the model galaxies show almost no dependence on the parameter A, which is
not surprising since this parameter mainly controls the ratio of type Ia to type II
supernovae, affecting abundance ratios but not the overall metallicity (in essence
the production of α-elements and Fe-peak elements compensate for one another).

A primary advantage of our new model is that we can now calculate abun-
dance ratios for our galaxies, which gives us yet another property to compare
with observations and set further constraints on the models. This is shown in
Figures 2.9 and 2.10, where we plot the [α/Fe] ratio against stellar mass for the
same parameter choices as before. For the simulated galaxies, we consider the
abundance of α-elements to be the composite abundance of N, Na, Ne, Mg, Si,
and S (cf. Trager et al. 2000a). If we assume a value of the parameter A ∼ 0.05
commonly used in the literature, the abundance ratios are far too low. The over-
all values of [α/Fe] can be raised by decreasing the value of A (i.e. producing
fewer SNe Ia and consequently less iron). However, even with this decreased A
and the standard IMF, we see that the relation is too flat or even has a slightly
negative slope, and for the galaxies at the high mass end the [α/Fe] ratio is insuf-
ficiently enhanced. On the other hand, a shallower IMF, combined with a lower
value of A, produces model galaxies in far better agreement with observations.
The flatter IMF increases the slope of the relation while a low A brings up the
zero-point. Moreover, it is interesting to note that lowering A also increases the
slope (at any fixed IMF). This small steepening of the [α/Fe]-mass relation is due
to the metallicity dependence of the yields, since the higher the initial metallicity,
the higher the [α/Fe] in the yields. A lower fraction of SNe Ia (and consequently
more type II) implies a slightly faster overall enrichment, and therefore galaxies
spend more time forming stars in a regime of enhanced [α/Fe] (higher metallicity
yields).

In summary, we had expected that the inclusion of AGN feedback in the
semi-analytic models might solve the problems that previous studies have en-
countered in trying to reproduce the observed trend between mass and [α/Fe]
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ratio, because the quenching due to AGN does lead to more massive galaxies
having shorter formation timescales in the models. However, apparently the ef-
fect of “downsizing” on the trend of [α/Fe] is very small and a flatter IMF is
required to achieve agreement between the models and the observations. This
does not undermine the potential importance of AGN feedback, which appears to
be a promising mechanism for solving many of the other problems experienced by
earlier generations of models (such as the overcooling problem). In any case, it is
encouraging that with minor variations (within the observational uncertainties)
in the chemical evolution parameters, we can for the first time obtain very good
agreement with the observed mass-[α/Fe] in a semi-analytic model.

One concern is that the comparison between our models and the observations
is not strictly rigorous since we are showing stellar mass-weighted abundances for
the models, while stellar population studies derive abundances from line-strength
indexes from integrated spectra, which are themselves light-weighted quantities.
However, TS09 have shown that the SSP-equivalent (absorption-line-weighted)
metallicity correlates very well with its mass-weighted and light-weighted coun-
terparts. In future work, nevertheless, we will synthesise line strengths for the
galaxies in our simulations and calculate abundance ratios in the same way as
is done in the observational data. One additional worry is the effect of limited
aperture size on the comparison, as early-type galaxies are well-known to have
significant line-strength gradients. These gradients imply however mild metal-
licity gradients but no abundance ratio gradients whatsoever (e.g., Davies et al.
1993; Mehlert et al. 2003; Sánchez-Blázquez et al. 2007, TS09). Therefore we are
confident that trends in [α/Fe] with mass are trustworthy. We note here (as de-
scribed in Appendix B) that the data plotted in the figures have been constructed
to appear as if the galaxies were at the distance of the Coma cluster and observed
through fibre apertures of diameter 2.7 arcsec (see Trager et al. 2008). While this
does not eliminate gradient effects on the inferred metallicities, it reduces their
magnitude to an offset of roughly −0.1 dex (TS09).

Supernovae rates provide further independent constraints our models. We
calculate the predicted supernovae rates for our model galaxies and compare
them with those derived by Mannucci et al. (2005) and Sullivan et al. (2006) for
a large sample of galaxies in the nearby universe. In Figures 2.11 and 2.12 we
show the present day type Ia supernova rate in units of SN events per year per
unit stellar mass versus the specific star formation rate (SSFR, star formation
rate per unit stellar mass), and in Figures 2.13 and 2.14 we show the rates for
Type II SNe. Here we show all the model galaxies regardless of morphology, since
the early-type galaxies populate only the lower SSFR side of these diagrams, and
both comparison samples include galaxies of all morphological types. The galaxies
in these sample are from a mixture of field and small cluster environments, but
so are our model galaxies.

The slope of the IMF has little effect on the predicted SNIa rates; only the
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Figure 2.11: Present day SN Ia rate as a function of specific SFR. Here we
show all model galaxies, regardless of morphology. Red stars are SAM+GCE
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Figure 2.12: As in Figure 2.11, except using the shallower IMF (x = 1.1) for
the model galaxies from the SAM+GCE.
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Figure 2.13: Present-day SN II rate as a function of SSFR. Symbols are as in
Figure 2.11. Results are shown for the standard IMF (x = 1.3). We remind the
reader that the upper-mass limit on the IMF is 40 M�

-14.5

-14

-13.5

-13

-12.5

-12

-11.5

-11

-10.5

-12.5 -12 -11.5 -11 -10.5 -10 -9.5 -9 -8.5

Lo
g[

S
N

 p
er

 y
r 

pe
r 

M
su

n]

Log[SSFR]

SNII    x=1.1

0.015
0.05
M05

Figure 2.14: The same as Figure 2.13, except we use the shallower IMF slope
(x = 1.1) for the model galaxies from the SAM+GCE.
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A parameter has a significant influence on the results. From Figures 2.11 and
2.12, we see that no combination of IMF slope and fraction of binaries that yield
SNe Ia can fit the observations over the whole range of SSFR. However, it is
interesting to notice that SNe Ia rates of star forming galaxies (SSFR > 10−10.5)
are very well matched by models with a high value of A, while a low value of
A is a better match for passive galaxies (SSFR < 10−10.5). This behaviour,
which is seen regardless of the slope of the IMF, is almost certainly due to the
chosen supernova Ia model. In the Greggio & Renzini (1983) formalism which
we use, the Delay Time Distribution (DTD) of the SN Ia explosions is given by a
convolution of the distribution of secondary masses (in binary systems) and the
lifetime of the secondary star. On the other hand, from the same observational
data, Mannucci et al. (2006) derived a DTD with two components: a prompt
peak and a later plateau, each encompassing half of the SNe Ia. Other authors
have also reached similar conclusions about the delay-time distribution of type Ia
explosions (e.g. Scannapieco & Bildsten 2005; Dahlen et al. 2008). This bimodal
DTD effectively enhances the production of type Ia supernovae in star forming
galaxies, exactly where a higher fraction of SNIa are needed in our models. We
therefore expect that using a two-population DTD with a significant prompt
component will alleviate the differences between our model predictions and the
observed Type Ia rates, and we show that this is the case below.

The Type II SN rates, on the other hand, show very good agreement with the
observations over the whole range of SSFR. In this case, all variations of x and
A give the same qualitative results, although the models with the “standard”
parameter values are slightly better. Nevertheless, as we have shown above,
not all combinations of IMF slopes and values of A (SN Ia producing fraction
of binaries) produce model galaxies that agree with observed metallicities and
abundance ratios. It is only for those models with a shallower IMF (x ∼ 1.1) and
lower SNe Ia fraction among binaries (A ∼ 0.01–0.02) that we can reasonably
reproduce the full set of observations.

To summarise, after implementing detailed chemical evolution in the semi-
analytic model of S08, we can now reproduce the mass–metallicity and mass–
[α/Fe] relations for local early-type galaxies, provided we use a slightly flatter
Chabrier IMF and a low fraction of binaries giving rise to SN Ia. The predicted
rates of Type Ia SNe show a strong dependence on the fraction of binaries that
yield such an event (our parameter A) but not on the slope of the IMF, with the
rates in star forming galaxies better matched by a high value of A, while those in
passive galaxies are better with a low value of A. However, for a standard IMF
and high value of A, the galaxies are a bit too metal-poor and, most importantly,
the abundance ratios are extremely low, in severe disagreement with observations.
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2.5.2 Bimodal Delay Time Distribution for Type Ia Supernovae

In the previous section, we speculated that a bimodal distribution with a prompt
population of SNe Ia explotions would give a better match for the observed su-
pernova rates. Given the analytical nature of the DTD formulation (Greggio
2005), it is fairly straightforward to implement and test this hypothesis. We have
implemented the DTD proposed by Mannucci et al. (2006). Figure 2.15 shows
the four observational constraints used to test the models (metallicity vs. stel-
lar mass, [α/Fe] vs. stellar mass, type Ia SNR vs. SSFR, and type II SNR vs.
SSFR). Clearly the new double-peaked SN Ia DTD model gives a better match to
the Type Ia SN rates, while maintaining the good agreement in the other galac-
tic properties. However, for this model, the best-fitting parameters for the IMF
slope and the SNIa binary fraction are slightly different; specifically, x = 1.15
and A = 0.03. This value for the IMF is in even better agreement with some
recent studies (Baldry & Glazebrook 2003; Wilkins et al. 2008) then our previous
‘best’ value of x = 1.1.

Finally, in Figure 2.16 we show the abundance ratios of some individual ele-
ments for the galaxies in our best fitting models using the classic SNe Ia recipe
(x = 1.1 and A = 0.015) and the bimodal DTD (x = 1.15 and A = 0.03). With
the exception of C and N, which are slightly higher for the latter, all the ele-
ments follow the same trends in both models. In particular Mg, even though it
is under-abundant with respect to other α-elements, is the one element that best
follows the observed trend of [α/Fe]. This leads us to believe that the abundances
derived from the stellar population analysis may be predominantly driven by Mg,
and may not necessarily reflect of all the α-elements. There is also an excess of
Ni in the Fe-peak group and a decreasing trend of [C/Fe] with increasing galactic
mass which is apparently not observed (Sánchez-Blázquez et al. 2003; Graves &
Schiavon 2008). This should not be considered a flaw of the model, since the
abundances of individual elements are very sensitive to the chosen yields. We
expect that future line-strength observations, interpreted with next-generation
stellar population models (such as Schiavon 2007; Lee et al. 2009), will provide
an interesting test of our models, including the set of assumed yields (KL07 +
WW95 + N97).

2.5.3 Dependence on other model parameters

We have also explored whether we could match the observations investigated
above by varying the galaxy formation parameters of the SAM instead of the IMF
and binary fraction parameters. For this purpose, we ran several simulations in
which we modified the star formation efficiency (AK in Eq. 2.2), the SN feedback
efficiency (εSN0 in Eq. 2.3) and the virial velocity below which ejection of reheated
gas from the halo into the diffuse intergalactic medium becomes important (Veject
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Figure 2.15: Clockwise, starting from the top left panel: (A) [Z/H] vs. stellar
mass; (B) [α/Fe] vs. stellar mass; (C) Type Ia SNR vs. SSFR; (D) Type II SNR
vs. SSFR. Symbols – red crosses: SAM+GCE with bimodal DTD for SNe Ia
(x = 1.15, A = 0.03); T00: reanalysed metallicities and abundance ratios from
Trager et al. (2000a), M05 and S06: SN rates from Mannucci et al. (2005) and
Sullivan et al. (2006) respectively.

in Eq. 2.4). When the star formation efficiency was increased by a constant factor,
a few more massive galaxies were produced and the slope of the mass–[α/Fe]
relation increased slightly but the slope and zero point of the mass–metallicity
relation did not change. A higher SF efficiency implies that the cold gas is
consumed more rapidly and therefore the timescale for star formation is shorter,
which is why the mass–[α/Fe] relation was affected.

If AK was allowed to increase with increasing galactic baryonic mass, a con-
siderable number of very massive galaxies were produced and the slope of the
mass–metallicity relation increased mildly (but not the zero point). On the other
hand, if the factor decreased with increasing galactic mass, the trends remained
the same but no galaxies above 1011 M� were produced. This excess or lack of
high mass galaxies arises because star formation in the biggest systems is either
boosted or suppressed by this mass-dependent variation of the SF efficiency.

The effects of reducing the SN feedback efficiency and the Veject parameter
were roughly the same. In both cases the slope and zero point of the mass–
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Figure 2.16: [el/Fe] versus stellar mass for some α-elements and Fe-peak el-
ements. Only predictions from our best-fitting models are shown. Symbols –
black stars: Classic SN Ia (Greggio & Renzini 1983); red crosses: DTD formu-
lation (Greggio 2005). The parameters are (x = 1.1, A = 0.015) and (x = 1.15,
A = 0.03) respectively.

metallicity relation increased slightly and the central galaxies of the DM haloes
were on average more massive, but the mass–[α/Fe] relation did not change and
an unrealistically large number of low-mass satellite galaxies was also produced.
This excess of low-mass satellites is due to the fact that small galaxies retain
their gas more efficiently when these parameters that control the SN feedback
are decreased.

Overall, the effect of changing these other parameters is not as strong as
flattening the IMF, and also destroys the agreement with other well-calibrated
observations, such as the luminosity function, the metallicity distribution func-
tion, and the cold gas fraction. We therefore conclude that our results are robust
to the values of these free parameters.

As a final test, we modified some of the yields. Specifically, we decreased the
Fe yield of SNe II by half and increased the Mg yield by a factor of four. Reducing
the Fe yield had very little effect, indicating that the bulk of the Fe comes from
SNe Ia, as expected. Changing the Mg yield raised the zero point of the relations,
as expected. However, neither of these changes affected the slope. Pipino et al.
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(2008) reached a similar conclusion about the yields and other parameters when
exploring the parameter space in their models.

2.6 Discussion and Conclusions

We have implemented detailed galactic chemical evolution in a semi-analytic
model, and use the resulting model to study the metal enrichment of early type
galaxies in the local universe. The base SAM is that presented in Somerville et al.
(2008). We take into account the effects of galaxy mergers, inflow of cold gas,
and SN and AGN driven outflows, as well as the production of metals by SN Ia,
SN II and AGB stars. Unlike most previous SAMs we discard the instantaneous
recycling approximation by properly accounting for the finite lifetimes of the stars
and also make use of metallicity dependent yields.

We run our SAM+GCE simulations in a grid of dark matter haloes ranging
over present-day masses of 1011 to 1013 M�. We allow the slope of the IMF and
the fraction of binaries that produce a SN Ia event to vary, and compare our re-
sults with the observed trends of metallicity and abundance ratio ([α/Fe]) against
stellar mass of the galaxies, as well as the supernova rate (both type Ia and II) as
a function of specific star formation rate. Only the models with a shallow IMF
(x = 1.1) and a low fraction of SN Ia from binaries (A ∼ 0.015) match all four ob-
servations of early-type galaxies simultaneously. A slightly flatter than standard
IMF is necessary in order to produce more massive stars, which enrich the inter-
stellar medium more efficiently, making the galaxies in our simulations become
more metal rich and improving the agreement with the data. The production
of more massive stars, along with the fact that the star formation histories are
more extended in time as the galaxy mass decreases, helps to achieve the correct
trend of increasing [α/Fe] with increasing galaxy stellar mass. However, it is also
necessary to invoke a low fraction of SNe Ia to raise the zero-point of this rela-
tion. We also predict abundance patterns for a variety of elements for early-type
galaxies at z = 0 in our fiducial model. These predictions will be interesting to
compare with future observations.

From studying the SNe Ia rates, we find evidence supporting a ‘two-population’
distribution for the type Ia explosions, since galaxies with high specific star for-
mation rates are better matched by models with a high fraction of binaries that
explode as SN Ia (A) while those with low SSFR require a low value of A. We
tested whether the use of a more realistic (bimodal) delay-time distribution of
type Ia supernovae would, in fact, improve the results. After implementing the
DTD formulation for SNe Ia and using a bimodal distribution with a prompt
peak and an extended plateau, we found very good agreement with the SN rates,
while still matching the trends of [Z/H] and [α/Fe] with stellar mass, although
the best values for the slope of the IMF changed slightly and the fraction of SNeIa



40
chapter 2: Chemical properties of Early-type galaxies in the

local Universe.

binaries needed to be doubled. Our favored model is now one with a Chabrier-like
IMF with a slope of x = 1.15, a SNe Ia binary fraction of A = 0.03 (relative to
the 3− 16 M� range, A ∼ 0.0014 relative to the full range of masses defining the
IMF), and a bimodal delay-time-distribution for Type Ia SN events as proposed
by Mannucci et al. (2006).

