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Introduction

‘Cosmology is peculiar amonyg the sciences for it is both the oldest
and the youngest. From the dawn of civilization man has spec-
ulated about the nature of the starry heavens and the origin of
the world, but only in the present century has physical cosmology
split away from general philosophy to become an independent dis-
cipline.”

-Gerald James Whitrow.

Over the past two decades, our comprehension of cosmology has reached new depths.
Through observations spanning from the Universe’s infancy, about 400,000 years af-
ter the Big Bang, to its current age of 13.7 billion years, we have gained fundamental
insights into its evolution. Yet, during the initial billion years, recent advancements
in theory and instrumentation have expanded the horizons of our understanding in
ways previously unimaginable. These developments have broadened the scope of
research, refining our understanding across various facets of cosmology and high-
energy astroparticle physics. From gravitational lensing to various possible dark
matter models, dark energy models and 21 ¢cm cosmology, among others, the com-

mendable advancement has deepened our knowledge of the Universe’s intricacies.
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Chapter 1 Introduction

Observational cosmology remains pivotal in testing theoretical predictions, leading
to the refinement of cosmological models. For instance, observational data on dark
matter has significantly influenced our understanding of the structure and the galaxy

formations.

The evidence for dark energy emerged in the late 1990s during attempts to calibrate
the Hubble diagram using Type I supernova [1] as standard candles. These findings
were incorporated into the ACDM model, a six-parameter framework describing the
cosmos’s evolution in terms of its constituent components. Subsequent confirmation
came from comprehensive studies of the cosmic microwave background, notably

through experiments like WMAP [2].

The study of cosmological parameters is fundamental to our understanding of the
Universe’s structure, evolution, and ultimate fate. This discussion traces the de-
velopment of these parameters, starting from the early conceptual framework pro-
posed by Alan Sandage [3] to the more sophisticated models employed in modern
cosmology [4]. In the mid-20th century, renowned astronomer Alan Sandage sug-
gested that cosmology could be distilled into the search for two important factor
namely the Hubble constant (Hy) and the deceleration parameter (qp). The Hub-
ble constant measures the rate of expansion of the Universe, while the deceleration
parameter describes how the expansion rate changes over time. These two numbers
were foundational because they encapsulated the most crucial aspects of cosmo-
logical dynamics and the Universe’s large-scale structure. With advancements in
observational cosmology, notably from the Cosmic Microwave Background (CMB)
measurements by the Wilkinson Microwave Anisotropy Probe (WMAP) and Planck
satellite [5, 6], the Lambda Cold Dark Matter (ACDM) model also known as the
standard model of cosmology. ACDM is characterized by six or more key parameters
[7]. We noted only six parameter in this section (i) Baryon Density (,h? )— the
density of ordinary matter, (i) Cold Dark Matter Density (Qcpavh?)— the density
of dark matter, (ii7) Dark Energy Density (£2)— represented by the cosmological

constant (A), it accounts for the accelerated expansion of the Universe, (iv) Hubble

2



Chapter 1 Introduction

Constant (Hy)— the current rate of expansion of the Universe, (v) Scalar Spectral
Index (ns)— describes the initial density fluctuations and (vi) Optical Depth (7)—
the measure of reionization’s effect on the CMB. This six-parameter model has been

remarkably successful in explaining a wide range of cosmological observations .

While the ACDM model provides a robust framework, it is recognized that this
model might be an approximation of a more complex reality. Extended cosmolog-
ical models introduce additional parameters to address discrepancies and explore
new physics. Some notable extended parameters include: Neutrino Masses (> m,,),
Effective Number of Neutrino Species (Neg), Equation of State Parameter for Dark
Energy (w) and so on. CMB measurements, Large-scale structure surveys, super-
nova observations and gravitational lensing like observational data give the precise

measurement of cosmological parameters.

Despite the successes of the ACDM model, several tensions and open questions
remain. For instance, discrepancies in the measured values of Hy from different
methods hint at possible new physics. Similarly, understanding the nature of dark
matter and dark energy continues to be a major challenge. Future missions like the
James Webb Space Telescope (JWST) [8], Euclid, and the Large Synoptic Survey
Telescope (LSST) [9] are expected to provide further insights and possibly lead to

new paradigms in cosmology.

Key modern observational endeavours continue to shape cosmology, contributing to
ongoing advancements in the field. Nevertheless, A few observations from Robert
Woodrow Wilson’s Nobel address may be echoed, which encapsulates the essence of

these developments.

‘Cosmology is a science which has only a few observable facts to

work with.”
-Robert Woodrow Wilson.

In recent times, the ACDM cosmological model, described above has achieved re-

markable success in understanding the evolution of cosmic history. This model sheds

3



Chapter 1 Introduction

light on various aspects, such as the production of light elements during Big Bang
Nucleosynthesis, the spectrum of variation in the Cosmic Microwave Background
Radiation from the early Universe, and the formation of structures like galaxies or
galaxy clusters. Despite its significant achievements, the ACDM model gives rise to
significant challenges, primarily due to the vast scale of the Universe, which defies
any notion of a comprehensive survey at this point of time. The Universe still holds
numerous unsolved mysteries compared to what we have already discovered. Dark
Matter and Dark Energy stand out as two particularly enigmatic components. Ac-
cording to the current cosmological paradigm, ordinary baryonic matter constitutes
only 4.9% of the Universe’s total energy budget, while the remaining 95% comprises
the mysterious dark matter and dark energy. Fig. 1.1 presents a pie chart for the
the known energy budget of the Universe. Understanding the properties of these
dark components continues to remain as puzzles for the humankind. The research
presented in this dissertation aims to address many of these questions by developing

Y

and enhancing “2lcm cosmology,” a novel experimental method capable of probing

various cosmic epochs.

Ordinary Matter, 4.90%

Dark Matter, 26.80%

Dark Energy, 68.30%

Figure 1.1: The schematic diagram of the components of the Universe.



Chapter 1 Introduction

1.1 Basic of Cosmology

“LooK up at the stars and not down at your feet. Try to make sense

of what you see, and wonder about what makes the Universe exjst.
Be curious.”
-Stephen Hawking.

We are currently experiencing a captivating era in cosmology and astrophysics,
marked by unprecedented discoveries facilitated by new technological capabilities
that allow us to explore the Universe in unprecedented detail. Through the com-
bined efforts of missions like COBE, WMAP [2], ground-based CMB projects such as
BICEP [10] and BOOMERANG [11], as well as surveys like 2dF /SDSS [12] and high-
redshift supernova searches, we have been able to establish stringent constraints on
cosmological parameters and develop a “Concordance Model”. This model serves as

a robust framework for understanding the majority of observed cosmic phenomena.

However, it is becoming increasingly clear that traditional approaches may not yield

the same level of insight as we move forward. As Steven Weinberg aptly put it,

“The effort to understand the Universe is one of the very few things
that lifts human life a little above the level of farce, and gives it
some of the grace of tragedy.”

-Steven Weinberg.

Several cosmological models, including Einstein’s initial notion of a static Universe,
stemmed from his general theory of relativity, introduced in 1916. In 1927, Georges
Lemaitre (and independently Alexander Friedmann in 1922) derived solutions to
Einstein’s field equations that described an expanding cosmos, challenging the pre-
vailing static model. Edwin Hubble’s observational confirmation in 1929, demon-
strating that distant galaxies are receding from us, provided tangible evidence for
this expanding Universe. Despite Lemaitre’s groundbreaking work, it received little

attention until Eddington arranged for its translation and reissue in 1931.
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Lemaitre’s contribution was pivotal, not only for introducing the concept of an ex-
panding Universe (Fig. 1.2), which captured widespread interest, but also for his
exploration of the origins and mechanisms driving this expansion. The Big Bang
model, emerging from these foundational insights, offers precise and testable hy-
potheses, and its remarkable agreement with empirical observations instills confi-

dence in its validity.
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Figure 1.2: The schematic diagram of evolution of Universe.

Also several alternative models were proposed to explain the expansion of the Uni-

verse which is demonstrated in fig. 1.3.

The theoretical estimation of the Universe’s expansion rate and evolution relies
heavily on a fundamental concept known as the cosmic scale factor, denoted as a(t).
This dimensionless quantity serves as a crucial tool in cosmology, enabling us to
understand the Universe’s growth over time. It quantifies the relative size of the
Universe at any given moment compared to its size at a reference time, typically

denoted as tg.

In the context of the widely accepted Big Bang theory, which posits the Universe’s
origin from an intensely hot and dense state, all cosmic phenomena have unfolded
subsequent to this initial event. The scale factor a(t) provides a measure of this

expansion, where a(t) = 1 at the present time ¢y, indicating the current size of the
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Figure 1.3: Different models of the expanding Universe.

Universe. For times after the present, a(¢) > 1 suggests expansion, while a(t) < 1

implies contraction of the Universe.

By scrutinizing the behaviour of the scale factor over time, cosmologists can glean
invaluable insights into the past and future evolution of the Universe, including
the dynamics of cosmic structures and the rate of expansion. This comprehension
forms the bedrock of our understanding of cosmology and the intricate history of

the Universe.

The Friedman equations [13, 14] are central to the study of cosmological evolution,

governing the Universe’s expansion dynamics. These equations are represented as

N2
a 8¢ K A

= () =t -
a e A

These equations provide profound insights into the behaviour of the cosmic scale
factor a(t) which also is the expansion factor. Here, H serves as the expansion

rate or Hubble parameter, signifying the rate of the Universe’s expansion. In the

7
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above, K represents the curvature constant and described the geometry of the partial
part of space-time (K = +1, 0, —1 corresponds to the close, flat and open Universes
respectively). The cosmological constant is represented by A while p, P are the en-
ergy density and pressure density of fluids respectively, such that energy momentum
tensor T# = Diag(—p, P, P, P). Cosmologists commonly use the scale factor a or

the redshift z to measure temporal and spatial scales, linked to cosmic time through

dt

a:—anddz:—m

1
14z

, respectively.

According to the widely accepted Big Bang theory, the Universe’s existence origi-
nates from the very first cosmic event, known as the Big Bang. Approximately 10737
seconds after this event, the Universe experienced an extremely rapid expansion
known as “Cosmological Inflation”, lasting for a very brief period of time, around
upto the age 10733 ~ 10732 seconds of the Universe. Following this phase of rapid
expansion, the Universe’s expansion continued, albeit at a slower pace. Each com-
ponent of the Universe’s evolution exhibits distinct dependencies over time, allowing
for the division of the cosmic timeline into different eras based on their dominant

contributions.

In the early stages of the Universe, characterized by high redshifts (z), the domi-
nance of the (1+ 2)? factor of radiation dictates the era of radiation domination. In
radiation domination epoch, most of the energy constituents are coming from radi-
ation and matter is mostly relativistic. Subsequently, the era of matter domination

begins around the point of matter-radiation equality, approximately estimated as

1+ 2 = g"‘d ~ 3500. Following this, the expansion of the Universe is primarily
1/3
driven by non-relativistic matter until 1 + 2z, = (g—/‘> ~ 1.3, indicating the onset

of the era of dark energy or A domination where the evolution of the scale factor
for a dark energy-dominated Universe can be approximated as a(t) o exp(Hot). Hy
represents the present value of the Hubble parameter. This era continues until the

present time, approximately 13.8 billion years after the Universe’s inception.



Chapter 1 Introduction

The continuity equation, arising from conservation principles and represented by
p+3H(p+ P)=0, (1.3)

This encapsulates the evolution of the Universe’s energy content. It factors in contri-
butions from various species characterized by their energy density (p;) and pressure
(P;), with the equation of state (w = %) delineating each species’ behavior and
impact on the overall evolution. The expansion rate, modulated by the diverse
contributions of these species and often expressed relative to the critical density

(pe(2) = 31;522), sheds light on the dynamics and composition of the evolving Uni-

verse. This framework offers crucial insights into the roles played by radiation,

non-relativistic matter, and the cosmological constant (A).

