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Chapter 1

Introduction

Following the discovery that galaxies are extragalactic systems distinct from the Milky
Way, fundamental questions arose within the astronomical community. These questions
concerned the origin of their diverse morphologies, sizes, and spectral properties. Un-
derstanding the mechanisms that regulate galaxy formation and evolution is necessary to
explaining the wide variety observed across the galaxy population. However, developing
a comprehensive theory of galaxies evolution remains a major challenge. This is because
it requires a detailed understanding of numerous complex and often correlated physical
processes. Many of these mechanisms yield similar observational signatures, and their ef-
fects vary signi�cantly with cosmic time, galactic mass, and local gravitational conditions.
However, in the last two decades, large and deep spectroscopic and photometric surveys
brought major improvements in our understanding of galaxy formation.

1.1 The growth of structures in a Hierarchical Universe

Galaxies do not evolve in isolation within an empty Universe. In fact, their formation
and evolution are closely linked to cosmology, which describes the geometry, content,
and dynamical history of the Universe. One of the most compelling evidence supporting
the current cosmological paradigm came with the serendipitous discovery of the cosmic
microwave background (CMB) radiation in 1964 (Penzias & Wilson 1965; Dicke et al.
1965). The CMB is the relic radiation from a hot and dense primordial state, con�rming
that the Universe began with a Big Bang and has been expanding and cooling ever since.
Initial measurements of the CMB revealed a smooth temperature �eld, which composed
a remarkably uniform map. This reinforced the view that the Universe is homogeneous
and isotropic on large scales. However, the formation of cosmic structures requires small
primordial perturbations. These were �rst detected in 1992 by the COBE satellite as
temperature anisotropies of� T=T � 10� 5 (Smoot et al. 1992). These minute �uctuations,
nearly Gaussian in nature, served as the seeds for gravitational collapse, eventually giving
rise to the large-scale structures we observe today.

Over the past decades, these and other observations, including galaxy distributions,
cluster masses, and a more re�ned picture of the geometry of the Universe obtained through
observations of standard candles and rulers, have led to the introduction of the dark
matter paradigm (Peebles & Dicke 1968; Peebles & Yu 1970; Peebles 1974; Toomre 1977;
White & Rees 1978; Peebles 1980). Subsequent studies provided the formulation of� CDM
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Chapter 1. Introduction 6

model in the 1990s, the current standard model of cosmology that provides the foundation
for the hierarchical structure formation scenario. This framework assumes a Universe
composed of approximately4% of baryonic matter, 26% of cold dark matter, and 70%
of dark energy, the latter driving the accelerated expansion of the Universe. In this
picture, small-scale �uctuations in the matter density �eld at the time of recombination
(z � 1100) grew via gravitational instability into progressively larger structures. Smaller
dark matter haloes formed �rst and merged across the cosmic time to build up the cosmic
web. Figure 1.1 shows a schematic representation of the merger history of a dark matter
halo in a cosmological simulation, represented as a tree of subsequent mergers.

However, the luminous structures we observe, i.e. galaxies, form only once the bary-
onic matter falls into these dark matter haloes, cools, and condenses to form stars. The
processes governing the transformation of gas into stars are highly non-linear and sensitive
to a range of physical mechanisms, including radiative cooling, star formation, feedback
from supernovae and AGN, and environmental e�ects. While dark matter dictates the
gravitational structure of the Universe, the baryonic physics determines the observable
diversity of galaxies. We must therefore move from the cosmological model and its pre-
dictions to the observational diagnostics that empirically trace how galaxies form, evolve,
and interact with their environment.

1.2 Observational evidences

1.2.1 Morphological classi�cation

Edwin Hubble was the �rst to systematically classify galaxies based on their visual mor-
phology, once it was established that these objects lay beyond the Milky Way. His in�u-
ential scheme, known as Hubble tuning fork diagram, remains one of the most widely used
classi�cation tools in extragalactic astronomy (Hubble 1936). As shown in Figure 1.2, it
organises galaxies into four broad morphological classes:

ˆ Elliptical galaxies (E) . These exhibit smooth, featureless light distributions and
elliptical isophotes. They are denoted E0 to E7, where the number re�ects the
ellipticity;

ˆ Spiral galaxies (S and SB) . They are characterised by thin disks with spiral
arms, they are subdivided into normal spirals (S) and barred spirals (SB) based on
the presence of a central bar;

ˆ Lenticular galaxies (S0) . They are positioned morphologically between ellipticals
and spirals, and have smooth light distribution without spiral arms but with a disk
and bulge structure;

ˆ Irregular galaxies (Irr) . These systems lack clear symmetry, often appearing
patchy or distorted. They do not exhibit a dominant bulge or disk.

Subsequent re�nements of Hubble's scheme, most notably by de Vaucouleurs (1959), intro-
duced intermediate types, extended the spiral sequence toward irregulars, and introduced
numerical T-types to quantify morphology. These extensions were motivated by the dis-
covery of a broader diversity in galactic structures and helped bridge gaps in the original
classi�cation.

While Hubble's sequence is morphological in nature, it correlates with several physical
properties of galaxies. Many observable characteristics, such as colour, gas content, star
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Figure 1.1: Schematic representation of the merger tree describing the hierarchical assem-
bly of a dark matter halo from high to low redshift ( z4 to z0, top to bottom). The size
of each circle re�ects the mass of the corresponding halo. The main progenitor evolves
through successive mergers, accreting smaller haloes, such as A, B, C, and D, which sur-
vive as subhaloes atz0. Some haloes, likea, are completely disrupted before the �nal
timestep, while others (b and c) become substructures of larger satellites. Figure from
Giocoli et al. (2010).
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Figure 1.2: Hubble tuning fork diagram of galaxies classi�cation. Elliptical and lenticular
galaxies are shown on the left, while spiral galaxies appear on the right. Irregular galaxies
are located in a separate region. Figure from https://science.nasa.gov.

formation activity, and stellar population age and metallicity, vary systematically along
the sequence. For instance, elliptical and lenticular galaxies, typically red, gas-poor, and
quiescent, are referred to as early-type galaxies (ETGs). In contrast, spiral and irregular
galaxies, which are generally blue, gas-rich, and actively forming stars, are grouped as late-
type galaxies (LTGs). Morphological classi�cation is widely used as a practical framework
for investigating galaxy evolution, environmental e�ects, and scaling relations. Although
morphology alone cannot capture the full complexity of the history of a galaxy, it remains
a useful tool in both observational and theoretical studies (e.g. van der Wel 2008; Skibba
et al. 2009; Bamford et al. 2009; Pandey & Sarkar 2017; Costantin et al. 2025).