We have also studied the effects of varying the galaxy formation parameters
in the SAM, but found that we were unable to reproduce the observations in this
way. We therefore conclude that our results are robust to the values of the free
parameters in the SAM.

This is not the first time that a GCE model has been applied within a SAM.
Nagashima et al. (2005a,b) have also constructed such a model, and their ‘su-
perwind’ model resembles our model. They first obtained fairly good agreement
with observations of ICM abundances in galaxy clusters, however the same mod-
els failed to reproduced the trend of increasing [α/Fe] with increasing galactic
mass. One of the main differences between their models and ours is in fact the
IMF. They use a Kennicutt IMF (x = 1.5) for quiescent star formation and a
flat IMF (x = 0.0) for stars formed in bursts. This flat IMF is rather extreme,
while the proposed modification in our models is small, in fact within the obser-
vational uncertainties. Namely, we require the same ‘shallow’ IMF (x = 1.15)
for all modes of star formation. Another model that reproduces the observed
scaling of abundance ratio with galaxy mass is that of Pipino & Matteucci (2004,
2006). However they consider a very different scenario for galaxy formation, the
monolithic collapse scenario, and allow for galaxy mergers only in the form of a
second infalling episode. More recently, Pipino et al. (2008) also coupled GCE to
a SAM, but they also failed to match the mass–[α/Fe] relation. They claim that
flattening the IMF can not solve this problem, in contradiction with our findings.
It is worth mentioning that none of these models include AGN feedback; only
the GalICS model used by Pipino et al. (2008) has some form of halo quenching
simply by shutting down the flow of cold gas onto galaxies with masses larger
than 1011 M�. However, contrary to our expectations, we find that SF quench-
ing by AGN is not a key factor in our success at reproducing the mass–[α/Fe]
relation, even though the AGN feedback in our models leads to shorter formation
times for the more massive galaxies. We find that a slight flattening of the IMF
is essential to achieve agreement between the model and the observations. AGN
feedback, nonetheless, is likely to play an important role in reproducing other
galaxy observations, such as the stellar mass or luminosity function and color
bimodality.

Our best-fitting IMF, nonetheless, is consistent with observations; the slope
is within the observational uncertainty of Chabrier (2003) and agrees remarkably
well with the results of Baldry & Glazebrook (2003), who found that ultraviolet to
near-infrared galaxy luminosity densities require an IMF with a slope of 1.15±0.2.
The same slope was found by Wilkins et al. (2008) when trying to reconcile
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the redshift evolution of the observed stellar mass density with the cosmic SFH
using a constant and universal IMF. The agreement, however, holds only at low
redshift. In a forthcoming paper, Wilkins et al. (in preparation) propose an
evolving IMF as a plausible solution. Such an IMF should be strongly top-heavy
at high redshift (Hopkins, private communication). van Dokkum (2008) also
suggests an evolving Chabrier-like IMF based on comparing the evolution of the
M/L ratios of early-type galaxies to their colour evolution, but in this case the
change is in the characteristic mass (mc in Eq. 2.11) rather than the slope,
making the IMF “bottom-light” at high redshift. Such evolving IMFs could,
in principle, work in favour of the trends of [α/Fe] with stellar mass and SNR
with SSFR since they produce either more SN II or fewer SN Ia progenitors at
earlier times when massive early-type galaxies create most of their stars. This
scenario remains to be tested, and moreover the issue of an evolving IMF is
open to considerable debate given the large uncertainties on its constraints. On a
different note, Meurer et al. (2009) has claimed evidence for an IMF that depends
on galactic surface brightness (or surface density) as a plausible explanation for
an observed variation in Hα/FUV flux ratio. However, they invoke variations
that are an order of magnitude larger than the deviation of our best-fitting slope
from the standard value. Finally, very recently, Calura & Menci (2009) have
claimed that a constant IMF cannot account for the trends of [Z/H] and [α/Fe]
with velocity dispersion in elliptical galaxies and have proposed an IMF with a
slope depending on the SFR (x = 1.35 for low star-forming systems and x = 1
for high star-forming systems) in order to explain them. However, their chemical
evolution is not coupled to a semi-analytic model, but is computed a posteriori
with SFHs extracted from the SAM of Menci et al. (2008), and therefore the flows
of enriched gas from the galaxies into the halos and back again are not tracked,
unlike in the our model.

In future work we will apply this model to other questions such as the abun-
dances of different components of spiral galaxies like the Milky Way (e.g. the
disk, bulge, and stellar halo), abundances in clusters vs. the field, abundances in
the intra-cluster gas, and to the evolution of metals over cosmic time.

Appendix 2.A Implementation Algorithm of the GCE
modelling

To compute the chemical enrichment consistently as described in Section 2, it is
imperative to keep track of the star formation history of each galaxies as well as
the metallicity of the ISM as a function of time in these galaxies. Given the large
number of galaxies in the simulations, it is very expensive, both in computing
time and in physical memory, to store these quantities in a linear time grid with
reasonable resolution. In order to overcome these limitations, we use an age
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Table 2.A1: Structure of the grid where the star formation and abundance
histories are stored. All quantities are in Gyr.

Age Range Size of bins
0.00 – 0.12 0.01
0.12 – 0.40 0.02
0.40 – 1.12 0.04
1.12 – 2.72 0.08
2.72 – 11.68 0.32

11.68 – 1.28

The initial size of the bins is 0.01 Gyr because it is the maximum possible value
of the time-step in our simulations.

grid where first bin of this grid represents t = tnow at any moment during the
calculations and the size (in time) of the bins increase as we go to older ages.
The scaling of the bins is related to the lifetimes of the stars, so that it increases
as the lifetimes of the stars become progressively larger. The size of the bins only
increases, but each subsequent bin is not necessarily larger than the previous one.
In Table 2.A1 we show the structure of this binning grid. In this grid we store
the amount of cold gas mass turned into stars, ∆M?, and the metallicity of the
cold gas, Zg∗. As the systems evolve this information is ‘pushed down’ to older
bins, directly if the subsequent bin is of the same size or added if the bin is of a
larger size. In the later case, the cold gas masses are added directly whereas the
the metallicity is averaged, weighted by the size of the bins. In essence, what we
extract from this grid are time-averaged quantities.

It is also important how we handle this information when galaxies merge, that
is, how we combine the star formation and metallicity histories of the merging
galaxies. This is done on a bin-by-bin basis. At a given age bin, ∆M? is added
directly and the metallicities are averaged weighted by the corresponding ∆M?.
In mathematical form,

∆M?[i] = ∆MA
? [i] + ∆MB

? [i], (2.17)

Zg =
ZAg ∗∆MA

? [i] + ZBg ∆MB
? [i]

∆MA
? [i] + ∆MB

? [i] , (2.18)

where A and B are the merging galaxies and i the age bin. Summarising, the
star formation rate and the cold gas metallicity used in Eq. 2.9 to calculate the
enrichment of the ISM are average quantities.
∗ The SFR at the time of interest is computed dividing ∆M? by the size of the bin.
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Appendix 2.B Galaxy Sample
The sample of galaxies used to test our models was taken from Trager et al.
(2000a) and reanalysed with the method described in Trager et al. (2008). Specif-
ically, we used the Bruzual & Charlot (2003) stellar population models and mod-
ified the line strengths when [α/Fe] 6= 0 using ‘response functions’ that have been
calculated for each star in each isochrone, a significant improvement over previ-
ous methods (e.g., Tripicco & Bell 1995; Korn et al. 2005). More details can be
found in Trager et al. (2008) and Lee et al. (2009). In Table 2.B2 we present the
results from this new stellar population synthesis analysis.

We also present dynamical mass computed using

Mdyn = 465σ2re, (2.19)

where σ is the central velocity dispersion in km s−1 (here we use the velocity
dispersion taken through an aperture of diameter re/8) and re is effective radius
in parsecs (see Trager et al. 2000b, for more details).
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Table 2.B2: Velocity dispersions, ages, metallicities, enhancement ratios and
dynamical masses of the sample galaxies.

Galaxy Type Log(σ) log(Age) [Z/H] [E/Fe] log(Mdyn)
ESO358-G06 S0 1.763± 0.072 0.807+0.114

−0.250 −0.431+0.083
−0.098 −0.005+0.066

−0.045 9.24± 0.43
ESO358-G25 S0 1.690± 0.072 0.779+0.326

−0.295 −0.732+0.159
−0.144 −0.044+0.126

−0.096 9.18± 0.39
ESO358-G50 S0 1.732± 0.072 0.707+0.129

−0.235 −0.412+0.098
−0.098 −0.076+0.076

−0.056 9.25± 0.48
ESO358-G59 S0 1.653± 0.072 0.544+0.235

−0.068 −0.266+0.053
−0.114 0.045+0.045

−0.035 9.00± 0.45
ESO359-G02 S0 1.763± 0.072 0.603+0.159

−0.189 −0.904+0.220
−0.189 −0.164+0.187

−0.500 9.36± 0.46
IC1963 S0 1.763± 0.072 0.397+0.114

−0.068 0.357+0.083
−0.098 0.085+0.045

−0.035 9.22± 0.50
IC2006 E 2.134± 0.024 1.126+0.098

−0.114 0.049+0.068
−0.083 0.162+0.025

−0.015 10.30± 0.33
NGC0221 E 1.731± 0.021 0.975+0.068

−0.053 −0.398+0.038
−0.038 −0.026+0.025

−0.005 8.32± 0.28
NGC0224 E 2.185± 0.008 0.926+0.129

−0.159 0.281+0.068
−0.038 0.153+0.025

−0.005 10.61± 0.15
NGC0315 E 2.486± 0.005 0.860+0.098

−0.083 0.316+0.038
−0.023 0.239+0.015

−0.005 11.85± 0.35
NGC0507 E 2.445± 0.009 0.601+0.129

−0.098 0.359+0.068
−0.053 0.179+0.035

−0.015 11.89± 0.34
NGC0584 E 2.278± 0.005 0.531+0.053

−0.023 0.318+0.023
−0.023 0.172+0.015

−0.005 10.69± 0.30
NGC0636 E 2.185± 0.007 0.762+0.098

−0.068 0.160+0.053
−0.053 0.093+0.015

−0.015 10.48± 0.34
NGC0720 E 2.381± 0.011 0.653+0.326

−0.174 0.448+0.114
−0.083 0.249+0.056

−0.025 11.16± 0.27
NGC0821 E 2.281± 0.005 0.950+0.068

−0.038 0.210+0.038
−0.023 0.137+0.015

−0.005 10.85± 0.28
NGC0936 S0 2.258± 0.026 1.110+0.098

−0.098 −0.084+0.053
−0.053 0.121+0.035

−0.015 10.27± 0.42
NGC1316 S0 2.344± 0.024 0.510+0.038

−0.053 0.260+0.053
−0.038 0.109+0.025

−0.015 11.41± 0.22
NGC1336 E 1.982± 0.024 1.073+0.114

−0.068 −0.367+0.053
−0.053 0.122+0.035

−0.015 10.02± 0.31
NGC1339 E 2.199± 0.024 1.146+0.098

−0.129 −0.079+0.053
−0.053 0.173+0.035

−0.015 10.19± 0.40
NGC1351 E 2.196± 0.024 1.129+0.098

−0.083 −0.117+0.053
−0.038 0.140+0.025

−0.015 10.50± 0.31
NGC1373 E 1.875± 0.024 1.010+0.083

−0.053 −0.313+0.068
−0.083 0.111+0.035

−0.015 9.45± 0.45
NGC1374 E 2.267± 0.024 0.931+0.083

−0.068 0.114+0.068
−0.114 0.149+0.025

−0.015 10.59± 0.31
NGC1375 S0 1.748± 0.072 0.323+0.023

−0.023 0.068+0.053
−0.068 −0.045+0.035

−0.025 9.34± 0.40
NGC1379 E 2.114± 0.024 0.913+0.083

−0.053 −0.020+0.053
−0.053 0.154+0.025

−0.015 10.26± 0.32
NGC1380 S0 2.340± 0.024 1.008+0.114

−0.083 0.157+0.098
−0.068 0.127+0.035

−0.015 10.85± 0.28
NGC1380A S0 1.740± 0.072 0.476+0.235

−0.083 −0.012+0.114
−0.098 −0.041+0.056

−0.035 9.21± 0.40
NGC1381 S0 2.185± 0.024 0.923+0.068

−0.038 0.104+0.053
−0.038 0.092+0.025

−0.005 10.12± 0.39
NGC1399 E 2.574± 0.024 1.026+0.083

−0.053 0.346+0.068
−0.038 0.212+0.025

−0.015 11.91± 0.21
NGC1404 E 2.415± 0.024 0.994+0.068

−0.053 0.187+0.068
−0.038 0.128+0.025

−0.005 10.89± 0.32
NGC1419 E 2.068± 0.024 1.308+0.220

−0.220 −0.506+0.098
−0.189 0.173+0.045

−0.025 9.74± 0.45
NGC1427 E 2.243± 0.024 0.981+0.038

−0.023 −0.062+0.023
−0.023 0.104+0.015

−0.005 10.72± 0.29
NGC1453 E 2.475± 0.005 1.008+0.053

−0.053 0.294+0.038
−0.023 0.182+0.015

−0.005 11.45± 0.39
NGC1461 S0 2.294± 0.011 0.864+0.098

−0.098 0.155+0.083
−0.053 0.134+0.025

−0.015 9.88± 0.67
NGC1600 E 2.508± 0.009 0.822+0.189

−0.114 0.409+0.053
−0.023 0.224+0.025

−0.015 11.84± 0.36
NGC1700 E 2.356± 0.005 0.519+0.038

−0.008 0.335+0.023
−0.023 0.114+0.015

−0.005 11.09± 0.32
NGC2300 E 2.418± 0.006 0.719+0.053

−0.144 0.404+0.053
−0.023 0.212+0.015

−0.005 11.13± 0.38
NGC2560 S0 2.303± 0.006 0.810+0.159

−0.174 0.226+0.068
−0.053 0.096+0.025

−0.015 10.26± 0.94
NGC2778 E 2.198± 0.007 0.897+0.098

−0.174 0.243+0.053
−0.053 0.166+0.025

−0.005 10.39± 0.35
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Table 2.B1: Continued.