In the context of radiation, involving massless particles like photons or neutrinos in
the early Universe, the pressure is expressed as Pr.q = %prad. Consequently, in the
absence of interactions, the equation without a specific label leads to a dependence
on the scale factor where prq o< (1 + 2)*. Conversely, non-relativistic matter, en-
compassing both dark and baryonic matter, exerts negligible pressure, resulting in
pm o< (14 2)3. The contribution of A can be considered a manifestation of dark

energy, characterized by constant energy density with pp = 0.

Considering the contributions from radiation, matter, and the dark energy (i =
rad, m, A respectively), the expansion rate can be expressed in terms of the energy
density parameters ({; = 2> where the subscript 0 indicates the current values) as

Pc,0 ?
the sum (with K = 0)

H? = Hf (Qaa(1+2)" + Qu(1 + 2)° + Qn) (1.4)

The Hubble rate at present, denoted as Hy, is conventionally represented as Hy =
100hkm s~ Mpc™!, with h being the reduced Hubble constant. From Cosmic Mi-
crowave Background (CMB) and Baryon Acoustic Oscillation (BAO) data, the value
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H Event time redshift \ Temperature H
Inflation 1073 sec - -
Baryogenesis - - 1012 ~ 10" GeV
Electroweak phase transition 20 ps 10t 100 GeV
QCD phase transition 20 pus 10*2 150 MeV
Dark matter freeze-out - - 100 MeV
Neutrino Decoupling 1 sec 6 x 10° 1 MeV
Electron-positron annihilation 6 sec 2 x 107 500 KeV
Big-Bang nucleosynthesis 3 minute 4 x 10% 100 KeV
Matter-radiation equality 60 Kyr 3400 0.75 eV
Recombination 260 — 380 Kyr | 1400 — 1100 | 0.33 — 0.26 eV
Photon decoupling ~ 380 Kyr ~ 1100 ~ 0.27 eV
First stars formation ~ 100 Myr ~ 30 ~ 7 meV
Reionization ~ 400 Myr ~ 11 ~ 2.6 meV
Dark energy-matter equality 9 Gyr 0.4 0.33 meV
Present 13.8 Gyr 0 0.24 meV

Table 1.1: Estimates of chronological periods, redshift values, and associated
temperatures for key events in the Universe. Table credit: Daniel Baumann [15]

of h is typically found to be approximately 0.693.

1.2 Cosmic History

In this section, we will provide a concise overview of the significant milestones in

cosmic chronology, delineating the key epochs and transitions between them. Simpli-

fying the comprehensive picture, we categorize the cosmic timeline into the following

phases

1.2.1 Primordial Universe

Numerous theories have been proposed to explain the origin of the Universe, with

the Big Bang theory emerging as the most widely accepted and evidence-supported

explanation. According to this theory, the Universe undergoes various processes
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within a time approximately 1 second subsequent to the initial cosmic explosion.
In the initial seconds following the Big Bang, significant epochs transpire, including
Planck, inflation, reheating, baryogenesis, the electroweak transition, and hadroniza-
tion, among others. Given our focus on more recent developments, we will briefly
overlook the details of this early epoch [16, 17, 18]. During the inflationary phase,
the Universe experiences a rapid expansion driven by a scalar field or other exotic
species, leading to a dramatic increase in size within an incredibly short duration,
around 1073 seconds. The fields responsible for inflation transition to particle and
radiation species during the Reheating epoch, marking the onset of the radiation-
dominated era. Throughout this period, the energy density is primarily governed
by massless and nearly massless relativistic components like photons and neutrinos,
which travel at or near the speed of light. This dominance extends over both matter
density and dark energy. Subsequently, the Universe comprises a highly homoge-
neous plasma containing numerous species in thermal equilibrium. As the Universe
continues to expand and undergoes adiabatic cooling, many of these species detach
from the cosmic plasma. The minute fluctuations generated during inflation serve

as the seeds from which cosmic structures evolve thereafter.

1.2.2 Nucleosynthesis

Big Bang Nucleosynthesis (BBN) [19, 20] refers to the synthesis of light nuclei that
occurred during the early phases of the Universe, specifically within the first few
minutes after the Big Bang. This process is significant because it is responsible for
the formation of the lightest elements in the Universe, such as hydrogen, helium, and
small traces of lithium and deuterium. During BBN, the extreme temperatures and
densities allowed for the fusion of protons and neutrons into these light nuclei. The
predictions of BBN regarding the primordial abundances of these light elements
align closely with observations, strongly supporting the validity of the Big Bang

cosmological model.

11
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1.2.3 Recombination

Recombination [21, 22] is a pivotal event in cosmic history that occurred approx-
imately 380,000 years after the Big Bang. At this point, the Universe had cooled
sufficiently for electrons to combine with protons, forming neutral hydrogen atoms
for the first time. Prior to recombination, the Universe was a hot, dense plasma
consisting of free electrons and protons, making it opaque to light. This plasma
era, known as the era of photon-baryon plasma, rendered the Universe opaque to

electromagnetic radiation.

However, as the Universe expanded and cooled, it reached a critical temperature
below 3000 Kelvin where electrons could bind to protons to form stable hydrogen
atoms. This process, known as recombination, resulted in the decoupling of photons
from matter. Photons were then able to travel freely through space, leading to the

Universe becoming transparent.

The signature of this event is imprinted on the cosmic microwave background (CMB)
radiation, which we observe today as a relic of the hot, dense early Universe. By
studying the fluctuations in the CMB, scientists can glean valuable insights into the
conditions of the Universe at the time of recombination, providing crucial informa-

tion about its evolution and composition.

1.2.4 Dark Ages

The dark age commenced shortly after recombination in the early Universe, around
the redshift z & 1100. During this period, the Universe cooled significantly, causing
electrons to decouple from the cosmic background radiation. Consequently, the Uni-
verse became transparent to electromagnetic radiation, bathed in a nearly uniform
reddish glow. Despite this transparency, the absence of large-scale structures meant

there were no significant light sources apart from the cosmic background radiation.
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However, due to cosmological redshift, the reddish (orange) glow of the cosmic mi-
crowave background (CMB) shifted further towards the red end of the spectrum as
time progressed. Consequently, from the end of recombination until the birth of the
first stars, the Universe remained dark, earning this period the title of Cosmic Dark

Age [23, 24].

1.2.5 First Stars

The formation of the first stars [25, 26], also known as Population I1I stars, represents
a critical milestone in cosmic history, marking the transition from a primordial
Universe dominated by hydrogen and helium to one enriched with heavier elements.
These stars are believed to have formed from primordial gas clouds composed almost

exclusively of hydrogen and helium, with trace amounts of lithium.

The formation of Population III stars was likely triggered by the gravitational col-
lapse of dense regions within these primordial gas clouds. Without the presence
of heavier elements to cool the gas via molecular line emissions, the collapsing gas
clouds could reach higher densities before fragmentation and star formation com-
menced. Consequently, the first stars were likely much more massive than those
formed in later epochs, with masses potentially reaching hundreds of times that of

the Sun.

The onset of nuclear fusion within these massive stars ignited intense nuclear reac-
tions, leading to the emission of copious amounts of radiation. These Population I1I
stars were short-lived compared to their lower-mass counterparts, burning through
their nuclear fuel in a matter of millions of years before undergoing spectacular

supernova explosions.

The demise of Population III stars played a crucial role in shaping the early Universe.
Their explosive deaths ejected heavy elements synthesized during their lifetimes,

enriching the surrounding interstellar medium with elements such as carbon, oxygen,

13
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and iron. These enriched environments provided the raw materials necessary for the
formation of subsequent generations of stars, including those with lower masses and

longer lifetimes, like our Sun.

1.2.6 Reionization

Reionization stands as a pivotal epoch in cosmic history, marking the transition
from the Universe’s opaque, neutral state to one characterized by transparency and
ionization. This process occurred roughly between 150 million to one billion years

after the Big Bang and known as reionization epoch [27, 28].

During the early stages of cosmic evolution, following the era of recombination,
the Universe consisted mainly of neutral hydrogen and helium atoms. However,
the emergence of the first luminous sources, such as the first stars and galaxies,
initiated a transformative period known as reionization. These sources emitted
intense ultraviolet radiation, which ionized the surrounding neutral gas, stripping

electrons from hydrogen and helium atoms and turning them into ions.

The reionization process gradually heated the intergalactic medium (IGM) and ren-
dered it transparent to ultraviolet radiation. This allowed photons to travel freely
across vast cosmic distances, marking the Universe’s transition from an opaque to a

transparent state.

Reionization profoundly influenced the subsequent evolution of cosmic structures.
The ionization of hydrogen facilitated the transmission of radiation, enabling the
formation of galaxies, stars, and other cosmic structures. Additionally, the heating
of the IGM affected the dynamics of gas accretion onto galaxies and the formation

of their internal structures.

Observational evidence for reionization comes from studies of the cosmic microwave

background (CMB), distant quasars, and the Lyman-alpha forest in the spectra
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of distant galaxies. These observations provide insights into the timeline and the

sources responsible for driving the reionization process.

1.2.7 Post-reionization

Post-reionization denotes the epoch in cosmic history following the completion of
the reionization process, which occurred approximately 150 million to one billion
years after the Big Bang. This period witnessed significant transformations in the

structure and dynamics of the Universe.

One notable consequence of post-reionization was the establishment of a fully ion-
ized intergalactic medium (IGM). Furthermore, post-reionization heralded the era of
cosmic dawn, during which the Universe became populated with a diverse array of
galaxies, stars, and other astrophysical objects. These newly formed galaxies began
to evolve and interact, giving rise to the rich tapestry of cosmic structures observed

in the Universe today.

While our understanding of history of cosmic evolution and the constituents of the
Universe has advanced significantly, we are still grappling with the challenge of iden-
tifying suitable candidates and understanding the characteristics of the predominant
components, namely dark matter and dark energy. Despite the well-established the-
ories describing the evolution of the cosmos, our comprehension of these enigmatic
entities remains incomplete. In this thesis, our primary focus is to address the dark
matter problem, given that it constitutes approximately 26.4% of the Universe’s total
energy content. Through rigorous investigation and analysis, we aim to shed light on
the nature and potential candidates for dark matter, advancing our understanding

of its role in shaping the cosmic landscape.
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1.3 The Dark Matter Enigma

For decades, the elusive nature of Dark Matter (DM) has remained one of the most
significant unresolved mysteries in modern physics. Various models, each propos-
ing different types of particles, have been suggested to explain the formation of
structures across different scales. Dark Matter, an enigmatic and non-luminous sub-
stance, reveals itself solely through its gravitational interactions with galaxies and
stars. Its existence is now well-established, supported by extensive cosmological
and astrophysical evidence, indicating that it comprises approximately 26.8% of the

Universe’s total mass-energy content.

The concept of dark matter was first introduced by Jan Oort in 1932 [29], who
sought to explain the vertical motions of stars within the Milky Way. Later, in
1939, Horace Babcock’s [30] measurements of the rotation curve of the Andromeda
galaxy using optical spectroscopy suggested an increase in the mass-to-luminosity
ratio with radial distance. This idea was further reinforced by Swiss physicist Fritz
Zwicky, who, in the 1930s, studied the velocity distribution of galaxies within the
Coma galaxy cluster [31]. Zwicky’s observations highlighted significant discrepancies
in the cluster’s dynamics that could not be accounted for by visible mass alone.
Additionally, observations by Sinclair Smith [32] in 1936 of the Virgo cluster echoed
these findings, despite the challenges posed by the limited understanding of various
astrophysical complexities at the time, which hindered the confirmation of dark

matter’s presence.

1.4 Evidence of Dark Matter

The concept of dark matter finds strong support within the realms of cosmology and
astrophysics. Numerous astrophysical observations lend credence to the presence of

dark matter, primarily grounded in gravitational effects. In the following section, we
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outline a handful of the most compelling pieces of evidence supporting the existence

of dark matter.

