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Abstract

One of the biggest challenges in Cosmology is understanding the earliest galaxies formed in
the Universe within one billion years of the Big Bang. This is a pressing issue because these
galaxies are believed to be responsible for the last major cosmic phase transition, known as
Cosmic Reionization, and for polluting the intergalactic medium with heavy elements. These
processes significantly impact the subsequent formation of galaxies, governed by a complex

network of physical processes collectively called “feedback.”

Recent advancements in technology and the availability of powerful instruments such as
the JWST and ALMA interferometer have enabled us to explore the depths of space and
study these early galaxies in greater detail. With the help of JWST, we have observed
galaxies beyond z > 10, while ALMA has provided insights into the properties of galaxies
beyond z > 7.

Studies based on these new observations have discovered very bright sources at z > 10,
which challenges the widely accepted model of large-scale structure formation known as the
ACDM model. This raises questions about the physical processes involved in the rapid
accumulation of large masses of these galaxies in a short period (around a few hundred

million years after the Big Bang).

In this thesis, we propose a simple solution to this problem by postulating the role of
“Dust Obscuration” in the observations. We use theoretical and numerical approaches to
develop a model of UV and IR luminosity and Dust Obscuration. The dust produced in
these early galaxies absorbs the UV radiation from young, hot, metal-free stars, resulting in
lower UV luminosity than predicted by existing theoretical models. The dust then warms

up and irradiates in the IR wavelength.

We propose a dust obscuration model that minimally affects the UV magnitude beyond
z > 10. We also extend this model to the IR band using a simple chain rule transformation.
However, we observe a slight disagreement between the model and the IR luminosity data,
which we hypothesize could be due to the presence of “UV dark” galaxies. These galaxies do
not emit UV radiation but contribute heavily to the IR wavelength. We propose the number

density of these missing galaxies from the IR data.

x1



xii



List of Figures

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

1.10

2.1

2.2

4.1

4.2

4.3

Evolution of the Universe . . . . . . . . . . ... ... .. ... .. ..., 2
Cosmic Evolution in a Nutshell . . . . .. .. ... ... ... ... ... .. 6
Constraints on ACDM parameters . . . . . . . . . ... ... ... ...... 10
ACDM parameter values from PLANCK 2018 . . . . . ... ... ... ... 13
Mass Variance . . . . . . . . ..o e 17
Spherical Top Hat window function . . . . . . .. ... .. ... .. ..... 18
Power Spectrum . . . . . . . .. 19
Transfer Function . . . . . . . . . .. .. 20
Press Schechter Halo Mass Function . . . . . . . .. .. ... ... ... ... 23
Sheth Tormen Halo Mass Function . . . . .. ... ... ... ... ..... 23
Comaprison of Press Schechter and Sheth Tormen HMF . . . . . .. .. .. 24
High-z UV LE . . . . . . . 28
High-z IR LF . . . . . . . 35
SFRvs. fopsat 2 =7 . . . . . . . . 44
UV LF at z = 7 predicted by the model . . . . .. .. .. ... ... .. .. 45
IR LF at z = 7 predicted by the model . . . . . .. ... ... ... ... .. 46

xiil



5.1

5.2

5.3

5.4

5.9

5.6

Model UV LF at z=6,7 . . . . . . . . . . . 50

Evolution of bright end of the UV Luminosity Function . . . . . . . ... .. 51
UV Luminosity Function 2z =11.5 . . . . . . . ... ... ... . ... 53
Model IR LF at 2z =4,5.5 . . . . . . . . . . 54
Missing galaxies at various redshift . . . . . .. .. ... ... 54
Percentage of Missing galaxies at various redshift . . . . . ... .. ... .. %)

Xiv



Contents

Abstract
List of Figures

1 Cosmology: Big Bang to Present
1.1 Cosmic Evolution . . . . . . . . ...
1.2 ACDM Cosmology . . . . . . . . .

1.3 Large Scale Structure Formation . . . . . . . . ... ... ... ... ... ..

2 Luminosity Functions and Effects of Dust

2.1 UV Luminosity Function . . . . . . . . . ... ... . L

3 New Telescope, New Challenges
3.1 Blue Monsters? . . . . . . . . ..

3.2 Non-Allergic Dusty Galaxies . . . . . . . . .. ... .. ... ... ......

4 A New Model

4.1 UV LF with dust attenuation . . . . . . . . . . . . . . ...

XV

xi

Xiv

14

25

26

29

33

37

38

38

41



4.2 Model IR Luminosity . . . . . . . . . ..

5 Conclusion and Future Developments

5.1 UV LF interpretation . . . . . . . . . . . . . . . ... ... ...
5.2 IR LF interpretation . . . . . . . . . . . . . . .. ... ...
5.3 SUMMATY . . . . oo
5.4 Original Work . . . . . . .. L

A Random Walk Method
A.1 Formation of Halos . . . . . . . . . . .

A.2 Random Walk . . . . . . . . . .

B Star Forming Efficiency

Bibliography

Xvi

49

49

52

55

S7

59

29

60

65

67



Introduction

Understanding how galaxies formed and evolved is a fundamental question in cosmology.
Despite extensive research in this field, the final frontier lies in piecing together the period of
redshift interval 25 to 6, which occurred roughly 200 million to 1 billion years after the Big
Bang. This period is critical because it witnessed two significant changes in the Universe.
Firstly, stars began to form, emitting ultraviolet radiation from their hot, metal-free surfaces,
marking the “cosmic dawn” period when dark matter halos capable of hosting star clusters or
low-mass galaxies emerged. Secondly, the intergalactic medium transformed from a neutral
and molecular gas to a fully ionized state, an event referred to as “cosmic reionization.”
Understanding these processes is crucial to developing a coherent picture of the evolution of

galaxies.

Roughly 400,000 years after the Big Bang, the Universe’s density began to decrease, caus-
ing a cooling effect that lowered the temperature to below 3000 K. This drop in temperature
enabled ions and electrons to combine with neutral hydrogen and helium. Subsequently,
photons were released from baryons, and the Universe became transparent, leaving behind
the Cosmic Microwave Background Radiation (CMB) as a relic signature. This event led to

a phase known as the “Dark Ages,” during which the Universe was mostly dark.

Around 400 million years later, the “Dark Ages” came to an end with the emergence of
the first galaxies emitting ionizing radiation. At first, the Intergalactic Medium (IGM) was
mostly neutral, except in regions surrounding the first objects. As the reionization process
progressed, a patchwork of neutral (HI) and ionized (HII) hydrogen formed and evolved.
With the emergence of sufficient UV-emitting sources, the Universe’s gas temperature and
ionized fraction increased rapidly. Eventually, the ionized regions expanded and filled the
entire Universe. Current limitations indicate that the epoch of reionization (EoR) took place
between redshifts z = 6 — 25.



The epoch of reionization (EoR) represents a crucial juncture in the Universe’s history.
Prior to EoR, the formation and evolution of galaxies were primarily influenced by Dark
Matter. However, during EoR, the impact of cosmic gas (baryonic matter) in galaxy evolu-
tion became more pronounced on a smaller scale, signifying a transition from one phase to

the next.

ease ofithe CosmicMicrowave Background

g2 Neutral Universe.  First stars

Figure 1: Image from European Space Agency website. This image illustrates the formation
of early populations of star-forming galaxies and how they re-ionized the Universe. Baryonic
gas gets attracted to assemble into DM halos, where it cools down and collapses to form
the first stellar systems. UV radiation from these hot young stars photo-ionizes the neutral
Hydrogen around, creating ionized bubbles. With the increase in the number of collapsed
systems and ionized bubbles and their sizes, cosmic reionization is completed.

Studying galaxies and the intergalactic medium has numerous advantages. It enables
us to pinpoint the time and complexity of transitions in the Universe and understand the
physical processes that dictate the survival of primitive systems. These systems form the
fundamental building blocks for the evolution of galaxies. The prevalence of low-mass sys-
tems in earlier times is linked to the assembly history of Dark Matter halos (Dayal and
Dunlop 2014). Cold Dark Matter (CDM) is the preferred choice for large-scale structure

formation, as warmer DM would delay early galaxy formation.

Recent advancements in technology and facilities have enabled us to obtain snapshots
of the Universe at very early times. Sensitivity in near-IR observations from the Hubble
Space Telescope (HST), mid-IR observations from Spitzer, and some rest UV spectroscopy
from ground-based instruments provide us with critical physical insights into the early stages

of star formation. HST’s high spatial-resolution images reveal unobstructed star formation,



while Spitzer probes line emission and stellar population age in galaxies via the Balmer break.
The Atacama Large Millimeter /submillimeter Array (ALMA) has contributed significantly
to characterizing the physical properties of massive star-forming sources in the early Universe.
It probes the reionization epoch using bright Interstellar medium (ISM) cooling lines, such
as [C II] at 157.74 pwm and [O III] at 88.36 pm, and simultaneously examines the far-IR dust
continuum radiation, providing a measure of obscured star formation. The James Webb
Space Telescope (JWST) has revolutionized this field by providing even more information,

allowing us to explore spectroscopic redshifts up to z > 7.

The latest observations obtained from the James Webb Space Telescope (JWST) have
challenged existing theories of galaxy formation and the ACDM model itself. The early-
release Science programs (CEERS and GLASS) have discovered two very bright galaxies,
GL-z13 and GL-z11, at very early epochs with stellar mass M, ~ 10°M, and a luminosity
of (Myy =~ —21). These findings are in conflict with current models of galaxy formation. In
addition to these bright galaxies, JWST has also discovered numerous other bright galaxies
at earlier redshifts, whose joint abundance is 10 times larger than what is predicted by theo-
retical models. These observations confirm the tension between observations and theoretical
predictions at the bright end of the Luminosity Function at z ~ 7—9, as reported by Bowler
et al. 2020 [1] and Harikane et al. 2022 [2]. Thus, these new data have challenged existing
theories and will require a re-evaluation of our current understanding of galaxy formation

and evolution.

The inconsistency between the observed number of bright galaxies at high redshift and
the predictions of the ACDM model may have several causes, such as an underestimation
of the number of Dark Matter halos. However, astrophysical factors are more likely to be
responsible, including a high conversion rate of gas into stars, a top-heavy initial mass func-
tion, or a high UV luminosity per unit of star formation. Another possibility is the presence
of magnification bias. In this thesis, we propose a straightforward explanation: minimal dust
obscuration beyond z > 10. Galaxies generate dust as a result of star formation, which can
block their UV radiation and generate infrared radiation, leading to lower luminosities than
predicted by theoretical models. To confirm this hypothesis, further studies of the infrared

luminosity function are necessary.

This thesis is structured as follows. In Chapter 1, we lay the foundation for understand-

ing the problem by discussing the physics of the formation and evolution of the universe and



the formation of structures. We also delve into the different stages of cosmic evolution and
the ACDM framework for large scale structure formation in the universe. In Chapter 2, we
explain the relevant quantities needed to comprehend the problem, such as the UV Lumi-
nosity Function, IR Luminosity Function, and dust. We also touch upon various research

and observations done in these fields, as well as theoretical models and simulations.

