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Abstract

The discovery of dusty star-forming galaxies (DSFGs) nearly three decades ago has
significantly transformed our comprehension of galaxy evolution. Recognized as the
precursors to present-day elliptical or spheroidal galaxies, DSFGs are often referred to as
proto-spheroidal galaxies. With star formation rates = 10? — 10°M £yr they are the
dominant star-forming galaxies at z & 1.5 and have a major contribution to the overall
galaxy population during the cosmic noon (z [Z2)l DSFGs have been studied extensively
through various ground-based and space-based instruments like SCUBA-2, Herschel,
ALMA and so on. This thesis is aimed at adding to the progress by studying the evolution
of DSFGs by analysing and interpreting new and existing data through simulations. The
simulations are used to explain the new observations and make predictions for ongoing
and upcoming space missions like JWST, Euclid and LSST. | adopt a physical model
for the high-z progenitors of spheroids, which form the bulk of DSFGs at z & 1.5 and
improve it by combining the output of the equations of the model with a formalism
for the spectral energy distribution (SED). Utilizing this model, | assess the constraints
that Euclid will impose on the DSFGs at z & 1.5 identified in the wide-area surveys
like Herschel-ATLAS. The findings suggest that Euclid will yield reliable stellar mass
estimates for most of the bright DSFGs at z & 1.5 detected by Herschel. Additionally, |
examined the potential enhancements that LSST data could provide to the constraints
of these DSFGs when used in conjunction with Euclid data. Furthermore, | explored
how effectively the physical properties of DSFGs at z & 1.5 can be constrained in the
GOODS-South field through the JADES survey, demonstrating that JWST will deliver
good stellar mass estimates for the majority of DSFGs at z & 1.5. Lastly, | further
examined the capacity of the modified model to analyze dusty quasars and to forecast
their number density in extensive survey areas. In conclusion, | explore the significance of
these findings and the promising directions for future research emerging from this study.
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Chapter 1

Introduction

nasadsn no sadst tadan

nasd rajo no vyoraparo yat |
kimavarvahkuha kasya tarmann
ambhahkimasd gahana gabham ||"

Rig Veda (10.129.1-4)

1.1 Introduction to Cosmology

The word 'cosmology’ derives its name from the ancient Greek word
(cosmos) 'the universe, the world', anal (logia) 'study of'. Therefore, cosmology
deals with the study of the cosmos. Thomas Blouf@lessographiarst used the term
cosmology in English in 1656. In 1731, the term was taken up in Latin by German
philosopher Christian Wol , it€osmologia GeneralisIn astronomy, cosmology refers
to the study of the history of the observable Universe which led to the formation of
large-scale structures, stars and galaxies that we observe in the present day.

1.1.1 The -CDM Model and Structure formation in the Universe

Thousands of years of in-depth thought and devoted study formed the basis of
our modern cosmological models. However, the breakthrough occurred in the08arly
century when the cutting-edge observations and discoveries by Edwin Hubble uncovered
the nature of the Universe. It was found that on large scales our Universe is homogeneous
and isotropic, and is expanding at an accelerating rate (Hubble, 1929; Planck Collaboration
Xlll, 2016; Planck Collaboration VI, 2020). Among many cosmological models formulated
to explain the observed features of the Universe, a simple and widely accepted one is the
" -CDM" model. This model posits that our Universe has three major components - a
mysterious form of energy known as dark energy, driving the accelerating expansion of the
universe (Perimutter et al., 1999) (which is closely related to the cosmological constant,

); a hypothetical and invisible form of matter known as dark matter (inCDM",

1



Chapter 1. Introduction

Figure 1.1. A schematic representation of the signi cant events in the evolution of
the Universe since the Big Bang. Image Credit: NAOJ.

CDM refers to cold dark matter) and the baryonic matter. In this cosmological scenario,
baryons occupy 5% of the total energy density (Planck Collaboration VI, 2020), while
the rest is occupied by dark matter and dark energy.

According to the CDM model, the Universe was born with the Big Bang (a
theory proposed in 1927 by physicist Georges Lemaitre) approxirh&lyillion years
ago, containing all forms of matter and radiation. In its earliest moments, the baryonic
component existed as a hot, dense plasma of protons, neutrons, and electrons (Planck
Collaboration VI, 2020). With the expansion of the Universe, the plasma cooled down.
Approximately, 2-3 minutes after the Big Bang, the Universe cooled down to such an
extent that it facilitated Big Bang nucleosynthesis, resulting in the formation of rst light
elements (Baumann, 2012). This was followed by recombination (Wong, 2008), where
the rst H atoms were formed due to the further cooling of the Universe. Recombination
occurred around 378,000 years after the Big Bang at a redshift 1100(Tanabashi
et al., 2018). The transition of hot plasma to atoms, allowed photons to radiate freely
thereby producing the fossil radiation known as the Cosmic Microwave Background (CMB)
(Penzias & Wilson, 1965; Dicke et al., 1965; Sunyaev & Chluba, 2009), which plays
a key role in the framework of modern cosmological models. The CMB is the current
oldest observation that we have of our Universe. After recombination and decoupling,
though, the Universe became transparent, but there was no source of visible light as the
hydrogen clouds collapsed too slowly to form structures like stars, galaxies, etc. This
period in the history of the Universe is known as the Dark Ages (Miralda-Escude, 2003;
Furlanetto et al., 2019). During the dark ages, small initial density uctuations in the
primordial Universe grew under gravity, eventually collapsing to form the rst virialised
dark matter (DM) halos (Kau mann et al., 1993). Within these halos, atomic hydrogen

"Redshift(z) is a parameter of measuring the "shift" of a given spectral feature. It is de ned as
zZ= bimm where s is the observed wavelength of the spectral feature ang is the emitted
wavelenegth of the same. It is often used to measure cosmological distances.