Motion of the Galaxies (Coma and Virgo Cluster)

The exploration into the existence of dark matter on the scale of galaxies and galaxy
clusters heavily relies on the interplay between gravitational potential and kinetic
energy. Swiss astronomer Fritz Zwicky undertook the task of estimating the dynam-
ical masses of galaxies within clusters by measuring the velocity dispersion using
Doppler shifts [31, 33]. In his analysis, he applied the virial theorem to the Coma
cluster system. This theorem offers a straightforward relationship between the grav-

itational potential energy and kinetic energy of a gravitationally bound system.

The Hamiltonian of a non-relativistic, interacting system can be expressed as

+ V(r), (1.5)

where r;, m;, v;, Vi, and p; represent the position, mass, velocity, potential energy,
and momentum of the i*" particle, respectively. The notation (.....) denotes averaging

over time (Eq. 1.8). From eq. 1.5, we can deduce the relation

2T + U =0, (1.6)

where T" and U denote kinetic energy and potential energy, respectively.

Assuming a spherically symmetric distribution of galaxies, the total gravitational
potential of the galaxy cluster (regarded as a self-gravitating system) with mass M

and radius R containing the galaxies is given by
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3GM?

U=-=:
5 R

(1.7)
Each galaxy in the cluster possesses certain velocities. Therefore, the total kinetic

energy of the galaxy cluster can be expressed as

T = %M@Q), (1.8)

where (v?) represents the average of the square of the velocities of galaxies within the
cluster. By utilizing eq. 1.7 and eq. 1.8, one can estimate the total mass of the galaxy
cluster, dependent on the radius R and the average velocity \/W . Zwicky estimated
the average velocity from seven galaxies in the Coma Cluster using Doppler shift
[31, 33], yielding a mass of approximately M =~ 1.9 x 103 M. However, Zwicky
derived a mass of M ~ 8.0 x 10" M, for the Coma Cluster based on the assumption
of the stellar populations within the galaxy, which is approximately 400 times smaller
than the previous estimation. Modern observations and methods allow for a more
precise estimation of the Coma Cluster mass, yielding & 1.6 x 104 M, for a Hubble

parameter h = 0.673 £ 0.012, significantly larger than the previous estimate.

In 1936, Sinclair Smith conducted a similar investigation into the mass of the Virgo
cluster [32], comprising several elliptical and lenticular galaxies. Smith’s conclusions
echoed those of Zwicky [32, 33]. Consequently, it can be inferred that these galaxy
clusters (Coma Cluster and Virgo Cluster) harbor a substantial amount of invisible

mass distribution, potentially constituting dark matter candidates.

Flattening of Rotation Curves of Spiral Galaxies

One of the most compelling pieces of evidence supporting the presence of Dark
Matter (DM) within galaxies arises from the examination of their rotation curves,

particularly those of spiral galaxies. These galaxies comprise various components,
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Figure 1.4: (a) Galaxies inside the Coma Cluster (Photo credit: NASA/JPL-
Caltech/L. Jenkins (GSFC)).
(b) Virgo Cluster (Photo credit and copyright: Rogelio Bernal Andreo,
deepskycolors.com.

including a flat, rotating disc housing newly formed stars and interstellar matter, a
central bulge composed of older stars with a supermassive black hole at its core, and
near-spherical halos of stars. Additionally, the spiral arms of such galaxies extend
from the center to the disc. In 1975, renowned American astronomer Vera Florence
Cooper Rubin, along with fellow astronomers W. Kent Ford Jr. and Norbert Thon-
nard, brought to light a groundbreaking revelation [34]. Their investigation into the
rotational curves of numerous spiral galaxies unveiled striking disparities between
observed curves and those calculated solely based on the visible components of the
galaxies. Their extensive studies led to the widespread acceptance of the existence
of galactic dark matter. Notably, as early as 1959, Louise Volders had also identified

similar inconsistencies, as illustrated in the case of the M33 galaxy (refer to fig. 1.5).

The rotation curve, or velocity curve, of a spiral galaxy illustrates the variation in
orbital circular velocity of stars or gas clouds at different distances from the center.
Analyses of the rotation curves of galaxies involve studying the relationship between
the rotational velocity (v(r)) of a star within the galaxy and its radial distance (r)

from the center.

19



Chapter 1 Introduction

e
Q.
E
=
£
>
=
Q)
o
D
=

20000 . 30000 _ 40000

" Distance'in lyr

Figure 1.5: Galaxy rotation curve of Messier 33. The yellow dashed line is the
expected line from the visible disk, while the solid line represents the fitted line
of observed points [35].

To investigate these rotation curves, scientists measure the velocities of neutral hy-
drogen at varying distances by observing the Doppler shift of emission lines, such
as hydrogen alpha in optical wavelengths or neutral hydrogen 21 c¢m in radio fre-
quencies. By assuming spherical symmetry of the dark matter halo and applying
Newtonian dynamics, specifically the law of circular motion, to the circular motion of
a star, a balance between gravitational and centrifugal force fields can be expressed

as

or, wv(r)= . (1.9)

In the equations above, m, represents the mass of a star orbiting the galactic center
at a radius r, and M (r) denotes the mass encompassed within a spherical region
of radius r around the galactic center, given by M(r) = / pdV, where V is
the volume and p is the average density of the central bulgesr())}%el:cehe galaxy. Eq. 1.9

suggests that the circular velocity v(r) oc 7 within the central bulge. Conversely,

outside the central bulge, the velocity varies with r as v(r) o< 1/4/r (illustrated by
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Figure 1.6: Galactic rotation curve of (a) Milky Way galaxy (Figure from
Ref. [36]), (b) NGC 6503 galaxy (Figure from Ref. [37, 38].)

the yellow dashed line in fig. 1.5), considering that almost the entire mass of a spiral
galaxy resides within the central bulge. However, observational evidence indicates
that for higher values of r, v(r) oc r% (refer to fig. 1.6a [36], fig. 1.6b [37, 38] and
fig. 1.5 [35]). Consequently, an additional distribution of invisible matter must exist,
influencing the nature of the rotation curve. This invisible or dark matter is believed
to manifest in the form of a “dark matter halo.” The density profile of the galactic
dark matter halo can be inferred by accommodating an approximately flat rotational

curve, as deduced from observational evidence.

Cosmic Microwave Background

The most precise determination of the quantity of dark matter originates from ob-
servations of the cosmic microwave background (CMB). Serving as an echo of the
moment when photons disengaged from matter in the early Universe, the CMB
holds crucial information. This phenomenon was initially foreseen by Gamow in

1948 [39, 40] and serendipitously detected by Penzias and Wilson in 1965 [41, 42].

The CMB presents itself as a faint glow in microwave radiation, pervading the entire

cosmos with almost perfect uniformity. Arising from the residual heat of the Big
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Bang, the CMB emerged as thermal radiation once the Universe cooled sufficiently to
become transparent to light and other electromagnetic waves, approximately 380,000
years post-Big Bang. During this epoch, the Universe brimmed with a hot, ionized

gas.

Initially, the CMB did not manifest primarily as visible or ultraviolet light. However,
over billions of years, the expansion of the Universe caused this radiation to undergo
redshift, progressively stretching its wavelengths until it settled in the microwave
band. Peaking at a wavelength of approximately 2 mm, the CMB boasts an almost

ideal blackbody spectrum, corresponding to a temperature of 2.73 K.

Despite its remarkable uniformity, subtle polarizations and temperature fluctuations
exist within the CMB. These faint features provide invaluable insights into the early
Universe. Despite its near-perfect uniformity, this gas exhibits minute deviations
(around 1 part in 10°) from homogeneity. By scrutinizing the slight intensity vari-
ations of the CMB across the celestial sphere, with deviations of 1 part in 10°,

researchers construct a detailed map of the early Universe [43, 44].

The data gathered from satellite-borne experiments such as Planck [5, 45] and
WMAP (Wilkinson Microwave Anisotropy Probe) [2] provide crucial insights into
the spectral anisotropies of the cosmic microwave background (CMB) (Fig. 1.7).
These anisotropies, expressed in terms of spherical coordinates (, ¢), can be repre-

sented as,

20,00 =3 3 andin0.0). (1.10)

=2 m=—1

The variance of the term ay,, Y}, (0, ¢) can be estimated as

Cr={a,)) = 5— Y laml” (1.11)
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Figure 1.7: The all-sky cosmic microwave background radiation map from

WMAP and Planck data. Both images show a temperature fluctuations of

4300 puK around the average temperature 2.73 K. The top image represents the

WMAP W-band CMB map while the bottom image is the Planck SMICA CMB
map. (Photo credit: NASA / WMAP Science Team.)

Fig. 1.8 illustrates the variation of C; (expressed as [(I+1)C;/27) with the multipole
moment [. The red line represents the best-fitted spectra, while the black error bars
depict the nine-year WMAP data points [2]. The shape of the power spectrum is
influenced by the oscillations of the primordial hot gas, with the amplitude and

frequency determined by its composition.

This demonstrative graph (Fig. 1.8) offers valuable insights into the constituents
of the Universe. For instance, the ratio of heights between the first and second
peaks provides information about the abundance of baryons (excluding baryonic
dark matter), while the position of the first peak indicates the curvature of the
Universe. Conversely, the third peak holds significance for various aspects related

to dark matter.
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Figure 1.8: The TT (temperature-temperature) angular power spectrum from

nine-year WMAP data. The WMAP data are represented by black points and cor-

responding error bars. The red line describing the best fit model. The smoothed

binned spectral function is shown using the gray region. (Photo credit: NASA /
WMAP Science Team. [2])

Bullet Cluster

The observation of galaxy clusters such as 1E0657-56 and 1E0657-558, commonly
known as the Bullet Cluster [16, 47], stand as one of the most compelling pieces of
evidence for the existence of dark matter [48]. The Bullet cluster comprises of two
distinct clusters of galaxies that had undergone a collision event. The name “Bullet”
arises from the dynamic interaction where a smaller subcluster traverses through the

core of a larger subcluster, resembling the trajectory of a focussed bullet.

During this collision, the observable components of the clusters, including gas, galax-
ies, and stars, exhibit distinct behaviour from the elusive dark matter. However, the
hot gas within the clusters, observable through X-ray telescopes, predominantly

interacts electromagnetically due to its baryonic nature.

Consequently, the Bullet Cluster serves as a prominent example of dark matter lens-

ing, providing compelling evidence for the presence of dark matter over alternative
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Figure 1.9: The Bullet Cluster
(Photo credit: NASA/CXC/CfA/M.Markevitch et al. [46])

hypotheses such as Modified Newtonian Dynamics (MOND) [19, 50] when applied

to large galactic clusters.

Furthermore, the spatial offset observed between the center of total mass and the
peaks of baryonic mass within the cluster, with a statistical significance of 8¢ CL
(confidence level), cannot be solely explained by modifications to gravitational forces.
In theories like MOND, where dark matter is absent, the lensing effect would be
expected to track the distribution of baryonic matter, such as the X-ray-emitting
gas. However, observations reveal the strongest lensing effects occurring in two

distinct regions near, and possibly coincident with, the locations of visible galaxies.

This discrepancy suggests that the majority of the mass in the cluster pair exists in
the form of two regions of dark matter that have decoupled from the gas regions dur-
ing the collision. These observations align with predictions of dark matter particles
being weakly interacting in nature, apart from gravitational interactions, further
bolstering the case for the existence of dark matter as a fundamental component of

the Universe.

25



Chapter 1 Introduction

Multi-wavelength observations of the Bullet Cluster have yielded compelling evi-
dence supporting the existence of dark matter. These observations reveal that dur-
ing a high-velocity collision (approximately 4500 km/s [51]) between two clusters,
the shape of the baryonic (visible) mass distribution undergoes significant pertur-
bation, as depicted by the pink region in fig. 1.9. In stark contrast, the dark matter
halos of the clusters pass through each other largely undisturbed.

The identifications of these invisible dark matter halos for the two clusters were made
possible through the method of gravitational lensing. This phenomenon underscores
the non-interacting nature of dark matter particles. While dark matter particles
interact gravitationally with each other, the impact on the dark matter halos of the
colliding clusters remains minimal. This is because the halos are expansive, resulting
in low dark matter density within them, and thus insufficient gravitational influence

to alter their shapes significantly.