1.2.2 Galaxy bimodality and the role of stellar mass

Besides morphological type, another strong feature that has emerged from large-scale
galaxy surveys is the bimodal distribution of galaxy properties. These properties are
sensitive probes of the stellar populations, star formation histories, chemical composition,
and dust content of galaxies.

Massive stars, which account for most of the emitted light in actively star-forming
galaxies, emit most of their light in the blue/UV wavelengths but have short lifespans. In
contrast, older and long lived stellar populations, that consist of lower-mass stars, emit
predominantly in the red/infrared spectral region. As a result, the galaxy colour, de�ned
as the di�erence in magnitude between two photometric bands, is a �rst-order indicator
of the average age of the stellar population, and thus of the recent star formation rate of
the galaxy. Large-scale surveys such as the Sloan Digital Sky Survey (SDSS, York et al.
2000) have demonstrated that galaxy colours exhibit a bimodal distribution, typically
seen in colour-magnitude and colour-mass diagrams. Figure 1.3 shows the dust corrected
u � r colour as a function of the stellar mass for a large sample of galaxies in the local
Universe from Schawinski et al. (2014). The existence of two distinct galaxy populations is
evident (see also Strateva et al. 2001; Baldry et al. 2004). Indeed, these diagrams show two
dominant populations: the 'red sequence', composed mostly of quiescent galaxies with old
stellar populations and little to no star formation; and the 'blue cloud', occupied by actively
star-forming galaxies. Moreover, there is a clear segregation in stellar mass. The red
sequence is primarily populated by massive galaxies, while the blue cloud extends toward
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the low-mass regime. An intermediate, less populated region, the so-called 'green valley',
is thought to represent galaxies transitioning from star-forming to quiescent, in a process
referred to as quenching. Therefore there is a general correlation between morphology and
colour, where ETGs tend to populate the red sequence, while LTGs dominate the blue
cloud.

However, the interpretation of galaxy colours must account for degeneracies. In-
deed, a red colour similar to that characterising old stellar populations can also result
from a younger but metal-rich population. In addition, dust extinction preferentially ab-
sorbs blue light, making dusty star-forming galaxies appear redder as well. To break the
age-metallicity-dust degeneracy, various colour-colour diagrams have been proposed (e.g.
Labbé et al. 2005; Shapley et al. 2005; Wuyts et al. 2007). Among them, one of the most
used is based on rest-frameU � V and V � J colours (UVJ diagram, Williams et al. 2009;
Whitaker et al. 2012) Figure 1.4 shows the UVJ diagram of a sample of observed galax-
ies in �ve redshift bins from Muzzin et al. (2013a), based on aKs -selected catalogue of
the COSMOS/UltraVISTA (Muzzin et al. 2013b). In the UVJ plane, quiescent galaxies
occupy a distinct region from star-forming galaxies, with the latter forming a diagonal
sequence. At �xed U � V colour, dust-free quiescent galaxies are signi�cantly bluer in
V � J than dusty star-forming galaxies, allowing a clear empirical separation.

As shown in the Figure 1.4, the colour bimodality of the galaxy population is not con-
�ned to the local Universe. Observations from deep photometric surveys (e.g., COMBO-17,
COSMOS, CANDELS) have con�rmed the presence of distinct red and blue populations
out to at least z � 2 � 3 (e.g. Bell et al. 2004; Weiner et al. 2005; Brammer et al. 2009).
With the advent of JWST, it has been discovered that the bimodality extends up to z � 6,
highlighting the need to use new colour-colour diagrams to improve the accuracy of disen-
tangle star-forming and quiescent galaxies (Antwi-Danso et al. 2023; Alberts et al. 2024).
From the latter observational evidences, it is clear that quenching mechanisms capable of
halting star formation in massive galaxies were already in place when the Universe was
only a few billion years old. The emergence of a well-de�ned red sequence at early times
suggests that at least a subset of galaxies experienced rapid star formation followed by
e�cient feedback, transitioning to a passive state early in the cosmic history (e.g. Forrest
et al. 2020; Carnall et al. 2024; Kimmig et al. 2025).

A deeper understanding of galaxy bimodality arises when considering stellar mass.
Observational evidence indicates a characteristic stellar mass scaleM crit � 3 � 1010M �

above which galaxy are predominantly red, bulge-dominated, gas-poor, and hosted in
massive dark matter haloes (M halo � 1012M � ). Below this mass, galaxies are generally
blue, disk-dominated, gas-rich, and star forming (e.g. Kau�mann et al. 2003; Baldry et al.
2004; Kannappan 2004). This mass threshold also corresponds to a 'knee' in many scaling
relations, such as colour-mass, size-mass, and star formation rate-mass, where the slope of
the relation changes and galaxies begin to form a more homogeneous population. The ex-
istence of such a threshold suggests a mass-dependent regulation of star formation, driven
by di�erent feedback mechanisms. At low masses, stellar feedback (from supernovae and
stellar winds) is thought to be e�cient in suppressing star formation. At high masses,
AGN feedback becomes dominant, heating or expelling gas and preventing further accre-
tion and disk growth (Dekel & Birnboim 2004). This feedback-driven transition helps
explain both the quenching of massive galaxies and the maintenance of the red sequence
at the bright end. In summary, the bimodal nature of the galaxy population, consistently
observed from the local Universe toz � 2 � 3, re�ects the interplay between stellar mass,
star formation history, morphology, and feedback processes. The observed colour and
mass bimodality distribution that separates blue, star-forming galaxies from red, quies-



Chapter 1. Introduction 10

Figure 1.3: Dust corrected u � r colour as a function of the stellar mass of a sample
of local galaxies from SDSS. The left panel shows the colour-mass distribution of all
galaxies. The right panels show the colour-mass distribution for early- and late-type
galaxies, respectively. Figure taken from Schawinski et al. (2014)

cent systems, provides fundamental constraints for theoretical models of galaxy formation
and evolution.