In Chapter 3, we examine the issues uncovered by JWST in detail, particularly the
inconsistencies between theoretical predictions and observational data, and explore potential
causes for these discrepancies. Chapter 4 presents the minimal dust obscuration beyond
z > 10 model of UV Luminosity Function and how it can be extended to the IR LF at z = 7.

We provide an interpretation of the model and discuss its implications.

Finally, in Chapter 5, we conclude by summarizing the thesis and discussing its future
scope. We highlight the importance of further research into the IR Luminosity Function to
verify the proposed model and its potential impact on our understanding of galaxy formation

and evolution.



Chapter 1

Cosmology: Big Bang to Present

Cosmology, also known as physical Cosmology, is the scientific study of the observable Uni-
verse’s origin, evolution, and large-scale structures, including the laws of physics governing
these areas. It is one of the oldest fields of Science and has been studied since ancient times.
However, the modern history of galaxy formation began after Hubble’s discovery of “Neb-
ulae” in 1925, which helped to clarify that these objects were of extra-galactic origin and
were named “Galaxies.” Galaxies are composed of stars, stellar remnants, interstellar gas,
dust, and dark matter, all held together by gravity. Since then, researchers have been on a

quest to understand the physics behind galaxy formation.

Our understanding of the Universe has improved remarkably in the past two decades.
The foundations of the Big Bang Standard model, Hubble expansion, the Cosmic Microwave
Background (CMB), and the abundance of light elements have been strengthened. However,
a few experimental pieces of evidence, such as a flat universe, the presence and abundance
of dark matter particles, and accelerating Hubble expansion, require an exact theory to be
explained. Nevertheless, with consistent efforts, researchers have developed a set of theorized

stages of the evolution of the Universe.

This chapter aims to provide a context for the research that follows. Specifically, we
will begin by explaining the stages of the evolution of the Universe. This would allow us to
provide a foundation to discuss the ACDM model and its parameters. The ACDM model
works as the standard parameterized Big Bang model, which explains the evolution of the

Universe and the formation of galaxies via Large Scale Structure formation. We will briefly



look at these concepts to allow us to build a framework for understanding the challenges

posed by the James Webb Space Telescope (JWST).

Development of

(1) Infiation

Fluctuations™ {8

1st Stars
about 400 million yrs.

Figure 1.1: Image Credit: NASA/ LAMBDA Archive / WMAP Science Team: ACDM
model of Cosmology. The above picture shows that the infant universe is an extremely hot,
dense, nearly homogeneous mixture of photons and matter, tightly coupled as plasma.

1.1 Cosmic Evolution

In this section, the evolution of the Universe has been explained briefly. As shown in Fig.

1.2, the evolution can be explained as five different stages:

1. Inflation: Inflation is a phenomenon that occurred during the first 10732 seconds after
the Big Bang, where the universe underwent a rapid and exponential expansion, in-
creasing its size by a factor of at least 10%6. This process is believed to have smoothed
out irregularities and resulted in a uniform distribution of matter throughout the uni-
verse. Inflation also provides a possible explanation for two fundamental problems
in cosmology - the flatness and horizon problems. The flatness problem refers to the
unexpected flatness of the universe, given the initial conditions of the Big Bang. The
horizon problem arises from the fact that distant regions of the universe appear to have
had contact with each other, even though the light has not had enough time to travel
between them. Inflation resolves both problems by allowing the universe to expand

rapidly to a size that accounts for these observations.



2. Recombination: Recombination occurred around 380,000 years after the Big Bang
(redshift z ~ 1100) and marked a significant stage in the evolution of the universe.
During this time, the universe had cooled down enough for electrons and protons to
combine, forming neutral atoms. This made the universe transparent, as photons could
now travel freely without interacting with electrons. As these photons continued to
travel through space, they eventually cooled down and became cosmic microwave back-
ground radiation (CMB), which can still be observed today. The CMB is considered
to be one of the most important pieces of evidence for the Big Bang theory, as it is
a remnant of the radiation that filled the universe in its early stages. The study of
the CMB has provided important insights into the composition and properties of the

universe and is a key tool in understanding the evolution of the universe.

3. Galaxy Formation: Galaxy formation is a significant stage in the evolution of the
universe that began around 200 million years after the Big Bang (z ~ 20 —30). During
this stage, the density fluctuations in the universe caused by inflation led to the forma-
tion of the first structures, which are believed to have been small, dense regions of dark
matter. As more dark matter accumulated in these regions, they attracted gas and
dust through gravity, which formed the first galaxies. The process of galaxy formation
was gradual, and it took billions of years for galaxies to evolve into the diverse shapes
and sizes we observe today. The study of galaxy formation has revealed important
information about the nature of dark matter, the role of black holes in galaxy evolu-
tion, and the mechanisms that drive star formation in galaxies. Understanding galaxy
formation is essential to understanding the universe’s evolution and the formation of

the structures we observe today.

4. Star Formation: Star formation is a fundamental process in the evolution of the
universe that occurs within galaxies. Stars are believed to form when dense regions
of gas and dust within galaxies collapse under their own gravity. As the gas and dust
in these regions become more concentrated, the temperature and pressure increase,
eventually igniting nuclear fusion reactions that power the star. The process of star
formation is complex and involves the interplay of many physical processes, such as
turbulence, magnetic fields, and radiation feedback. Understanding star formation is
crucial to understanding galaxies’ properties and evolution, as stars are the building
blocks of galaxies and play a critical role in the chemical and thermal evolution of

the universe. The study of star formation has also led to important discoveries in

7



astrophysics, such as the existence of protostars, brown dwarfs, and planetary systems.
Star formation began at a redshift of around 10, or about 400 million years after the

Big Bang.

5. Dark Energy Domination: Dark energy domination refers to the current era of
the evolution of the universe, where dark energy is the dominant component of the
universe’s energy density. Dark energy is a hypothetical form of energy that is believed
to be responsible for the accelerated expansion of the universe. This acceleration was
first observed in the late 1990s and has since been confirmed by numerous experiments
and observations. Despite its name, dark energy is not well understood and is one
of the greatest mysteries in modern physics. Its properties, such as its origin and
composition, are still a subject of intense research and debate. The era of dark energy
domination is characterized by the universe’s continued expansion at an accelerating
rate and the gradual fading away of structures, such as galaxies and galaxy clusters. It
is expected that this era will continue indefinitely, leading to an increasingly dark and
empty universe. The study of dark energy domination is crucial to our understanding
of the fate and ultimate destiny of the universe. Dark energy domination began at a

redshift of around 0.7, or about 5 billion years after the Big Bang and is ongoing.

1.2 ACDM Cosmology

The Lambda Cold Dark Matter (ACDM) model is a parameterization of the Big Bang Cos-
mological model. Tt proposes that the Universe comprises three major components: I) The
cosmological constant A, which Einstein suggested to account for dark energy in his equation,
IT) Cold Dark Matter, and III) Ordinary Baryonic Matter. This simple model has success-
fully explained various properties of the cosmos, including the structure and existence of the
Cosmic Microwave Background (CMB), the formation of large-scale structures of galaxies,
and the observed abundances of Hydrogen, Helium, and Lithium. It also accounts for the
accelerating expansion of the Universe. The model assumes that General Relativity is the
correct theory of gravity on cosmological scales. Given the lack of a consensus on the energy
density makeup of the Universe, the ACDM model emerged as the “concordance cosmology.”
It can be further developed by incorporating cosmological Inflation, quintessence, and other

speculative and researched elements.



The ACDM model describes the expansion of the metric space that can be observed
through the redshift of spectral lines in the light from distant galaxies and the time dilation
in supernova luminosity curves. These phenomena occur due to the Doppler shift of elec-
tromagnetic radiation as it traverses through an expanding space. This expansion increases
the distance between objects not influenced by gravity, yet it does not cause an increase in
their size. Despite objects in close proximity having a relatively slower recession speed, those
located farther apart can move away from each other at a velocity exceeding that of light

due to an accumulation of expansion over great distances.

The ACDM model is made up of several components. Let’s take a closer look at them
one by one. Firstly, there’s A, which represents the Cosmological Constant. Scientists
believe it represents the energy present in empty space, which is also known as dark energy.
Dark energy is thought to be responsible for the observed accelerating expansion of the
Universe against the force of gravity. According to the theory of General Relativity, the
cosmological constant has negative pressure, represented by the equation p = —pc?. This
pressure contributes to the stress-energy tensor, which causes the Universe to expand at an
increasing rate. The dark energy, which is also represented by the symbol 2, makes up a
significant fraction of the total energy density of our Universe. The Dark Energy Survey,
which used Type Ia Supernovae, estimated its value to be 0.669 + 0.038 in 2018. Meanwhile,
the PLANCK satellite data estimates it to be 0.6847 = 0.0073, which is more than 68.3% of

the total mass-energy density of the Universe.

Observations of gravitational effects like the rotation of galaxies, the bending of light by
galaxy clusters, and the clustering of galaxies can’t be explained by the amount of visible
matter alone. To account for this, scientists have proposed the existence of Dark Matter.
According to current hypotheses, Dark Matter is made up of non-baryonic Matter, which
means it’s not made of protons and neutrons. At the time of radiation-matter equality, Dark
Matter particles had a velocity much lower than the speed of light, which is why they’re
referred to as “cold.” These particles interact with each other and other particles through
weak force and gravity, making them collisionless. Additionally, they can’t be cooled through

radiating photons, so they’re considered dissipationless.

Dark Matter makes up approximately 26.5 % of the mass-energy density of the universe,
while ordinary Matter accounts for the remaining 4.9 %. Ordinary Matter is composed

of atoms, chemical elements, gases, and plasma that make up planets, stars, and galaxies.



However, the majority of Matter in the universe is invisible because less than 10 % of ordinary
Matter is in the form of stars and gas found in galaxies. The Cosmic Microwave Background
(CMB) and relic neutrinos make up a tiny fraction of the universe’s energy density, only 0.01
% and 0.5%, respectively. However, these components played a significant role in the past,

dominating the Matter at a redshift greater than 3200.

The ACDM model employs the Friedmann-Lemaitre-Robertson-Walker metric and the

equations of state in cosmology to depict the current state of the observable universe starting

from the inflationary period.

dR?