Consequently, a substantial amount of dark matter concentrated in the blue zone, re-
sponsible for gravitational lensing, serves as strong evidence for non-interacting dark
matter. This phenomenon is not unique to the Bullet Cluster; a similar observation

has been documented at the MACS J0025.4-1222 cluster [52].

Gravitational Lensing

According to the principles of General Relativity, the presence of mass induces cur-
vature in the surrounding space, defining what’s known as geodesics. This curvature
leads to the bending of light rays as they traverse through the gravitational field of
massive objects. This phenomenon is referred to as gravitational lensing [54] (see
fig. 1.10). Consequently, light from background objects can be lensed by foreground
masses, resulting in the deflection of light rays towards an observer. In scenarios
where an observer is situated in the foreground of such a lensing massive body,

multiple or distorted images of background objects may be visualized. It was first
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Einstein Ring \

Figure 1.10: Bending of incoming light due to the gravitational field of a massive
object. The dashed lines show the apparent position of the light source. [53]

proposed by Henry Cavendish in 1784 and subsequently addressed by Johann Georg
von Soldner in 1804 within the framework of Newtonian gravity [54]. However, it
was Albert Einstein who, in 1915, mathematically formalized this concept as part
of his theory of relativity. The validation of gravitational lensing occurred on May
29th 1919, when A. Eddington and F. Dyson confirmed Einstein’s predictions. The
discovery of the ‘Twin Quasar’ (SBS 0957+561) was the first confirmed instance
of gravitationally lensed objects [55], underscoring the significance of gravitational
lensing in understanding the cosmos. Gravitational lensing can be categorized into
three classes: strong, weak, and microlensing. Strong lensing occurs when the de-
flection of light is substantial due to the intense gravitational field of massive objects
situated between the observer and the distant background object. This can result in
observable effects such as multiple images, arcs, or even the formation of Einstein-
Chwolson rings when the alignment between the distant object, lensing mass, and
observer is precise (see fig. 1.11a and 1.11b). This Einstein ring has an angular

separation given by

[AGM dig
Opc = — 1.12

where G, ¢, and M represent the universal gravitational constant, the velocity of

light in space, and the mass of the lensing body, respectively. Here, d, and dg denote
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Figure 1.11: (a) The galaxy cluster CL0024+1654 produces multiple images

of a distant blue galaxy (Photo credit: NASA, ESA, H. Lee & H. Ford (Johns

Hopkins U.)[56]). (b) Horseshoe Einstein Ring from Hubble. The gravitational

field of the red galaxy LRG 3-757 lenses the incoming light from a distant blue
galaxy (Photo credit: ESA/Hubble, NASA).

the distances from the observer to the lensing body and to the background source,

respectively, while dy,g = dg — df,..

Weak lensing, on the other hand, involves slight deflections of light rays due to the
gravitational field (Fig. 1.12), insufficient to produce distinct images or arcs. Instead,
it results in subtle distortions of background sources, requiring statistical analysis

across a large number of sources to reconstruct the mass distribution effectively [54].

Microlensing, the third category, occurs when low-mass objects, such as planets or
stars, pass between the observer and a background source. Although the deflection of
light is challenging to detect directly, variations in the brightness of the background
object as the lensing mass passes by can reveal the presence of the lensing mass
(Fig. 1.13). Overall, gravitational lensing serves as a powerful tool for probing the
distribution of mass in the cosmos, offering invaluable insights into the nature of
dark matter and the dynamics of the Universe at large. Details analysis of effect of

gravitational lensing is described in Sec. 7.
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Figure 1.12: The different regimes of gravitational lensing image distortion.

The effect of lensing due to the passage of massive galaxies or clusters of galaxies

results several distortions of the image of the circular source (in black and grey
shadow) appeared to the observer [57]

Microlensed Image

Observer
L R‘\

Figure 1.13: Schematic diagram of gravitational microlensing.

The Large Scale Structure of the Universe

Despite the theoretical premise of a homogeneous and isotropic Universe, the vast

expanse of the Universe exhibits a rich tapestry of structures, ranging from galax-

ies to clusters and superclusters, all interconnected within a cosmic web of sheets,

filaments, and voids (as depicted in fig. 1.14). These intricate formations have

been meticulously explored through extensive surveys such as the 2-degree Field

Galaxy Redshift Survey (2dF-GRS) [58, 59] and the Sloan Digital Sky Survey (SDSS)
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(Fig. 1.14) [12]. Their arrangement reflects the gravitational clustering of matter

since the inception of the Big Bang.

Figure 1.14: The map of galaxies discovered by Sloan Digital Sky Survey (SDSS)

showing the large-scale structure of the Universe. The radial distance from the

centre of the circle representing the redshifts of the corresponding galaxies. (Photo
credit: M. Blanton and SDSS)

Cosmological simulations like Millenium [60], NFW [61], Aquarius [62] and many
more like these vividly illustrate that the observed large-scale structure of luminous
baryonic matter could only have arisen in the presence of a substantial amount of
dark matter (reference fig. 1.15). Furthermore, to replicate the observed structures
accurately, the majority of dark matter must exhibit characteristics of being cold

and non-dissipative.

“Cold” dark matter particles are characterized by their non-relativistic motion and
short free-streaming lengths, facilitating gravitational accumulation on small scales.
This property enables them to serve as seeds for the formation of galaxies. Con-
versely, hot and warm dark matter, although potentially present in smaller fractions,

lack the capacity to initiate such gravitational collapse effectively.
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¥ N

Figure 1.15: The images give the dark matter distributions at large scale in the
Universe obtained in the Millennium simulation. From the Millennium Simulation
Project webpage.

URL : https: //wwwmpa. mpa-garching. mpg. de/ galform/virgo/
millennium/

Large-scale surveys offer insights into the distribution and composition of matter in
the Universe. They reveal that the total matter density, encompassing both dark
and luminous matter, is estimated to be approximately €2,, ~ 0.315. This den-
sity parameter holds crucial implications for the formation and evolution of cosmic

structures.

Big Bang Nucleosynthesis

Big Bang nucleosynthesis (BBN) [20, 19, 21] is a pivotal epoch in the early Universe,
occurring roughly between 1 second to 20 minutes after the Big Bang, when atomic
nuclei were synthesized from protons and neutrons. During this brief period, the
conditions were just right for nuclear fusion to occur, leading to the formation of
the lightest elements in the periodic table. The synthesis of these elements laid the

foundation for the chemical composition of the Universe as we know it today.

In the first few seconds, the Universe was incredibly hot and dense, with temper-

atures exceeding billions of degrees Celsius. In this early stages of the Universe,
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atomic nuclei struggled to form due to extreme temperatures and densities. Instead,
the space was filled with a seething mix of protons, neutrons, electrons, photons,
and various short-lived particles. Occasionally, protons and neutrons collided and
fused to create deuterium nuclei, which are heavier isotopes of hydrogen. However,
the intense energy from high-temperature photons promptly disrupted these nascent

nuclei, preventing their stable formation.

As the Universe progressed and its temperature gradually decreased, the prevalence
of high-energy photons diminished, allowing deuterium nuclei to persist. The cru-
cial factors governing Big Bang Nucleosynthesis (BBN) were the temperature and
density of the Universe. These conditions played a vital role in overcoming the elec-
tromagnetic repulsion between positively charged protons, enabling them to come
close enough for the strong nuclear force to bind them together. As the tempera-
ture dropped to approximately 100 keV, the fusion of protons (p) and neutrons (n)
commenced, resulting in the formation of nuclei for several light elements. One of
the first nuclear reactions was the synthesis of deuterium (a deuteron), which is a
nucleus consisting of one proton and one neutron. This reaction primarily occurred

through the collision of two protons, leading to the capture of a neutrino,

p+p—=D+e+u,.

Helium-4, the most abundant element after hydrogen, was synthesized through a
sequence of reactions involving the fusion of deuterium nuclei. This process typically

involved the addition of two protons to a deuterium nucleus to form helium-4,

D+D — S3H+p
SHe +*He — “He+2p .

Helium-3, although less abundant than helium-4, was also produced during BBN

through various reactions involving the fusion of deuterium and helium-3 nuclei,
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D+p — 3He+n
SHe +*He — Be + v
Be+e~ — "Li+ur,

From the above-mentioned reactions, we can infer that helium-4 (*He) emerged
as the most abundant element, constituting around one-fourth of the mass fraction.
Additionally, small amounts of deuterium (D), tritium (*H), lithium-6 (°Li), lithium-
7 ("Li), and beryllium-7 ("Be) nuclei were also generated during this phase. This

process of nuclei synthesis is known as “Big Bang Nucleosynthesis” (BBN).

One of the critical factors determining the outcome of BBN was the baryon-proton
ratio (n) , which influenced the synthesis of different elements. As the Universe
expanded and cooled, the neutron-proton ratio decreased, affecting the types and
abundances of nuclei produced. Baryon-to-photon ratio (), which directly corre-
lates with the baryon abundance of the Universe (€) which is n oc Qyh?, where h
represents the Hubble parameter, given by h = Hy/(100,km,s™!, Mpc~').). Hence,
the initial value of €2, can be determined through Big Bang Nucleosynthesis (BBN)
by examining the actual primordial abundances of elements and accurately measur-
ing h. Nevertheless, estimating the primordial abundances of light isotopes poses

challenges, necessitating direct observations of exceptionally primitive systems.

As the Universe undergoes expansion, the pace of nucleosynthesis gradually deceler-
ates until it ceases entirely a few minutes after the Big Bang, given the short lifespan
of free neutrons (approximately 15 minutes). Consequently, the cosmic abundance
of isotopes like 2H, 3He, *He, and "Li stabilizes during this phase. However, following
the cosmic dark age, the abundance of these light elements experiences perturba-
tion due to stellar nucleosynthesis. Additionally, heavier elements such as C, N,
O, and Fe are synthesized through this stellar process. Consequently, astrophysical
environments with low metallicities serve as ideal candidates for investigating the

primordial abundances of these light elements.

DThe baryon-to-photon ratio 7 is defined as nn = Q,h?, where h represents the Hubble parameter,
given by h = Hy/(100,km, s~ Mpc™1)
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Figure 1.16: The predicted abundances of 2H, 3He, “He, "Li according to the

standard model of Big Bang Nucleosynthesis (BBN). The bands denote the range

of 95% confidence level (CL) for different values of (7). The yellow boxes in this

plot represent the range of the observed abundances for those light elements. The

pink (wide) vertical band denotes the BBN concordance range, while the blue

(narrow) band indicates the CMB measure of the cosmic baryon density (From
Ref. [63]).

Various theoretical and experimental studies have explored the primordial abun-
dances of different baryonic elements as a function of n [64, 65]. The predicted
data from nucleosynthesis indicates that, for n ~ 6 x 1071%, the calculated bary-
onic density amounts to 0.04 times the critical density of the Universe [66]. Such
baryon density can be estimated much consistently from the measured abundances

of deuterium and the helium isotopes. However, discrepancies arise for the lithium
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isotopes, particularly lithium-7 (“Li), which is found to be under-abundant relative
to the BBN predictions. Moreover, lithium-6 (°Li) is not expected to have been
produced in BBN at all. These discrepancies may be resolved by considering non-
standard BBN scenarios influenced by particle physics beyond the Standard Model,

including certain dark matter models [67].

Various theoretical and experimental studies have explored the primordial abun-
dances of different baryonic elements as a function of n (refer to fig. 1.16) [64, 65].
The predicted data from nucleosynthesis indicates that, for n ~ 6 x 1071°, the
calculated baryonic density amounts to 0.04 times the critical density of the Uni-
verse [66]. However, observations of large-scale structure formation suggest that the
matter density parameter is significantly higher (£2,, ~ 0.29) than this value. Con-
sequently, the remaining portion of matter must exist in the form of dark matter.
Furthermore, based on this estimation, it can be inferred that the predominant por-
tion of dark matter is non-baryonic, exhibiting no interaction with electromagnetic
fields. Nevertheless, there may still be a minor fraction of baryonic dark matter

present in the form of low-luminosity astrophysical entities.