1.2.3 Evolution in the cosmic star formation activity

One of the most fundamental observables to trace the growth of galaxies over cosmic
time is the cosmic star formation rate density, commonly denoted as (z). This quantity
measures the average star formation rate per unit comoving volume at a given redshift
and provides a global view of how actively galaxies form stars at di�erent epochs. The
resulting diagram, shown in Figure 1.5 widely referred to as the 'Madau plot' (Madau
et al. 1996; Madau & Dickinson 2014), is one of the cornerstone results of extragalactic
astronomy.

Observational data from a variety of multiwavelength surveys have established a con-
sistent picture:  (z) increases rapidly from the early Universe (z � 8), reaching a peak
around z � 2, when the Universe was approximately3:5 Gyr old. This epoch corresponds
to the so-called 'cosmic noon', during which the star formation activity of the Universe
was at its highest. After this peak, the star formation density steadily declines by more
than an order of magnitude towards z = 0 , following a rough scaling of (z) � (1 + z)2:7.
The shape of this curve re�ects a complex interplay between the availability of cold gas,
the e�ciency of its conversion into stars, and the regulation imposed by various feedback
processes. Several studies have shown that the decline in (z) at z < 2 mirrors the ob-
served decrease in the molecular gas fraction in galaxies (e.g. Tacconi et al. 2013; Genzel
et al. 2015), suggesting that the diminishing gas reservoirs in galaxies are a key factor in
suppressing star formation at late times.
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Figure 1.4: Rest-frameU � V vs. V � J colours of a magnitude selected sample of galaxies
in �ve redshift bins. The gray scale represents the density of points in the central region of
each plot, while scattered points are plotted individually. The solid lines show the adopted
divisions between star-forming and passive galaxy samples at each redshift. Figure taken
from Muzzin et al. (2013a)

Figure 1.5: The history of cosmic star formation from a compilation of measurements of
the star formation rate from z = 0 to z = 8 . Figure taken from Madau & Dickinson
(2014).
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Figure 1.6: Top panels: the stellar mass function of galaxies at di�erent redshifts. Middle
panels: the stellar mass function for star-forming and quiescent galaxies in the same
redshift bins. Lower panels: The fraction of passive galaxies as a function of stellar mass.
The passive fraction correlates signi�cantly with stellar mass, at �xed mass, it is lower at
increasing redshift. Figure taken from Muzzin et al. (2013a).

At any given epoch, most of the stars form in galaxies that occupy a tight straight line
in the plane SFR-mass, the so-called star-forming main sequence (MS), a tight correlation
between SFR and stellar mass. The normalisation of the MS relation evolves strongly
with redshift, increasing by nearly a factor of 20 from z = 0 to z � 2, with the high mass
end of the curve becoming �atter in the same redshift range (Whitaker et al. 2014). This
�attening has been interpreted as a consequence of bulge or bar growth in massive galaxies,
which stabilises the gas and suppresses local star formation activity (Gavazzi et al. 2015;
Erfanianfar et al. 2016). A small fraction of galaxies (� 1� 2%) lie above the main sequence
and are classi�ed as starburst systems, but they contribute only marginally (� 10%) to the
global star formation budget (Rodighiero et al. 2011; Sargent et al. 2012). On the opposite
end, a growing population of quiescent (and then quenched) galaxies emerges over time.
These galaxies exhibit star formation rates much lower than their MS counterparts and
become increasingly common atz � 2. The transition from a star-forming to a quiescent
state re�ects the cumulative impact of both internal (e.g. AGN feedback, stellar winds) and
external (e.g. environmental e�ects, gas stripping) mechanisms. As a result, the cosmic
decline in star formation is not solely due to reduced activity in star-forming galaxies, but
also to the increasing prevalence of passive galaxies that no longer contribute signi�cantly
to  (z). Qualitatively, there is consensus that massive galaxies are mostly quiescent at
z � 0, while were almost entirely star-forming at z � 2 (see Figure 1.6, Muzzin et al.
2013a).

Altogether, the evolution of cosmic star formation activity encodes key information
about galaxy formation and evolution. It re�ects the balance between gas accretion,
star formation e�ciency, and feedback regulation. Discrepancies between the observed
stellar mass density and the time-integrated SFR suggest that additional factors, such as
systematic uncertainties in SFR indicators, dust attenuation, or a varying IMF, may still
play a role.
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1.3 Stellar populations in galaxies

The stellar populations of galaxies encode the integrated history of their star formation
and chemical enrichment processes. Understanding how these populations form and evolve
requires combining a theoretical framework of stellar and chemical evolution with the
observational diagnostics that allow us to reconstruct the star formation history of a
galaxy from its emitted light.

In the early Universe, only hydrogen, helium, and trace amounts of lithium were pro-
duced through primordial nucleosynthesis. The formation of heavier elements, collectively
referred to as 'metals', only began with the �rst generation of stars. Inside them, ther-
monuclear reactions progressively synthesise heavier elements, with the yield depending on
stellar mass and evolutionary stage. Massive stars (M � 8M � ) evolve rapidly (� 10� 100
Myr) and end their lives as core-collapse supernovae (Type II SNe), enriching the inter-
stellar medium (ISM) with so-called � -elements (e.g., O, Mg, Si, Ca). In contrast, Type Ia
supernovae, which originate from long-lived, lower-mass progenitors in binary systems, are
the main producers of iron-peak elements, and release their products on longer timescales
(� 1 Gyr). This delayed enrichment is critical: the relative abundances of� -elements and
iron re�ect the duration of star formation in a galaxy. Another key ingredient in stellar
evolution and chemical feedback is the initial mass function (IMF), which describes the
mass distribution of stars at birth. The IMF is a key concept for understanding the bary-
onic cycle in galaxies. It links the small-scale physics of stellar evolution to the large-scale
processes of galaxy formation (see e.g., Kroupa & Jerabkova 2019, for a recent overview).
A top-heavy IMF leads to enhanced production of metals and� -elements, while a bottom-
heavy one reduces overall yields and alters the mass-to-light ratio. Whether the IMF is
universal or environment or mass dependent is still debated, but its shape has profound
implications for interpreting the light of a galaxy and estimating stellar mass and chem-
ical enrichment. However, measuring the IMF outside the Milky-Way has proven to be
particularly challenging (e.g., Smith 2020).