1——]€R2 + R2d02 + R2 sin2 0d¢2)

ds* = c2dt* — a*(t) (

where ¢ is the speed of light, R, r, 0, ¢ are co-moving coordinates, and a(t) is the cosmic
scale factor.k is the curvature of the universe, which can be positive, zero, and negative

depending if the Universe is closed, flat or open respectively.
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Figure 1.2: This plot gives the combined constraints to the cosmological densities €2, and
Qyr, using supernovae, CMB and cluster abundance data. The flat solid line represents
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1.2.1 Cosmic Expansion History

The expansion of the Universe is described using a dimensionless scale factor a, which repre-
sents the size of the universe at a given time. At the present time, ty, the scale factor is set
to 1. As the universe expands, the scale factor changes with time. The relationship between

the scale factor and the observed redshift of light emitted at a certain time, tq,,, is given by:

1
1+ 2

a(tem) =

Hubble parameter H(t) describes the expansion rate as follows:

where @ is the time derivative of the scale factor. Using the first Friedmann equation we can
calculate the expansion rate in terms of matter and radiation density p, the curvature k£ and

the cosmological constant A

where ¢ is the speed of light and G is the gravitational constant. Assuming p. as the
critical present day density taking zero curvature k£ and cosmological constant A to be zero,

we get:

3H§ 92672 -3
it = —— = 1.878 x 107*°h* k
Perit Ry X gm

where h = Hy/(100km s~ Mpc™!) is the reduced Hubble constant. According to ACDM
model, a positive cosmological constant predicts the Universe to expand forever regardless

of the density.
The density parameter €1, for various species in present day is defined as a dimensionless

11



ratio:

Qg
Perit 3H§

where x can be baryons (b), CDM (c), radiation (rad) and Dark Energy A. All these densities

scale as different powers of a. Hence, we can rewrite the Friedmann equation as:

H(a) = g = Hy \/(QC + Q)a= + Qaga™ + Qa2 + Qpa—30+w)

Here, w refers to the equation of the state parameter of the Dark Energy. By construction,
all the density parameters sum up to unity. The above relation is integrated to solve for
the expansion history a(t), and observable distance redshift relations are compared with the
observations such as supernovae and baryon acoustic oscillations. In the minimal model, the

Universe is assumed as flat and w = —1, hence,

H(CL) = HO\/Qma*?’ + Qcma*‘* + QA
= Ho/Qun(1+ 2)3 + Qeie (1 + 2)* 4+ Qq

Observations predict Q.q ~ 107%, hence we can neglect the term. It has been noticed
that the major contribution comes from §2,,. Hence, we can approximately write the above

equation as:

H(a) = Hor/Qun(1 4 2)3 + Qy

Using PLANCK CMB data, the basic parameters are derived which are the important
pillars of the ACDM model. These values are calculated using temperature-temperature
(TT) spectra, temperature-E mode polarization (TE) spectra and the E mode-E mode po-
larization (EE) spectra. The best fit values calculated by these spectra as in Fig 1.3:

1. Hubble constant (Hy): The rate at which the universe is expanding at present. Value:
Hy =674+ 0.5 km/s/Mpc (Planck 2018).

2. Baryon density (Q,h?): The fraction of the critical density made up of baryonic matter,
where h is the Hubble constant in units of 100 km/s/Mpec. Value: Qyh? = 0.02237 +

12
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Figure 1.3: The base and derived ACDM parameter constraints from PLANCK data is
shown in the above plot. These are 68% and 95% parameter constraint contours from the
CMB power spectra.[4]

0.00015 (Planck 2018).

3. Cold dark matter density (Qcamh?): The fraction of the critical density made up of
cold dark matter. Value: Qugmh? = 0.11933 £ 0.00096 (Planck 2018).
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4. Spectral index of primordial perturbations (ny): The scalar spectral index of the initial
perturbations that seeded the large-scale structure of the universe. Value: ny, = 0.965+
0.004 (Planck 2018).

5. Amplitude of primordial perturbations (As): The amplitude of the primordial power
spectrum of density perturbations. Value: In (10'°A) = 3.044 + 0.014 (Planck 2018).

6. Dark energy density (£25): The fraction of the critical density made up of dark energy.
Value: Q, = 0.6844 £+ 0.0073 (Planck 2018).

In addition to these, here are four extra parameters that are often included in more

complex models:

1. Sound Horizon at last scattering 1006yc: is the ratio of the sound horizon at the time
of photon-baryon decoupling to the angular diameter distance to this same epoch.
Value: 1000y = 1.04090 £ 0.00030 (Planck 2018)

2. Root mean square mass fluctuations (0g): os is a parameter used in cosmology to
describe the amplitude of density fluctuations in the universe on a scale of 8 mega-
parsecs. Value: g = 0.811 +0.019 (Planck 2018)

3. Curvature of the universe (£2;): The fraction of the critical density corresponding to
spatial curvature. Value: € = 0.0007 £ 0.0019 (Planck 2018).

4. Reionization optical depth (7e0): The optical depth of the universe to electron scat-
tering, which is related to the epoch of reionization of the intergalactic medium. Value:
Treio = 0.054 + 0.007 (Planck 2018).

1.3 Large Scale Structure Formation

This section explains the origin of the universe’s large-scale structure, like galaxies and
clusters of galaxies, and how they develop in the later universe. Let us define density
enhancement dp and the density contrast A = dp/p. When § << 1, these perturbations

grow linearly. But, when this amplitude approaches unity, subsequent development becomes
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non-linear, and they rapidly evolve into bound objects like galaxies and clusters of galaxies,

where nonlinear astrophysical effects are important, such as star formation and feedback.

Let us define a joint probability of a given realization, P[d(x);t]. This refers to the
probability that at time ¢, the density at position x; is p(¢)[1 4+ d(x2),t] and so on. With
increasing time, neighboring perturbations influence each other’s growth through gravity.
For earlier times, we can approximate perturbations to be independently evolving to each
other. This can be shown in k-space in a better manner than in real space. Now, we can

write the joint probability as a product of the probabilities of individual modes:
P3(k); 1] = Pl3(k), 8(ks), . £)] ~ [Jowlo(k);

where g;, refers to the probability of a single mode having a specific amplitude and phase dy.
At earlier times, we can think of §, as an uncorrelated random variable; hence central limit
theorem motivates us to adopt a Gaussian distribution for g;. A Gaussian random field has

the property being solely defined by its mean and its variance:
@)=0  (al)=oi  (0d)=0  (fork+#p)
Analogously, probability of a location in real space (x) having 0, = ¢ at time ¢ is:

Pl = # exp __q2
\/2mA2 2A2

where the real space variance A? is written in terms of Fourier components:

AL = (5)

— 2 Z<5k5;>ei(k—p).x
k.p

= V2 ZO’Z
k

The discrete sum over the modes in the above equation can be converted to an integral by
using the standard density of state relations. Let us assume V = L3 is large enough to contain
the representative volume of the Universe (beyond which the Universe is inhomogeneous);

the k = %n boundary condition must be satisfied. This implies that n = (n,,n,, n,) should
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be integers 0,1,2... Hence density of states, d*k = (2";)3 d*n:

3 4 3
szzzn:dn = (%)3/“

Using this, variance can be redefined as

The volume integral is performed assuming isotropy, and the term inside the integral is called

“power per In k” and is a representation of power spectra.

We have expressed 9, as a Gaussian random field above. If 9, is a Gaussian random field,
then they are also linear functions of §,. The excess mass in a sphere with radius R around

a given point x is given by:

IMg(x) = p/ S(x +r)d*r
Ir|l<R

We simplify the above integral numerically by replacing the definite integral with an

indefinite one by introducing Window function with the following properties:

Lif|r| <R

W(r) =
0if |r| >R

Using the window function, we can write the above integral over all space as:

IMpg(x) ~ ﬁ/‘/é(x—l—r)W(r)dBr
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This equation is a convolution in real space. In k-space, it turns into multiplication
0Mp(k) = por Wy
The average mass corresponding to this scale R is:
Mp = p/ W(r)d*r = Viyp

where Vi is defined as the “effective volume” of the window function. Now the fractional

excess or mass perturbation can be calculated on a scale of R. In k-space, it is given as:
oM pOWE W oM Vv / wWEN

P k) = — = R =0y = z(k.x)diik
<M )R( = Ver T W M R(X) M (om)3 Vw )©

Finally, we can write the variance in the mass field on a scale of R (Mass Variance):

1 o dk
Th(R) = G) = | IR
w

4.0
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Figure 1.4: Mass Variance is the fundamental quantity required to define the collapse of halo
mass.

Mass variance is a fundamental quantity for predicting the number density of collapsed

structures(halos). The Window function defines the scale of interest over which matter power
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spectrum integral is taken over. Mass variance is a Gaussian distributed quantity as it is
constructed using a Gaussian distributed quantity ¢,. Hence, the probability of finding a
mass fluctuation with amplitude between d,; and d,; + ddys at a given scale R at redshift z

1s:

2
1 oM

P((SM,R, Z)d(gM == We_ﬁd(SM
M

There are various choices for the Window function for computing the mass variance:
spherical top hat, the sharp k-space, and a Gaussian. Each window function has advantages
and disadvantages. We commonly use the spherical top hat, as it is intuitive and clean in
real space:

Lif [r| <R sin(kR cos(kR AT
r) = d Wy = 4n R’ (kR) _ costhR) Vi = —

= R3
0if |r| >R (kR)? (kR)? 3

12
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Figure 1.5: Spherical window function plotted at R = 1 Mpc. It is a smoothing tool on a

scale of R. We can see that before k = 1, it returns the value of 1, and after that, it takes
the function to 0.

One more important component of mass variance is the matter power spectrum, 0,3. It

is an important fundamental concept of Cosmology. It describes the density contrast, i.e.,
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the difference between local density and mean density, as a function of scale. It is usually

expressed as (given by Eisenstein & Hu 1999)

of = AK"T*(k)D*(z, k)

4
"
3
2_
=
™2
© o0
£
~
o 27
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&
o 4
[
=
£ -6
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Figure 1.6: This plot represents the present day power spectrum assuming og = 0.826 and
h =0.6775

where A is a normalization constant normalized using present-day fluctuations on scales
of R = 8h~! Mpc, computed with a spherical top-hat window function. As per Planck
Collaboration XIIT et al. 2016, op(z = 0,R = 8h 'Mpc) = 0.82. The second k" term
represents the primordial spectrum set by inflation represented by Power law. T?(k) is the
transfer function, accounting for modifications of the primordial power spectrum on “small
scales” due to processes at Matter-Radiation equality and Recombination. In this thesis, we

will be using the transfer function given by Liddle et al. 1995 [5]:

In(1 + 2.34¢) —1/4

531 x [1+3.89¢ + (16.1¢)* + (5.46¢)° + (6.71¢)"]
34q

Teom(q) =

Finally, D(z, k) is the growth factor, describing the linear growth of perturbations, and is
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Figure 1.7: Transfer Function as proposed by Liddle et al. 1995, compared with simulations
HMFCalc written by Steven Murray

normalized to be unity at z = 0:

9(Q(2)) 1 5 1 2090 Q2 - 1.686
D) = 20 9@ =59 |7+ 70~ 120 T

1.3.1 Halo Mass Function

Halo mass function refers to the mass distribution of Dark Matter Halos; in other words, it
gives us the number density of DM halos per mass at a given redshift z. We can evaluate the
halo mass function using the tools explained in the last section. Let us define M}, to be the
mass of collapsed structures (a halo) and feon(> My, 2) to be the fraction of matter in the
Universe contained inside halos of mass greater than M), at the time z (collapsed fraction).
Now, using the probability of mass fluctuation explained before; we can integrate it over the