Galaxy Type Log(σ) log(Age) [Z/H] [E/Fe] log(Mdyn)
NGC3115 S0 2.378± 0.053 0.574+0.159

−0.068 0.384+0.053
−0.053 0.095+0.025

−0.025 10.56± 0.32
NGC3377 E 1.981± 0.009 0.653+0.068

−0.098 0.038+0.038
−0.038 0.131+0.025

−0.005 9.90± 0.28
NGC3379 E 2.291± 0.005 0.969+0.038

−0.023 0.159+0.038
−0.023 0.168+0.015

−0.005 10.50± 0.28
NGC3384 S0 2.140± 0.031 0.522+0.083

−0.053 0.332+0.053
−0.038 0.045+0.025

−0.015 9.70± 0.44
NGC3412 S0 2.013± 0.034 0.632+0.098

−0.159 0.029+0.083
−0.083 −0.011+0.045

−0.035 9.34± 0.49
NGC3585 S0 2.307± 0.122 0.710+0.129

−0.159 0.247+0.068
−0.053 0.060+0.035

−0.015 11.03± 0.35
NGC3607 S0 2.332± 0.101 0.720+0.189

−0.174 0.285+0.068
−0.068 0.098+0.035

−0.025 11.07± 0.33
NGC3608 E 2.259± 0.006 0.930+0.083

−0.083 0.224+0.053
−0.038 0.136+0.015

−0.005 10.78± 0.28
NGC3818 E 2.246± 0.007 0.763+0.144

−0.068 0.361+0.038
−0.023 0.186+0.015

−0.005 10.73± 0.35
NGC3941 S0 2.117± 0.036 0.422+0.083

−0.098 0.311+0.083
−0.098 0.087+0.045

−0.035 9.71± 0.42
NGC4026 S0 2.258± 0.029 0.542+0.159

−0.083 0.153+0.098
−0.083 0.088+0.056

−0.035 10.08± 0.41
NGC4036 S0 2.220± 0.039 0.574+0.114

−0.129 0.418+0.083
−0.038 0.253+0.025

−0.015 10.33± 0.45
NGC4111 S0 2.127± 0.019 0.464+0.023

−0.008 0.074+0.068
−0.083 0.109+0.045

−0.035 9.56± 0.56
NGC4251 S0 2.072± 0.074 0.514+0.038

−0.038 0.173+0.053
−0.038 0.040+0.015

−0.015 10.09± 0.38
NGC4261 E 2.479± 0.005 1.136+0.053

−0.053 0.284+0.038
−0.023 0.175+0.015

−0.005 11.40± 0.28
NGC4697 E 2.211± 0.009 0.924+0.068

−0.053 0.027+0.053
−0.038 0.090+0.025

−0.005 10.72± 0.23
NGC5638 E 2.186± 0.006 0.946+0.068

−0.038 0.185+0.053
−0.023 0.162+0.015

−0.005 10.68± 0.29
NGC5812 E 2.300± 0.005 0.602+0.235

−0.114 0.403+0.038
−0.098 0.188+0.005

−0.025 10.72± 0.33
NGC5813 E 2.327± 0.007 1.127+0.098

−0.083 0.100+0.053
−0.038 0.197+0.015

−0.005 11.21± 0.26
NGC5831 E 2.206± 0.004 0.560+0.023

−0.023 0.360+0.023
−0.008 0.135+0.015

−0.005 10.63± 0.31
NGC5846 E 2.354± 0.005 0.980+0.068

−0.038 0.296+0.038
−0.023 0.215+0.015

−0.005 11.38± 0.23
NGC5866 S0 2.143± 0.116 0.413+0.098

−0.098 0.215+0.114
−0.114 0.089+0.056

−0.045 10.39± 0.36
NGC6127 E 2.393± 0.007 0.981+0.053

−0.038 0.266+0.038
−0.023 0.217+0.015

−0.005 11.25± 0.41
NGC6702 E 2.243± 0.005 0.325+0.038

−0.008 0.439+0.038
−0.023 0.102+0.015

−0.015 11.00± 0.30
NGC6703 E 2.258± 0.006 0.790+0.083

−0.068 0.180+0.053
−0.023 0.110+0.015

−0.005 10.68± 0.32
NGC7052 E 2.464± 0.006 1.218+0.068

−0.068 0.179+0.038
−0.038 0.213+0.015

−0.005 11.54± 0.38
NGC7454 E 2.028± 0.011 0.692+0.053

−0.144 −0.128+0.053
−0.038 0.031+0.025

−0.015 10.20± 0.31
NGC7562 E 2.391± 0.003 0.924+0.023

−0.023 0.203+0.038
−0.008 0.144+0.015

−0.005 11.29± 0.35
NGC7619 E 2.498± 0.004 1.051+0.053

−0.023 0.320+0.023
−0.023 0.173+0.005

−0.005 11.58± 0.30
NGC7626 E 2.414± 0.004 0.963+0.038

−0.023 0.336+0.023
−0.008 0.218+0.005

−0.005 11.36± 0.37
NGC7785 E 2.378± 0.005 0.911+0.068

−0.038 0.266+0.038
−0.008 0.151+0.015

−0.005 11.19± 0.39





Chapter 3
Abundance ratios and iron content of
the Intracluster Medium.

Abstract

We use the cosmological semi-analytic model (SAM) for galaxy formation pre-
sented in Chapter 2 to study the metallicities and abundance ratios of the in-
tracluster medium (ICM) within the hierarchical structure formation paradigm.
By requiring a slightly flat IMF (x = 1.15) and a two-population delay-time-
distribution (DTD) for SN Ia explosions we found previously that this model is
able to reproduce the abundance ratios and supernova rates of early-type galaxies
in the local Universe. Predictions for elemental abundances in the ICM pose a
further test of the model. We find that with the fiducial model from Chapter 2
the overall metal content of the ICM is too low, although the abundance ratios
are in good agreement with the data. However, we find that allowing a fraction
of the metal-enriched material ejected by stars to be deposited directly into the
hot ICM, instead of being deposited into the cold ISM, appears to be a plausible
and physically-motivated solution.

based on Arrigoni M., Trager S.C. and Somerville R.S., 2010, submitted to MNRAS
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3.1 Introduction

The vast majority of baryons in the Universe reside not in stars but in the hot
and diffuse gas in clusters of galaxies—the intracluster medium (ICM)—part

of which cools down onto galaxies providing the fuel for star formation (e.g. Lin
et al. 2003; Vikhlinin et al. 2006). The metal content in this gas suggests that it
cannot be entirely of primordial origin and that a substantial fraction must have
been processed by the cluster galaxies and then expelled back into the ICM via
supernovae explosions and galactic winds. This interplay between the ICM and
galaxies regulates the star formation and enrichment histories (Renzini 1997) of
the Universe. Measurement of elemental abundances in clusters can therefore
set constraints on the various feedback processes that shape galaxy formation, as
well as the relative importance of different types of supernovae and the history
of star formation. Any successful model of galaxy formation must account not
only for the observational properties of the galaxy population but also those of
the ICM.

The intergalactic medium within groups and clusters is hot and dense enough
to be observed at X-ray wavelengths. At these wavelengths Fe is the most easily
observable element. The X-ray satellites launched since the mid-90’s (ASCA,
BeppoSax, Chandra, XMM-Newton, Suzaku) have allowed precise measurements
of many other elements such as O, Mg, Si, S, Ar, Ca and Ni in large samples
of nearby clusters (Fukazawa et al. 1998; Peterson et al. 2003; De Grandi et al.
2004; Tamura et al. 2004; de Plaa et al. 2007). The dominant process considered
for the pollution of the ICM is the outflows of enriched gas in supernova-driven
galactic winds (White 1991; Renzini 1997). There are, however, other sources
that may have a non-negligible contribution to the metal enrichment of the ICM,
such as hypernovae associated with population type III stars (Loewenstein 2001),
intra-cluster stars (Zaritsky et al. 2004; Murante et al. 2007; Sivanandam et al.
2009), ram pressure stripping (Kapferer et al. 2007) and active galactic nuclei
(Moll et al. 2007; Fabjan et al. 2010).

As with early-type galaxies, most of the chemical modelling of the ICM has
been done within the monolithic collapse scenario (Matteucci & Gibson 1995;
Gibson & Matteucci 1997); although in recent years, several studies have been
carried out within the hierarchical assembly paradigm through different model
implementations. The various approaches used include semi-analytic models of
galaxy formation implemented within merger trees extracted from dissipationless
N-body simulations (De Lucia et al. 2004; Nagashima et al. 2005a), full hydrody-
namic simulations of cluster formation which include, self-consistently, radiative
gas cooling, star formation, feedback and metal enrichment from core collapse
SNe and SNe Ia (Valdarnini 2003; Kawata & Gibson 2003a,b; Romeo et al. 2005;
Tornatore et al. 2007; Oppenheimer & Davé 2008), and an intermediate hybrid
approach that combines N-body and hydrodynamic simulations together with
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semi-analytic (or similar) prescriptions of the various physical phenomena (Cora
2006; Cora et al. 2008; Domainko et al. 2006). All these approaches have their
own set of strengths and limitations. In the context of SAMs, for instance, De
Lucia et al. (2004) assume the instantaneous recycling approximation and trace
only the total metallicity and enrichment by type II supernovae (SNe II). Na-
gashima et al. (2005a), on the other hand, implement detailed galactic chemical
evolution models within a SAM and successfully reproduce the abundances of
various elements in the ICM, but the same model predicts incorrect trends of
stellar abundance ratios in the early-type galaxies within those clusters (Na-
gashima et al. 2005b). The semi-analytic approach has the advantage of being
computationally very cheap, however, this comes at the cost of only predicting
global properties given the absence of explicit gas dynamics. On the other hand,
hydrodynamic simulations allow the study of the spatial distribution of metals
and have been quite succesful at reproducing the observed abundance profiles
in clusters. In this case the limitations are that, in hybrid models, the galaxy
formation process is not followed in a self-consistent way from the cooling of the
gas during the cosmic evolution, and the high computational cost of the fully-
consistent simulations. A thourough and complete review on the thermodynamic
and chemical properties of the ICM in hydrodynamic simulations can be found
in Borgani et al. (2008a,b).

In this work, we make use of the semi-analytic approach combined with de-
tailed galactic chemical evolution models. We have previously shown that our
models can reproduce the observed trends for abundances and abundance ratios
in nearby early type galaxies in clusters (Arrigoni et al. 2010, hereafter Chapter
2). In this paper we make use of these same models to study the metallicity
and abundance ratios of the hot intracluster gas. The outline of the chapter
is as follows. In Section 2 we briefly describe the semi-analytic model and the
new ingredients. In Section 3 we present our predictions and compare them with
observations. In Section 4 we summarise our findings and present our conclusions.

3.2 The semi-analytic model

The backbone of our model is the SAM described by Somerville et al. (2008,
hereafter S08), which tracks the hierarchical clustering of dark matter halos, ra-
diative cooling of gas, star formation, SN feedback, AGN feedback (in two distinct
modes, quasars and radio jets), galaxy mergers and the starbursts triggered by
them, the evolution of stellar populations, and the effects of dust obscuration.
In Chapter 2, we described our extension of this model to include detailed metal
enrichment by type Ia and type II supernovae and long-lived stars. We refer the
reader to the two aforementioned studies for a detailed description of the models.

The SAM has been successful in reproducing a variety of observations in the
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local Universe and at high redshift, for example, the luminosity and stellar mass
function of galaxies, the colour–magnitude relation, galaxy star formation rates
as a function of their stellar masses, the relative numbers of early and late-type
galaxies, the gas fractions and size distributions of spiral galaxies, and the global
star formation history (S08; Fontanot et al. 2009; Kimm et al. 2009; Hopkins et al.
2009). With the addition of detailed chemical evolution modeling in Chapter 2,
the model is able to match the mass–metallicity relation for galaxies and the trend
of [α/Fe] with stellar mass, as well as the supernova rates as a function of specific
star formation rate (SSFR). To achieve this agreement, it was necessary to adopt
a Chabrier IMF (Chabrier 2003) with a slightly flatter slope above 1 M�(x = 1.15
instead of x = 1.3), a relatively low fraction of binaries that yield a SN Ia event
(0.03 in the M = 3–16 M� range), and a bimodal delay-time-distribution (DTD)
with a prompt peak and a later plateau for type Ia supernovae (SNe Ia) explosions,
as proposed by Mannucci et al. (2006). We will henceforth refer to the combined
GCE plus SAM as the GCE-SAM.

Here we introduce two changes relative to the GCE-SAM described in Chapter
2. First, we have chosen a different set of yields for SNe Ia. Motivated by the
excessive amount of Ni present in the galaxies and ISM in Chapter 2, we have
switched from the yields of Nomoto et al. (1997, model W7) to those of Iwamoto
et al. (1999, model WDD3) as the latter produces only half the Ni while the
other elements remain approximately the same. The main difference between
these SN models is the scenario for the explosion. The W7 model describes a
slow deflagration of the stellar core, while the WDD3 model is calculated using a
delayed detonation. The delayed detonation is also the currently favoured SNIa
explosion scenario (see, e.g., de Plaa et al. 2007). The yields for SN II and AGB
stars remain the same: Woosley & Weaver (1995, hereafter WW95) and Karakas
& Lattanzio (2007), respectively.

The other change concerns the immediate fate of the metal-rich gas ejected
by the stars. In the “standard” SAM of S08 (as in many SAMs, e.g. de Lucia
et al. 2004), these metals were deposited directly in the ISM where it is mixed
instantaneously. However, this was a somewhat arbitrary choice. Perhaps a more
physical scenario is that the ejecta from massive stars and supernovae, which is
highly enriched, is this same material that escapes the galaxy and pollutes the
ICM directly. We will use the term “hot enrichment” to refer to this mode of
chemical enrichment, in which some fraction of the metals produced and ejected
by the stars is deposited directly into the ICM (hot gas phase associated with
the dark matter halo) rather than the ISM (cold gas phase associated with the
individual galaxy). This picture is supported by observations that indicate that
galactic winds are ubiquitously metal-enriched (Martin 2005; Veilleux et al. 2005;
Grimes et al. 2009; Weiner et al. 2009), as well as by hydrodynamic simulations
of galactic outflows (Mac Low & Ferrara 1999; Madau et al. 2001; Scannapieco
et al. 2008). We obtain good results when we assume that 80% of the new metals
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are deposited directly in the hot halo gas (fhot enrich = 0.8).
This scenario has been considered previously by other authors. In the SAM of

Nagashima et al. (2005a) the gas and metals ejected by disk stars are deposited
in the cold gas in the galaxy, while those from bulge stars are deposited in the hot
gas in the halo. In the hybrid model of Cora et al. (2008) half of the mass ejected
by stars through stellar winds or supernovae explosions is incorporated directly
into the hot phase rather than being first mixed with the cold gas. The latter
was done so that the modelled redshift evolution of the mass-metallicity relation
resembled the observed one (Erb et al. 2006). More recently, Li et al. (2010)
found that if 95% of the newly produced metals are ejected directly into the hot
phase for galaxies with a DM halo mass of 5×1010M� or less, their semi-analytic
model produces a good match for the mass function and metallicities of the Local
Group dwarf satellite population. However, our results indicate that such a mass
threshold is not necessary for reproducing the metal abundances in the ICM.

As mentioned before, other possible mechanisms for the enrichment of the
ICM include the outflow of metals as a consequence of AGN-driven galactic scale
winds. For intance, Fabjan et al. (2010), through AGN feedback, obtain iron
abundance profiles with the correct shape, although their normalization is gen-
erally higher than observed. In our models, however, the metals (in fact, all the
gas) ejected by the AGN-driven winds are assumed to escape the halo entirely
because of the high velocities of the winds. Nonetheless, even if all the gas ejected
by these winds were retained by the hot halo, the metallicity of the ICM would
increase only by 0.05 dex. In our models, the principal effect of the AGN feedback
is to prevent cooling onto massive galaxies at low redshift by injecting energy into
the ICM through the radio-mode. The mass ejected by the QSO-phase winds is
very small.

In this chapter, we adopt a flat ΛCDM cosmology with Ω0 = 0.28, ΩΛ = 0.72,
h ≡ H0/(100 km s−1Mpc−1) = 0.701, σ8 = 0.812, and a cosmic baryon fraction
of fb = 0.1658, following the updated values of the cosmological parameters from
Komatsu et al. (2009). We also leave the values of the free parameters associated
with the galaxy formation model fixed to the fiducial values given in Chapter 2.
We check that these parameters still produce good agreement with our calibration
observations in the new “hot enrichment” models in Section 3.3.3.

3.3 Results

In this section, we present our model results for the abundance ratios and metal-
licities of the ICM, as well as some basic properties of clusters, and compare them
with a variety of observations. The simulations were run on a grid of DM halos
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∗ with virial mass ranging from 1014.25M� to 1015.6M� at an output redshift of
z = 0.05. This value was chosen because it is the mean redshift of the groups
and clusters in the observational samples.

3.3.1 Cluster masses, temperatures and gas fractions

In the observations, clusters are characterised by the measured spectroscopic X-
ray temperature. In the models, the ICM temperature is taken to be equal to
the halo virial temperature. Assuming isothermality, this temperature relates to
the virial velocity as

Tvir[keV] = 35.9kB(Vvir[km/s])2, (3.1)

where kB is the Boltzmann constant. At redshift z = 0.05, for the chosen cosmol-
ogy, the previous formula translates to Tvir = 4.12(Mvir/1015M�)2/3 keV. The
virial temperature is, however, systematically lower than the X-ray spectral tem-
perature computed from the data (by typically 10%, Bower et al. 2008). This
small correction should not pose an issue in the present work since the predicted
and observed chemical properties of the ICM show an extremely flat dependence
on cluster temperature.