The presence of dark matter is indisputably inferred through independent mea-
surements of €2, from large-scale structure formation and €2, from BBN. Since all
luminous matter should be part of the baryonic matter content of the Universe, the
difference between the measured quantities €2, (approximately 0.29) and Q (ap-
proximately 0.04) implies that the leftover matter (Qegrover &~ 0.25) must exist in
the form of dark matter in the Universe. Moreover, this suggests that dark matter
particles must predominantly be non-baryonic, lacking electromagnetic interaction
and being dissipationless. It is important to note that a small portion of dark matter

may be baryonic in nature.
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X-ray Observation

One potential approach to investigate dark matter within galaxies and galaxy clus-
ters involves probing their gravitational potential using X-ray observations. Galaxy
clusters have enormous X-ray emitting gas inside them. These observations can also
provide insights into the density distribution of the galaxy. To theoretically evaluate
this technique, let us consider a scenario where a thin shell of hot X-ray emitting
gas surrounds the galaxy, comprising stars, gas, and dark matter. The gravitational
force exerted by the enclosed mass (including gas, stars, and dark matter) acts to
pull the gas shell inward. Conversely, if the pressure within the gas shell decreases
outward, it exerts an outward force. These opposing forces reach equilibrium in a
state known as hydrostatic equilibrium, allowing estimation of the galaxy’s gravi-
tational mass through analysis of pressure gradients from X-ray observations. Any
disparity between the gravitational mass and the visible mass of the galaxy could

then indicate the presence of dark matter [68].

Let us consider the hypothetical scenario of an elliptical galaxy being spherically
symmetric for simplicity. The gravitational force acting on the shell of hot gas at

radius r (with width dr) due to the enclosed mass is given by

GM (< r)M;
Fy(r) = — s (1.13)
Here, M, = 47r?pgas(r)dr represents the mass of the hot gas shell, where M(< r)
denotes the total enclosed mass inside the shell (including stars, gas, and dark

matter), and dr is the shell’s thickness. The pressure force on the surface, F,(r),

can be expressed as

Fy(r) = 4nr¥(p(r) — plr + dr)) = —4mr?22

= (1.14)
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In a state of hydrostatic equilibrium, the gravitational force and the pressure force

balance each other, leading to the equation

GM(<r) 1 dp
= — — 1.1
2 Paas(T) dr (1.15)

r

This equation can also be expressed in terms of gravitational potential () as

Vp

Pgas

Vo = —

(1.16)

The temperature of the hot gas (Tus(r)) can be determined by modeling the X-
ray spectrum as a function of position. Utilizing the fact that X-ray intensity is
proportional to pzasTgaS, the radial gas density pgas(r) can be estimated. The pressure

p is proportional to pgasTgas, and can be represented as

k Tas
p= 2B (1.17)

wmy

Substituting the expression for p into the equilibrium equation, we obtain

1 dp  kpTgas1dln pgas n GM(<r)
P - 2

(1.18)

Pgas AT - wmpg rdln Toas r

The gravitational potential and mass distribution can be reconstructed from this
equation. Additionally, an approximate expression for the density profile can be
obtained if Ty, remains approximately constant. Assuming T,,s is constant, the

right-hand side of the equation simplifies, leading to

To

pan(r) = o (20) (1.19)

r

This enables a measurement of Tg,s to constrain the total mass density pio;. The
stellar mass density (p.) can be estimated from luminosity, and the gas density (pgas)

from X-ray emissivity. Consequently, the density of dark matter (ppy) can also be
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determined by subtracting piot, p«, and pgas. Detailed modeling using this method

confirms that elliptical galaxies primarily consist of dark matter.

The hydrostatic equilibrium method, offering advantages over optical mass deter-
mination, has been utilized to determine the total gravitational mass and density
distribution of galaxies. However, most X-ray observations of clusters lack spectral
resolution, providing precise measurements of density rather than temperature. No-
tably, this method has been successfully applied to the M87 galaxy in the Virgo
cluster [68], revealing a significant presence of dark matter. Yet, it remains unclear
whether the dark matter halo is centered around the M87 galaxy or distributed

throughout the entire cluster.

This approach has also been employed to estimate the mass of other clusters such as
Coma and Perseus. The total mass of the Coma cluster, as derived by Hughes (1989)
[69], lies within 2 x 10'® M, with a mass-to-light ratio Lyg to; around 165M /L.
However, estimated values carry high uncertainty due to limited spectral and spatial

resolutions.

Lyman-alpha Forest

The Lyman-alpha (Lya) system serves as a valuable tool in cosmology [70, 71],
providing insights into various physical phenomena, including the properties of dark
matter. When an electron transitions from a higher energy state to the ground
state in a hydrogen atom, Lyman-alpha spectral lines are emitted. Conversely,
when hydrogen atoms encounter electromagnetic radiation of appropriate energy,
the atoms absorb the energy, resulting in absorption lines in the spectrum. The
large amount of neutral hydrogen in the intergalactic medium leads to a series of

absorption lines, forming what is known as the Lyman-alpha forest (Fig. 1.17).
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Discovered in 1970 by astronomer Roger Lynds during observations of the quasar
4C05.34 [72], the Lyman-alpha forest initially appeared to originate from inter-
actions within Quasi Stellar Objects (QSOs) [73]. However, subsequent studies
confirmed that it arises from the absorption of interstellar gas distribution in su-

perclusters. The intensity of received spectra reveals dips at specific wavelengths,

Figure 1.17: Lyman-alpha Forest. Light rays from distant quasars (red dots)

get partially absorbed as they pass through hydrogen gas of IGM. As a result,

several absorption lines of hydrogen manifests in the spectrum of those quasar (the

graph in this figure) as observed by telescope. (Photo Credit: Zosia Rostomian,

Lawrence Berkeley National Laboratory; Nic Ross, BOSS Lyman-alpha team,

Berkeley Lab; and Springel et al., Virgo Consortium and Max Planck Institute
for Astrophysics.)

indicating absorption due to neutral hydrogen. This absorption, known as optical
depth, depends on the probability of hydrogen absorbing photons and the number
of hydrogen atoms along the photon’s path. The Lyman-alpha forest is observed in
the spectra of distant, high-luminosity objects such as quasars, which emit various

electromagnetic radiations.

As the Universe expands, photons emitted by quasars experience redshifts, causing

the observed Lyman-alpha absorption lines to be redshifted as well. Consequently,

39



Chapter 1 Introduction

the Lyman-alpha forest provides information about the neutral hydrogen content of
the intergalactic medium, allowing researchers to trace the positions of intervening

hydrogen regions.

Before the proposal of dark matter, absorption systems were thought to be discrete
gas clouds confined by the pressure of a hotter intercloud medium. However, this
model failed to reproduce observed column densities and evolution with redshifts.
The presence of dark matter, interacting gravitationally with interstellar matter,
influences the formation of large-scale structures, which can be observed through

the Lyman-alpha forest.

Cosmological simulations based on hierarchical structure formation models confirm
the existence of cosmic web-like structures associated with the Lyman-alpha forest,
further supporting the role of dark matter in structure formation. Additionally,

observations of the forest disfavor the scenario of hot dark matter.

1.5 Nature of dark matter

While the precise identity and behavior of dark matter (DM) remain elusive, its
existence is supported by various astrophysical observations primarily through grav-

itational effects. DM can be categorized based on several key aspects

e Masses and velocities: DM particles may have different masses and velocities,
ranging from relativistic to non-relativistic. These properties are influenced
by factors such as the DM particle’s mass (m) and the Universal temperature

at the time of freeze-out (7).

e Particle nature: The constituents of DM particles, including their particle
nature, remain unknown. Understanding the fundamental particles that make

up DM is crucial for unraveling its properties.
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e Production mechanisms: DM can be generated through various production

mechanisms, which shed light on its origins and distribution in the Universe.

At the freeze-out temperature, DM particles transition into relics with minimal
interaction between them. Their motion at decoupling can be relativistic or non-
relativistic, determined by factors such as their mass and the temperature of the
Universe at freeze-out. Depending on the velocities of DM particles, they can be

classified into different categories [74].

e Hot Dark Matter

Hot dark matter (HDM) particles are characterized by their relativistic veloc-
ities during the period of galaxy formation or structure formation. A dark
matter candidate is classified as hot if its velocity is relativistic at the time
of freeze-out. This is quantified by the parameter x¢, defined as the ratio of
the freeze-out temperature (77) to the mass (m) of the dark matter particle,
typically < 3 [13]. Hot dark matter particles have a tendency to suppress
primordial density fluctuations below their free-streaming length, akin to the
Silk damping effect observed during the recombination era due to the free-

streaming of photons.

One potential candidate for hot dark matter is massive neutrinos, which are
Standard Model neutrinos with non-zero mass in the eV range (usually less
than 100 eV). The cosmological number density of hot dark matter particles
is roughly comparable to that of microwave background photons, imposing an
upper limit on their mass to a few tens of eV. Consequently, the free stream-
ing of these relativistic particles erases fluctuations smaller than the scale of
superclusters, approximately 10°M,. Thus, the free-streaming length of hot
dark matter particles, such as neutrinos, is on the order of the supercluster

scale.

Furthermore, HDM predicts a top-down hierarchy in structure formation,

where small-scale structures are formed through the fragmentation of larger
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structures. However, this contradicts observations, as some galaxies older than
superclusters have been observed. While neutrinos remain a potential can-
didate for HDM, their status is not yet confirmed due to constraints from
observational limits on neutrino mass and their very low interaction cross-
section, making their detection challenging. Although modern N-body simula-
tions suggest that neutrinos alone cannot account for the observed large-scale
structure formation of the Universe, as the density fluctuations in the early
Universe need to be sustained to form structures like galaxies and galaxy clus-
ters, strong constraints on HDM have been derived from observations such as

the Lyman-alpha forest and data from WMAP or Planck missions.

e Cold Dark Matter

Cold dark matter (CDM) particles are characterized by their non-relativistic
nature during the process of structure formation, allowing for the formation of
small-scale clumps. In the CDM scenario, dark matter particles freeze out at
temperatures much higher than their mass, resulting in non-relativistic veloci-
ties at freeze-out. This is reflected in the parameter z;, which is much greater
than 3 [13]. The free streaming of CDM particles is of minimal cosmological

significance.

CDM particles are favored by simulations of large-scale structure formation,
such as N-body simulations, as they can effectively explain observed phenom-
ena like cluster abundance and galaxy-galaxy correlation functions. These
particles are typically classified into two scenarios: heavy thermal remnants of
annihilation processes, such as supersymmetric neutralinos, and a cold Bose
condensate, such as axions. Among these possibilities, Weakly Interacting
Massive Particles (WIMPs) are popular candidates for CDM, as they are moti-
vated strongly by extensions of the Standard Model and are extensively studied

in various particle physics models related to cold dark matter.

Despite its success, the CDM model faces several discrepancies between nu-

—

merical predictions and observations [75], including the “missing satellite”
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problem [76], the “core-vs-cusp” problem [77], and the “too-big-to-fail” prob-
lem [78]. These discrepancies have prompted investigations into alternative
paradigms to CDM, such as warm dark matter or dark matter models with

self-interactions, to address these challenges.

e Warm Dark Matter Warm dark matter (WDM) particles exhibit character-
istics that lie between those of cold dark matter (CDM) and hot dark matter
(HDM). The parameter xz; for WDM particles is approximately 3. Unlike
CDM particles, which permit structure formation on small scales, and HDM
particles, which lead to damping of primordial density fluctuations on small
scales, WDM particles cause structure formation to occur both from above

and below their free-streaming scale.

WDM particles interact weakly, albeit more strongly than neutrinos, and de-
couple from the thermal bath at temperatures much higher than the Quantum
Chromodynamics (QCD) phase transition temperature. Consequently, WDM
particles have lower number densities and higher masses compared to HDM
particles. This characteristic allows for the survival of fluctuations correspond-
ing to very large galaxy halos (around 10! solar masses) during free streaming.
The cutoff observed in the power spectrum P(k) at large wave numbers (k) in

the WDM scenario indicates the formation of small dark matter halos.