1.3.1 Star formation regulation and drivers of galaxy quenching

The processes described above set the stage for the chemical evolution of galaxies. How-
ever, fully characterising the star formation activity across cosmic time also requires under-
standing how galaxies dynamically regulate their gas reservoirs and star formation rates.
An intuitive and empirical framework has been provided by Lilly et al. (2013), and it links
the in�ow of baryons into galaxies to their SFR and gas depletion mechanisms, to explain
the mass growth and star formation quenching of galaxies across cosmic time. Figure 1.7
illustrates the gas-regulated model presented by Lilly et al. (2013). The model builds on
the observation that the speci�c star formation rate (sSFR) and the speci�c dark matter
accretion rate exhibit a similar redshift evolution. Assuming that baryons trace the dark
matter when accreted from the cosmic web, the amount of gas available for star formation
is directly connected to the cosmological in�ow rate. In this scenario, a galaxy consists
of two main components: a long-lived stellar mass reservoir, and a dynamic gas reser-
voir, which evolves through in�ow, star formation, stellar mass return, and out�ows. The
star formation rate is assumed to scale linearly with the gas mass through the integrated
Kennicutt-Schmidt law (Schmidt 1959; Kennicutt 1998):

SFR = � � M gas (1.1)

where � is the star formation e�ciency. A fraction ( � 40%) of the stellar mass formed
is returned to the gas-phase via stellar winds and supernovae, enriching the ISM. At the
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Figure 1.7: Illustration of the gas-regulated model presented by Lilly et al. (2013), in which
the SFR is regulated by the mass of gas in a reservoir within the galaxy. The diagram on
the right shows, the net �ows through the system.

same time, powerful stellar and AGN-driven winds eject part of the gas from the galaxy.
These out�ows are modeled as:

	 = � � SFR (1.2)

where � is the mass-loading factor. The competition between in�ows, out�ows, and star
formation de�nes the evolution of the gas reservoir and, consequently, the SFR. When
the reservoir is exhausted or heating mechanisms prevent cooling and condensation (e.g.
through feedback), star formation is quenched, and the galaxy transitions from the star-
forming main sequence to the passive population.

From an observational perspective, quenching correlates with several internal galaxy
properties, such as stellar mass (Kau�mann et al. 2003; Baldry et al. 2004) and veloc-
ity dispersion (Smith et al. 2009; Graves et al. 2009), which relate to the depth of the
gravitational potential. More massive galaxies are signi�cantly more likely to be quies-
cent compared to their lower-mass counterparts. This observational evidence is known
as 'mass quenching' (Peng et al. 2010). Although the speci�c physical cause remains de-
bated, several mechanisms have been proposed, such as AGN feedback, where radiation
and jets from a central black hole heat or expel gas (Bower et al. 2006; Croton et al. 2006),
major mergers, which trigger central starbursts and exhaust the cold gas (Hopkins et al.
2006; Wilman et al. 2013), and disk instabilities, which build massive bulges and suppress
further gas in�ow (Dekel et al. 2009).

In addition to internal mechanisms, the role of galaxy environment has long been
recognised as a key factor in regulating star formation. First studies revealed a strong
morphology-density relation, whereby late-type, star-forming galaxies dominate low-density
regions, while early-type, quiescent galaxies are more prevalent in dense environment, such
as galaxy clusters (Dressler 1980; Postman & Geller 1984; Dressler et al. 1997). Indeed,
HI surveys have shown that spiral galaxies in clusters are often signi�cantly de�cient in
neutral hydrogen compared to isolated systems of similar mass and size (Haynes & Gio-
vanelli 1984; Giovanelli & Haynes 1985). The reduced gas reservoir in galaxies that enter
in denser environment can be attributed to external processes, such as ram-pressure strip-
ping (Gunn & Gott 1972), strangulation (Larson et al. 1980; Balogh et al. 2000), tidal
interaction (Merritt 1984), and galaxy harassment (Moore et al. 1998), all of which are
more e�ective in high-density environments (Boselli & Gavazzi 2006; Blanton & Moustakas
2009). Figure 1.8 shows a clear evidence that the mass and environmental quenching are
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at �rst approximation separable and independent processes
The imprint of these quenching processes is preserved in the stellar populations of

galaxies. The ages, metallicities, and abundance ratios of stars provide a fossil record of
the duration, intensity and chemical evolution of star formation. In this context, stellar
population diagnostics become an essential tool to reconstruct the past star formation
activity and to distinguish between di�erent evolutionary pathways.

1.3.2 Stellar populations as fossil records of galaxy evolution

While theoretical models provide a framework for understanding how galaxies form and
evolve, observational studies must infer this history indirectly, from the properties encoded
in their stellar populations. These properties can be probed through the integrated light
of galaxies, which carries information on the age, chemical composition, and formation
timescales of their stars. The evolution of stellar populations, shaped by star formation
rates, the IMF, and chemical enrichment, ultimately de�nes the spectral and photometric
properties we observe in galaxies. In our studies, we rely on a set of integrated diagnostics
that encode this information: age, metallicity, and abundance ratios.

ˆ Age . The age of a stellar population provides a constraint on the main epoch of star
formation. Because the Universe was denser in the past, older stellar populations
are expected to have formed in more compact systems. Thus, measuring stellar
ages helps to trace not only when galaxies formed their stars, but also how their
structural properties evolved (e.g. through mergers or internal processes). Real
galaxies host multiple stellar populations depending on their evolution. Di�erent
stellar populations emit most of their light in distinct wavelength regions, therefore
the inferred age traces di�erent pieces of the star-formation history;

ˆ Metallicity . The metallicity re�ects both the e�ciency and duration of star for-
mation, and the ability of a galaxy to retain metals against out�ows. High stellar
metallicity implies enriched ISM at the time of star formation, usually resulting from
intense or repeated star formation episodes. Gas-phase metallicity, often inferred
from emission lines (e.g. Oxygen), traces current ISM enrichment. In contrast, stel-
lar metallicity, derived from absorption features (especially Mg and Fe lines), records
the metallicity of the gas at the epoch when the stars were formed. Since stars retain
their original chemical composition over time, they provide a fossil record of the ISM
enrichment history.