Before looking into the metal abundances and ratios, we study the total mass
and baryonic content of the simulated clusters. In Figure 3.1 we show the virial
mass and the hot gas mass fraction of our simulated clusters as a function of
temperature. The data points are taken from Reiprich & Böhringer (2002) for
the total mass, and Lin et al. (2003); Vikhlinin et al. (2006) and Sun et al. (2009)
for the gas fraction. We do not show the models with “hot enrichment” here
since this affects only the metal content and has a negligible effect on the total
gas mass. In both cases, the models are in qualitative agreement with the data,
albeit with some discrepancies. The small difference in the slope of the mass-
temperature relation arises because real clusters are not strictly isothermal, as
the models assume. Furthermore, correcting for the 10% systematic offset due to
using the virial temperature rather than the X-ray temperature would bring the
models into better agreement with the data. The hot gas fraction (Mhot/Mvir),
however, shows no dependence with temperature over this range, unlike the data,
which shows a mild trend of increasing baryonic fraction with temperature. This
behavior was already seen in S08 (their Figure 8). Bower et al. (2008) have shown
that if “radio mode” AGN feedback not only prevents the cooling of gas but is
also allowed to eject some of the hot gas out of the halo, lower-mass clusters
in the models will also show lower gas fractions. It is worth noting that our
models agree well with the mean gas fraction of the entire data sample and that
∗ The merger trees for each DM halo in the grid are generated before-hand via Monte Carlo

realizations according to the extended Press-Schechter formalism. The SAM, which con-
tains all the baryonic physics, is then coupled to these merging trees.
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Figure 3.1: Top: The virial mass–temperature relation for large groups and clus-
ters. Red circles: Model; black crosses: data points from Reiprich & Böhringer
(2002). Bottom: The relation between the baryonic mass fraction and tempera-
ture. Red circles: Model; black triangles: data points from Vikhlinin et al. (2006);
black squares: data points from Lin et al. (2003); black circles: data points from
Sun et al. (2009).
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Figure 3.2: Iron abundance in the ICM as function of temperature. Green
circles: Chapter 2 fiducial model; blue and red circles: “hot enrichment” mod-
els with A = 0.03 and A = 0.04 respectively; black squares: data points from
Peterson et al. (2003); black triangles: data points from de Plaa et al. (2007);
black stars: data points from Fukazawa et al. (1998); black crosses: data points
from De Grandi et al. (2004). The errorbars on the observational data represent
uncertainties, while for the models they indicate the mean and 1σ dispersion over
different halo realizations.

model halos below 1 keV (Mvir ∼ 1012M�) show a sudden drop in the predicted
gas fraction (see S08 Figure 8). This step-like behaviour in the gas fraction is
common to other models (De Lucia et al. 2004; Menci et al. 2006), and is due to
the rapid transition from infall-limited cooling (sometimes called “cold mode”)
to cooling-time limited cooling (“hot mode”).

3.3.2 Metallicities and abundance ratios

Our model proved in Chapter 2 to be successful at reproducing the metallicity-
and [α/Fe]-mass relations of local early-type galaxies, as well as the SN rates as
a function of SSFR. We now examine the iron content and the abundance ratios
between different elements and Fe in the ICM to further test its accuracy. We
use an ensemble of X-ray cluster surveys for this purpose. From Fukazawa et al.
(1998) we take Si and Fe; from Peterson et al. (2003) we take O, Ne, Mg, Si and
Fe; from De Grandi et al. (2004) we take Fe (see also Ettori et al. 2002); and
from de Plaa et al. (2007) we take Si, S, Ar, Ca, Fe and Ni. Galaxy clusters often
show metallicity gradients for some elements, with increasing abundances towards
the cluster centre. These clusters, known as cool core (CC) clusters, are mostly
relaxed systems and the central metal enhancement is associated with feedback
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Figure 3.3: Abundance ratios in the ICM as function of temperature, for ratios
matched well by the models. Clockwise from top left: [O/Fe], [Si/Fe], [Ni/Fe]
and [Ca/Fe]. Symbols as in Figure 3.2. The errorbars on the observational
data represent uncertainties, while for the models they indicate the mean and 1σ
dispersion over different halo realizations.

from the BCG. This feedback is complemented by the action of AGN-induced
buoyant bubbles that have mixed the metals into the ICM, as suggested by Re-
busco et al. (2005) and Roediger et al. (2007) in order to explain the observed
difference between the broad ICM metallicity profiles and the much narrower
stellar light profile of the central galaxy. In addition, low entropy gas enriched
at higher redshifts that sinks into the cluster center may also contribute to the
central peak of the abundance profile (Cora 2006). In contrast, non-cool core
(NCC) clusters have almost flat abundance profiles and show signatures of recent
merging events (De Grandi & Molendi 2001). Since the observational data are
measured near the clusters centres and our models predict global abundances
averaged over an entire cluster, it is necessary to correct the observations for
gradients, but only for those clusters tagged as having cool cores. We do this by
following the procedure of Nagashima et al. (2005a, Appendix A), who used the
results of De Grandi et al. (2004) on Fe gradients to convert the measured central
Fe abundance to global average values. Elements like Si, S, Ar, Ca and Ni are
known to have the same gradients as Fe, and are corrected by the same factor; on
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Figure 3.4: Abundance ratios in the ICM as function of temperature, for ra-
tios matched poorly by the models. Clockwise from top left: [Ne/Fe], [Mg/Fe],
[Ar/Fe] and [S/Fe]. Symbols as in Figure 3.2. The errorbars on the observational
data represent uncertainties, while for the models they indicate the mean and 1σ
dispersion over different halo realizations.

the other hand, O, Ne and Mg do not show gradients even in CC clusters, so we
assume that the global abundance is equal to the central measurement (Tamura
et al. 2001, 2004; Sato et al. 2008, 2009). We have also renormalised the abun-
dances to the solar values of Grevesse et al. (1996), as in the models. Finally,
we would like to remind the reader that all values presented in this chapter are
abundances by mass.

We will use three different model versions in our comparison: the fiducial
model from Chapter 2 (SAM-PI) and two “hot enrichment” models with different
values for A (the fraction of binaries that yield a SNIa event). SAM− hota uses
A = 0.03 (the fiducial value adopted in Chapter 2), while SAM− hotb has a
slightly higher value of A = 0.04. In Figure 3.2, we examine the elemental
abundance of iron ([Fe/H]). We pay particular attention to Fe because it is the
ICM element most precisely measured and most extensively studied. Both the
data and the models show a flat behaviour with temperature, an effect also seen
in the abundance ratios (see below). It is clear that in the original model, the
iron abundance is too low and inconsistent with the observations. Depositing the
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metals directly into the hot halo gas (hot enrichment) appears to be a plausible
solution, bringing the models into marginal agreement with the data. In the
models presented here, we have set the fraction of metals deposited directly into
the ICM to 80% (fhot enrich = 0.8). The metallicity of the hot gas depends weakly
on this parameter, incresing by about a factor 1.5 over the full parameter range
(zero to one).Therefore such a high value for fhot enrich is necessary to have a
significant effect. In this sense, also, further increasing its value beyond ' 0.75–
0.8 only raises the predicted abundances by a negligible amount. Another way
to increase the iron content is by changing the number of type Ia supernovae by
adjusting the parameter A, which sets the fraction of binaries that give rise to a
SN Ia event. We see that indeed, a higher fraction of type Ia SN binaries provides
a better match to the ICM iron abundances, however the value of this parameter
is constrained by the observed SN rates and can not take arbitrarily high or low
values. As we show later, a binary fraction of 0.04 is still consistent with SNe
Ia rates as a function of SSFR for galaxies in the local Universe while producing
ICM [Fe/H] abundances that are in marginal agreement with the observed values.

In Figures 3.3 and 3.4 we show the abundance ratios of different elements to
iron (O, Ne, Mg, Si, S, Ar, Ca and Ni) in models with and without “hot enrich-
ment”. For those with “hot enrichment” we again explore two different values for
the SNIa binary fraction, A = 0.03 (SAM− hota) and A = 0.04 (SAM− hotb).
There are two aspects that are common to all the elements. Firstly, models with
hot enrichment show slightly lower abundance ratios than the standard model,
especially for α elements. Secondly, all of the model abundance ratios show a
flat behaviour with temperature, as does the data, although the zero point may
disagree in some cases. Some of the ratios ([O/Fe], [Si/Fe], [Ca/Fe] and [Ni/Fe])
show a very good match to the observations. On the other hand, the predicted
values of [Mg/Fe] and [Ne/Fe] are too low, while [Ar/Fe] and [S/Fe] are overpre-
dicted.

The effect of the higher SNIa binary fraction is naturally stronger on those ele-
ments produced mostly by SNII. With the higher [Fe/H] required for a consistent
iron abundance, the ratios [Ne/Fe] and [Mg/Fe] are even lower and depart fur-
ther from the observations. [O/Fe] also decreases but is still consistent. [Ar/Fe]
and [S/Fe] are closer to the data but are still overpredicted and only marginally
consistent with the observations. [Si/Fe] and [Ca/Fe] remain in good agreement.
Finally, [Ni/Fe] shows no variation with the binary fraction parameter A, which
is reassuring as both elements are predominantly produced by SNIa.

In the case of [Mg/Fe], the model ratios can be raised by increasing the Mg
yield in stars above 20 M�, a common practice with the WW95 yields (see, e.g.,
François et al. 2004). In Chapter 2 there was no need for such a modification, but
in this case increasing the Mg yield by a factor of 2.5 brings the ICM abundance
ratio into good agreement with the data, while still maintaining an observationally
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Figure 3.5: [Mg/Fe] in the ICM as a function of temperature for models with the
magnesium yield from SNII increased by a factor 2.5. Symbols as in Figure 3.2.
The errorbars on the observational data represent uncertainties, while for the
models they indicate the mean and 1σ dispersion over different halo realizations.

consistent [Mg/Fe] in the galaxies’ stellar component. ∗ A slightly higher factor
would give a better match for the ICM, but in that case the stellar abundance
ratios would be too high. Models with a boosted magnesium yield are shown
in Figure 3.5. In principle, the same exercise could be done with the yields of
other elements that are underpredicted (Ne) or overpredicted (Si, Ar). However
this should not be considered a solution, but simply a tentative constraint on
nucleosynthesis from the chemical evolution models. Also, we have assumed that
the different elements in the ICM either have no radial gradients at all or that they
have the same gradient as iron (for which there are fairly good measurements).
This simple assumption might not be strictly true and a more accurate correction
for gradients could bring the models and the data into better agreement. Future
observations of gradients of elements other than iron in the ICM would shed some
light on this matter.
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Figure 3.6: Predicted properties of galaxies in the local Universe. Clockwise,
starting from the top left panel: (A) [Z/H] vs. stellar mass for early-type galaxies;
(B) [α/Fe] vs. stellar mass for early-type galaxies; (C) Type Ia SNR vs. SSFR;
(D) Fraction of baryons in the form of stars as a function of halo mass. Symbols
– green circles: Chapter 2 fiducial model; blue and red circles: “hot enrichment”
models with A = 0.03 and A = 0.04 respectively; T00: reanalysed metallicities
and abundance ratios from Trager et al. (2000a) as presented in Chapter 2; M05
and S06: SN rates from Mannucci et al. (2005) and Sullivan et al. (2006) respec-
tively; M09: the empirical relation, and 1σ uncertainties, derived by Moster et al.
(2009).
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3.3.3 Effects of “hot enrichment” on galaxy properties

We have introduced a fairly significant modification to our model — the deposi-
tion of the majority of the newly produced metals into the hot halo gas, instead
of into the cold interstellar gas. It is important to check whether this change has
an impact on the properties of galaxies that we used to calibrate our previous
models. In Figure 3.6 we show the same three models as in the previous section
(Chapter 2 fiducial, SAM-PI; hot enrichment with A = 0.03, SAM− hota; and
hot enrichment with A = 0.04, SAM− hotb). We show the metallicity, [α/Fe]
ratio, SN Ia rate of galaxies and the fraction of baryons in the form of stars as a
function of halo mass, and compare them with the same data samples from the
local Universe as in Chapter 2. We remind the reader that the fiducial model
from Chapter 2 had A = 0.03.

The metallicities of early-type galaxies are not significantly affected by this
change and remain in agreement with the observations (panel A). However, galax-
ies in models with “hot enrichment” have their [α/Fe] increased (especially the
most massive galaxies). A higher value of the binary fraction parameter A brings
the abundance ratios back into agreement with the observations (panel B). From
panel (C) in Figure 3.6, we see that the lower value of A = 0.03 provides a better
fit to the SN Ia rates as a function of the specific star formation rate (SSFR),
although a value of A = 0.04 is still consistent with the data. Considering that
a higher fraction of stars that explode as SNe Ia is also required to make the
iron content in the ICM consistent with the data, A = 0.04 gives a better overall
agreement between the models and the observations.

Another concern is that when metals are deposited directly into the hot gas,
elevating the metal content, the cooling rate increases, possibly resulting in the
conversion of a larger fraction of the baryons in the halo into stars. This could
result in the production of an overabundance of massive galaxies relative to obser-
vations. We check this by investigating the ratio of the mass of baryons that have
turned into stars in the central galaxy to the mass of baryons that would be con-
tained in the halo in the absence of star formation or feedback (i.e. fbMvir, where
fb is the universal baryon fraction), as a function of halo mass. We compare the
model predictions with the empirical constraint from Moster et al. (2009), which
is derived by requiring that the observed stellar mass function is reproduced for
a given assumed multiplicity function of dark matter halos (i.e. as predicted by

∗ The stellar [Mg/Fe] increases by about 0.66 dex at M*∼ 109M�and 0.4 dex at M*∼
1011.5M�. But in terms of [α/Fe] the increment is much smaller, only 0.12 dex at
M*∼ 109M�and 0.08 dex at M*∼ 1011.5M�. This is at a fixed SN Ia fraction. It is
also important to remember that the preferred "hot enrichment" model has a higher A
value than the fiducial model from Chapter 2, and therefore higher Fe abundances in all
the barionic components. The net effect of increasing both the Mg yield and the fraction
of SNIa binaries is reduced: [Mg/Fe] increases by 0.52/0.25 dex while [α/Fe] decreases by
-0.001/-0.04 dex (at M*∼ 109M�and 1011.5M�respectively).
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a given ΛCDM model). As we can see from panel (D) in Figure 3.6, the effect of
the new model ingredients is small and all models are consistent with each other
and with the data.

3.4 Discussion and Conclusions
We have investigated the metal enrichment of the intracluster medium within the
framework of hierarchical assembly using the same model presented in Chapter
2, which successfully reproduces the abundance ratios of early-type galaxies in
the local Universe by assuming a slightly flat IMF (x = 1.15) and a bimodal
Delay-Time-Distribution of type Ia supernovae.

Our most important finding is the need for some form of metal enriched
outflows from galaxies because the ICM iron abundance is too low otherwise.
Adopting “hot enrichment”, in which 80% of the metal-rich material ejected by
the stars is deposited directly into the ICM rather than the ISM, seems to be a
reasonable solution. This type of metal enhanced galactic winds is in agreement
with previous works (Portinari et al. 2004; Cora et al. 2008; Sivanandam et al.
2009). We also need slightly more type Ia supernovae, both for the iron in the
ICM and the [α/Fe] in the galaxies. Although the fit to SNR vs. SSFR is not as
good as in Chapter 2, it is still consistent with the observations.

Regarding the elemental abundance ratios in the ICM, the models predict
flat behaviour with cluster temperature, in agreement with the observations. For
some elements (O, Si, Ca, Ni) the zero-point is reproduced remarkably well, while
others agree only marginally (Ar, S), or are significantly underpredicted (Ne, Mg).
This occurs irrespective of whether “hot enrichment” is assumed or not. The
[Mg/Fe] can be fixed by increasing the Mg yield in SN II (as is commonly done
with the WW95 yields). The discrepancy in the other elements may arise from
uncertainties in the yields and/or the correction for radial gradients (we assume
that elements that have a gradient share the same one as Fe, which might not be
strictly correct, although they cannot be too different).

Overall the model simultaneously produces acceptable predictions for the
chemical properties of galaxies in the local Universe and the ICM in nearby
clusters. This is yet another step forward in building a self-consistent frame-
work for predicting the properties of diverse populations within the context of
the hierarchical galaxy formation framework.
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Chapter 4
The evolution of metals through
cosmic time.