» A theoretical spherical region of dark matter surrounding the visible galaxies and galaxy clusters.

2 Investigating The Formation And Evolution Of The Most Massive Galaxies
In The Universe



1.2. Basics of Galaxies

gas accumulated and, through residual processes, formed a small fraction of molecular
hydrogen. This molecular component enabled e cient cooling of the gas, allowing it
to collapse further and trigger nuclear fusion, leading to the formation of the rst stars

at a redshift of 30 (Loeb, 1999; Bromm & Loeb, 2003). In the present day, the
stars are the building blocks of larger structures called galaxies, which further form even
larger structures like galaxy groups, clusters and superclusters. According teCD&1

model, it is believed that clusters develop through a hierarchical process involving mergers
and the accretion of smaller systems, a process primarily in uenced by gravity and dark
matter, which dominates the gravitational eld (Kravtsov & Borgani, 2012). Figure 1.1
shows the major events that took place in the evolution of the Universe since the Big
Bang.

1.2 Basics of Galaxies

It was only in 1925 that Edwin Hubble discovered that the Milky Way is not the
only galaxy in the Universe (Hubble, 1926). Before this, the observed external galaxies
were marked as "nebulae” residing in our galaxy. it was Hubble who measured the distance
to these so-called "nebulae" and discovered that some of these have huge distances to be
within our Milky Way galaxy. Hubble also inferred that these objects have comparable
size to the Milky Way and hence, there could be many such galaxies outside our own.
This stunning discovery by Hubble opened up the eld of Extragalactic Astronomy.

Galaxies are gravitationally bound systems of stars, gas, dust, stellar remnants
(white dwarfs, neutron stars, supernovae) and DM (Willman & Strader, 2012). Galaxies
reside within DM halos, an invisible spherical distribution of gravitationally interacting
matter extending well beyond the boundaries of the baryonic contents of a galaxy (Simon
et al., 2011; Tollerud et al., 2011; Willman et al., 2011). It forms the most important
component of a galaxy in terms of mass. However, these DM halos cannot be observed
as they are non-interactive with electromagnetic radiation. The major observables of
galaxies are the stellar systems, gas and dust in the interstellar medium (ISM), active
galactic nuclei (AGN) with supermassive black holes (SMBHSs) residing at the centre
(Cattaneo et al., 2009). In this section, | give a brief introduction to essential facts about
galaxies.

1.2.1 Morphological Classi cation of Galaxies

Galaxies can be classi ed into various types based on morphology. There is a good
amount of correlation between the morphological classi cation and the physical properties
exhibited by the galaxies (Wel, 2008; Wijesinghe et al., 2010; Wilman & Erwin, 2012;
Snyder et al., 2015; Powell et al., 2017; Tacchella et al., 2019; Correa, 2020; Posti &
Fall, 2021; Yoon et al., 2021; Ai et al., 2022; Pérez-Millan et al., 2023; Vasquez-Bustos
et al., 2023; Liang et al., 2024). In modern astronomy, the most widely used scheme for
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Figure 1.2. Hubble's Tunning Fork Classi cation scheme of the galaxies. Image
Credit: NASA and ESA.

the morphological classi cation of galaxies is the one done by Hubble in 1926, known
as the Hubble sequence (Hubble, 1926). Since, the shape of the sequence represents a
tuning fork, so it is also known as the "Hubble tuning fork" (see Figure 1.2). Hubble
classi ed galaxies mostly into spirals, ellipticals and lenticulars. These broad classes can
be extended to take into account other types of galaxies known as irregular galaxies
which have no well-de ned shape. This extension to the Hubble sequence was rst done
by de Vaucouleurs in 1959 (de Vaucouleurs, 1959) and is widely known as the Hubble-de
Vaucouleurs galaxy sequence.

Elliptical galaxies as the name suggests, have the shape of an ellipse and are
dominated by less massive, old stellar populations (Weekes, 1983; Zhu et al., 2010;
Sawala et al., 2024), hence the redder appearance. These galaxies have negligible amount
of gas present in them and hence, have very little ongoing star formation Deng (2013).
These galaxies are in passive evolution at least in the local Universe. Elliptical galaxies are
generally larger in size than disk like galaxies and are normally found near the centres of
galaxy clusters and in compact groups of galaxies (Dressler, 1980; De Lucia et al., 2006;
Fasano et al., 2012; George, 2017; Amado et al., 2019; Vulcani et al., 2023). Figure
1.3 shows images of typical elliptical galaxies. Hubble classi ed thé&m ,asheren
Is an integer computed from the observed major axaad minor axid of the galaxy.

4 Investigating The Formation And Evolution Of The Most Massive Galaxies
In The Universe
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