ˆ [�= Fe] ratio . The abundance ratio of � -elements to iron is a powerful diagnostic of
star formation timescales. A high [� /Fe] indicates that the bulk of star formation
occurred quickly, before Type Ia SNe contributed signi�cant iron, and is thus typical
in ETGs. This ratio also varies with environment and galaxy mass, o�ering insights
into quenching processes.

From an observational perspective, several studies have demonstrated that stellar pop-
ulations provide powerful constraints on the star formation histories of galaxies (e.g. Gal-
lazzi et al. 2005; Thomas et al. 2010). By measuring key parameters described above,
such as age, metallicity, and abundance ratios, it is possible to infer not only when stars
formed, but also how rapidly the star formation proceeded and when it was quenched.
At low redshift, these studies found strong correlations between stellar population prop-
erties and galaxy velocity dispersion, indicating that more massive galaxies formed their
stars earlier and over shorter timescales. A dependence on environment is also observed,
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Figure 1.8: The fraction of passive galaxies in SDSS as a function of stellar mass and
environmental density. Figure taken form Peng et al. (2010).
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suggesting that galaxies in dense regions quenched earlier than their counterparts in the
�eld. These evidences reinforce the idea that integrated stellar populations encode essen-
tial information about galaxy formation and evolution. Because these properties evolve
in a predictable way depending on the duration and mode of star formation, they allow
us to distinguish between galaxies quenched rapidly (e.g., via mergers or environmental
stripping) and those with extended star formation histories. Moreover, their dependence
on mass and environment makes them uniquely suited to disentangle the relative contri-
bution of internal and external mechanisms in shaping galaxy evolution. Finally, when
measured statistically across large galaxy samples, stellar population diagnostics can be
used to probe the dependence of the star formation history on mass, morphology, redshift,
and environment, thus providing a critical benchmark for testing theoretical models at the
population level.

1.4 Modeling the evolution of the stellar content of galaxies

Outside the immediate neighbourhood of the Milky Way, current telescopes cannot re-
solve individual stars in galaxies. As a result, galaxies must be studied through their
integrated light, or spectral energy distribution (SED), which encodes information about
their global physical and stellar population properties. The light we observe from a galaxy
is therefore the combined emission of its stars, each one characterised by a mass, age, and
metallicity. Since the 1970s, researchers have developed increasingly sophisticated tools
to interpret observed SEDs by comparing them with predictions from synthetic galaxy
models. This process is known as stellar population synthesis (SPS). At its core, SPS
modeling is conceptually straightforward: the SED of a galaxy is modeled as the com-
bination of its luminous components, such as stars, gas, and dust, each contributing to
the overall spectrum in a distinct way. Dust in galaxies absorbs and scatters stellar light,
preferentially attenuating the blue and ultraviolet part of the spectrum and thus redden-
ing the observed stellar continuum. As a result, dust attenuation must be included as an
additional ingredient in stellar continuum modeling, with its impact depending on both
the dust properties and its spatial distribution relative to the stars. In practice, the global
e�ect of dust is often accounted for by adopting an empirical attenuation law (e.g. Charlot
& Fall 2000; Calzetti 2001). Nebular emission lines in galaxies originate from gas ionised
by massive, short-lived stars, and are therefore present only in systems with ongoing or
very recent star formation. The relative strengths of metal lines depend primarily on the
gas-phase metallicity, making them sensitive probes of the chemical composition of the
interstellar medium. Modeling nebular emission requires additional assumptions on the
spatial distribution of star-forming regions, the chemical composition of the gas, and ul-
timately depends on the underlying stellar emission models, and thus on all parameters
that govern the modeling of stellar populations.

Given this brief description of the dust and gas components, in this thesis we will focus
primarily on the modeling of stellar emission. The stellar component is typical constructed
from simple stellar populations (SSPs), which represent an idealised group of coeval stars
formed in a single, instantaneous burst from gas with uniform metallicity and elemental
abundances. Building an SSP requires setting the following ingredients:

ˆ Isochrones . It essentially describes how stars evolve across the Hertzsprung-Russell
diagram, which plots stellar luminosity against temperature. In a Simple Stellar
Population (SSP), isochrones trace the evolutionary stages of stars of di�erent masses
at a �xed age, e�ectively capturing a snapshot of the population at a given time.
They indicate which stars are present, their evolutionary phase, and the fraction of
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the total stellar mass they represent (i.e., the relative weight of that phase). Since
the spectral characteristics of a star change throughout its life, and its mass plays a
key role in the history and nature of its evolution, isochrones are fundamental tools
for modeling the integrated light of stellar populations.

ˆ Stellar library. It is a collection of stellar spectra that, when combined according
to a model's recipe, produces the expected spectrum of a stellar population. These
libraries can be empirical , based on observations of real stars, ortheoretical ,
constructed from models based on the stellar evolution theory.

The stellar empirical spectra are inherently incomplete, as they rely on stars within
the Solar neighbourhood. This restricts the parameter space they cover, especially
in terms of chemical abundances and peculiar evolutionary stages, that may sig-
ni�cantly in�uence the galaxy spectrum. In addition, they are constrained by the
instrumental capabilities of the telescopes and spectrographs used to obtain the data,
leading to limited wavelength coverage and resolution.

The theoretical spectra, on the other hand, o�er greater �exibility. They can be
generated for any combination of physical stellar parameters, i.e. surface tempera-
ture, gravity, and chemical composition, on the basis of the stellar evolution theory.
They provide a full wavelength coverage and can e�ciently reproduce the spectral
continuum. However, they have their own limitations, primarily due to uncertainties
in stellar physics. These include challenges in modeling convection, the limited ap-
plicability of local thermodynamic equilibrium (LTE) assumptions, and incomplete
or inaccurate atomic and molecular line strengths.