0y distribution we can calculate the collapse fraction.

o0 1 o0 _ 25?\/1
feon(> My, 2 —/ Py, R, 2)doy = —/ e 2B 5,
( ) de ( ) V 27TO'M<R, Z) 5.=1.686
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Here, 6. is the critical density corresponding to the minimum overdensity of a collapsed
halo. As we are dealing with a linear density field, we can use the result from the spherical
collapse model where it’s given that . = 1.686 for collapsed structures. We can perform
these calculations on the overdensity field linearly extrapolated to z = 0. We can move the

redshift dependence from oy, by replacing d.(z) = 1.686/D(z):

1 0 _gzi
f 11<> Mh’ Z) - - / (& 20M<R) daM
co ) /27TO'M(R> 0.=1.686/D(z)

Let 7 = 1/ /203, thus dr = ddy/+/203%,. So we can rewrite the above equation as:

1 e
N ﬁ 66/\/20'12M

fcoll(> M}“ Z) 6_T2d7'

But there is a problem with this formalism. As the matter field we have taken is discrete, we
should recover the asymptotic limit feon(> M) — 1 as M — 0. But our equation converges
to 1/2. The missing factor of 2 is termed the “cloud in-cloud problem.” We have not been
accounting for Lagrangian regions, which, even if too underdense to be counted as belonging
to a halo of mass M, still make up a part of a larger halo My > M;. So we should add one

more term:

o0 5(:
fcoll(> Mh,Z) :/ P((SM,R, Z)déM +/ C(5M,R, Z)déM
5‘:

—00

The second term corresponds to the probability that a point with §y/(Ry) < 0. will
have dp/(R2) > .. The “cloud in cloud” problem motivates a different perspective on the
calculation of the halo mass function. Instead of using the above method, we can use the
random walk (excursion set) method (in details in Appendix A). Since the . barrier is
a constant function of scale, we can cast the problem in terms of the classical stochastic
diffusion equation. For every random walk trajectory which goes above the ¢, barrier at M,
there is an equal probability that it will continue going above or continue going below ¢, for
M < M. Hence the second term in the above equation has the same probability as the first

term.
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0 dc
fcou(> Mh,Z) = / P(5M,R, Z)d5M+/ C(dM,R, z)déM
dc —o0

=2 X/ P((SM,R, z)d(SM
de
1 de(2) }
— 9 % = erfe |[——F)
2 [\/%M(R)

When we differentiate the above equation with respect to mass, we obtain the halo mass
function (Press and Schechter 1974 [6]):

dfeon(> M,2)  [2 6.(2) do(M) 52(2)
dM _\/;0]2\/[(]\/[) at P {_2012\4(]\/[)}

The fraction of collapsed mass inside halos of mass around M is equal to their number of
density times their mass divided by the average density of the universe, df.on = (dN/dV') x
(M/p) = dn x (M/p). So we can write the halo mass function in terms of the comoving
number density of halos:

dn(> M) o Edfcoll(> ]\47 Z)

dM M dM

It has been noticed that these analytic halo mass functions agree relatively well with
results from N-body simulations, which follow the non-linear evolution of structure in de-
tail. But it was also noted that they underestimated the abundance of massive halos and

overestimated the abundance of small halos. So, an alternative form was suggested by Sheth
& Tormen 1999 [7]:

—A

dn(>M,z)  poOlnoy /2 m
dM M oM T

IR N
,92p> vexp [07/2]

with o = \/ad.(z)/op. This form is motivated by the random walk procedure but by

replacing the scale-independent barrier from spherical collapse, 0.(z), with a scale-dependent
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Figure 1.8: Halo Mass Function plotted, using Press Schechter Formalism, at various red-
shifts z = 0,4,7. The x-axis represents the mass of halos in the units of M while the y-axis
is the number density multiplied by M (dldﬁ = M x j—]\’}). This gives the distribution of a
number of halos of a certain mass at a certain redshift. We can observe that the plots are in
accordance with the Binary Merger theory. According to this theory, smaller halos at higher
redshifts merge to become bigger halos at smaller redshifts. Hence, as we can see from the
plots, bigger halos M = 10'® M, are more abundant in lower redshifts as compared to higher
redshifts.
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Figure 1.9: Halo Mass Function is plotted using Sheth Tormen formalism. It assumes ellip-
soidal collapse rather than the spherical collapse of halos. In this formalism, we rectify the
issue of overestimation of smaller and underestimation of bigger halos as compared to the
Press Schechter halo mass function

barrier using an ellipsoidal collapse model:

0.(M, ) = V/ab(2) [1 0 (UJSI&M)))]

When fitted to the N-body simulation results, we obtain the constant values (Jenkins et al.
2001): A =0.353, p = 0.175, a = 0.707, b = 0.34, ¢ = 0.81. These mass functions are still

widely used today, forming the basis for all early structure formation analytic studies.

23



0
— 5T
— PS

= -10-

[aa]

W)

o

= _20-

=

c

o _ —

O -30

S

L

= —40

T

=50 | | \ |
10 11 12 13 14 15

M [Mo/h]
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while the red curve is for Press Schechter. We can clearly see that the PS method underes-
timates the number density of the bigger halos and overestimates the smaller ones.

Using the framework set by ACDM and the theory of large-scale structure formation, we

move on to a more specific introduction to the concepts related to the thesis.
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Chapter 2

Luminosity Functions and Effects of
Dust

ACDM model parameterized the Big Bang model, and the large-scale structure formation
explains galaxy formation analytically. With the development of various ground and space-
based telescopes like PLANCK, SPITZER, HST, JWST, etc., we have been able to dig deep
into the sky and detect galaxies. The galaxies, primarily composed of stars emit photons,
which are detected by these telescopes. One of the important quantities measured by these

telescopes is the flux. Using this flux, luminosity is calculated:

L =4nd® x f

where f is the flux, L is the luminosity and d is the luminosity distance. Luminosity is
the power output of a star. The net sum of these luminosities count as the luminosity of
a galaxy. One of the important tools to study galaxies is the luminosity functions, which
describe the brightness of galaxies at different wavelengths. Ultraviolet (UV) and infrared
(IR) wavelengths are particularly useful for studying the properties of galaxies, as they
probe different physical processes such as star formation, dust extinction, and the heating
of interstellar dust by starlight. The UV and IR luminosity functions provide insights into

the properties and evolution of galaxies at different epochs.

However, the presence of interstellar dust in galaxies can obscure our view of the under-
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lying processes, affecting our measurements and interpretations of the luminosity functions.
Therefore, understanding the properties of interstellar dust is crucial for accurate interpre-

tation of the observations.

In this chapter, we will explore the basics of UV and IR luminosity functions and inter-
stellar dust and their relevance in the study of galaxies. We will discuss the techniques used
to measure these properties and the challenges involved in interpreting the data. Finally,
we will highlight some of the recent advances in the field and their implications for our

understanding of galaxy evolution.

2.1 UV Luminosity Function

The galaxies in the first ~ 700 Myr from the Big Bang (z > 8) are mainly observed in the
rest frame UV light. Considering the limited time since the Big Bang and the rapid growth
of DM halos and stellar mass assembly at these early times, these galaxies are young and
predominantly star-forming. As these galaxies are primarily made up of young stars, we
have a galaxy spectrum of a power law function, and interstellar and intergalactic neutral
gas absorbs photons that are bluer than the Lyman a wavelength. Hence we have a sharp
spectral break at A ~ 0.12(1 + z) um. Therefore, the rest frame UV is the brightest area
of the spectra. Due to HST, rest frame UV has been readily accessible for a large and
deep area for source identification. Far-IR, including the [OIII] line observations and rest
frame optical fluxes from Spitzer IRAC, has made follow-up observation possible for potential

galaxy candidates.

UV Luminosity Function is one of the most fundamental quantities which can be ex-
tracted from the rest frame UV observations. UV LF is the density of UV sources per unit
volume at a specific redshift. It is one of the most robust observables available for high-z
galaxies. Many properties, such as the number of ionizing photons, cosmic star formation
rate density history, dust properties at high redshifts, and connection between stellar mass
and dark matter halo assembly, can be inferred from UVLF.[8] This section will use a theo-

retical approach to calculate the UV-LF and compare it with recent observations

In the simplest form, UV LF can be constructed by assigning each galaxy a cosmological

ratio of baryons to DM (€2,,/€2,,) and then multiplying this with a constant star formation
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efficiency e,. If feedback is assumed to be negligible, UV LF traces the same shape as the
HMF'. Hence, we can use the Schechter function to parameterize the UV-LF and obtain the
number of galaxies as a function of Luminosity dn/dL. The Schechter function is a product

of power law and exponential decay. Hence UV LF can be written in the following manner:

dn . . ¢s (L “ —(L/Ly)
oo =2 (1) e

The UV LF can be described using three critical parameters from the above equation: I)
¢« - the characteristic number density, II) L, is the characteristic luminosity, and III) « is
the faint end slope. This function is a power law at the fainter, i.e., low luminosity end
for L < L.. After it crosses the knee/characteristic luminosity, it drops off exponentially.
At high-z, most observables are defined using UV magnitude instead of luminosity. UV

magnitude is determined such that:

¢(MUv)d(MUV) = ¢(L)d(—L)

L
MUV — MUV* = —2510g <L—)
Here Myy, is the characteristic (or knee) magnitude. Using these relations, we can write

the Schechter function in the following ways:

dn In 10 a+1 10%-4Myv, —Myy)

— (M _ . (1004Mov, ~Muv)
Mgy o(Myv) 2.5¢( ) exp

Recently, a combination of space-based surveys like HST and JWST and ground-based
facilities like ALMA has made the construction of UV LF at high redshift possible. They
have allowed us to map LF over eight magnitudes from Myy ~ 14 — 23 at z ~ 7. It has been
observed that the bright end at z ~ 7 is better fitted by a double power law that steepens to
the Schechter function by z ~ 5 due to increasing dust extinction, AGN feedback and lensing

magnification bias. It is important to note that three parameters of UV LF are degenerate.

For the reproduction of the bright end of UV-LF at z ~ 5 — 10, an increasing star
formation efficiency needs to be added. Due to this, galaxies of the same luminosity reside
in halos that are twice as massive at z ~ 5 at z ~ 8, which leads to steepening in the
predicted faint end slope. Further addition of the Star formation efficiency function due to
the feedback effects fine-tunes the theoretical UV LF.
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Figure 2.1: The figure presented here is adapted from Oesch et al. (2018), which compares
the observed z ~ 10 UV luminosity function (LF), calculated in the paper using HST data
to various models and simulations from the literature. The red line and dots represent the
observational data from Oesch et al. (2018) [9], while the blue to green lines correspond to
model LFs. All the models predict a considerable evolution in the UV LF between z ~ 8 —10.
However, the simulated UV LFs generally agree well with the observations and are mostly
within the 1o range.