Examples of particles that fall into the category of WDM include very light
gravitinos (associated with local supersymmetry breaking at around 10° GeV)
and sterile neutrinos. Observations from high-redshift quasar spectra, such as
those obtained from the Sloan Digital Sky Survey (SDSS) [12] observations
of the Lyman-alpha forest [70], provide strong upper bounds on the thermal
velocity or free-streaming length of WDM particles, thus establishing lower

bounds on their masses [79].

An alternative to purely HDM or CDM is “mixed” dark matter, which combines
aspects of both types to better align with observational data. Furthermore, proposals
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involving primordial black holes, topological defects, and modifications of Newtonian
gravity on large scales remain viable candidates for explaining dark matter and its

effects, although they have yet to be experimentally ruled out.

The particle nature of dark matter constituents allows them to be categorized into

two distinct sectors, namely

e Baryonic Dark Matter

If a dark matter candidate has a baryonic nature, it falls under the category
of baryonic dark matter. This type of dark matter could potentially con-
sist of particles such as neutrinos, neutrons, black holes, or objects similar to
Jupiter. Dark matter halos around galaxies are considered to be the most
plausible locations for dark baryons, as indicated by the presence of dark mat-
ter in galactic rotation curves. The observation of microlensing events in the
Large Magellanic Cloud (LMC) [80, 81] also suggests the possible existence of

baryonic dark matter in our Galaxy.

The density of visible matter (py;s) in the Universe can be expressed as the
sum over the luminosity function ¢(L) and mass-to-light ratio Yy = My /L
(M, is the mass and L is the luminosity) [32] of various galaxy types and hot

gas in galaxy clusters and groups.

puis =D / G(L)YyiedL, (1.20)

Big Bang nucleosynthesis (BBN) provides insights into the formation and pro-
duction of light elements in the Universe. The observed abundances of these
light elements constrain the present density of baryons, suggesting that a sig-
nificant portion of baryons may be missing from measurements and could con-
stitute baryonic dark matter.The Planck satellite experiment [5, 45, 83], along
with previous studies like COBE and WMAP [2], provides a more accurate es-

timate of the baryon density, including contributions from X-ray emitting gas
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and luminous stars. This estimate aligns closely with values obtained from the
mass-to-luminosity ratio and bounds derived from Big Bang Nucleosynthesis

(BBN) theory.

X-ray data also suggests the presence of large amounts of baryonic gas within
clusters and groups of galaxies, further constraining the density of baryonic
dark matter. The primary candidates for baryonic dark matter include diffuse
baryonic gas and dark stars (such as white dwarfs, neutron stars, or black
holes). Since most baryons are expected to exist in gaseous form at the time
of cluster formation, diffuse gas may harbor these dark baryons. However, such
diffuse gaseous baryons are typically too cool to be detected. As a result, the
existence of Massive Compact Halo Objects (MACHOs)[84], including small
brown and black dwarf stars, unattached cold planets, and other compact

objects, is also proposed as a possible explanation for baryonic dark matter.

Non-baryonic Dark Matter Various observations, such as supernova mea-
surements, cosmic microwave background (CMB) readings, and galaxy redshift
surveys, provide precise measurements of the total matter (£2,,) and energy
(Q4) contents of the Universe. Conversely, the baryonic density (€2;) is de-
termined through measurements of primordial nucleosynthesis and the CMB
spectrum. But the calculated baryon density (£2) is significantly lower than
the total mass content (€2,,,), the disparity (€2, —€2) is attributed to dark mat-
ter and he majority of dark matter is believed to be non-baryonic, classified as
non-baryonic dark matter [85]. Recent observations from the Planck satel-
lite indicate that non-baryonic dark matter constitutes approximately 26.8% of
the total energy budget of the Universe [5, 45]. These non-baryonic dark mat-
ter particles exhibit weak interactions with Standard Model particles, making
their detection challenging. As relics from the Big Bang, these particles must
possess mass to align with the observed dark matter density of the Universe.
However, the masses of non-baryonic dark matter particles remain unknown.

Plausible candidates include exotic particles necessitating extensions of the
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Standard Model, such as supersymmetric particles, Kaluza-Klein dark matter
in extra dimensions, or other scalar and fermionic particles in theories beyond
the Standard Model [86, 87, 88, 89]. Examples of such candidates include Q-
balls [90, 91}, WIMPZillas [92], Superheavy or Heavy Dark Matters (HDM)

[93, 94], axions [95, 96], many others.

Dark matter particles can originate from processes occurring in the early Universe,
with production happening through both thermal and non-thermal mechanisms.
Thermal production occurs when dark matter particles are generated during the col-
lisions of cosmic plasma at the radiation-dominated epoch. In contrast, non-thermal
dark matter has a distinct production origin, resulting in an energy spectrum dif-
ferent from that of a thermal distribution. This type of dark matter is generated
through processes such as the out-of-equilibrium decay of heavy unstable particles,
bosonic coherent motion, or other mechanisms that do not adhere to thermal equi-

librium.

e Thermal Dark Matter

In the early Universe, dark matter relics were primarily produced through ther-
mal processes, wherein they originated from particles in thermal equilibrium.
These relics were continuously generated and annihilated from the collisions
of Standard Model (SM) particles, resulting in pairs of dark matter (DM) and
anti-dark matter (anti-DM). This production and annihilation process involved
interactions such as xy <> ete™, utu=,qq, WrW~,ZZ, HH, .... Initially, both
forward and backward interactions occurred at equal rates, maintaining chem-

ical and thermal equilibrium with the rest of the Universe.

However, as the Universe expanded, the interaction rate between dark matter
particles decreased relative to the expansion rate. Consequently, dark matter
particles became “frozen” or decoupled from the plasma of the Universe, tran-
sitioning into relic particles. The relic density of dark matter, as measured

by experiments like the Planck satellite, indicates that dark matter is likely
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massive and weakly interacting, often referred to as Weakly Interacting Mas-
sive Particles (WIMPs). This thermal process of dark matter production is

synonymous with thermal dark matter.

Let us denote x(x), m, (my), and n, (ny) as the dark matter particle (antipar-
ticle), mass, and number density, respectively. In the early Universe, when the
temperature (7°) was much higher than the dark matter mass (7" > m, ), the
dark matter number density followed its equilibrium value, n¢? . As the Uni-
verse expanded and the temperature decreased (7" < m, ), the dark matter

number density exponentially decreased following the Boltzmann factor,

3
™5
nt =g <mx ) 2 e /T (1.21)

X 2

where ‘g’ represents the effective number of degrees of freedom at that partic-

ular epoch.

Both annihilation and production processes remained in equilibrium, with the
common production rate given by I'unn = (Tannt)neq. Here, o4y, represents
the WIMP annihilation cross-section, v is the relative velocity of annihilating
WIMPs, and (...) denotes the average over the WIMP thermal distribution.
However, as the Universe expanded further, the number density of WIMPs
decreased, causing a decline in both production and annihilation rates. When
the annihilation rate of WIMPs (T',,,,,) became smaller than the expansion rate
of the Universe (H ), chemical decoupling occurred, and the further production
of WIMPs ceased. This decoupling temperature, known as the freeze-out

temperature, determined the relic density of dark matter.

The relic density of dark matter (2,) after freeze-out inversely depended on

the annihilation cross-section (04n,) as €, o 1/(ov), where €2, is the DM

i) At such high temperatures (where T' > m, ), the number density n, can be approximated as

Ny ~ # (%Xcz) fOOO - ({Ldf)q Here, &, ¢, and kp represent the Planck constant, the speed of
B

light in vacuum, and the Boltzmann constant, respectively. The expression simplifies to n, ~ T 3
due to the exponential term in the integrand, which represents the Boltzmann factor.
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density parameter [97].. The exact freeze-out temperature marked the point
at which the number of WIMPs in a comoving volume remained approximately
constant, signifying the decoupling of WIMPs from the cosmic plasma. The
relic density and the maximum permissible cross-section of WIMP-like thermal
dark matter impose an upper bound on the mass of dark matter particles,

approximately around 10° GeV.

e Non-thermal Dark Matter Non-thermal dark matter, distinguished by its
production mechanism, deviates from the thermal distribution of energy spec-
tra [98]. One such mechanism involves the coherent motion of bosons, such as
axions, originating from the oscillation of (pseudo)scalar fields. These fields,
exhibiting coherent motion, are crucial for generating cold dark matter, re-

quiring light bosons with lifetimes surpassing the age of the Universe.

Another avenue for non-thermal DM production involves the decay of heavy,
unstable particles. When these particles decay out-of-equilibrium, they can
generate non-thermal DM populations. Depending on whether the decay oc-
curs in or out of thermal equilibrium, the resulting DM population can be
thermal or non-thermal. Non-thermal DM candidates resulting from particle
decay include neutralinos, axinos, gravitinos, and KK-gravitons, among others.

DM of such kinds typically exhibits lower masses, often below 1073 eV.

Gravitational effects can also contribute to non-thermal DM production. For
instance, superheavy DM particles (~ 10° < mass < 1016 GeV) like WIMPZIL-
LAs can be generated during the accelerated expansion of the Universe, akin to
Hawking or Unruh radiation. These relics may arise during phase transitions,
reheating after inflation, or bubble collisions [99]. WIMPZILLAs, character-
ized by masses much larger than the reheating temperature and around 10'3
GeV, must have lifetimes exceeding the age of the Universe to persist as DM.
The abundance of such superheavy dark matter candidates is suppressed as

the power of the temperature-to-mass ratio [100].
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Additionally, various other non-thermal DM candidates exist, including Pseudo
Nambu-Goldstone bosons like Majorons, familons, branons, and dilatons, as
well as Q-balls [90, 91], mirror matter DM [101], fuzzy CDM [102], CHAMPs
[103, 104]. These diverse candidates highlight the complexity of DM origins
and properties beyond the thermal paradigm [98].

Axions and axion-like particles (APLs) [105, 106] are other examples of non-
thermal dark matter. Although at a higher temperature, axions are almost
massless, at the QCD scale, the mass of the axion hovers near the minima of the

axion potential. Such kinds of DMs are generally of lower masses (< 1072(eV)).

SIMPs and ELDER In recent analyses, another remarkable non-thermal
dark matter candidate has emerged: SIMP [107] and ELDER [108, 109]. SIMP
(Strongly Interacting Massive Particles) and ELDER (Elastically Decoupling
Relic) represent intriguing alternatives to traditional WIMP (Weakly Interact-
ing Massive Particles) models in the study of dark matter. These concepts sug-
gest a departure from the conventional “WIMP miracle” scenario by proposing
that dark matter particles may have masses closer to the QCD confinement
scale, around AQCD ~ 100 MeV, rather than the weak scale. In this frame-
work, dark matter could manifest as mesons or baryons within a “mirror copy”
of the standard QCD in a hidden sector, as proposed in twin Higgs models.
The unique aspect of SIMP and ELDER models lies in their reliance on signif-
icant 3 — 2 processes, which alter the freeze-out dynamics and naturally lead
to a relic abundance consistent with observational data. Details discussion in

Chapter 5.