ˆ Metallicity . The metallicity of the initial nebular cloud from which the stars formed
is a key parameter in stellar population modeling. It is de�ned as the fraction of mass
of elements heavier than helium. It has a strong impact on the resulting synthetic
spectrum, in�uencing both the shape of the continuum and the depth of speci�c
absorption lines. In particular, stars with higher metallicity exhibit slightly redder
spectral continua compared to metal-poor stars. As a result, increasing the metal-
licity of a stellar population leads to an overall reddening of its integrated light.
However, a similar reddening e�ect is also caused by the ageing of the stellar pop-
ulation, giving rise to the well-known age-metallicity degeneracy, which complicates
the interpretation of spectral features.

ˆ Initial Mass Function (IMF) . It describes the distribution of stellar masses at
the time of their formation and plays a crucial role in determining the evolution of
the spectrophotometric properties of the stellar populations. It directly in�uences
the mass-to-light ratio (M/L) and, consequently, the stellar luminosity evolution of
a galaxy. Indeed, massive stars (M> 2M � ) evolve rapidly, exhausting their fuel
in less than a Gyr and ceasing to contribute signi�cantly to the light of a galaxy,
in particular in the blue/ultraviolet region of the spectrum. In contrast, low-mass
stars (M < 1M � ) evolve slowly and dominate the integrated light of old stellar
populations, in particular in the optical/infrared region of the spectrum.

Historically, the IMF was �rst estimated by Salpeter (1955) through direct star
counts in the Milky Way, �nding a power-law slope of � 2:35 for stars with M
> 0:4M � . Subsequent studies extended this to lower masses with �atter slopes
(e.g. Kroupa 2001; Chabrier 2003), leading to the widely adopted bimodal IMFs.
These results, observed across di�erent regions of the Galactic disk, supported the
notion of a universal IMF, constant across galaxy types and cosmic times. However,
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this assumption has increasingly been challenged. For extragalactic systems, where
individual stars cannot be resolved, the IMF must be inferred from the integrated
light. This introduces strong degeneracies with other properties, such as age and
metallicity of the stars. Recent studies, particularly of early-type galaxies (ETGs),
suggest a bottom-heavy IMF in more massive systems, implying a higher proportion
of low-mass stars compared to the Milky Way. Despite strong theoretical motivations
and growing observational evidence challenging the universality of the IMF (e.g.
Bastian et al. 2010; Kroupa et al. 2013), our limited ability to constrain it directly
still forces many stellar population models to assume a �xed IMF.

Once the SED of an SSP is known, a composite stellar population (CSP) can be built by
combining multiple SSPs according to a given star formation history (SFH) and chemical
enrichment history, which describe how the stellar mass and metallicity evolve over time.

In summary, SPS models are powerful tools for interpreting the spectrum of a galaxy,
but their accuracy is ultimately limited by the quality and completeness of their funda-
mental ingredients. Understanding these limitations is crucial when using such models to
derive galaxy properties from observational data.

1.4.1 Stellar population models

Although the SPS framework is well established, several practical challenges remain. As
described above, these include incomplete or uncertain isochrone tables, limited cover-
age and resolution of empirical stellar libraries, and poorly calibrated physical processes,
particularly at low and very high metallicity or for advanced stellar evolutionary phases.
Moreover, each input can itself depend on metallicity and abundance patterns, introduc-
ing further complexity and potential model-dependent biases. There have been di�erent
attempts on modeling SSPs, and we present the ones used in this thesis:

ˆ CB 19 models . They are the latest version of the Bruzual & Charlot (2003) models
(see Plat et al. 2019; Sánchez et al. 2022), based on the PARSEC evolutionary tracks
(Marigo et al. 2013; Chen et al. 2015). This set of models is provided for di�erent
IMFs, assuming M UP = 100M � , that is the maximum mass of the stars in the
IMF. The models extend from 91Å to 36000�m and are based on a combination
of theoretical and empirical stellar libraries: the Tlusty library (Lanz & Hubeny
2003a,b, 2007) in the UV, the MILES stellar library (3540:5 < � < 7350:2Å Sánchez-
Blázquez et al. 2006; Falcón-Barroso et al. 2011,2:5Å FWHM), the Indo-US library
in the NIR, and a combination of stellar libraries in the IR ( � � 9410Å): BaSeL 3:1
(Westera et al. 2002), Aringer (Aringer et al. 2009), IRTF (Villaume et al. 2017),
Dusty models and TP-AGB (Nenkova et al. 2000; González-Lópezlira et al. 2010).
For each IMF, the CB19 set of models provides3300SSPs unevenly spaced in linear
age and [Z/H], covering 220 ages from0:01 Myr to 14 Gyr and 15 metallicities from
[Z/H] = � 2:23 to [Z/H] = 0 :55 dex; for reference, the solar abundance (Z� ) is 0:017.

ˆ E-MILES models They are an extended version of the MILES stellar population
models from Vazdekis et al. (2016), covering the spectral range from1680Å to 5�m
based on fully-empirical stellar libraries: the NGSL (Gregg 1994) for the UV, the
MILES, Indo-US (Valdes et al. 2004), and CaT (Cenarro et al. 2001) libraries in
the optical, and the IRTF library in the infrared, with a spectral resolution varying
from 2:51Å to 23:54Å FWHM, depending on the wavelength range and the relative
spectral library.
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ˆ sMILES models . They are semi-empirical SSPs from Knowles et al. (2023) and
the state-of-the-art in [Mg/Fe] abundance resolution. The SSP models adopt the
BaSTI evolutionary tracks and the MILES empirical library. They are realised with
di�erent IMFs, and for each one the models provides2650SSPs unevenly spaced in
linear age and [Z/H], covering53 ages from0:03 Gyr to 14 Gyr, 10 metallicities from
[Z/H] = � 1:79 to [Z/H] = 0 :26 dex, being the solar abundance Z� = 0 :0198, and
�ve [Mg/Fe]abundances from � 0:2 to 0:6 dex. The main limitation is related to the
limited wavelength coverage, as it covers only the optical region.

ˆ TMJ models . They are models from Thomas et al. (2011). These models are based
on the Cassisi evolutionary tracks (Cassisi et al. 1997) and the MILES empirical
stellar library. The models assume a Kroupa initial mass function. The synthetic
library provides predictions of 25 indices for each SSP. The SSPs are unevenly spaced
in linear age and [Z/H], covering 20 ages from0:1 Gyr to 15 Gyr, 6 metallicities from
[Z/H] = � 2:25 to [Z/H] = 0 :67 dex, and �ve [� /Fe] abundance ratio from � 0:3 to
0:5 dex.