UV luminosity function has been modeled in a variety of ways. Techniques such as
abundance matching, semi-analytics, and hydro-dynamical simulations have predicted the
UV LF to a reasonable agreement with the data. This is driven by numerous physical effects
which have a degenerate effect on the UV-LF, such as SN and UVB feedback impact on
the decreasing gas content of low-mass DM halos, the impact of dust on the observations of
highly luminous galaxies, etc. Several observational biases have impacted the constraining
of the faint end. These limitations have not allowed constraining the exact properties of the

luminosity function.

Hubble Space Telescope and ground-based programs have been giving measurements of
the redshift evolution of the LF’s till z ~ 8. Bouwens et al. 2015, Atek et al. 2018, Bouwens
et al. 2021, have constrained the Schechter function parameters to a good level. The shape
of UV LF, if the observations are deep enough to detect the faint galaxies, does not deviate
significantly from the Schechter function. Although a double power law has been suggested
by Bowler et al. 2015 [10], Khusanova et al.[11] 2020, Harikane et al.[2] 2022, and Donnan
et al. 2023 [12], for the highest redshift samples at z ~ 6. Before JWST, data indicated
the presence of lesser luminous high redshift galaxies. With the release of JWST data, this
field is looking toward big revolutionization. The early results like Naidu et al. 2022 [13],
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Donnan et al. 2022 [12], and Finkelstein et al. 2022 [14], etc., have discovered more bright
galaxies in the early universe at z > 8 than we expected. Various cosmological simulations

have also been attempted to model high-z galaxies.

2.2 Dust

Interstellar dust is composed of tiny solid particles with sizes ranging from 0.01 to 0.1 mi-
crometers. These particles are made up of various materials such as carbon, silicates, and
metals and are found in the space between stars in galaxies. The origin of interstellar dust is
not yet fully understood, but it is believed to be produced by processes such as supernovae,

stellar winds, and collisions between dust grains.

The study of interstellar dust is significant as it offers insights into the physical and
chemical processes that occur in space. The properties and behavior of dust grains can
affect the observed properties of astronomical objects such as stars and galaxies. By studying
the interaction of dust with light, astronomers can learn more about the composition and

structure of the interstellar medium and the processes that shape it over time.

The thermal emission of interstellar dust grains has been observed at wavelengths longer
than 100 micrometers, with the peak emission occurring at around 150 micrometers. Larger
dust grains are in thermal equilibrium with the interstellar radiation field, meaning they
have reached a balance between absorbing and emitting radiation. The heating of dust
grains depends on the type of star that is nearby, with young and UV-luminous stars like

OB-type stars heating the dust to higher temperatures than old and faint stars.

The process by which interstellar dust absorbs UV radiation and emits IR radiation is
known as thermal emission. The energy absorbed by dust grains is transferred to the atoms
and molecules within the grain, causing them to vibrate and rotate. This energy is then
re-radiated by the dust grain as IR radiation, with the wavelength of the emitted radiation
depending on the temperature of the dust grain. Hotter dust grains emit shorter-wavelength
IR radiation, while cooler dust grains emit longer-wavelength IR radiation. The emission
spectrum of a real emitter, such as dust grains, is modified from a blackbody using an
emissivity term dependent on frequency. The value of the emissivity index ( is thought to

be related to the composition, size, and temperature of the dust grains and usually falls
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within the range of 1-2 [15].

The dust in space significantly impacts the Spectral Energy Distribution (SED) of galax-
ies, affecting the reliability of SFR measurements. A young, dust-reddened stellar population
can be misidentified as an older, dust-free one, making correcting the amount of dust at-
tenuation to the observed flux essential. About half of the energy produced by galaxies is
absorbed and reprocessed by dust formed as an end product of stellar evolution [16]. To
recover the starlight hidden by dust, observations from FIR and sub-mm, where the dust

emission peaks are, are necessary.

The thermal emission spectrum (.S,) of a perfect emitter (blackbody) at a temperature
T can be described by the Planck function:

where h is the Planck constant, v is the frequency of emission, ¢ is the speed of light,

and kg is the Boltzmann constant.

The emission spectrum of a real emitter (such as dust grains) is modified from a blackbody

using an emissivity term:

SV = QemBu(T)

where Q).,, is dependent on frequency:

Qem X AP f

Hence, it is important for us to understand the properties of Interstellar dust and model

it. This would also provide insights into physical and chemical processes that occur in space.
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2.2.1 Modelling of Interstellar dust

There are numerous challenges in studying interstellar dust as they are difficult to observe
directly. Indirect methods like absorption and scattering of light are employed to infer the
properties of dust. There have been numerous attempted models of interstellar dust to
explain its properties and dust. Modeling interstellar dust has turned out to be challenging
because dust is a complex heterogeneous material that can vary in composition, size, and
shape. The models need to take into consideration a wide range of physical and chemical
processes, such as the heating and cooling of dust grains, the absorption and scattering of

light, and chemical reactions that occur on the surfaces of dust grains.

Despite these challenges, several models of dust have been proposed over the years.
These models explain the observed properties like size, composition, and optical properties
of dust. One of the most widely used models of interstellar dust is the Draine & Lee 1984
model[17]. This model assumes the interstellar dust to be composed of a mixture of silicates
and graphites and that the dust grains have a power law size distribution. This model has

been successful in explaining the observed extinction curve in the Milky Way.

The model given by Weingartner & Draine 2001 [18] extends on the previous model
to include aromatic hydrocarbons (PAHs), which are thought to be one of the important
components of interstellar dust. This model has successfully explained the mid-IR emission
features observed in many galaxies. There have been more complex size distribution models
such as the one in Zubko et al. (2004) [19] model. It assumes the dust is composed of a
mixture of silicates, graphites, and amorphous carbon grains. This has been used to explain
the polarization properties of interstellar dust. The model given by Li & Draine [20] in 2001
assumes dust grains are fluffy aggregates of smaller subunits. This model has been used to

explain the anomalous microwave emission observed in the Milky Way. [21]

2.2.2 Dust Attenuation

Assuming a complex geometric distribution, where light sources (stars) are distributed at
varying depths regardless of the dust’s nature, the resulting effect of dust is referred to
as Dust Attenuation. The relative positioning between light sources and dust significantly

affects light absorption and scattering. To account for dust attenuation, the radiative transfer
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equation of light is described by an integrodifferential equation, which can be expressed for

different wavelengths, such as UV and IR, as follows:

dl,
dr

=1, + v I, ¢(v,cos ©) dS2
T

Here, I, represents light intensity, 7 is the optical depth through dust, a, is the dust
albedo, ¢(v,cos©) is the scattering phase function, and © is the angle between scattered
photon and line of sight. For wavelengths where the source function is negligible, the first
term on the right-hand side (RHS) describes the decrease in intensity of the original beam
as it passes through dust, while the second term is the light added to the beam by scattering
into the line of sight.

The solution to this equation is crucial in recreating the Spectral Energy Distributions
(SEDs) of galaxies. For instance, in a simple scenario where a single point-like light source

is obstructed by dust, the solution is:

dl,
dr

=1, = [,=1%""

This is a well-known solution for the extinction of a stellar spectrum caused by foreground
dust, where I? is the incident light, and 7y is the optical depth related to extinction curve
k() through the color excess E(B — V).

The radiative transfer equation can be approximated by replacing the integral on the
RHS with some central or mean value, turning it into a pure differential equation. For a

homogeneous geometric distribution of dust and stars, the solution is:

/

1—eT"
_ 70
I, = I”—T’

Here, 7 is the effective optical depth that accounts for the average effects of scattering
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into the line of sight.

2.3 IR Luminosity Function

Star formation Rate (SFR) is one of the essential quantities which entails information re-
garding the formation and evolution of galaxies. Stars are the fundamental building blocks
of galaxies, and the rate of their formation impacts the structure, dynamics, and chemical
composition of galaxies. Hence, SFR gives us insight into the physical processes that govern
the formation and evolution of galaxies. One of the critical questions in Cosmology is, how
did the star formation rate evolve with time, and how is it affected by factors such as prop-
erties of galaxies, intergalactic medium, etc.? Hence, star formation rate density (SFRD)
is calculated to determine the amount of star formation in a given volume of space in a
particular epoch. Our knowledge of SFRD at high redshifts is mainly based on UV rest
frames. But, as we know, older galaxies produce dust that absorbs UV and emits IR; hence

we are determining SFRD only on unobscured starlight.

Due to the discovery of Cosmic Infrared background at the end of the 1990s by the
COBE satellite and deep extra-galactic surveys with Infrared Space Observatory (ISO) and
the Submillimetre Common-User Bolometric Array (SCUBA), etc., there have been many
searches to derive the star formation activity in the early universe which is obscured by dust.
Such obscured dusty star-forming galaxies are called “Sub-millimetre galaxies” (SMGs).
These galaxies are characterized by their IR Luminosities. Recently, ALMA has been the
most powerful tool to study dust at high redshift. ALMA has shown that SMGs and other
moderate star-forming galaxies contribute to the SFRD. Recent observations have indicated
there could be more dust galaxies in the EoR than previously thought. This would directly
impact the obscured Star Formation Rate density (SFRD). Hence, the shape and scale of IR
LF are crucial to understanding the abundance of dusty galaxies and the time scale of dust

production.
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Theoretically, the IR Luminosity function is described by a double power law of the form:

6.(2) (ﬁ)a L <L,
¢(L,z) =
6.2) ()" L > L,

Where apr and frr are the slopes at the faint and bright luminosities, respectively. L, and
¢, are the characteristic galaxy luminosity and number density (as defined earlier) allowed to
evolve with redshift. Previous works have shown that characteristic number density evolves

as follows:

(1+2)%if 2 < Zyuen
Px X
(1+2)%2if 2 > Zyn

The observations put a constraint on the value of ¥; and the turnover redshift z;,,. ALMA
large program Reionization Era Bright Emission Lines (REBELS) targets 42 galaxies at
z = 6.4 — 6.7 with [CII] 158um line scans. 16 of these galaxies exhibit dust detection, of
which 15 have been spectroscopically confirmed. Based on this data, Barrufet et al. 2023
predict one of the first observational IR LF in EoR based on a UV-selected galaxy sample.
The IR LF estimates are well reproduced by a Schechter function with a characteristic
luminosity of log (L./Lg) = 11.617 at z ~ 7. The evolution of the faint end of the infrared
LF has been sampled by Gruppioni et al. 2020 [22] using the ALMA blind survey, ALPINE,
in the redshift range of z ~ 2 — 6. Zavala et al. 2021 [23] have compiled results from various
surveys and combined them with semi-empirical modeling to constrain the evolution from

z > 0.