Abstract

We use the cosmological semi-analytic model (SAM) presented in Chapters 2
and 3 to study the evolution of the mass–metallicity relation (MZR) over cosmic
time within the hierarchical galaxy formation paradigm. The model is able to
reproduce abundance ratios and supernova rates of early-type galaxies in the local
Universe, as well as the elemental abundance ratios and overall metal content
in the ICM. At intermediate redshifts (z = 0.75–2.5) the models show a fair
agreement with the data. However the predicted evolutionary trend is opposite
to that observed. Our simulations show little to no evolution for galaxies with
M? < 1010 M� and a strong change in metallicity for the more massive galaxies.
At all redshifts, the oxygen abundance of simulated massive galaxies is consistent
with the observations, but for low-mass galaxies it is overpredicted at very high
redshift (z = 3–3.5) and underpredicted locally (z ∼ 0). The discrepancy in the
abundances of low-mass galaxies at high redshift reflects with the fact that, in
the SAMs, these galaxies are too efficient at forming stars early in the Universe.
This calls for a revision of the feedback and/or star formation schemes adopted
in the models.

Based on Arrigoni M., Trager S.C. and Somerville R.S, in preparation.
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4.1 Introduction

Metallicities and abundance ratios contain valuable clues on the evolution-
ary history of galaxies. The chemical enrichment is a record of a galaxy’s

star formation history, modulated by the presence of infalls and outflows as well
as mergers and interaction between galaxies. Thus the study of the chemical
properties of galaxies, in simulations and observations, can be a critical tool to
set constraints on galaxy formation models.

The existence of a correlation between mass and metallicity has been known
for several decades since the seminal works of Faber (1973) and Lequeux et al.
(1979), followed by several studies of local galaxies that showed a relation between
the blue luminosity (used as a proxy for the stellar mass) and the metallicity, such
that more-luminous (and massive) galaxies are also more metal-rich (Faber 1977;
Garnett & Shields 1987; Zaritsky et al. 1994). With the development of more
sophisticated stellar population models and the large statistical power provided
by the Sloan Digital Sky Survey (SDSS), Tremonti et al. (2004) have determined
a clear and well-defined stellar mass–gas metallicity relation (see also Kewley
& Ellison 2008). Likewise, Gallazzi et al. (2005) have found a similar relation
for stellar metallicity, also using the SDSS survey. Since then, many authors
have obtained constraints on the mass–metallicity (MZR: Savaglio et al. 2005;
Shapley et al. 2005; Erb et al. 2006; Maiolino et al. 2008; Mannucci et al. 2009)
or luminosity–metallicity (LZR) relations (Kobulnicky & Kewley 2004; Maier
et al. 2005, 2006; Förster Schreiber et al. 2006) at progressively higher redshifts.
The general observational result is that the MZR and the LZR evolve in time
with higher redshift galaxies characterized by lower metallicities at given mass
(or luminosity). This evolution is not constant in time or with mass (luminosity).
The rate of change in metallicity is stronger at high redshift, and less massive
galaxies show a larger increment in their abundances than the more massive
ones. All the high-z studies mentioned here refer to the gas-phase metallicity,
given the difficulties in obtaining the high-S/N spectra required to determine
stellar metallicities at such redshifts.

Several physical processes have been proposed as the origin of the MZR. One
explanation is that the metal-rich outflows generated by the supernova-driven
winds are more prominent in low-mass galaxies, given their shallow potential
wells, effectively reducing their enrichment compared to more massive systems
(Vader 1986; Tremonti et al. 2004; De Lucia et al. 2004; Kobayashi et al. 2007;
Finlator & Davé 2008; Somerville et al. 2008). An alternative scenenario in
shaping the MZR is that of “galaxy downsizing”, where lower-mass galaxies form
their stars later and on longer timescales than higher-mass galaxies. In this
sense, at any given time, lower-mass galaxies have formed a smaller fraction of
stars and, consequently have lower metallicities. This scenario is supported by
both observations (Franceschini et al. 2006; Asari et al. 2007; Pérez-González
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et al. 2008) and simulations (De Lucia et al. 2006; de Rossi et al. 2007; Fontanot
et al. 2009). Other possibilites could be variations of the IMF high-mass cut-off
in different star forming environments (Köppen et al. 2007) or the accretion of
pristine gas having longer infall times in low mass galaxies (Dalcanton et al. 2004).
Models of galaxy formation, like ours, are calibrated with the MZR observed
locally. However, different models that ascribe the MZR to different processes will
have different implications for its evolution with redshift, and the observational
data provides a powerful benchmark to test the models.

In this chapter we use the model presented in Arrigoni et al. (2010) and
Arrigoni et al. (submitted; hereafter Chapters 2 and 3, respectively) to probe
the evolution of metals over cosmic time and confront our simulations against
the latest observations. The outline of the chapter is as follows. In Section 2 we
briefly describe the semi-analytic model and its ingredients. In Sections 3 and 4
we present our predictions and compare them with observations. In Section 5 we
discuss our results and in Section 6 we summarise our findings and present our
conclusions.

4.2 The semi-analytic model

The adopted model is that described in Chapters 2 and 3, which extends the
semi-analytic galaxy formation model of Somerville et al. (2008, hereafter S08)
to include detailed metal enrichment by type Ia and type II supernovae and
long-lived stars. The model also includes hierarchical clustering of dark matter
haloes, radiative cooling of gas, star formation, supernova (SN) feedback, AGN
feedback (in two distinct modes, quasars and radio jets), galaxy mergers and the
starbursts triggered by them, the evolution of stellar populations, and the effects
of dust obscuration. We refer the reader to the two aforementioned studies for
a detailed description of the different prescriptions used to account for these
physical processes.

This model has been successful in reproducing a variety of observations in
the local Universe and at high redshift, for example, the luminosity and stellar
mass function of galaxies, the colour–magnitude relation, galaxy star formation
rates as a function of their stellar masses, the relative numbers of early and
late-type galaxies, the gas fractions and size distributions of spiral galaxies, and
the global star formation history (S08). With the addition of detailed metal
enrichment in Chapter 2, the model is able to match the MZR for galaxies and
the trend of [α/Fe] with stellar mass, as well as the supernova rates as a function
of specific star formation rate (SSFR). To achieve these goals, it was necessary
to adopt a Chabrier IMF (Chabrier 2003) with a slightly flatter slope above 1
M�(x = 1.15 instead of x = 1.3), a relatively low fraction of binaries that yield
a type Ia SN event (0.04 in the M = 3–16M� range), and a bimodal delay-time-
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distribution (DTD) with a prompt peak and a later plateau for type Ia supernovae
explosions (SNe Ia), as proposed by Mannucci et al. (2006). In Chapter 3 we
introduced metal-enhanced outflows in order to match the iron abundance and
overall metal content of the ICM in galaxy clusters. In this scenario, 80% of the
metals produced and ejected by the stars are deposited directly into the ICM
(the hot gas phase associated with the dark matter halo) rather than the ISM
(the cold gas phase associated with the individual galaxies).

In this chapter, we adopt a flat ΛCDM cosmology with Ω0 = 0.28, ΩΛ = 0.72,
h ≡ H0/(100 km s−1Mpc−1) = 0.701, σ8 = 0.812, and a cosmic baryon fraction
of fb = 0.1658, following the updated values of the cosmological parameters from
Komatsu et al. (2009). The stellar yields used come from, as in Chapter 3,
Karakas & Lattanzio (2007) for AGB stars, Woosley & Weaver (1995) for type
II supernovae and Iwamoto et al. (1999, model WDD3) for type Ia supernovae.
The abundances are normalized to the solar values of Grevesse et al. (1996). We
also leave the values of the free parameters associated with the galaxy formation
model fixed at the fiducial values given in Chapter 2.

4.3 The evolution of the the chemical compositions of
galaxies in a hierarchical galaxy formation model

In this section we present our model results for the abundance ratio and metal-
licity of the ISM and stellar component of galaxies at several different redshifts
and test them against a variety of observations (mainly gas phase oxygen abun-
dance). The simulations were run on a grid of haloes with virial mass ranging
form 1011.1 M� to 1014.3 M�. For each individual output redshift, an indepen-
dent grid of merger trees was generated. In this sense, the simulated galaxies at
high redshift are not necessarily the progenitors of the low-redshift ones. This
is consistent with surveys, since the observed evolution of the MZR should not
be considered the evolutionary pattern of individual galaxies, but rather as the
evolution of the MZR of the dominant population of star forming galaxies at each
epoch (Maiolino et al. 2008).

In the figures presented in the following sections, we show all the simulated
galaxies from every halo, distinguishing between satellite (grey scale histogram)
and central galaxies (red dots). Because the grid of halos has the same number
of realizations for the different halo masses, an unrealistically large number of
galaxies belonging to massive halos are produced. For this reason, the mean value
shown in the figures is not a straight average of all the galaxies, but weighted
by the halo mass function of the dark matter halo in which each galaxy resides.
Therefore the mean abundance values follow a realistic distribution of galaxies.
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4.3.1 The mass-metallicity relation

At intermediate and high redshift, metallicities are derived by a simultaneous fit of
all available strong emission-line ratios. Strictly speaking, the measured quantity
is the gas-phase oxygen abundance. We used an ensemble of observations at
different redshifts to test our models. The data sets used for comparison are
Tremonti et al. (2004) at z ∼ 0.1, Savaglio et al. (2005) and Zahid et al. (2010)
at z ∼ 0.7, Shapley et al. (2005) and Liu et al. (2008) at z ∼ 1.0–1.5, Shapley
et al. (2004) and Erb et al. (2006) at z ∼ 2.2, and Maiolino et al. (2008) and
Mannucci et al. (2009) at z ∼ 3.0–3.5. It should be noted that the variety
of strong emission line diagnostics used for high-redshift objects are calibrated
with local sources. Should the line excitation conditions change with redshift,
the mismatch between the different calibration scales would introduce artificial
evolutionary effects on the mass-metallicity relation. However studies have shown
that, at least up to z ∼ 2–2.5, these calibrations deviate by only 0.1 dex (or
less) with respect to local galaxies (Liu et al. 2008; Maiolino et al. 2008). Such
small deviations will not affect the analysis that follows. Another issue is that
the different line diagnostics used at different redshifts are not calibrated the
same way and may introduce introduce artificial evolutionary effects (Kewley &
Ellison 2008). Taking this into account, Maiolino et al. (2008) cross-calibrated
the surveys at lower redshifts and corrected the inferred abundances to match
a single metallicity scale. The recalibrated abundaces were available for all the
surveys used for comparison, with the exception of Shapley et al. (2005) and Liu
et al. (2008). The metallicity calibrator used in the latter studies (N2) produces
abundances that are systematically lower with respect to the other surveys (which
have been corrected to the R23 calibrator). The difference goes from −0.15 dex
at low masses to −0.3 dex for high masses (Savaglio et al. 2005). Using the
cross-calibration procedure described in Maiolino et al. (2008), we correct the
data shown at z ∼ 1–1.5 (Liu et al. 2008; Shapley et al. 2005) to match the same
metallicity scale.

Figure 4.1 shows the gas phase oxygen abundance as a function of stellar
mass for model galaxies at different redshifts, with the observational data sets
overplotted. The simulations show reasonable agreement with the data, especially
at intermediate redshifts (z = 0.75 − 2.5). However, the evolutionary trend is
opposite to that observed. The data show a clear evolution of the MZR at all
masses, being more pronounced for the lower mass systems. Our simulations, on
the other hand, show little to no evolution for galaxies with M? < 1010 M� and
a moderate change in metallicity for the more massive galaxies. The high-mass
end of the MZR evolves at the highest redshifts (an increase of 0.2 dex between
z ∼ 2− 3.5) and stays in place below z = 1.5. The predicted metallicities should
increase by ∼ 0.35 dex at allmasses between z ∼ 2–3.5 to match the observations.
The underprediction at z = 0 might not be so strong. At all but the highest
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Figure 4.1: Gas-phase oxygen abundance vs. stellar mass at various redshifts. The grey
scale shows the conditional probability distribution for satellite galaxies and the red dots, the
central galaxy of each simulated halo. The green lines shows the mean for all the simulated
galaxies (both central and satellites, weighted by the halo mass function; thick lines) and the
1σ dispersion (thin lines). The pink line is the mean at z = 0 shown at all other redshifts
for comparison. Blue symbols show the observational data sets. Ineach panel, these are taken
from Tremonti et al. (2004) for z = 0 (the lines mark the 2.5, 16, 50, 84 and 97.5 percentiles,
respectively); Savaglio et al. (2005, blue) and Zahid et al. (2010, cyan) for z = 0.75; Shapley
et al. (2005, upward triangles) and Liu et al. (2008, downward triangles) for z = 1 and z = 1.5;
Erb et al. (2006, upward triangles) and Shapley et al. (2004, downward triangles) for z = 2 and
z = 2.5; Mannucci et al. (2009, upward triangles) and Maiolino et al. (2008, downward triangles)
for z = 3 and z = 3.5.
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Figure 4.2: Stellar metallicity vs. stellar mass at various redshifts. The grey scale shows
the conditional probability distribution for satellite galaxies and the red dots, the central galaxy
of each simulated halo. The green lines shows the mean for all the simulated galaxies (both
central and satellites, weighted by the halo mass function; thick lines) and the 1σ dispersion
(thin lines). The pink line is the mean at z = 0 shown at all other redshifts for comparison.
The blue lines in the z = 0 panel indicate the 16, 50 and 84 percentiles from Gallazzi et al.
(2005); the blue triangles at z = 0.75 and z = 1 are taken from Schiavon et al. (2006, processed
as described in the text).
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redshifts, the oxygen abundance of the simulated massive galaxies is in overall
agreement with the observations, but for low-mass galaxies it is overpredicted
at very high redshift (z = 3–3.5) and underpredicted locally (z ∼ 0.1). As the
observations go from low metallicity at high redshift to high metallicity at low
redshift, they sweep across the locus of the simulated galaxies giving a remarkable
agreement between the data and the model predictions at intermediate redshifts.

The fact that we overpredict the metallicity of low-mass galaxies at high red-
shift and that the MZR shows no evolution over cosmic time for these mass ranges
is related to a problem already known to SAMs within the ΛCDM paradigm. In
these models low-mass galaxies form too large a fraction of their stars very early
while they are the central galaxy in DM halos with Vc ∼ 200 km/s. More-
over, once the galaxies become satellites, they remain passive up to the present
epoch because of an overquenching of satellite galaxies. This is caused by the
assumption that the hot halo is instantly stripped from satellites as they enter
a larger host halo, thus shutting down any further cooling onto satellite galaxies
(Fontanot et al. 2009). This calls for a revision of the feedback and/or star for-
mation schemes implemented in the models, especially in low-mass systems, since
it appears that either star formation is less efficient or the metals are removed
more efficiently from these galaxies than previously assumed.

As a counterpart to the gas phase metallicity, in Figure 4.2, we show the
stellar mass–stellar metallicity relation at the same output redshifts as before. In
this case, we only have observational constraints locally (i.e. at z ∼ 0 Gallazzi
et al. 2005), since the high S/N spectra required for absorption line diagnostics
to determine the stellar metallicity are not readily available for high redshift
galaxies. There are, however, estimates of stellar metallicities at z ∼ 0.8–1 based
on absorption-line indices measured by Schiavon et al. (2006) on stacked spectra∗.
At redshift zero, unlike for the gas metallicity, the simulated galaxies are in very
good agreement with the data at all mass ranges. In any case, the models are
well within the 16th and 84th percentiles of the observations across the full mass
range. At z ∼ 0.8–1 the agreement with the data is still remarkably good. It is
interesting to note that, in the model, satellite galaxies (especially at high stellar
masses) are more metal-rich than central ones. This is probably related to the
overquenching of satellite galaxies mentined before since, in this scenario, the
metal-poor ICM gas only cools onto the central galaxy. This is effect is seen also
in the gas phase metallicity, and at all redshifts. Regarding the evolution of the
stellar MZR, it follows qualitatively the same trends as the gas-phase MZR: a
clear increase in metallicity for massive galaxies (M? > 1010 M�) with decreasing
redshift, while low-mass galaxies show little evolution over cosmic time.
∗ The absorption-line indices HδF and Fe4383 were converted into single-stellar-population

equivalent stellar metallicities and ages using the procedure described in Trager et al. (2008),
assuming a typical [α/Fe] = +0.2 for the high-mass galaxies observed by Schiavon et al.
(2006).
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4.3.2 Abundance Ratios

We now present our predictions for the evolution of the [α/Fe]-stellar mass re-
lation, both in the gas-phase and the stellar component (by α we mean the
composite abundance of Ne, Mg, Na, Si and S). At the moment we only posses
data for the stellar abundance ratio of local galaxies (Trager et al. 2000a, Paper
I), so we simply present our predictions to be challenged by future observations
(see Appendix B for an alternative approach).