As outlined above, there are various approaches to modeling SSPs, each with its own
strengths and limitations. It is therefore essential to understand these di�erences and
choose the most suitable models based on the speci�c goals of the analysis.

1.5 Methods to estimate the stellar population parameters

In this Section we present an overview of the main methods used to study the stellar pop-
ulation parameters. All of them rely on comparing the observations with the predictions
of stellar population models. As will be shown in the following chapters, this comparison
can be implemented in di�erent ways.

1.5.1 Absorption-line indices

The contribution of each stellar class to the integrated spectrum of a stellar population
varies as a function of wavelength. Speci�cally, the signature of a given stellar class can
be isolated at the wavelengths corresponding to particular absorption lines. Consequently,
the analysis of absorption features in a galaxy's spectrum serves as a powerful diagnostic
tool to extract selective information about the composition and evolutionary status of its
stellar population. Burstein et al. (1984) introduced a system of spectral indices known as
the Lick/IDS system, later de�ned by Worthey et al. (1994). These indices quantify the
strength of absorption lines at given wavelengths, normalised with respect to the local con-
tinuum, and are widely used to study the stellar populations of galaxies. The absorption
lines for atomic transitions are expressed inÅ, while the features due to molecular tran-
sitions are in magnitudes. Following Worthey (1994) and Trager et al. (2000), a spectral
index is calculated as:

I a =
Z � I 2

� I 1

�
1 �

F (� )
C(� )

�
d� (1.3)

I m = � 2:5log10

R� I 2
� I 1

�
F (� )
C(� )

�
d�

� I 2 � � I 1

(1.4)

where I a and I m are the atomic and molecular index, respectively. The wavelength limits
of the feature band-pass are� I 1 and � I 2 , F (� ) is the �ux per unit wavelength of the feature
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Figure 1.9: Distribution of H � (left panel), Mgb (middle panel) and Fe5335( right panel)
values as function of the age for three di�erent metallicities, using the CB19 SSPs.

and C(� ) is the value of the pseudo-continuum obtained interpolating the mean values of
the blue and red band-passes. The de�nitions of the indices used in this thesis are shown
in Table 1.1. Figure 1.9 shows an example of indices sensitive to age and metallicity as
function of the age for three di�erent metallicities, using the CB19 SSPs.

Spectral indices are particularly e�ective in constraining stellar ages and metallicities.
Their sensitivity to stellar temperature and chemical composition allows to probe both
the age (through temperature-dependent features, such as the Balmer lines) and the metal
content (through chemical abundance dependent features, such as Fe and Mg lines). How-
ever, both parameters (i.e., the age and metallicity of the stellar population) in�uence
the strength of the resulting spectral absorption lines, giving rise to the well-known age-
metallicity degeneracy. This can be mitigated by selecting an appropriate combination of
indices that respond di�erently to age and metallicity.

One major advantage of using absorption line indices is that they are largely insensitive
to dust extinction and �ux calibration issues, unlike approaches that rely on the stellar
continuum of the spectrum. This is especially advantageous when analysing young stellar
populations, where the typically abundant dust can obscure key spectral features. Since
dust, age, and metallicity all tend to redden the spectrum in similar way, minimising the
impact of dust e�ectively removes one source of degeneracy in the analysis. However, a
practical caveat is that line-strength indices are sensitive to additive residuals. Indeed,
imperfect background/sky subtraction, scattered light, or residual continuum from neigh-
bouring sources can �ll in absorption features or distort the pseudo-continuum, biasing
the measured indices. Rigorous background removal and masking of sky-line residuals are
therefore essential.

Although the Lick/IDS indices remain the most commonly used, studies of galaxies
at higher redshifts shifts the focus to the rest-frame ultraviolet. This has expanded the
toolkit for stellar population diagnostics to include a broader set of UV and optical indices.

1.5.2 Full spectral �tting

The full spectral �tting technique is a widely used technique for deriving both stellar
population properties and kinematics of galaxies. Unlike the index-based analyses, which
focus on speci�c spectral features, the full spectral �tting leverages the entire observed
spectrum to extract information. This approach is particularly e�cient and powerful
for measuring kinematic parameters, such as velocity dispersion and redshift, bene�ting
from the broad wavelength coverage and high number of �tted data points (Cappellari &
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Table 1.1: List of spectral indices.

Index Blue pseudocontinuum Central feature Red pseudocontinuum Ref.
FeII2402 2285.0-2325.0 2382.0-2422.0 2432.0-2458.0 1
BL2538 2432.0-2458.0 2520.0-2556.0 2562.0-2588.0 1
FeII2609 2562-2588 2596-2622 2647-2673 1
BL2720 2647-2673 2713-2733 2762-2782 2
BL2740 2647-2673 2736-2762 2762-2782 2
Mg2852 2818-2838 2839-2865 2906-2936 1
Fe3000 2906-2936 2965-3025 3031-3051 1
BL3096 3031-3051 3086-3106 3115-3155 1
BL3580 3500.0 3540.0 3540.0-3600.0 3620.0-3650.0 1
Fe3619 3594.0-3602.0 3602.0-3623.5 3623.5-3628.5 3
Fe3741 3693.5 3700.0 3701.0 3772.0 3775.0 3784.0 3
CaK 3845.0-3880.0 3925.65-3945.0 3950.0-3954.0 4
CaH 3950.0-3954.0 3959.40-3978.0 3983.0-3993.0 4
Dn4000 3850-3950 - 4000-4100 5
FeBand 4014.0-4025.5 4025.5-4085.0 4085.0-4093.0 3
H� F 4057.25-4088.50 4091.00-4112.25 4114.75-4137.25 6
H
 F 4283.50-4319.75 4331.25-4352.25 4354.75-4384.75 6
Gband4300 4266.375 4282.625 4281.375 4316.375 4318.875 4335.125 7
Fe4383 4359.125-4370.375 4369.125-4420.375 4442.875-4455.375 7
Ca4455 4445.875 4454.625 4452.125 4474.625 4477.125 4492.125 7
Fe4531 4504.250 4514.250 4514.250 4559.250 4560.500 4579.250 7
H� o 4821.175-4838.404 4839.275-4877.097 4897.445-4915.845 8
Fe5015 4946.500 4977.750 4977.750 5054.000 5054.000 5065.250 7
Mgb 5142.625-5161.375 5160.125-5192.625 5191.375-5206.375 7
Fe5270 5233.150-5248.150 5245.650-5285.650 5285.650-5318.150 7
Fe5335 5304.625-5315.875 5312.125-5352.125 5353.375-5363.375 7
Fe5406 5376.250 5387.500 5375.500 5415.000 5415.000 5425.000 7
Fe5709 5672.875 5696.625 5696.625 5720.375 5722.875 5736.625 7
(1) Fanelli et al. (1992); (2) Chavez et al. (2007); (3) Gregg (1994); (4) Borghi et al.
(2022); (5) Balogh et al. (1999); (6) Worthey & Ottaviani (1997); (7) Worthey et al.