In summary, the current measurements of the IR LF rely on a few dusty sources at
z > 3.5, leading to large uncertainties in the IR LF parameters and hence disagreement

between various survey results.
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Figure 2.2: The figure presented in Xhen et al. (2022) [24] shows a comparison of various
models, observations, and simulations for the bolometric infrared (IR) luminosity function
(LF) at redshifts = = 4 and z = 6. The solid lines correspond to the IllustrisTNG sim-
ulations, while the solid markers represent observational data, and the dashed line shows
that Schechter fits the observations. Theoretical works are depicted with open markers and
dotted lines.
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Chapter 3

New Telescope, New Challenges

The formation and evolution process of gravitationally bound structures, such as galaxies,
has been explained through ACDM cosmology. Hierarchical models of galaxy formation,
based on the standard ACDM model, have effectively predicted the properties and evolution
of galaxies across different redshifts. Theoretical approaches, including numerical simulations
and semi-analytical models, have played a crucial role in studying the assembly, composition,
and kinematics of early galaxies, along with their relation to reionization. However, these

models’ validity must be tested and established through observational data.

Observational data from sources like Hubble Space Telescope (HST), Spitzer, and ground-
based telescopes have significantly contributed to our statistical knowledge of the Epoch of
Reionization (z > 6). The UV Luminosity Functions obtained from these sources have
been reliably determined up to z ~ 9 (Bouwens et al. 2021)[25]. These observations have
enabled the derivation of other crucial quantities, such as Cosmic Stellar Mass Density
and Star Formation Rate Density (SFRD). Further observations by the Atacama Large
Millimeter Array (ALMA) have revealed the impact of dust extinction on the LF and SFRD
determinations, especially at the highest masses, through the ALMA REBELS program.
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3.1 Blue Monsters?

The advent of the James Webb Space Telescope (JWST) has brought about a revolutionary
change in the field of observation, challenging existing theoretical predictions. At unprece-
dentedly high redshifts (z > 10), JWST has detected numerous bright (Myy ~ —21),
massive, and blue galaxy candidates, including around 20 sources at z > 11, some with an
incredibly high brightness of Myy < —23. The existence of these “blue monsters” (Ziparo
et al. 2023[26]) challenges the predictions of standard theoretical models.

The new data from JWST has allowed for the study of luminosity functions (LFs) up to
z =~ 14, which has revealed a minimal evolution of the bright end of the UV LF between
z = 7 — 14. However, these results do not correspond with the extrapolated z ~ 7 LF is
given by Bouwens et al. 2016, which predicts a sharp drop in the number density of sources
at Myy < —21. This discrepancy can be resolved through two hypotheses: a much higher
star formation efficiency concerning lower-z systems or the unattenuated nature of galaxies

at z > 10 due to a drastic drop in dust optical depth.

Most sources observed at z > 10 exhibit a high blue UV slope, supporting the hypothesis
of minimal obscuration. However, from high stellar mass, a consistently high dust content
is expected, while extremely low dust optical depth implies very low dust content or attenu-
ation. Moreover, while SED fitting analysis of 15 gravitationally lensed z = 10 — 16 galaxies
reveals an upper limit of dust attenuation of Ay < 0.02, JWST data points in the opposite
direction by detecting galaxies with blue but not ultra-blue UV spectral slopes and low (but

not primordial) metallicities.

3.2 Non-Allergic Dusty Galaxies

The formation of the first galaxies and their mass buildup remains a critical question in
astrophysics. Recent discoveries of high-redshift galaxies have expanded our knowledge,
including the detection of numerous luminous and massive sources at z > 9, which raises
questions about the pace of early stellar mass production. However, major observations have
been in rest-frame UV, which is not entirely reliable due to dust absorption. This means

that highly star-forming galaxies obscured by dust could be missed.
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ALMA has become the most potent tool for studying dust at high-z, bridging the gap
between extremely dusty massive galaxies and more moderate star-forming galaxies. Recent
observations have enabled the discovery of high-z dust galaxies at z > 6. Fudamoto et
al. 2021 serendipitously detected two dusty galaxies at z ~ 7, implying the presence of
more dusty galaxies in the Epoch of Reionization (EoR) than previously theorized. The
presence of these galaxies would significantly impact obscured SFRD estimates. However,
there are differing conclusions on SFRD based on serendipitous sources. To alleviate this
problem, measuring the IR Luminosity Function is crucial. The shape and scale of the IR
LF are essential to understanding the abundance of dusty galaxies and the rapidity of dust

formation, which would directly affect the obscured sources’ SFR.
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Chapter 4

A New Model

The previous chapter highlighted the James Webb Space Telescope (JWST) discovery of
an unexpectedly high number of galaxies that exhibit high luminosity at high redshifts.
This phenomenon has prompted various explanations, including an increased halo density
compared to that predicted by the ACDM model, as well as astrophysical mechanisms such
as an enhanced gas-to-stars conversion rate at high redshifts, a top-heavy IMF, amplified
UV luminosity per unit mass of stars formed, and the effects of magnification bias, including

weak and strong lensing, on galaxy detection.

This chapter presents a simplified explanation for the observed phenomena: the virtual
absence of dust obscuration beyond z > 11. We propose a dust obscuration model that dis-
appears at higher redshifts to account for the observed absolute UV magnitude for z < 11.
Using this model, we extrapolate the infrared luminosity function (LF) to explain the abun-
dance of dusty galaxies recently discovered in ALMA REBELS and ALPINE observations.

4.1 UV LF with dust attenuation

The purpose of this section is to construct a concise and straightforward physical model to
account for the redshift evolution of the UV Luminosity function, ¢(Myy). This model draws
inspiration from Ferrara et al.’s work in 2022,[27], which motivates the approach adopted in

this thesis. However, we take the initiative to modify and expand upon the original model
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to suit our research objectives better.

Given the ACDM model, we can assume that a galaxy of stellar mass M, is hosted by
a dark matter (DM) halo with mass M. We assign each galaxy a cosmological ratio of

baryons to the DM and multiply it with a constant star formation efficiency, .,

Qb
M, =¢e. | — | M,
(o)

The star formation timescale is assumed to be the free fall time of gas into dark matter
halos, expressed as tg = (4mGp)~'/2, where p represents the average gas density within
virialized structures, given by p = 1872(p). The value of (p) is determined by the average
cosmic density at redshift z, defined as (p) = Qu(1 + 2)3p... We can express tg as CH(z)™},
where ¢ = 0.06 and H(z)~! denotes the Hubble time at redshift . Hence, we can derive the

star formation rate (SFR) using the following equation:

The rest-frame UV 1500 A luminosity, denoted as Lyy, serves as a reliable indicator of
the star formation rate (SFR) in high-redshift galaxies, provided that the star formation
rate occurs over a timescale longer than 100 million years (Kennicutt 1998 [28], Madau and
Dickinson 2014 [29]) and accounting for dust attenuation. The dust-corrected SFR of a
galaxy is directly proportional to its rest-frame UV continuum luminosity, with the constant

of proportionality represented by Kyy [30].
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M, M.
Kyy  1.703 x 1010

LUV =

The constant of proportionality, Kyy, is expressed in units of My : yr=! : /L. The
value of Kyy is determined according to Bouwens et al. (2022) [25], whose findings will be

utilized to compare the model.

In order to construct a model for the evolution of the bright end of the Luminosity
function, we take into account the effects of Supernova (SN) feedback. Specifically, in smaller
galaxies hosted by smaller halos, the expulsion of star-forming gas by feedback leads to a
quenching of star formation and, thus, a reduction in the efficiency factor €,. The physical
form of the model is inspired by Dayal et al. (2014)[31](in details in Appendix B):

1)2

c
€x — €05 5
2 2
Uc + fwvs

where €y = 0.02 and v.(M) is the halo circular velocity defined as:

MN\Y? 1+ 2\

The energy coupling efficiency of supernova explosions with the gas is denoted by f,, =
0.1, and the characteristic velocity associated with the supernova energy per unit stellar
mass formed is given by v, = Vv Ey = 975 km s~!. These values are calculated specifically
for a Salpeter initial mass function ranging from 1 to 100 M. To maintain consistency with

local galaxies, we set € to 0.02, following Krumholz (2017)[32].

The UV luminosity can be converted into absolute magnitude Myy using the relation
given by Oke and Gunn 1983 [33]:
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MUV = —2.510g10<LUV) + 5.89

To include the effect of dust attenuation in the luminosity of galaxies, we propose the

following relation for conversion:

The last term accounts for attenuation, quantified by the effective optical depth at 1500
A, 7.6. We need to note that the physical value of optical depth 7, is different from 7.g, as
the latter involves the effects of radiative transfer. In this model, we do not make predictions
about dust attenuation. We use ALMA REBELS data, which showed that 7.¢ is proportional
to SFR. We find the functional form by setting two conditions:

0.1
0.0 o e e S
L — 11 1T | i /
2-0.1 - : /
2 ‘
c‘) i
2 0.2 =]
~0.3
_04 | - ‘ |
1.6 1.8 2.0 2.2 2.4

log SFR [Mo/yr]

Figure 4.1: This plot represents the evolution of f,,s as a function of SFR. As the SFR
increases, the amount of radiation obscured increases, indicating more dust obscuration in
these galaxies, hence observing lesser UV magnitude. The plot for f,ps (green) perfectly fits
the Bouwens et al. 2021 z = 7 points. The blue curve shows the fit for low redshift z = 2.5
from Whitaker et al. 2017.
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1. it best fits the luminosity function at z =7

2. it is consistent with obscured SFR function

SFRir
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Jo = SFRim + SFRov exXp(—Terr)
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Figure 4.2: The plot’s x-axis displays the calculated Myy magnitude of the model, with
brighter galaxies having more negative UV magnitudes and being larger. The y-axis shows
the UV Luminosity function, with the green curve representing the model that incorporates
the added dust obscuration term, while the red curve represents a model with no dust
(Ter = 0). The data points are sourced from Bouwens+21 data. The plot indicates that
the model in consideration, with the added dust obscuration term, is in complete agreement
with the data observed by ALMA REBELS.