The predicted gas-phase [α/Fe] ratios at various redshifts are shown as a
function of stellar mass in Figure 4.3. At high redshift (z ∼ 3.5) all galaxies lie on
a very flat and extremely tight relation and have approximately the same [α/Fe].
The value is essentially set by the abundance ratio of SN II products, slightly
polluted by prompt type Ia supernovae. As time progresses, more and more
(delayed) SN Ia products are deposited into the ISM, lowering the mean value
of the abundance ratio and significantly increasing the scatter. The differential
inflows and outflows of gas introduce a very mild slope at intermediate redshifts.
It is remarkable, however, that the gas-phase [α/Fe] shows a rather flat behaviour
with stellar mass at all redshifts. One possible explanation for this trend could
be the high level of mixing the gas experiences. In the models, the metals ejected
by the stars are deposited mostly into the ICM and are later accreted by the
galaxies, which themselves experience outflows (either SN-driven, for low-mass
galaxies, or AGN-driven, for high-mass galaxies). In this sense, the cold gas
in galaxies is being constantly recycled through the intracluster medium in our
models. Considering that the abundance ratios in the ICM are fairly constant for
all halo masses (Chapter 3), it seems reasonable that in the ISM the abundance
ratios show little correlation with galactic stellar mass.

Unlike the MZR, which shows the same qualitative evolution in both the gas-
phase and stellar component, the evolution of the [α/Fe]–stellar mass relation
is quite different form that of the gas, as can be seen from Figure 4.4. Even
though at very high redshift the trend is rather flat, the scatter in the stars is
substantially larger and the mean value is higher by 0.1 dex, due to, perhaps, less
pollution by prompt SN Ia. The uniform abundance ratio at high redshift is a
consequence that galaxies of all masses have similar timescales for star formation,
further evidence that low-mass galaxies form too fast at high redshift in SAMs
(including our model). As we move to the present epoch, low- and intermediate-
mass galaxies, with more extended star formation histories and delayed onset of
the star formation, progressively populate themselves with stars enriched by SN
Ia, significantly decreasing their abundance ratios and steepening the slope of
the relation. On the other hand, the more massive galaxies show a much milder
decrease in their abundance ratios, caused by the accretion of smaller systems
and some residual star formation. Note that by z = 0 the agreement with the
observations is remarkable. Unlike the gas-phase [α/Fe], the scatter in the stellar
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Figure 4.3: Gas-phase [α/Fe] vs. stellar mass at various redshifts. The grey scale shows
the conditional probability distribution for satellite galaxies and the red dots represent the
central galaxy of each simulated halo. The green lines shows the mean for all the simulated
galaxies (both central and satellites, weighted by the halo mass function; thick lines) and the
1σ dispersion (thin lines). The pink line is the mean at z = 0 shown at all other redshifts for
comparison.
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Figure 4.4: Stellar [α/Fe] vs. stellar mass at various redshifts. The blue triangles at
z = 0 are data from Trager et al. (2000a), as revised in Chapter 2; all other points and
lines as in Fig. 4.3.
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Dahlen et al. (2008).

component remains almost constant. The picture of low-mass galaxies at low
redshifts having subsolar [α/Fe] due to having more extended star formation
histories is consistent with low-mass galaxies at high redshift forming too fast
because the latter are not the progenitors of the former but rather of higher-
mass, lower-redshift objects. Finally, it is interesting to note that evolution of
the abundance ratio is opposite to that of the stellar metallicity, meaning that
change with redshift in [α/Fe] is stronger for low-mass galaxies while that of [Z/H]
is more prominent for high-mass galaxies.

4.4 Evolution of Supernovae Rates

The evolution of chemical composition of galaxies is dominated by the interplay
of star formation and supernovae. Our model must therefore track supernova
rates as a function of cosmic time in order to properly track the evolution of
galaxy abundances. In recent years, many surveys have probed the evolution
of supernova rates up to fairly high redshifts. These observations provide inde-
pendent constraints on our adopted model for the rate of explosions of SNe Ia.
We tested our model against a compilation of studies: Mannucci et al. (2005,
z ∼ 0.05), Madgwick et al. (2003, z ∼ 0.1), Neill, et al. (2006, z ∼ 0.47), Pain,
et al. (2002, z ∼ 0.55), Barris & Tonry (2006, z ∼ 0.25–0.75), Poznanski et al.



4.5: Discussion 75

(2007, z ∼ 0.75–1.75), Kuznetsova et al. (2008, z ∼ 0.4–1.55) and Dahlen et al.
(2008, z ∼ 0.47–1.61).

In Figure 4.5 we show our results for the SNIa rate density as a function of
redshift. The models agree qualitatively with the observations, showing a rapid
increase in the SN rate up to z ∼ 1.5 and slowly declining beyond z ∼ 2 (although
there is no data to compare with at these high redshifts). Our models however
overpredict the rate by a factor two at z = 0 and a factor 3–4 by z ∼ 2. There
are, nonetheless, several issues that alleviate these discrepances. First of all, we
are only showing the statistical errors from the surveys; systematic errors due
to misclassification of the SN event, uncertainties in the type Ia SN luminosity
function, and k-corrections can be as large as the statistical ones (Dahlen et al.
2008). Furthermore, SNe Ia associated with the prompt population go off in
highly dust obscured regions, especially at high redshift, and a large fraction of
them can go undetected by the observations. Mannucci et al. (2007) computed
that the missing fraction is about 35% at z = 2 and progressively smaller at lower
redshifts (15% at z = 1 and only 2% at z = 0).

The observational uncertainties just mentioned account for some of the differ-
ence between the data and the models but not all of it. The most straightforward
way to modify the model to better match the observations would be to reduce the
fraction of binaries that yield a SN event (parameter A in Chapter 2) since the
SNR depends linearly on it. In fact, some SN Ia models suggest that the white-
dwarf explosion efficiency decreases at high redshift due to the lower metallicities
(Dahlen et al. 2008, and references therein). However, in our models, this param-
eter has a strong lower limit constraint given by the iron abundance in the ICM
and cannot be reduced much below our fiducial value (Chapter 3). Overall, given
that large incertainties in the measured rates, our models are quite consistent
with the observations, in particular regarding the rise and decrease of the SNR
with redshift.

4.5 Discussion

The lack of evolution in the MZR for low-mass galaxies is due to the fact that, in
the SAMs, small galaxies form too large a fraction of their stars at a very early
time (Fontanot et al. 2009), and therefore galaxies are assembled once they are
already evolved. On the other hand, observations show that at z > 3 LBGs are
massive, with high gas fractions, but still metal-poor which suggest that galaxies
at hight redshift are assembled from relatively unevolved small systems, implying
that most of the merging occurs before most of the star formation (Maiolino et al.
2008; Mannucci et al. 2009).

It is clear that the treatment of the feedback processes in the models needs to
be improved, so that metals are removed more efficiently from low-mass galaxies,
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Figure 4.6: Effective yields (A), gas fractions (B), gas mass (C) and mass of
metals in the gas phase (D) as a function of stellar mass at various redshifts (coded
by colour: z ∼ 0, 0.8, 2.2, 3.1 as black, red, green and blue, respectively). The
lines are the average properties from the models. The dots are the observational
estimates from Tremonti et al. (2004, z ∼ 0), Zahid et al. (2010, z ∼ 0.8), Erb
et al. (2006, z ∼ 2.2) and Mannucci et al. (2009, z ∼ 3.1).

or star formation is less efficient. One plausible solution could be the inclusion
of type Ia supernova energetics. In our models, SNIa only contribute to the
chemical enrichment but the SN energy feedback is driven only by type II SN.
The prompt population of the DTD keeps the SNIa rate high at high redshifts
and the composite contribution of both types of SN might produce the necessary
effect. However, the ratio between type II and type Ia supernovae is about 10
at z ∼ 3.5. Since both types are roughly equally energetic, the overall correction
would be small and probably insufficient to blow out enough cold gas to bring
the gas surface density below the star formation threshold – especially if we take
into account that, at high redshift, galaxies are quite compact. Moreover, the
“hot enrichment” scheme implemented in our models already puts the bulk of the
metals produced by the stars directly into the ICM, to be later reaccreted by the
galaxies. It is therefore unlikely that stronger SN feedback would help decrease
the gas-phase metallicities.

The scenario that arises is, then, one where star formation is too efficient at
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high redshift. To probe whether this is indeed the case, it is useful to look at
the effective yields, since they relate to both metallicity and gas fractions. In a
closed box model with instantaneous recycling, the gas-phase metallicity is given
by Z = yT ln(µ−1

gas), where yT is the true yield and µgas = Mgas/(Mgas + Mstar)
is the gas mass fraction. This equation can be turned around and define the
effective yield as yeff = Z/ ln(µ−1

gas), which is valid for any star formation and
outflow/inflow history. Real galaxies do not evolve as closed boxes and their
effective yields are lower than the true yield, given the contributions of feedback
and inflow (Edmunds 1990; Dalcanton 2007).

In Figure 4.6 we show the effective yield, the gas fraction, the gas mass and the
mass of metals in the cold gas as a function stellar mass at various redshifts. For
all four properties, the agreement at the present epoch is remarkable. However,
at higher redshifts, the models are in clear contradiction with the data, especially
at the low mass end. It has been proposed that the positive trend of the effective
yield at z ∼ 0 is a consequence of galactic winds being more promient in low-mass
galaxies (Tremonti et al. 2004). Moreover, metal-enhanced winds (such as those
adopted in our models) will produce low effective yields in galaxies with high
gas fractions (i.e. low stellar masses; Dalcanton 2007). This explains why our
models show low effective yields for low-mass galaxies, even at high redshift, in
stark disagreement with the observations. The negative trend observed at high
redshift could be due to the star formation efficiency decreasing with increaing
stellar mass (Erb et al. 2006; Zahid et al. 2010).

Turning to the gas fractions, we see that model low-mass galaxies are quite
gas-poor when compared with the data (hence the lower yeff) at high redshift.
High-mass galaxies, on the contrary, are too gas rich. This is also reflected in
the gas and metal mass. This suggests that the overprediction of the oxygen
abundance at high redshift is likely to be caused by too-efficient star formation
in low-mass galaxies and inefficient outflows for high-mass galaxies. Finally, it
is interesting to note that, although one would expect the mass of metals to
increase as the metallicity increases (at lower z), the observed metal enrichment
is a consequence of fractional rise in metals with respect to the gas, although both
are depleted (Zahid et al. 2010). In this sense, the models agree qualitatively with
the data.

To summarize, the scenario that stands is one in which the MZR and its
evolution is driven by combination of metal-enhanced outflows coupled to star
formation efficiencies varying with galactic stellar mass, in the sense that the
outflows are more efficient and the star formation less efficient at low stellar
masses. Low mass galaxies in the SAM are known to be overly-efficient at forming
stars at high redshift, leading to an excessive metal abundance.

Our findings are in broad agreement with other studies of the evolution of the
MZR within the framework of hierarchical galaxy formation models that make
use of cosmological hydrodynamical simulations (Kobayashi et al. 2007; de Rossi
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et al. 2007; Brooks et al. 2007; Finlator & Davé 2008). All of these models
succesfully reproduce the the MZR between z = 2 and 0, but none explain the
observed relation at z ∼ 3 satisfactorily, which is commmonly overpredicted.
Amongst these models, de Rossi et al. (2007) show the largest discrepancy with
the observations which is due to the lack of significant SN feedback in their
simulations. When feedback is taken into account, the models perfom better, as
in the case of Kobayashi et al. (2007) and Finlator & Davé (2008) that include
the effects of hypernovae and momentum-driven winds, respectively. For these
authors the MZR is governed by primarily by outflows that are more efficient
at low stellar masses, which remove metal-enriched gas and, furthermore, reduce
the gas densities and, hence, the star formation efficiency. On the other hand,
Brooks et al. (2007) conclude that the low metallicities observed in low mass
galaxies are mainly due to their low star formation efficiencies rather than direct
blowouts. The general conclusion from these studies and ours is that the shape
of the MZR and its evolution result from the combination of galactic winds being
more efficient and star formation being less efficient at low stellar masses.

4.6 Conclusions

We use a cosmological semi-analytic model of galaxy formation within the frame-
work of hierarchical assembly to study the evolution of metals over cosmic time,
especially the evolution of the mass–metallicity (MZR) and mass–[α/Fe] relations,
both in the cold gas and stellar component. The model is able to reproduce abun-
dance ratios and supernova rates of early-type galaxies in the local Universe as
well as the elemental abundance ratios and overall metal content in the ICM
(Chapters 2 and 3) by assuming a slightly flat IMF (x = 1.15), a bimodal Delay-
Time-Distribution for type Ia supernovae and a “hot recycling” mode, in which
80% of the metal-rich material ejected by the stars is deposited directly into the
ICM rather than the ISM. Our main findings can be summarized as follows.

(i) Much like the observations, we find a clear MZR at all epochs, even at
z ∼ 3.5, both in the gas phase and the stellar component. The agreement in the
ISM oxygen abundance for massive galaxies (M? > 1010 M�) is quite good at all
but the highest redshift (z = 3.5). On the other hand, the metallicity of small
galaxies is underpredicted at low redshifts and overpredicted at high redshifts.
At intermediate redshift (z ∼ 2–2.5) the agreement between the simulated MZR
and the observed one is remarkable. Due to the uncertainties in the observed
abundances, the discrepancy between the model and the data in the absolute
value of the metallicity at a given redshift is not a major concern. The real
problem with the models is that they predict the opposite trend in evolution:
our simulations show a moderate change in metallicity for massive galaxies and
no evolution for the low-mass ones, whereas the data shows a clear evolution of
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the MZR at all masses, being more pronounced for the lower mass systems.
(ii) Gas-phase [α/Fe] abundance ratios present a rather flat behaviour with

stellar mass at all redshifts, with the mean value decreasing (and the scatter
increasing) with lower redshift as SN Ia products are deposited into the ISM.
This flat trend in [α/Fe] with mass in the simulations is likely due to the constant
recycling of the ISM through the ICM, which also shows flat abundance ratios as a
function of halo virial mass (Chapter 3). The stellar mass–stellar abundance ratio
relation evolves with an increasing slope as redshift decreases. This is because
low-redshift low-mass galaxies have a longer timescale for star formation than
high-redshift low-mass systems, while high-mass galaxies have roughly the same
timescale at all redshifts (at high-z the relation is rather flat due to galaxies of
all masses having similar star formation histories).

(iii) Our predictions for the redshift evolution of the type Ia supernova rate
are consistent with the observations showing a steep rise from z = 0 to z ∼ 1.5−2
and a slow decline towards higher redshifts. Our modelled rates are, however,
about a factor 2 too high. This discrepancy is alleviated by the fact that a
considerable fraction of SN may be undetected in the surveys, especially at high
redshifts.

Summarizing, we have found the MZR is already in place at high redshift.
This relation arises from a combination of metal-enhanced outflows coupled to
star formation efficiencies varying with galactic stellar mass, with the latter being
perhaps the dominant factor. The evolution of the high-mass end is consistent
with the obeservations, but the low-mass end shows no evolution, confirming
that small galaxies form too early and too fast. Star formation in model galaxies
is too efficient while they are central galaxies in dark matter halos with Vc ∼
200 km s−1 (Fontanot et al. 2009). The problem is aggravated by the assumption
that cool gas infall stops once they become satellites in a larger halo. A better
implementation of the feedback processes would be ideal, yet at the moment it is
not clear which mechanism would provide a solution. Furthermore, the evidence
suggests that stronger feedback in not enough – it is quite likely that the star
formation prescriptions in SAMs need also to be revised in such a way that star
formation becomes less efficient for low-mass galaxies at high redshift.

