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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.