Using this procedure on REBELS data, we get the following relation:

SFR 1.45
Teff — 0.7 + 0.0164 (W)

Motivated by the fact that a simple UV LF traces the Halo Mass function, a chain rule
can be employed to move from HMF to UV LF in the following manner:

dn th
P = Gty
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4.2 Model IR Luminosity

Our model extends beyond the UV Luminosity function to calculate the IR Luminosity
function using semi-analytical methods. This involves understanding how dust interacts
with light. When dust particles encounter UV photons, which have wavelengths similar to
the size of the dust particles, they absorb the photons’ energy. This causes the dust particles
to vibrate and rotate, leading to heating. The heated dust particles then emit radiation in
the electromagnetic spectrum’s infrared (IR) part. The wavelength of the emitted radiation
depends on the temperature of the dust particles: warmer dust emits shorter wavelengths
(closer to the visible range), while cooler dust emits longer wavelengths (closer to the radio
range). This process is known as blackbody radiation and is a fundamental principle in
physics. As a result, IR emission is a crucial indicator of dust heating and can reveal

necessary information about star formation activity in galaxies. [21]
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Figure 4.3: The plot depicts the IR Luminosity, which is obtained from the UV luminosity
using the definition of {5, on the x-axis. The calculated Ly is expressed in units of L. The
y-axis shows the number density of galaxies. The red curve represents the number density of
IR galaxies at z = 7. The blue dotted line is derived from simulations conducted by Dayal
et al. 2022. The yellow curve corresponds to the best-fit Schechter function that models the
observed data points obtained from REBELS (yellow points).
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The relationship between UV and IR luminosity is expressed through the dust attenuation
parameter, fo,s = 1 — e % which is the ratio of the dust-obscured to the intrinsic UV

luminosity. The IR luminosity is then calculated using the following relation:

Lig = fors Luy = (1 — e ™) Lyy

We move from the UV Luminosity function to the IR Luminosity function by following

the chain rule again:

_dn dM,
~ dM,dLg
. dn th dMUV
~ dM, dMyy dLg

dMyy
= (M,
¢(Muv) il

¢(LIR)

¢(Lr) = ¢(Muv) dé\ﬁ:’
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Chapter 5

Conclusion and Future Developments

Using an analytical model, we derived the UV and IR Luminosity functions in the preceding
chapter. To validate the model, we compared it with comprehensive observations from
Bouwens (2022)[25], Naidu (2022)[13], and Finkelstein (2022)[14] based on data from JWST
and ALMA. The model also predicted the amount of dust attenuation, which is proportional
to the Star Formation Rate up to redshift z < 9. Interestingly, based on the latest data from
JWST, the model predicts minimal dust attenuation for redshifts z > 10.

Further, the model is tested on various redshifts such as z = 4,6,7 and compared to
available results. It has been observed that this model is in accordance with the data.
Motivated by the success of UV LF, the model is extrapolated to calculate IR LF and
compared to results available from Gruppioni 2020[22], Baruffet 2023[34], etc.

5.1 UV LF interpretation

According to the model, the minimum UV magnitude is Myy = —22.3 at z = 7. This Myy
corresponds to SFR ~ 130 My yr~!. Due to the definition of 7.z, galaxies with higher SFR
are more attenuated, which results in smaller Myy. The lower branch of bi-valued UV LF
does not affect the number density of the galaxies as the contribution is negligible. Hence,
the model predicts that galaxies brighter than —22.3 at z = 7 are powered by an AGN.
This prediction has also been found to be consistent with GOLDRUSH (Great Optically

49



—— With dust (z=6)
—— without dust (z=6)
Bouwens+20 z=6

log ® [\mag \Mpc?]
&
|

—24 -23 -22 21 -20 -19
MUV
(a) 2=6
0
" -2 - /
(W] T
o —
=
o —4
18]
E
2, —6 —— Model z=7
L2 —— Nodustz=7
-8 Bouwens+20 z=7
1 T T T
—-24 —22 —-20 —-18 -16
MUV
(b) z2=7

Figure 5.1: In this plot, the UV LF is compared with the data given by Bouwens et al. 2021
[25]

Luminous Dropout Research Using Subaru HSC) results. This program provides precise
determinations of the very bright end of the galaxy UV LFs at z = 4 — 7. This program also
investigates the astrophysical processes like AGN affecting the bright end of the Luminosity
Function [35].

The model also predicts the abundance of highly obscured galaxies. For example, REBELS-
25 - the brightest (Myy = —21.7) and most heavily obscured REBELS galaxy. This mag-
nitude corresponds to SFR = 43 and 267 M, yr~!. Since this galaxy is highly obscured, the
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SFR is primarily driven by its large IR Luminosity, log (Lir/Le) = 12.457012 with estimated
SFR of 20073" M, yr~*. This corresponds to the log (¢) = —7.7, and the difference concern-
ing the no dust curve represents about ~ 3 magnitudes of attenuation. SFR contribution
evaluation of obscured and unobscured systems concludes that galaxies like REBELS-25 only
contribute < 1% of the cosmic SFRD.
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Figure 5.2: This plot depicts the luminosity density evolution according to the model for
three different relevant redshifts 7, 11.5, 13.75. Each plot refers to different Myy. The grey
point marked as no dust assumes 7.4 = 0. The model predicts minimal dust obscuration
beyond z ~ 11. Hence all the points do not include dust attenuation.

Now, we use the model to interpret recent LF measurements at z = 11.5. The lack of

evolution in the bright end of the UV-LF (Fig 5.2) is due to decreasing attenuation and
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hence larger transmission of UV photons, which compensates for the decreasing host halo
abundance towards higher redshifts. The model hypothesizes zero obscuration at z = 11.5

galaxies.

When 7. = 0, the estimated number density matches the number density of GLz11/GLz13.
This solution also satisfies the data point for GN-z11 (Oesch et al. 2016 [36]), which is a
spectroscopically confirmed galaxy at z = 11 (Fig 5.3). As a further test, the LF is computed
at z = 13.75 to compare it with another set of JWST detections by Donnan et al. 2022[12].
These detections show a single point of the LF in the highest redshift bin, 12.5 < z < 15
(mean 13.75), containing five sources from JWST ERO and ERS NIR-Cam along with the
COSMOS field. The number density for Myy = —19.1 correspond to log (¢) = —4.7775:23.

Assuming 7.z = 0, predicts log (¢) = —4.1, which is within 1o from the observed value.

These findings conclude that recently discovered super early massive galaxies are virtually
unaffected by dust attenuation. One of the possibilities is that due to a particular relative
distribution of stars and dust, 1500A radiation can leak out. Alternatively, the dust-to-
stellar mass ratio is low for such galaxies. One of the other reasons can be the possibility of
evacuation of dust as soon as the stars produce it due to radiation pressure. However, these

systems would be poor FIR continuum emitters in all these cases.

5.2 IR LF interpretation

Using the model for the UV Luminosity function, we plot the IR Luminosity function by a
variable transformation, where Lig = fopsLuyv = (1 — €™#)Lyy. While the UV Luminosity
function agrees with the observed data, we find tension in the data and theoretical IR

Luminosity function.

Due to the lack of IR-based galaxy surveys, the observed data used in this thesis are
from “UV-selected galaxies.” ALMA scans the sky looking for the brightest galaxies in UV
radiation Myy > —21. We convert this data to Lig. Hence, these surveys might be missing
galaxies that are not detectable in UV due to various reasons (like entirely obscured by dust).

We call such galaxies UV dark galaxies. These galaxies can be detected in IR surveys.
We would proceed to calculate the number density of these missing galaxies. Let us call
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Figure 5.3: The blue point refers to the Naidu et al 2022 [13] combined GL-z11/GL-z13
galaxies while the brown point is the GN-z11 [36] at z = 11.1. The green line predicts
the UV LF according to the model assuming negligible dust obscuration. The model is in
accordance with both the observations.

the Luminosity function fitting the observation (which is essentially the Schechter Function)

as ¢sp. We can define the number density of missing galaxies, ¢,:

¢«(2) = ¢sr(2) — Gr(2)

¢rr is the IR luminosity function calculated using the proposed model. ¢, is plotted at

various redshifts (z = 4,6, 7 to maintain continuity). We can also calculate the percentage
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Figure 5.4: Alongwith Fig 4.3, we also plot at redshift 4 and 5.5. The model (red plot) is then
compared with [ustrisTNG simulation (yellow dotted line) and observations from Gruppi-
oni et al. 2020 [22] (brown filled points). The brown line refers to the best fir Schechter
function for these points. We have also included Yan et al. 2020 [37] data points (green) for
comparison. Since these observations are dependent on UV-selected samples, these observa-
tions do not account for UV faint and UV dark galaxies, which could significantly affect the
shape of IR Luminosity Function.
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Figure 5.5: In the first two plots, the Schechter function is based on the best-fit points of
ALPINE galaxies which detects galaxies till z < 6.

of these missing galaxies:

b (2)% = jR—<(>) x 100
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Figure 5.6: Percentage of missing galaxies at three different redshift

From Fig no. 5.5 and 5.6, we can infer that more highly luminous galaxies are missing
in lower redshifts than in higher redshifts. The percentage values of these missing galaxies
can reach as high as 60% at redshift z = 5.5. More highly IR luminous galaxies are missing.
Moving from z = 4 to z = 5.5, we see an upward trend in missing galaxies, and then
the percentage reduces at z = 7. However, the comparison might not be accurate as the
Schechter function derived in the first two redshifts uses ALPINE data, and the third one
is the REBELS data. Due to the detection methods, the errors given by both programs are
very different. ALPINE is known to provide data with significant errors.

The goal of moving forward would be to determine the possible reasons behind these
non-detections. With the advancement of technology and more upcoming observatories and
telescopes like ATLAST and ORIGINS aimed at broad sky areas detecting blind, sub-mm
wavelengths, the detection of these SMGs and UV Dark Galaxies would be feasible, and it

would allow us to constrain the IR Luminosity Function to precision.

5.3 Summary

The thesis proposes a minimal galaxy evolution model that considers the halo mass function
(HMF), supernova feedback, and dust attenuation calibrated based on the ALMA REBELS

data. The model accurately predicts the Luminosity Function at z = 7 compared to various

95



observations and other redshifts z = 6. The model predicts that the effective optical depth,
Teff, 1S proportional to the star formation rate (SFR) to the power of 1.45. This implies
that galaxies brighter than Myy = —22.3 at z = 7 are dust-obscured, resulting in a lower

observed magnitude and a significant active galactic nucleus (AGN) contribution.

The model also predicts the contribution of heavily obscured luminous infrared galaxies
such as REBELS-25 to be less than or equal to 1% of the cosmic star formation rate density
(SFRD). Moreover, the model successfully predicts the abundance of super-early, bright
James Webb Space Telescope (JWST) candidates at z = 11.5 and z = 13.5 by assuming
minimal dust attenuation at high redshifts. This assumption is supported by the very blue
ultraviolet slopes of the highest redshift candidates, suggesting efficient dust ejection during

the early phases of galaxy evolution.

The weak evolution of the bright end of the luminosity function from z =7 — 14 can be
attributed to decreasing dust attenuation, resulting in more luminous galaxies compensating

for the increasing rarity of host halos.

Further calculations have been carried out for the infrared (IR) luminosity function (LF).
However, the model shows discrepancies with the scattered observations at different redshifts.
The model under-predicts the IR luminosity function compared to the Schechter fit. This
could be attributed to the presence of “UV dark” galaxies, which are completely obscured by
dust and go unnoticed in UV-selected galaxy samples used for the observations. As a result,

such galaxies with high IR luminosity are not accounted for in the current observations.

The model estimates these missing galaxies’ number, density, and percentage to address
this. Future observational missions like ORIGINS, which will study star formation using
IR radiation and other spectroscopic capabilities (proposed 2035), and ATLAST, which is
ALMA 2.0, would operate at sub-millimeter and millimeter wavelengths, are expected to
detect such galaxies and provide a better constraint for the IR LF with higher precision.
More extensive studies can be done by calculating the SFRD at both UV and IR and by
looking at the trend of missing galaxies across redshift to figure out the phenomena behind
this.
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5.4 Original Work

This section outlines the original work conducted in this thesis, which includes:

1. A recalculation and correction of the model proposed by Ferrara et al. 2022 [27] from

scratch.