Appendix 4.A Data sets: sample selection, mass and
metallicity determinations.

The different data sets used in this paper to test the models are drawn from a
variety of surveys. In this appendix we briefly describe the criteria for sample
selection as well as the methods used by the different authors to determine the
stellar mass and gas phase metallicity of the sampled galaxies.
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Tremonti et al. (2004) select a subsample of star-forming galaxies from the
Sloan Digital Sky Survey (SDSS) by imposing a redshift cut of 0.005 < z <
0.25 and that more than 10% of the total galaxy light is observed by the fiber.
Furthermore, they require that the galaxies included in the sample have emission
lines of Hβ, Hα, and [N II] λ6548 detected at greater than 5 σ. They also
impose that the parameters needed for mass determination have small errors;
these criteria are σ(mz) < 0.15 mag, σ(HδA) < 2.5 Å, and σ(Dn(4000)) < 0.1.
To determine the stellar masses they assign stellar M/L ratios to the galaxies by
using a Bayesian analysis to associate the observedDn(4000) andHδA values with
a model drawn from a large library of Monte Carlo realizations of galaxies with
different star formation histories and metallicities and use the z-band magnitude
to characterize the galaxy luminosity. They estimate metallicities statistically,
based on simultaneous fits of all the most prominent emission lines ([O II], Hβ,
[O III], Hα, [N II], [S II]) with a model designed for the interpretation of integrated
galaxy spectra (Charlot &Longhetti 2001).

Savaglio et al. (2005) extract their galaxies from the Gemini Deep Deep Survey
(GDDS) which targeted galaxies with photometric redshifts 0.8 < z < 2 and
K < 20.6 The GDDS sample selection was based on the requirement that the
spectrum of the galaxies (with secure redshift) covers the spectral interval of
the [O II] λ3727, [O III] λλ4959,5007, and Hβ lines. The stellar masses were
determined by SED-fitting of the optical/NIR photometry using the PEGASE.2
stellar population synthesis model. Estimates of the metallicity are provided by
emission-line fluxes of [O II] λ3727, [O III] λλ4959,5007, and Hβ through the
R23 ≡ log[([O II]+[O III])/Hβ] calibrator.

Zahid et al. (2010) make use of the DEEP2 (Deep Extragalactic Evolutionary
Probe 2) survey (Davis et al. 2003). The relatively high-resolution (R > 5000)
spectra cover the nominal spectral range 6500–9100 Å. This spectral range corre-
sponds to a redshift window of 0.75 < z < 0.82 in which they observe the requisite
lines for calculating the emission line ratios used in determining metallicity. In
selecting galaxies from this sample for analysis, they require that the S/N for Hβ
be greater than 3. They estimate galaxy stellar masses by comparing BRI and
Ks photometry with stellar population synthesis models in order to determine
the mass-to-light ratio. The stellar templates of Bruzual & Charlot (2003) and an
IMF described by Chabrier (2003) are used to synthesize magnitudes. They use
the strong line diagnostics of Kobulnicky & Kewley (2004), which uses the R23
and 032 ≡ log([OIII]/[OII]) emission-line ratios, in order to obtain an estimate of
galaxy gas-phase metallicities.

Shapley et al. (2005) and Liu et al. (2008) also draw their sample from the
DEEP2 survey, but in different redshift windows: 0.96 < z < 1.05 and 1.36 <
z < 1.5. Galaxies were selected to span the full range of absolute B luminosities
in the DEEP2 survey, from MB ∼ −20 to −23. All targets have rest-frame
(U−B)0 colors blueward of the minimum in the observed color bimodality in the
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DEEP2 survey, and, in order to maximize the long-slit observing efficiency, they
mostly targeted pairs of galaxies in each redshift window, with separations of up
to 25 arcsec. Stellar masses were infered by SED-fitting of Ks-band photometry
using Bruzual & Charlot (2003) population synthesis models. The metallicity
was determined using two strong-line ratios indicators: N2 ≡ log([N II]/Hα) and
O3N2 ≡ log[([O III]/Hβ)/([N II]/Hα)].

Shapley et al. (2004) and Erb et al. (2006) draw their galaxies from the rest-
frame UV-selected z ∼ 2 spectroscopic sample described by Steidel et al. (2004).
The candidate galaxies were selected by their UnGR colors, with redshifts for
most of the objects in the sample confirmed in the rest-frame UV using the
LRIS-B spectrograph on the Keck I telescope. Criteria for selection included (1)
galaxies near the line-of-sight to a QSO, for studies of correlations between galax-
ies and metal systems seen in absorption in the QSO spectra; (2) morphologies:
elongated in most cases, with a few more compact objects for comparison; (3)
galaxies with red or bright near-IR colors or magnitudes, or occasionally those
whose photometry suggested an unusual spectral energy distribution; (4) galaxies
that have excellent deep rest-frame UV spectra, or are bright in the rest-frame
UV; or (6) members of close pairs with redshifts known to be favorable relative
to night-sky lines. Stellar masses were determined from SED fitting to the ob-
served UnGRJK (0.3 − −2.2µm) photometry using Bruzual & Charlot (2003)
stellar population synthesis. Gas phase metallicities were determined using the
N2 emission line ratio calibrator.

The AMAZE program (Maiolino et al. 2008) target sample consists of Lyman
Break Galaxies (LBGs) at z > 3 drawn from the Steidel et al. (2003) and the
Chandra Deep Field South (CDFS) surveys. For selection, they required that the
redshift was such that the emission lines of interest for the metallicity determina-
tion ([O III], Hα, [O II], [Ne III]) are out of strong sky emission lines and out of
deep atmospheric absorption features. Additionally, they required that the source
has been observed with at least two of the Spitzer-IRAC bands, which at these
redshifts sample the rest-frame near-IR light. Stellar masses were determined by
the broad-band spectral fitting technique. Broad-band photometric data for the
sources in the CDFS were collected from the GOODS-MUSIC multiwavelength
catalog (from UV to the Spitzer-IRAC bands). For the LBGs in Steidel et al.
(2003), optical photometric data were extracted from publicly available images,
while Spitzer IRAC and MIPS data were obtained from the Spitzer archive. To
determine the metallicities they used three independent emission-line diagnostics:
[O III]/Hβ, [O III]/[O II] and (when available) [Ne III]/[O II].

Mannucci et al. (2009) also extract their galaxy sample from the Steidel et al.
(2003) LBG catalogue. However, in this case, the only criteria for selection was
the presence of a bright foreground star needed to drive the adaptive optics mod-
ule and obtain a resolution comparable with the diffraction limit of an 8-m class
telescope, about 0.1 arcsec in the near-IR. Stellar masses were derived by fitting
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Figure 4.B1: [α/Fe] vs. [α/H] and [Zn/Fe] vs. [Zn/H] at two different output
redshifts: z = 2.0 and z = 3.0 (upper and lower panels, respectively). Symbols –
black dots: SAM satellite galaxies, red dots: SAM central galaxies, blue triangles:
QSO-DLAs (Prochaska et al. 2003), blue squares: GBR-DLAs (Prochaska et al.
2007).

the SED of IRAC photometry (rest-frame J band) using the Bruzual & Charlot
(2003) spectrophotometric models of galaxy evolution and smooth exponentially
decreasing SF histories, constraining the age to be smaller than the Hubble time
at the galaxy redshift. Metallicities were estimated by a simultaneous fit of all
available line ratios as in Maiolino et al. (2008).

Appendix 4.B Gas-phase abundance ratios from DLAs

In Section 4.3.2 we mentioned that we do not have data on abundance ratios,
which is true for emission line studies. However it is possible to estimate gas-
phase elemental abundances in Damped Lyman Alpha systems (DLAs). These
absortion systems arise when the ISM intersects the line of sight to a bright object
such as a Gamma-ray burst (GBR-DLA) or a quasar (QSO-DLA) (for a review,
see Wolfe et al. 2005). But even in this case most elements cannot usually be
measured directly and therefore proxies are used, such as Si and S for the α
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group or Zn for Fe, and a combination of those three (Si, S and Zn for the total
metallicity). Bearing this in mind we compare our models with observations from
Prochaska et al. (2003, QSO-DLAs) and Prochaska et al. (2007, GRB-DLAs) and
show it in Figure 4.B1. We use simulations with an output redshift of 2 and 3
since DLAs are observed at a wide range of redshifts with a median of z ∼ 2.5.
We can see that the models are substantially more metal-rich, in terms of [α/H],
but at the same time have much lower abundance ratios. There are, however,
some caveats that make DLA abundances very hard to interpret: they are line-
of-sight-weighted abundances through the far outer parts of galaxies (hence the
low observed metallicities) and do not represent any sort of galaxy “average”
abundances (which is what the models predict), and the abundances themselves
are problematic — Fe severely depleted into in dust (Prochaska et al. 2007),
a reason why Zn is used as a tracer of Fe, but that too is probably at least
partly locked up in dust. So [alpha/Fe] vs [Fe/H] is difficult to compare to our
models. Furthermore, simulations suggest that lines-of-sight pass thourgh more
than one disc (Maller et al. 2001), making the comparison with the individual
model galaxies even more complicated.





Chapter 5
Summary and future prospects.

The chemical properties and abundance ratios of galaxies provide important
information about their formation histories. Galactic chemical evolution has

been modelled in detail within the monolithic collapse scenario. These models
have successfully described the abundance distributions in our Galaxy and other
spiral discs, as well as the trends of metallicity and abundance ratios observed in
early-type galaxies. In the last three decades, however, the paradigm of hierar-
chical assembly in a Cold Dark Matter (CDM) cosmology has revised the picture
of how structure in the Universe forms and evolves. In this scenario, galaxies
form when gas radiatively cools and condenses inside dark matter haloes, which
themselves follow dissipationless gravitational collapse. The CDM picture has
been successful at predicting many observed properties of galaxies (for example,
the luminosity and stellar mass function of galaxies, color-magnitude or star for-
mation rate vs. stellar mass distributions, relative numbers of early and late-type
galaxies, gas fractions and size distributions of spiral galaxies, and the global star
formation history), though many potential problems and open questions remain.
It is therefore interesting to see whether chemical evolution models, when imple-
mented within this modern cosmological context, are able to correctly predict the
observed chemical properties of galaxies.

With the advent of more powerfull telescopes and detectors, precise obser-
vations of chemical abundances and abundance ratios in various phases (stellar,
ISM, ICM) offer the opportunity to obtain strong constraints on galaxy formation
histories and the physics that shapes them. However, in order to take advantage
of these observations, it is necessary to implement detailed modeling of chemi-
cal evolution into a modern cosmological model of hierarchical assembly. In this
work we use the semi-analytical approach to incorporate detailed chemical evo-
lution into a ΛCDM galaxy formation model, taking into account enrichment by
SNe Ia, SNe II and long-lived stars, and abandoning the instantaneous recycling
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approximation by considering the finite lifetimes of stars of all masses. The delay
in the metal enrichment by SNe Ia is calculated self-consistently according to the
Delay-Time-Distribution (DTD) formalism. The base model includes gas inflows
due to radiative cooling of gas and outflows due to supernova and AGN-driven
winds, as well as triggered star formation and morphological transformation of
galaxies via mergers, hierarchical clustering of dark matter halos, the growth of
supermassive black holes, the evolution of stellar populations, and the effects of
dust obscuration.

5.1 Results of this thesis

5.1.1 Local Early-type galaxies

As a first test of our SAM+GCE, in Chapter 2, we compare our results with the
observed trends of metallicity and abundance ratio ([α/Fe]) against stellar mass
of local early-type galaxies, as well as the supernova rate (both type Ia and II)
as a function of specific star formation rate, allowing the slope of the IMF and
the fraction of binaries that produce a SN Ia event to vary from simulation to
simulation. Only the models with a shallow IMF (x = 1.15) and a low fraction
of SN Ia from binaries (A ∼ 0.03) match all four observations of early-type
galaxies simultaneously. A slightly flatter than standard IMF is necessary in
order to produce more massive stars, which enrich the interstellar medium more
efficiently, making the galaxies in our simulations become more metal rich and
improving the agreement with the data. The production of more massive stars,
along with the fact that the star formation histories are more extended in time as
the galaxy mass decreases, helps to achieve the correct trend of increasing [α/Fe]
with increasing galaxy stellar mass. However, it is also necessary to invoke a low
fraction of SNe Ia to raise the zero-point of this relation.

From studying the SNe Ia rates, we find evidence supporting a “two-population”
distribution for the type Ia explosions. When using a “classical” DTD based on
the convolution of the distribution of secondary masses (in binary systems) and
the lifetime of the secondary star, galaxies with high specific star formation rates
are better matched by models with a high fraction of binaries that explode as SN
Ia (A) while those with low SSFR require a low value of A. We tested whether
the use of a more phenomelogically inspired delay-time distribution of type Ia
supernovae would, in fact, improve the results. After implementing a bimodal
distribution with a prompt peak and an extended plateau, we found very good
agreement with the SN rates, while still matching the trends of [Z/H] and [α/Fe]
with stellar mass. In this DTD, about half of all SN Ia explosions associated to
a single burst of star formation occur within the first 100 Myr.
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5.1.2 The Intracluster Medium

Following the success of our model in reproducing the abundance ratios of early-
type galaxies in the local Universe, in Chapter 3 we investigated the metal en-
richment of the intracluster medium. Our most important finding is the need
for some form of metal enriched outflows from galaxies because the ICM iron
abundance is too low otherwise. Adopting “hot enrichment”, in which 80% of
the metal-rich material ejected by the stars is deposited directly into the ICM
rather than the ISM, seems to be a reasonable solution. We also need slightly
more type Ia supernovae, both for the iron in the ICM and the [α/Fe] in the
galaxies. Although the fit to SNR vs. SSFR is not as good as in Chapter 2, it is
still consistent with the observations.

Regarding the elemental abundance ratios in the ICM, the models predict
flat behaviour with cluster temperature, in agreement with the observations. For
some elements (O, Si, Ca, Ni) the zero-point is reproduced remarkably well, while
others agree only marginally (Ar, S), or are significantly underpredicted (Ne, Mg).
This occurs irrespective of whether “hot enrichment” is assumed or not. The
[Mg/Fe] can be fixed by increasing the Mg yield in SN II (as is commonly done
with the WW95 yields). The discrepancy in the other elements may arise from
uncertainties in the yields and/or the correction for radial gradients (we assume
that elements that have a gradient share the same one as Fe, which might not be
strictly correct, although they cannot be too different).

Overall the model simultaneously produces acceptable predictions for the
chemical properties of galaxies in the local Universe and the ICM in nearby
clusters. It is, to our knowledge, the first time this has been achieved with semi-
analytic models.

5.1.3 The evolution of metals in galaxies with redshift.

In Chapters 2 and 3, we assessed our model against observations in of galaxies in
the local Universe and nearby clusters, and passed these tests with a moderate
degree of success. But in order to set the ultimate benchmark, the model should
also make acceptable predictions for the high redshift universe. For this reason,
in Chapter 4, we study the evolution of metals over cosmic time, especially the
evolution of the mass–metallicity (MZR) and mass–[α/Fe] relations, both in the
cold gas and stellar component. Our main findings can be summarized as follows.

(i) Much like the observations, we find a clear MZR at all epochs, even at
z ∼ 3.5, both in the gas phase and the stellar component. The agreement in
the ISM oxygen abundance for massive galaxies (M? > 1010M�) is quite good at
all but the highest redshift. On the other hand, the metallicity of small galaxies
is underpredicted at low redshift and overpredicted at high redshift. At inter-
mediate redshift (z ∼ 2–2.5) the agreement between the simulated MZR and
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the observed one is remarkable. Due to the uncertainties in the observed abun-
dances, the discrepancy between the model and the data in the absolute value of
the metallicity at a given redshift is not a major concern. The real problem with
the models is that they predict the opposite trend in evolution: our simulations
show a moderate change in metallicity for massive galaxies and no evolution for
the low-mass ones, whereas the data shows a clear evolution of the MZR at all
masses, being more pronounced for the lower mass systems.