Particle dark matter candidates by simple extension of Standard Model

Simple particle physics models for particle dark matter can be constructed by simple

extension of Standard Model. In this case the SM may be simply extended by

one or more additional scalars or fermions or some other particles. In order that

this(these) newly added particle(s) could be viable candidate(s) for dark matter,
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first a suitable symmetry is generally imposed on this newly constructed model (by
extending SM) to prevent the decay as also other interference on SM of the additional
particle(s). The added particles to SM are often referred to as the dark sector while
the SM sector is the usual visible sector. For Higgs portal models, the dark sector
interacts with the SM or visible sector only via Higgs in such a way that SM results
and predictions are not disturbed. This is envisaged by suitably constraining the
unknown interaction couplings involving dark matter by imposing theoretical bounds
(e.g. unitarity, vacuum stability, perturbavity etc.) and experimental bounds such
as collider bounds (LEP and LHC), PLANCK limits on relic density, direct detection
limits on dark matter etc. In this way the viability of the particle(s) of the added
dark sector is established and allowed ranges of the values of unknown couplings
related to the proposed dark matter candidates are fixed. This(These) additional
particle(s) could be a singlet scalar, an SU(2) doublet scaler (that does not generate
any vacuum expectation values (vev) on spontaneous symmetry breaking — the
Inert Doublet Model or IDM [110]) or a fermion or a combination of many such
proposed particles. The particle dark matter model could also include a new dark

sector with suitable symmetries among many other possibilities.

1.5.1 Mass ranges of dark matter candidates

Dark matter eludes direct observation due to its lack of interaction with electromag-
netic forces, setting it apart from visible baryonic elements. Consequently, alongside
particle candidates like WIMPs and axions, various non-luminous or low-luminosity
astrophysical entities such as MACHOs, brown dwarfs, and pure quark stars are
also considered potential dark matter candidates. Both observational evidence and
theoretical models suggest the existence of diverse types of dark matter throughout
our Universe. Fig. 1.18 illustrates the mass ranges of these different dark matter

types. Among these candidates, the Weakly Interacting Massive Particle (WIMP)
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Dark Sector Candidates, Anomalies, and Search Techniques
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Figure 1.18: This figure depicts the mass ranges of dark matter and mediator
particle candidates, experimental anomalies, and search techniques. Source: Fig-
ure adapted from [111]

stands out as a prominent candidate, satisfying cosmological and astrophysical con-
straints. WIMPs are presumed to have been in thermal equilibrium during the early
Universe. The annihilation of WIMP-type dark matter produces highly energetic
standard model particles, which are extensively studied in indirect dark matter de-
tection efforts. The masses of WIMP-type dark matter span from approximately 2
GeV (Lee-Weinberg bound [13]) to around 10° TeV (unitarity bound [112])).

WIMPZillas [92], a category of heavier dark matter candidates with masses equal
to or exceeding 10 GeV, are hypothesized to have originated during preheating
and the subsequent reheating phase following inflation. These entities belong to
the broader group of superheavy or heavy dark matter. Superheavy dark matter

(HDM), ranging from 10° to 10'® GeV [94], is commonly believed to have arisen
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gravitationally during the early stages of the Universe [93, 113] or through sponta-
neous symmetry breaking at the Grand Unified scale [94, 99, 100, 113, 114, 115, 116].
Additionally, phase transitions occurring during the inflationary period of the Uni-
verse are proposed as potential sources for various non-thermal heavy dark matter

candidates [99)].

Furthermore, various alternative models propose different candidates for dark mat-
ter, including right-handed neutrinos, axions, and axion-like particles (APLs). These
candidates typically have lower masses compared to other dark matter candidates,
typically less than 1 MeV. The concept of the axion, with a mass around 1072 eV,
was introduced by Peccei-Quinn in 1977 [95, 96] to address the strong CP problem
in QCD. Additionally, astrophysical objects such as primordial black holes (PBHs),
MACHOs, and pure quark stars are considered as potential dark matter candidates
due to their extremely low luminosity. Although the maximum masses of these as-
trophysical bodies are on the order of stellar mass, the mass of PBHs may decrease

significantly over time due to Hawking radiation [117].

1.6 Detection technique of Dark Matter

Around the globe, there’s a surge in concerted efforts to uncover elusive Dark Matter
(DM) particles. While gravitational evidence hints at their existence, it’s insufficient
for detailed understanding. To probe further, scientists employ three primary meth-

ods, each offering unique insights into DM and its myriad conjectures.

Firstly, direct detection involves meticulously designed experiments on Earth, aiming
to capture the faint signals of DM particles colliding with atomic nuclei. Conversely,
indirect detection scrutinizes the cosmos for telltale signs of DM annihilation, mani-
fested through observable products. Additionally, collider experiments offer another
avenue, where high-energy collisions might birth DM particles amidst the debris of
Standard Model (SM) interactions.
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Figure 1.19: Schematic diagram of the possible channels of dark matter detec-
tion.

For effective detection, colliders like the LHC push boundaries, necessitating energy
scales surpassing that of DM’s mass. Presently, the LHC operates at energies ap-
proaching the TeV scale, potentially within reach of DM detection. These distinct
detection methodologies, depicted schematically in fig. 1.19, not only aim to confirm

DM’s existence but also hold promise in unravelling its enigmatic nature.

e Direct Detection

The evidence supporting the existence of dark matter (DM) largely hinges on its
gravitational interactions, with ongoing efforts worldwide to directly detect its elu-
sive particles. A concept akin to detecting neutrinos directly by their elastic scat-
tering with detector nuclei, proposed by Drukier and Stodolsky [118], suggests a
potential method for direct DM detection. This approach involves searching for sig-
natures of nuclear scattering, indicating a potential direct detection of DM. Galactic
rotation curves suggest that DM forms an extended halo around galaxies, with our
solar system moving through this halo, potentially exposing us to a flux of DM par-
ticles. If a DM particle interacts with a terrestrial detector, it can scatter off the
nuclei of the detector material, causing recoil with energies typically in the range of

a few keV due to the weak interaction strength. Detecting such low-energy recoils
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requires experiments to be conducted in environments with minimal background

noise, such as deep underground sites shielded from cosmic rays.

Various advanced technologies are under development to address the challenges of
detecting DM, including the difficulty of detecting faint signals and the rarity of
collisions. Different detection experiments employ diverse measurement techniques,
such as scintillation, phonon excitation, ionization, or tracking the drifting of ionized
charges in Time Projection Chambers (TPCs). Globally, extensive efforts are un-
derway to probe for direct DM signals through experiments like DAMA [119, 120],
CDMS (3Ge) [121, 122], PICASSO, XENON [123, 124, 125, 126, 127], COUPP
[128], LUX (Xe) [129], CLEAN (Ar, Ne), and DEAP (Ar) [130], among others.
These experiments yield valuable data on scattering cross sections across different

DM masses.

The type of interaction between DM and detector nuclei crucially influences di-
rect detection signals, leading to spin-independent or spin-dependent interactions.
Experiments like Edelweiss, DAMA /Nal [119, 120], CDMS, Xenonl0 [123, 124],
Xenonl00 [125, 126, 127], [131, 132], KIMS [133, 134, 135] and CoGeNT focus on
probing spin-independent interactions using heavy nuclei detectors, while NAIAD
[136], SIMPLE, PICASSO [137], and Tokyo/NaF [138] investigate spin-dependent
signals using light nuclei detectors. Additionally, variations in the Earth’s diurnal
and annual motion contribute to slight fluctuations in signal rates, which experi-

ments like DAMA [119, 120] have attempted to detect and analyze.

e Indirect Detection

Dark matter particles have the potential to be gravitationally captured by massive
celestial bodies like the Solar core or the galactic center. Within these bodies, dark
matter particles may lose their velocity, potentially becoming trapped if their veloc-

ity drops below the body’s escape velocity. Accumulating in significant quantities
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within these sites, trapped dark matter can undergo pair annihilation, producing
Standard Model particles as a result [93, 139, 140]. The annihilation products
include (anti)protons, electrons, positrons, neutrinos, gamma rays, and other de-
tectable particles. This process is particularly pronounced in regions with higher
local dark matter densities, such as the galactic center or dwarf galaxies. However,
challenges in indirect dark matter searches arise from astrophysical backgrounds and

statistical fluctuations.

e Neutrinos: Neutrinos play a crucial role in probing various aspects of dark
matter and stellar evolution. The annihilation and decay processes of dark
matter particles generate a significant flux of neutrinos. Neutrinos have weak
interactions with matter and are unaffected by celestial magnetic fields, al-
lowing them to traverse astrophysical objects almost undisturbed. However,
this property makes their detection challenging. Renowned detectors such
as ANTARES, IceCube and Super-Kamiokande employ indirect methods to
detect incoming neutrinos. In these experiments, high-energy neutrinos pro-
duce charged particles, like muons, as they propagate through ice, water, or
rock. These energetic charged particles emit Cherenkov radiation while pass-
ing through the detectors, enabling estimation of the energy and direction of
the parent neutrinos. Alternatively, tracking calorimeters, utilized in detectors
like NUTEV, MINOS employ multiple layers of detector materials to track the
direction of highly energetic neutrinos. While iron is a popular detector mate-
rial due to its cost-effectiveness and density, liquid or plastic scintillators are

also utilized for neutrino detection.

e Antimatters: Annihilation or decay processes of dark matter can result in
the production of electron-positron and proton-antiproton pairs. While the
Universe hosts numerous sources of electrons and protons, the presence of
their antiparticles is relatively scarce. Consequently, an excess of antimatter
could potentially signify the presence of dark matter sources. Unlike neutrinos

and photons, antimatter particles are influenced by celestial and terrestrial
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Figure 1.20: The schematic diagram of the indirect detection of galactic dark
matter halo.

magnetic fields, leading to a diffuse spectrum when detected by ground-based
instruments. To mitigate background flux, detectors can operate at higher al-
titudes using satellite-based or balloon-based experiments. Notable detectors
such as PAMELA [141], HESS [142], HAWC [143], and CTA [144] and many
more utilize these methods, with the latter observing Cherenkov radiation pro-

duced by charged particles during their traversal through Earth’s atmosphere.

e Photons Photons, though minimally affected by magnetic fields, experience
attenuation over long distances. While the annihilation and decay of WIMP-
like dark matter particles yield a significant number of high-energy photons,
observing the full spectrum from the ground is challenging due to atmospheric
opacity. Hence, space-based telescopes are more effective for high-energy pho-
ton detection. Satellites like EGRET and Fermi-LAT operate across a broad
energy range (20 MeV-300 GeV). Conversely, ground-based gamma-ray tele-
scopes like HESS, MAGIC [145], and CTA indirectly detect gamma-ray events

through phenomena like Cherenkov radiation.

The flux observed from dark matter (DM) annihilation or decay is contingent upon
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the total amount of dark matter contained within the solid angle Af), a quantity
referred to as the J-factor. This factor crucially hinges on the production mechanism

of the emitted flux. For DM annihilation, the J-factor is given by the integral

jann = / p(T)2 dl (122)
lLo.s

whereas for the decay process, it is expressed as

jdec - /] p(T) dl (123)

The J-factor associated with the DM decay process (Jge) is often denoted as the
D-factor. In eqgs. 1.22 and 1.23, p(r) signifies the density of the DM halo at a radial
distance r from the galactic center, assuming spherical symmetry in the distribution
of the DM halo. The distance r from the galactic center can be represented in terms

of the coordinates of the target object (r, 8) and the line of sight [ as

r= \/ZQ + 12 — 2lrg cosd (1.24)

Here, r¢ denotes the distance between the galactic center and the observer, approx-

imately representing the distance to the Sun.

The J-factor, crucial for both annihilation and decay cases, is often represented in

dimensionless form as

JdeC:/ L) g (1.26)

osTo PO

Here, po, = 0.3GeV/cm?® denotes the average halo density near the Sun. These
expressions enable the characterization of the J-factor in terms of the density profile

along the line of sight (l.o.s) within the halo.
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Figure 1.21: Different dark matter halo profiles (see Table 1.2).

The distribution of dark matter within the Universe is non-uniform, with dark matter
halos predominantly surrounding galaxies. As one moves radially outward from the
center of these galaxies, the density of dark matter increases. Additionally, numerical
simulations suggest that the density of the dark matter halo decreases more rapidly
in the outer regions of galaxies compared to the inner regions. Specifically, the
density follows a power-law relationship, with density proportional to distance to
the power of —3 in the outer region and —1 in the inner region [146]. To model this
distribution, various spherically symmetric dark matter halo density profiles have
been developed. These profiles offer an approximation of the distribution of dark
matter around galaxies like our Milky Way. Table 1.2 presents some popular scaled

halo density models for reference.