2. Data analysis of ALMA REBELS data to establish the relationships between Myy and

Teff -

3. Creation of a novel analytical model for the IR LF, which is a corrected version and
one of the first of its kind.

4. Identification of a discrepancy between the novel IR LF model and the existing obser-
vational model, with the suggestion that missing galaxies known as “UV dark galaxies”

may be a possible cause.

5. Development of a simple model for UV dark galaxies, which can be tested using future

data from ORIGINS and ATLAST.

6. Analysis and interpretation of the model in both UV and IR.
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Appendix A

Random Walk Method

In Section 1.3, we discussed the large-scale structure formation and the derivation of the
Halo Mass Function. This chapter is written with the help of notes of Prof Tirthankar Roy
Choudhury on Halo Mass Function at NCRA. We used the random walk method to solve
the “cloud in cloud” problem. As mentioned in the section, for every random walk trajectory
which goes above the . barrier at M, there is an equal probability that it will continue

going above or below d, for M < M. Hence,
0 dc
fco11(> ]\/[h,z) = / P(éM,R, Z)d5M+/ C((SM,R, Z)d(SM
de —00
:2X/ P((SM,R,Z)déM
6(3

In this section, we will resolve the problem by going into detail about how the random

walk method can be implemented to the problem.

A.1 Formation of Halos

We will restart by explaining the formation of halos in more straightforward terms to get a
flavour. The formation of collapsed objects is crucial for forming galaxies. We need to find

the HMF for a cosmic density field. This cannot be done analytically as the entire problem
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is non-linear. We would explain the theoretical model to capture the basics of its formation.
According to the spherical approximation, a region collapses and forms a virialized object

when the linear density contrast within the region exceeds ¢. ~ 1.686.

Let us suppose the initial density field §(z,x). According to linear theory, it grows as

D(z) in the linear theory.
d(z,x) = D(2)d(x)

where §(x) is the linearly extrapolated field at z = 0. Hence a region of comoving radius X

collapses when:

A.2 Random Walk

Now we can obtain the HMF analytically by using Excursion set formalism. We concentrate
on a given point x in the linear density field. We smooth the field using a spherical window
of radius X. Assume a large radius such as X — oo, and then compute dxx. For a large
enough X, dx — 0. Then we take a smaller radius and compute dx(x). We continue with
this process as X is reducing to a smaller number. We observe that the smoothed quantity
0x now is carrying out a “random walk” as a function of smoothing radius X. Hence, with

some modifications, we can map this problem to a random walk.

Let us assume the variable corresponding to the random walk steps as s = 0?(X) =
o?(M) where M = 47 X3p,/3 instead of X. We can now say that s is a monotonically
decreasing function of X and M. Also, as X — 0o, s — 0. Hence, all trajectories start from
the origin in 0x — s space. Each location x corresponds to a trajectory dx(s) reflecting the
value of the density field at that location which has been smoothed with a filter of radius
X(s)

Before going further, let us recap some basics of random walks. Let xq,.....,xNn are
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random variables which can take values +1 with equal probabilities i.e 1/2 :

Here, we can think of z; as the distance traveled in a step by a random walker. Let Dy =
va X; be the distance after N steps, which is also a random variable. So its expectation

value is:

N N

(Dy) = (xi) =Y _[P(xi=1) x (+1) + P(x; = —1) x (=1)] =0

i=1 %

Due to symmetry in probability, the average distance traveled by an ensemble of walkers

would be zero. Similarly, the variance in the number of steps is given by:

N
ij—1
Oifs # 7 (uncorrelated steps)
sz\il(X?) = N otherwise

The density field smoothed over some length X can be written as:

by (x) = / Pys(y) Wy (ly — x)

In Fourier space, the above equation can be written as follows:

x(0) = [ e 60w (b

We can write the correlation across different filter scales as follows:

(31 (R0, ) = [ s e S 005 )V, (0, )

- /Ooo %AQ(WV;(/@)WXQ(@
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Under a certain special case, the above equation takes the following form:

5300) = [ EAWWDWx (k) = 0*(X) = ()

Having done this, we can find the correspondence of our problem with the random walk

problem:

r; <= 0,Dy <= ix
(Dy) =0 <= (0x)=0
(DY) =N <= (0%) =5

Since X, M, s all are used for measuring the smoothing scale; we can use the notation dx =
0s. We can show that the different steps are uncorrelated for the random walk correspondence

to work by using the shark-k filter:

_ sin (r/X) — (r/X) cos (r/X)

223

Wx(T‘)

As we know, the condition for collapse at redshift z is:

50
D(z)

Ix(z,x) > . = 0x(x) > = 0.(2)

We can interpret d.(z) as a “barrier” that the random walker should cross for forming halos.
The condition for halo formation will be given by random walks crossing the barrier the
first time. If the random walker crosses any other time, it will correspond to larger s hence
smaller length scales which would form structures within the large halo. As we can see,
. increases at higher/early redshift, which means it is a higher barrier; hence the random
walkers have to travel more at high redshift. It implies halos that collapsed at early times
will have larger values of s and hence smaller values of M. Hence we can summarise small

mass haloes form first. This is called “hierarchical structure formation.”
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Now we would use this formalism to calculate the halo mass function. We would start by
assuming that the random walk crosses the barrier at s for the first time. Then expectedly,
it would form a collapsed object of mass corresponding to sy at a redshift corresponding to
D(z) = 0./09. We would denote the fraction of random walks crossing the barrier at a point
between (s, s+ds) as f(0, s)ds. At 0+ 0.(z), this probability would be the same as a fraction
of points f(M, z)dM, which collapses to objects of mass range M and M + dM at redshift

z. Fach of these points has a comoving volume of M /p,. Hence,

f(6c(2),8)ds = ﬁ—]\;[n(M, z)dM
Po ds
n(M,z) = i (0c(2), 5) 'd_M

This equation gives the number of halos per unit comoving volume per unit mass range,
also known as the “halo mass function.” For calculating f(d, s), we will consider the fraction
of trajectories P(do, so)ddy which at s = sy has values between (dy,deltag + ddy). The

Gaussianity of the linear density field implies:

—62/2s0

(S

P (50, So) =

27'('80

At some point s = s; < sg the trajectories must have first crossed the point § = §; <
do. Out of f(dy,s1)ds; fraction of points, let P (g, so | 91, 51, FC) ddy have value between
(09,00 + ddg) at so. Hence the fraction of points that first crosses d; between (s1,s1 + dsq)

and have value between dg, dg + ddg at sq is:
f(51,51)d51 X P(éo, So | (51,81,FC)d50

We can integrate the above quantity over s; to get the fraction of points irrespective of where

they first crossed d;:
50
P (50, SD) d50 = / dSlf ((51, 81) P (50, So | (51, S1, FC) d(SO
0

Since the subsequent steps are uncorrelated with the previous ones, we can assume that after
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the trajectory crosses d; at s1, a new random walk begins at (01, s1)

P (50, S0 | 51, ShFC) d50 = P ((50 — 51, So — 81) d50

L Gom0/2(s0-51)

\/So — S$1V 2T

Using these quantities, we want to determine f(d1, s1). We can do so by integrating P(dy, So)

over 0p:

/ ddo P (b0, So0) :/ dSlf(51,81)/ déoP (0o, 50 | 01,51, FC),

01 0 61

dbye—08/%%0 — / ds1f (81, 1) / dge om0 /2(s0=s1)
vV 27’(’80 /51 \/So — S1V 2 01

1 01
§f(\/2_) ﬁm/ f (.5:) |
:/ dSlf((Sl,Sl>

0

[eS) dé_oe,gg/g(sof&)

l\D||—~

So,

/OSO dSlf ((51, 81) = erfe (\/(521?0)

We can differentiate the above equation to show that:

) 2
f(61,50) = e /0

\27sd

Plugging this into the halo mass function, we derive the Press Schechter mass function:

(00.2) = [ (02),9)| 43
_ po | ds N 0c(2) o 02(2)/2

M| dM V2ms3
_ 1 @50(2) ds —62(2)/2s
o M s3/2 | dM )
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Appendix B

Star Forming Efficiency

Star Forming Efficiency is the fraction of the interstellar gas which forms a star over the
total amount of the gas present. Our model uses the star-forming efficiency proposed by
Dayal et al. 2014. The derivation entails simple physics of galaxy formation. In this section,

we will be showing the same.

A straightforward model for galaxy formation can be built solely on a balance between the
amount of Type II Supernovae (SNII) energy available to drive winds and the gravitational
potential of the host DM halo. The primary idea behind this is: Star formation in a galaxy
would be quenched if the SNII Kinetic energy is larger than the binding energy of a halo.
However, the halos having B.E greater than SNII K.E will lose part of their gas and continue
forming stars. The mathematical formulation involves introducing feedback-limited star

formation efficiency.

Radiative cooling is an efficient process in dense low-mass halos at high redshift. If it
continues, it leads to an overproduction of stars and too many baryons locked up in condensed
halos, termed “overcooling.” This problem is removed by introducing SN feedback. SN

Feedback decreases the SFE of small halos by ejecting their gas and quenching star formation.

M, (z) amount of star formation imparts the ISM with the following amount of SNII

energy,

ESN = wa51VM*(Z) = fwng*<z)
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Each SNII imparts instantaneous explosion energy of E5; = 10°! erg to the ISM, and v =
[134 M) is the number of SNII per stellar mass formed for a Salpeter IMF between
0.1 — 100M. Hence vy, = 611kms~t. f, is the ratio of explosion energy converted to the
kinetic form to drive the wind. Now talking about the B.E Part, we introduce E.;, which is
the energy required to unbind and eject all the ISM gas:

1 2

E.; = 5 (Mg i(2) — M.(2)]v

e
M, ;(z) is the mass of gas present in the galaxy at any epoch z. While the terms within the
brackets imply the removal of gas by SN ejections which does not get converted to stars.
Further, the relation between escape velocity and rotational velocity is ve = v/2v.. Now
the ejection efficiency, f¢ is the fraction of has that must be converted into stars to blow
away the remaining gas from the galaxy and is calculated by an equation with previous two
energies (E,.; < Egy). Hence,

F(2) = e

v2(2) + futs

The effective efficiency represents the maximum fraction of gas that can be converted into
stars in a galaxy without expelling all the remaining gas; in other words, star formation

efficiency:

£ = min(f., f7]

As v, scales with the halo mass M, efficient star formers, which are hosted by large DM
halos, can convert with f, star formation efficiency while feedback limited systems can form
stars with maximum efficiency by f; that decreases with decreasing halo mass. To match
the bright and faint ends of the evolving UV LF, we require f, = 0.03 and f,, = 0.1.
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