(ii) Gas-phase [α/Fe] abundance ratios present a rather flat behaviour with
stellar mass at all redshifts, with the mean value decreasing (and the scatter
increasing) with lower redshift as SN Ia products are deposited into the ISM. This
flat trend in [α/Fe] could be due to the constant recycling of the ISM through
the ICM, which also shows flat abundance ratios as a function of halo virial mass.
The stellar mass–stellar abundance ratio relation evolves with an increasing slope
as redshift decreases. This is because low-redshift low-mass galaxies have a longer
timescale for star formation than high-redshift low-mass systems, while high-mass
galaxies have roughly the same timescale at all redshifts (at high-z the relation is
rather flat due to galaxies of all masses having similar star formation histories).

(iii) We have also computed the evolution of the type Ia supernova rate. Our
predictions are consistent with the observations showing a steep rise from z = 0
to z ∼ 1.5 − 2 and a slow decline towards higher redshifts. Our modelled rates
are, however, about a factor of two too high. This discrepancy is alleviated by
the fact that a considerable fraction of SN may be undetected in the surveys,
especially at high redshift.

The lack of evolution in the MZR for low-mass galaxies is due to the fact
that, in the SAMs, small galaxies form too large a fraction of their stars at a very
early time, and therefore galaxies are assembled once they are already evolved.
On the other hand, observations show that at z > 3 LBGs are massive, with high
gas fractions, but still metal-poor which suggest that galaxies at hight redshift
are assembled from relatively unevolved small systems, impling that most of the
merging occurs before most of the star formation.

It is clear that the treatment of the feedback processes in the models needs to
be improved, so that metals are removed more efficiently from low-mass galaxies,
or star formation is less efficient. One plausible solution could be the inclusion
of type Ia supernova energetics. In our models, SNIa only contribute to the
chemical enrichment but the SN energy feedback is driven only by type II SN.
The prompt population of the DTD keeps the SNIa rate high at high redshifts
and the composite contribution of both types of SN might produce the necessary
effect. However, the ratio between type II and type Ia supernovae is about 10
at z ∼ 3.5. Since both types are roughly equally energetic, the overall correction
would be small and probably insufficient to blow out enough cold gas to bring
the gas surface density below the star formation threshold – especially if we take
into account that, at high redshift, galaxies are quite compact. Moreover, the
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Figure 5.1: Line-strength indexes of simulated early-type galaxies from 25 re-
alizations of a Coma-cluster-sized halo.

“hot enrichment” scheme implemented in our models already puts the bulk of
the metals produced by the stars directly into the ICM, to be later reaccreted
by the galaxies. It is therefore unlikely that stronger SN feedback would help
decrease the gas-phase metallicities. The scenario that arises is, then, one where
star formation is too efficient at high redshift.

In short, we have found the MZR is already in place at high redshift. This
relation arises from a combination of metal-enhanced outflows coupled to star
formation efficiencies varying with galactic stellar mass, with the latter being
perhaps the dominant factor. The evolution of the high-mass end is consistent
with the obeservations, but the low-mass end shows no evolution, confirming that
small galaxies form too early and too fast in the models. Star formation in model
galaxies is too efficient while they are central galaxies in dark matter halos with
Vc ∼ 200 km s−1. The problem is aggravated by the assumption that cool gas
infall stops once they become satellites in a larger halo. A better implementa-
tion of the feedback processes would be ideal, yet at the moment it is not clear
which mechanism would provide a solution. Furthermore, the evidence suggests
that stronger feedback in not enough – it is quite likely that the star formation
prescriptions in SAMs need also to be revised in such a way that star formation
becomes less efficient for low-mass galaxies at high redshift.

5.2 Future Prospects

Throughout this thesis, we have used a wide variety of observations to test our
model. The comparison, however, should be taken with caution. The observed
abundances are light-weighted quantities since they are derived from absortion-
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Figure 5.2: Observed (black) and mock (red) line strengths of the TFD08
sample. Mock galaxies are randmoly selected from all the galaxies in all the halo
realizations in order to match the observed Velocity Distribution Function in the
Coma cluster.

line indexes (early-type galaxies), X-ray spectroscopy (ICM) or strong emission-
line diagnostics (cold gas-phase). On the other hand, the output of the models
are mass-weighted abundances. However, it is reassuring that, at least for stellar
componenet of early-type galaxies, the SSP-equivalent (absorption-line-weighted)
metallicity correlates very well with its mass-weighted and light-weighted coun-
terparts (Trager & Somerville 2009). Nevertheless, ideally, one would like to
calculate metallicity and abundance ratios in the models in the same way as it
is done in the observations. Thanks to the latest generation of stellar popula-
tion models, which are sensitive to age, metallicity and abundance ratios (Trager,
Faber & Dressler 2008, TDF08), combined with the star formation and abundance
histories produced by the SAMs, it is possible to generate synthetic spectra for
the model galaxies and compute line strength indexes to be compared with ob-
servations directly. The preliminary results on this are encouraging as we can
see from Figures 5.1 and 5.2, where we show the results for simulated galaxies
in Coma-sized halos and an observational sample of galaxies in the Coma cluster
presented in TDF08.

These new stellar population models, coupled to the ongoing refinement of
the prescriptions in the SAMs and the ever-increasing quality of the observations,
will lead us to a better understanding of how galaxies form and evolve.
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“

We We are made of stardust”, zong Joni Mitchell op Woodstock. Deze zin
is misschien wel cliché maar is letterlijk waar. Het koolstof waar elke

levende cel van gemaakt is, het ijzer in ons bloed, het calcium in onze botten, de
zuurstof die we ademen, het silicium in de grond waarop we staan; geen van deze
elementen bestond toen het Heelal zo’n 13,7 miljard jaar geleden ontstond met
een cataclysmische explosie die we de Oerknal noemen. De eerste deeltjes die
enkele seconden na de explosie werden gemaakt, waren slechts van het lichtste
soort: waterstof, helium en sporen van lithium. Alle andere elementen die we
kennen, zijn gemaakt in het centrum van sterren door nucleosynthese: een proces
waarbij de kernen van lichte atomen samensmelten tot zwaardere elementen. Deze
elementen komen vrij wanneer een ster aan het einde van zijn leven explodeert
en worden vervolgens opgenomen in een nieuwe generatie van sterren – en in de
planeten die om deze sterren vormen, en in de levensvormen die op deze planeten
ontstaan.

Bij het proces waarmee de elementen gemaakt worden, komt ook de energie
vrij die sterren doet stralen. De atmosfeer van een ster laat een vingerafdruk
achter in het sterlicht dat we ontvangen in de vorm van donkere lijnen in het
spectrum. Elk element in de atmosfeer van de ster kan geïdentificeerd worden
door de op zeer specifieke golflengtes veroorzaakte lijnen. De sterkte van deze
lijnen hangt af de abundantie van het element (samen met andere factoren zoals
de dichtheid en temperatuur). Hierdoor is het mogelijk om de chemische samen-
stelling van een ster te bepalen, of van een verzameling sterren, als het licht van
alle sterren in een melkwegstelsel tegelijk bekeken wordt.

Sterren van verschillende massa’s produceren verschillende elementen, in ver-
schillende verhoudingen en op verschillende tijdschalen. De zwaarste sterren (met
tien keer zoveel massa als Zon) hebben de kortste levensduur en produceren het
grootste gedeelte van de metalen, in het bijzonder α-elementen, zoals zuurstof,
neon, magnesium, silicium en zwavel. Deze sterren eindigen hun leven als zoge-
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noemde type II supernovae. Sterren met een lage massa produceren vooral helium,
koolstof en stikstof, wat wordt vrijgegeven via sterrenwinden die ontstaan als de
ster aan het einde van zijn leven een planetaire nevel vormt. Dit gebeurt op een
veel grotere tijdschaal. Veel sterren worden gevormd in paren en een klein deel
van deze dubbelsterren veroorzaakt zogenoemde type Ia supernovae, waarbij een
rijkelijke hoeveelheid aan ijzer en elementen van soortgelijke massa geproduceerd
wordt op een tussenliggende tijdschaal. Door deze verschillende tijdschalen geven
de abundantieverhoudingen en de totale metalliciteit van melkwegstelsels waarde-
volle informatie over hun vormingsgeschiedenis.

Volgens de meest gangbare theorie worden melkwegstelsels hiërarchisch gevormd
in een door koude donkere materie gedomineerd heelal. In dit scenario worden
melkwegstelsels gevormd uit stralingsgekoeld gas dat condenseert in halo’s van
donkere materie, die op hun beurt dissipatieloos ineenstorten door zwaartekracht.
De melkwegstelsels blijven vervolgens groeien door opname van het ijle intergalac-
tische gas en door samensmelting met andere sterrenstelsels. Binnen dit kader kan
de evolutie van de baryonische massa van melkwegstelsels semi-analytisch gemod-
elleerd worden. Hierbij worden de leidende processen in de vorming van melkweg-
stelsels, zoals koeling van gas, stervorming, terugkoppeling door supernovae en
actieve melkwegstelselkernen, beschreven aan de hand van zowel observationele
als theoretische voorschriften. De nieuwste generatie van semi-analytische mod-
ellen (SAMs) zijn succesvol geweest in het voorspellen van veel eigenschappen van
dichtbijgelegen stelsels, zoals hun indeling in lichtsterkte, de dichotomie in kleur,
de morfologie van het kleur-magnitudediagram of de stervormingsgeschiedenis.
Onafhankelijk van de kosmologische context kan de chemische samenstelling van
het interstellaire medium (ISM) beschreven worden door vergelijkingen waarmee
twee processen gebalanceerd worden: (1) het uitputten van chemische elementen
in het ISM: stervorming en galactische winden; en (2) het aanvullen van het
ISM: sterrenwinden, supernovae (SNe) en invallend gas. Van deze laatsten is de
terugkoppeling door sterwinden en SNe mogelijk het belangrijkst, omdat hiermee
het medium verrijkt wordt met nieuwe metalen.

Ten tijde van het begin van ons onderzoek, hadden de meeste SAMs slechts
simpele implementaties van de chemische evolutie, in het bijzonder van de stel-
laire winden en supernovae. Dergelijke modellen beschreven slechts de totale
metalliciteit, niet de abundanties van individuele elementen. Verder gebruikte
men veelal de aanname dat gesynthetiseerde elementen ogenblikkelijk hergebruikt
worden, wat inhoudt dat (a) zware sterren exploderen als SN II zodra ze gevormd
zijn, (b) lichte sterren oneindig lang leven en (c) SN Ia niet voor komen. Daarom
hebben we besloten uit te zoeken of het mogelijk is om de waargenomen chemis-
che eigenschappen van melkwegstelsels te voorspellen met gedetailleerdere mod-
ellen van de chemische evolutie, waarin ook de bijdragen van SNe Ia worden
meegenomen en sterren van alle massa’s een eindige leeftijd hebben.

Zoals eerder genoemd, produceren sterren van verschillende massa elementen
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in verschillende verhoudingen en op verschillende tijdschalen. Daarom is het be-
langrijk om te weten hoe de massaverdeling van nieuwe sterren is tijdens een ster-
vormingsperiode. Deze informatie wordt gegeven door de Initiële Massa Functie
(IMF) en dit was een van de eerste parameters die we gekalibreerd hebben in de
modellen. Uit waarnemingen blijkt dat de metalliciteit en de abundantieverhoud-
ing ([α/Fe]) van nabije vroeg-type stelsels toeneemt met de totale massa in sterren
en dat het aantal supernovae explosies (zowel type Ia en II) toeneemt als functie
van de hoeveelheid stervorming per massa. In hoofdstuk 2 vergelijken we de re-
sultaten van onze modellen met deze waargenomen trends, waarbij we de helling
van de IMF en de kans dat een dubbelster eindigt in een SN Ia, laten variëren
per simulatie. De resultaten van de modellen komen alleen overeen met alle vier
de waargenomen eigenschappen van vroeg-type melkwegstelsels als een vlakkere
IMF en een lagere kans op een SN Ia uit een dubbelsterren wordt aangenomen dan
over het algemeen gedaan wordt voor de omgeving de zon. Door een iets vlakkere
IMF dan normaal aan te nemen, ontstaan er meer massieve sterren die het in-
terstellaire medium effectiever verrijken. Hierdoor worden de melkwegstelsels in
onze simulaties metaalrijker en verbetert de overeenkomst met de data. Samen
met het feit dat de stervormingsperiodes langer duren voor melkwegstelsels met
een lage massa, helpt het vormen van meer zware sterren met het verkrijgen van
een hogere [α/Fe] voor melkwegstelsels met een hogere massa. Om het nulpunt
van deze relatie op de goede hoogte te krijgen, is het nodig om een lage fractie
van SNe Ia in te voeren.

Als tegenhanger onderzoeken we in hoofdstuk 3 de metaalverrijking van het
intracluster medium (ICM). Dit is belangrijk omdat het grootste deel van de bary-
onen in het Heelal niet in sterren zit, maar in het hete en diffuse gas in clusters
van melkwegstelsels. Onze belangrijkste bevinding is dat er een uitstroom van
metaalrijk gas uit melkwegstelsels nodig is, omdat het ijzergehalte van het ICM
anders te laag is. Het lijkt redelijk om aan te nemen dat 80% van het metaal-
rijke materiaal dat door de sterren wordt uitgestoten, rechtstreeks aan het ICM
afgegeven wordt in plaats van aan het ISM. Voor zover wij weten is dit de eerste
keer dat met behulp van semi-analytische modellen een acceptabele voorspelling
te maken is van de chemische eigenschappen van tegelijk melkwegstelsels in het
nabije heelal en het ICM in dichtstbijzijnde clusters.

Het ultieme criterium is of het model ook aannemelijke voorspellingen doet
voor het verre deel van het Heelal. Om dit te testen, bestuderen we in hoofdstuk
4 de evolutie van metalen op een kosmische tijdschaal, in het bijzonder de evolutie
van de massa-metalliciteitsrelatie (MZR) en massa-[α/Fe] relatie, in zowel koud
gas als in sterren. Net als in de observaties vinden we een duidelijke MZR in
alle tijdperken. De modellen doen echter een tegenovergestelde voorspelling over
deze evolutie: in onze simulaties zien we een lichte verandering in de metalliciteit
van zware melkwegstelsels en geen evolutie voor stelsels met een lage massa,
terwijl uit de data blijkt dat de evolutie over het gehele massabereik voorkomt
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en juist meer uitgesproken is voor de lagere massa’s. Dat er in onze modellen
zo weinig evolutie is in de MZR voor lichte melkwegstelsels, is te wijten aan
het feit dat, in SAMs, in kleine stelsels een te groot deel van de sterren al heel
vroeg gevormd word, waardoor melkwegstelsels pas samengesteld worden als de
meeste evolutie al heeft plaatsgevonden. Dit is in tegenstelling met waarnemingen
waaruit blijkt dat op hoge roodverschuiving (z > 3), de helderste stelsels al erg
massief zijn, terwijl ze nog veel metaalarm gas bevatten. Dit suggereert dat
deze ver weg gelegen stelsels samengesteld zijn uit relatief ongeëvolueerde kleine
stellaire systemen, wat impliceert dat deze samensmeltingen voornamelijk moeten
hebben plaatsgevonden voordat de stervorming goed op gang kwam.

Samengevat hebben we ontdekt dat de MZR al bestaat op hoge roodverschuiv-
ing. Deze relatie komt voort uit een combinatie van een uitstroom van metaalrijk
gas en stervorming die afhankelijk is van de totale stermassa in het melkwegstelsel,
waarbij de laatstgenoemde wellicht de overheersende factor is. De evolutie van
massieve stelsels is consistent met waarnemingen, maar de stelsels met lage massa
vertonen in het geheel geen evolutie, wat bevestigt dat kleine melkwegstelsels te
vroeg en te snel gevormd worden in de modellen. Dit probleem wordt nog ver-
ergerd door de aanname dat het invallen van koud gas staakt zodra de stelsels
satellieten worden binnen een grotere halo. Het zou ideaal zijn om een een betere
implementatie van de terugkoppelingsprocessen te hebben. Op het moment is het
helaas nog niet duidelijk welk mechanisme een oplossing kan bieden. Bovendien
duiden de resultaten er op dat een sterkere terugkoppeling waarschijnlijk niet
genoeg zal zijn. Het is zeer waarschijnlijk dat ook de stervormingsvoorschriften
in SAMs herzien moeten worden op een zodanige wijze dat stervorming minder
efficiënt is voor melkwegstelsels op hoge roodverschuiving met lage massa.
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