(1994); (8) Cervantes & Vazdekis (2009).
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Figure 1.10: Example of full spectral �tting (red) of a typical SDSS DR7 galaxy spectrum
(black) with 68%and 95%con�dence intervals in shaded green and blue respectively, with
the residuals plotted underneath. Image taken from Wilkinson et al. (2017).

Emsellem 2004; Cappellari 2023). Figure 1.10 shows an example of a full spectral �tting
performed with FIREFLY from Wilkinson et al. (2017).

The full spectral �tting o�ers several advantages for recovering stellar population pa-
rameters. First, the large number of spectral pixels being �tted improves statistical robust-
ness, which is especially valuable when dealing with low S/N spectra. Second, it captures
the information embedded in the spectral continuum, which can be sensitive to e�ects
like dust attenuation and overall spectral shape, factors that are typically excluded in the
index-based method. This makes the full spectral �tting in general well-suited for deriving
an overview of the SFH of galaxies. However, the method also presents some limitations.
Since the �tting process minimises the� 2 over the entire spectrum, it may fail to reproduce
individual narrow spectral features with high accuracy, especially those associated with
speci�c elemental abundances. As a result, because full spectral �tting gives comparable
weight to all pixels in the spectrum, it may fail to recover properties whose signatures are
con�ned to speci�c absorption features, which represent only a small fraction of the total
data points. In such cases, index-based methods can be more e�ective. Another limita-
tion is its sensitivity to parameter degeneracies. Indeed, the full spectral �tting requires
assumptions about a larger number of parameters than the index �tting approach, and
the classic age�metallicity�dust degeneracy is especially hard to break. This problem is
compounded by imperfect relative �ux calibration. Even mild continuum-shape errors can
mimic dust attenuation or stellar population, biasing the inferred ages, metallicities, and
extinctions. Therefore this method requires an accurate �ux calibration. In the context of
galaxy studies, the full spectral �tting has become a standard tool in large spectroscopic
surveys (e.g. Wilkinson et al. 2017; Carnall et al. 2018; Johnson et al. 2021), allowing for
automated extraction of stellar population parameters across vast galaxy samples.
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1.5.3 Full-index �tting

The full-index �tting (FIF) method, originally proposed by Martín-Navarro et al. (2014),
is an hybrid approach that bridges the gap between the traditional line-strength analysis
and full spectral �tting. The key idea is to focus on a carefully selected set of spectral
features that are particularly sensitive to speci�c stellar population parameters, and to
perform a pixel-by-pixel �t within the bandpasses of those features, rather than averaging
over them as in the classic index approach. FIF generalises the line-strength analysis
by preserving the advantage of keeping a reduced number of parameters, thus reducing
the computational time, but enhances it by using the full information content of each
pixel within the index window. Indeed, each pixel of each index responds di�erently to
changes in stellar population parameters, and the FIF accounts not only for the strength
of the absorption feature but also for its detailed shape. This permits to better break
degeneracies and to lower the S/N requirements compared to classical methods. Another
key technical advantage of FIF is that, since the spectral �ux within each index window is
normalised using narrow sideband regions, as in the traditional index �tting approach, the
method is largely insensitive to large-scale �ux calibration issues. Moreover, unlike full
spectral �tting, which spreads sensitivity across the entire spectrum (and can dilute the
in�uence of speci�c features), FIF focuses on spectral regions where the diagnostic power
is highest, maximising the extraction of stellar population properties, and even allowing
for the measurement of individual elemental abundances that only a�ect a limited number
of lines.

Figure 1.11 shows an example of the FIF approach applied to stacked spectrum from
DESI data. The best-�t template closely matches each spectral feature, capturing detailed
information from both their depth and pixel-by-pixel shape. In summary, FIF o�ers a
robust compromise, since it retains the computational e�ciency and focus of index-based
methods while incorporating the richer information content and modeling �exibility of full
spectral �tting (see also Martín-Navarro et al. 2019; Martín-Navarro et al. 2021, 2023;
Bevacqua et al. 2025).

1.6 My thesis

In this thesis we aim to understand the formation and evolution of galaxies across the
last 7 Gyr of the Universe's age through four original studies. These works collectively
investigate and exploit the stellar population properties of galaxies across a wide redshift
range and diverse environments to gather information on the galaxies assembly history.
By testing and applying diverse �t methodologies, from a classic index �tting approach,
to an advanced full-index �tting combined with photometric data, this work aims to
constrain the star formation histories, chemical enrichment and environmental dependence
of massive galaxies. Each project leverages di�erent techniques and addresses di�erent
aspects of galaxy formation and evolution, ranging from a mock sample of star-forming
and quiescent galaxies at intermediate redshift, quiescent galaxies in di�erent environments
at �xed intermediate redshift, an interaction-driven system in the local Universe, to a
comprehensive study of massive and passive galaxies across7 Gyr of the Universe.

As a �rst step, we follow a quite traditional approach based on classical index �tting
technique to assess the ability to accurately estimate the stellar ages and metallicities in
galaxies using a set of ultraviolet and optical spectral indices (Chapter 2). This study is
designed as a fundamental test for the upcoming WEAVE-StePS survey, which will collect
large samples of galaxy spectra at intermediate redshifts (0:3 < z < 0:7). We simulate
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