Among the various models describing dark matter halo density profiles, the first
seven profiles can be represented by a generalized form known as the Hernquist

profile

p(r) = P — (1.27)

(e (2)) (0 (2))
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Model p(r) rs (kpe) ps (GeV/cm?)
r r\ "’
NFW [147, 148]  p,= (1 + —) 20 0.259
T Ts

. a5 . 0.8 —1.5625

NFW II [145] 05 (—) 1+ <—> 20 0.257
T Ts

Tsothermal [149] Ps 3.5 2.069

1+ (r/rs)
L5 15\ !

Ts : r

Moore [150] ps (—) (1 + (—) 20 0.256
T Ts
P\ 116 o\ L8

Moore I [151]  p, (—) (1 + —) 30.28 0.108
T Ts

Burkert [152, 153] Ps . 12.67 0.729

(L4 r/rs) (1 + (r/rs) )

ro\ 02 N2 —1.4

Kravtsov [154]  p, (—) 1+ (—) 10 0.361
T Ts

2 (6%
Einasto [155] ps eXPp {—— { (ﬁ) - 1H 20 0.061
« T

Table 1.2: Density profiles of dark matter halo and corresponding parameters.

Here, o, B, 7, and k are model parameters, while r, and ps represent the scale
distance and scale density, respectively. This general form encapsulates the diversity

of density profiles observed in dark matter halos.

The NFW density profile, derived from cosmological N-body simulations, is widely
utilized, yet it exhibits steepness near the galactic center. Profiles such as NFW II,
Moore, and Moore II are even steeper in this region. However, observations of the
galactic center indicate a flat halo density profile in the core of the galaxy. Density
profiles like Isothermal, Burkert, and Kravtsov align with this observation. These
profiles converge to different power laws at the core of the galactic halo. Aquarius
simulations suggest a non-cuspy density profile at the galactic center, a trend better
captured by the Einasto profile. For the Milky Way, the Einasto profile parameters
are r, = 20 kpc, p, = 0.061 GeV/cm?3, and o = 0.17.
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1.7 Summary

In this thesis, we aim to explore into various significant aspects of cosmology and
astrophysics. This introductory chapter provides a foundational understanding of
fundamental cosmology and dark matter. The subsequent chapters are structured

as follows

e In Chapter 2, we expand upon the introduction to 21cm cosmology.

e Chapter 3 presents Inert Doublet Model for dark matter, exploring their lower

bound on annihilation cross-section.

e Chapter 4 investigates multi-component dark matter Universe in the context

of 21em cosmology.

e Chapter 5 extends this study to examine the framework of self- interacting
dark matter (ELDER), analysing bounds on the coupling parameter and its

variation with other model parameters within the context of 21cm cosmology.
e Chapter 6 provides a brief introduction on compact objects.

e Chapter 7 explores the possible detection of 21cm signals through gravitational

lensing of a compact star and bound their probability by uGMRT .

e Finally, Chapter 8 concludes the thesis, summarizing our findings and dis-

cussing possible future directions.
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21cm Cosmology

‘Something deeply hidden had to be behind things. ~
- Albert Einstein.

2.1 21cm Cosmology

The 21 cm signal presents a unique opportunity to delve into the era when the
earliest luminous entities emerged, colloquially known as the first stars. This signal
has been a subject of intense scrutiny for over seventy years, ever since its initial
detection in 1951 [156]. The concept of the 21 cm line’s observability was first
proposed by H. C. van de Hulst in 1945 [157], laying the groundwork for subsequent

investigations.

However, exploring neutral hydrogen during the cosmic dawn and pre-cosmic dawn
periods using the 21 cm signal presents distinct challenges and opportunities. During
these epochs, observations manifest as absorption or emission features in the neutral

hydrogen medium relative to the cosmic microwave background radiation (CMBR)
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or background radiation, centered around a reference wavelength of 21 c¢cm. This

phenomenon is encapsulated in the concept of the 21 c¢m differential brightness

temperature, which we will delve into in subsequent discussions.
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Figure 2.1: A visual representation illustrating the hyperfine transition occurring
within the ground state of a neutral hydrogen atom [158].

Spin Temperature (7})

The 21 c¢m line marks the wavelength at which a hyperfine transition occurs be-
tween the singlet (1S) and triplet states of neutral hydrogen atoms. This transition
corresponds to a frequency of 1420.4 MHz. When observing this transition at a
redshift z, the frequency can be related to the present-day observed frequency as
1420.4/(1 + z). During cosmic dawn, the Inter-Galactic Medium (IGM) is primarily
composed of hydrogen, making it advantageous to study using the 21 cm signal.
Under normal circumstances, the probability of a hyperfine state transition occurs
roughly once every 107 years in the absence of external influences. However, the

presence of exotic energy sources can significantly alter this transition and affect the

spin temperature (7;) of the hydrogen gas.
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The spin temperature (T5) [159] is defined by the ratio of the number densities of

the singlet and triplet states of neutral hydrogen atoms

T
M_9y exp [——1 : (2.1)
no 9o T

where n; and ng are the populations of the triplet and singlet states, respectively.

g1 = 3 and gg = 1 represent the statistical or spin degeneracies of the triplet and

singlet states, respectively. The value of T, (= ; /\’; lcm) is 0.068 Kelvin. The hyperfine
splitting results in the suppression of the singlet state and the elevation of the triplet

state.

In cosmological contexts, the spin temperature can be influenced by three main pro-
cesses: background radio radiation, Ly« radiation from the first stars, and collisions
involving hydrogen atoms, residual electrons, or protons. These processes occur at
a fast rate compared to the de-excitation time of the line. Consequently, the spin
temperature can be approximated by the equilibrium balance of these effects. In

this scenario, the spin temperature 7T [159, 160]is given by

-1
s 1+z, + x.

TRl T ae T 22)

In the context of the discussed scenarios, several parameters contribute to the de-

termination of the spin temperature (7%).

Firstly, T, represents the color temperature of Ly« radiation emitted by the first
stars, while Tr denotes the background radio radiation temperature. Ty can also
be represented as T, (= 2.725 x (1 + z) K). Additionally, T,,s stands for the gas
temperature, encompassing neutral species, ions, electrons, or protons, all of which

remain in thermal equilibrium.

Prior to the formation of the first luminous objects, there was no Lya radiation

present, implying z, = 0 and T,, = 0. However, following the emergence of the first
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luminous objects, their Lya photons began to scatter with the gas, eventually bring-
ing the Lya radiation into local thermal equilibrium with the gas. Consequently,
during the cosmic dawn era, the color temperature can be approximated as the gas

temperature, T, = Tyas [159, 161].

The Lya coupling coefficient, denoted by x,, arises due to the Wouthuysen-Field ef-
fect [161, 162, 163]. It can be expressed as 2, = P%/PX where PR = (1 + Ty /T.) Ajo,
with T, = 27 s = 0.068 K and Ajg = 2.85 x 1071 sec™! representing the Einstein

coefficient [164, 165]for spontaneous emission from the triplet to the singlet state.

Considering T 2 49 K for all scenarios presented in the thesis, and T > T, at the
required redshift z ~ 17, PR can be approximated as Ay x (Tg /7). Furthermore,

P2 =4 P,/27, where P, represents the rate of scattering of Ly« photons [159, 161].

Lastly, z. = PS /PR signifies the collisional coupling coefficient [161, 166, 167, 168].
resulting from the scattering between hydrogen atoms or the interaction of hydrogen
atoms with other species such as electrons and protons. Thus, both the Lya and
collisional coupling coefficients are essential factors in the determination of the spin

temperature [159)].

2.2 21cm brightness temperature

Medium

Figure 2.2: A schematic representation illustrating the alteration in brightness
temperature of light as it traverses through a medium [158].
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As previously discussed, during the cosmic dawn era, the 21 cm signal is observed as
a differential brightness temperature. When light initially characterized by intensity
(I,0) and brightness temperature (7g, same as CMBR temperature 7,) propagates
through a medium with optical depth (7,,) and excitation temperature (Tpy.), inter-
actions with the medium can lead to absorption or emission. This interaction alters
the final emergent intensity (/) and brightness temperature (7%). The discrep-
ancy between the emergent brightness temperature (7%) and the initial brightness
temperature (TR) is termed the differential brightness temperature, which is what

antennas observe

5T =Tl — Tx. (2.3)

In observations, observers detect the specific intensity of radiation at a given fre-
quency [169]. As mentioned earlier, the initial frequency v of light at a certain
redshift z changes over time due to the Universe’s expansion. At present, this fre-
quency will be modified to v/(1+4z2). Consequently, the frequency of light originating
in the redshift range z = 15 — 10, with an initial frequency of 1420.4 MHz, will be
suppressed to the order of 10° Hz. Comparatively, the frequency of the CMB peak
is around 10% Hz, significantly higher than that of the 21 cm line. Hence, one can
approximate the blackbody spectrum using the Rayleigh-Jeans limit. In this limit,

the observed specific intensity of radiation at frequency v is given by

4 3
I, = ik (2.4)
exp(2mv/T) —1
I,=2v*T J|onlywhen27mv/T < 1] (2.5)

T represents the brightness temperature of the blackbody. The emergent brightness

65



Chapter 2 21cm Cosmology

temperature, T%, as described in eq. 2.3, is influenced by both Tk and Tey.. De-
termining T}, involves solving the radiative transfer equation. When light traverses
through a medium, as depicted in Fig. 2.2, the alteration in its intensity (dI,) occurs

due to absorption or emission over the distance travelled (dl) is expressed as

dl,
dl

=j,—a,l,, (2.6)

In the context discussed above, the emission (j,) of light results from various pro-
cesses such as spontaneous and stimulated emission. Conversely, absorption ()
occurs due to interactions within the medium. Following the insights from Pritchard

et al. [159] and Furlanetto et al. [170], the eq. 2.6 expressed as

dI,

r,

SI/ - [1/ ) (27)

Here, d1, = ay, dl and S, = j,/a,,. Thus, the optical depth (7,,) can be defined as

the integral of the absorption coefficient over the path length in the medium

T, = /a,, dl, (2.8)

Optical depth quantifies how much light is absorbed as it travels through the medium.

By solving eq. 2.6 and incorporating eq. 2.4, one can derive T} as

Th =T (1—€e™)+Tre ™. (2.9)

The differential brightness temperature (§7p), as defined in eq. 2.3, represents the
change between T and Ty as affected by the optical depth

0Tg = (Texc — TR) X (1 — 677-”). (210)
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Considering the temperature of radiation in an expanding Universe, which is pro-
portional to (1+z), the redshifted differential brightness temperature for the present

day can be expressed as

Texc - TR -
0Mp=——"-—x(1—e"™). 2.11
b= (1) 2.11)
In the specific case of hydrogen gas, with Tey. for the 21 cm line as T (defined in
eq. 2.2), and considering 7, to be much less than 1 for neutral hydrogen gas (optically

thin), Here we have denoted 6Tz as T5; and replaced Ty by T, for the 21 cm line.

Therefore, the 21 cm differential brightness temperature can be approximated as

T, —T,

Th ~
21 142

X T, . (2.12)

The final expression for the global 21 c¢m differential brightness temperature obtain

[159, 171, 172] as

T 0.15 14+ 2\Y2 /Oy k2 G,
Ty ~ 2 1 1-= Y, K
2 = 2T *_&)( 7}) (th2 10 ) (0023)[(1+2ﬁHT@} "

(2.13)

Here, xy; = nyp/ny represents the fraction of neutral hydrogen in the Universe, while
O, and €y, denote the dimensionless energy density parameters for total matter and
baryons, respectively. ¢, represents the fractional overdensity in baryon and velocity

gradient along the line of sight is denoted as §,v,.

Depending on the ratio Tk /T, three scenarios for the 21 c¢m signal can emerge: If
T, = Tr, then T5; = 0, indicating no signal. When T, > TR, emission spectra are

observed, while Ty < Tg results in absorption spectra.
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2.3 Optical depth 7

The optical depth (7) of interstellar neutral hydrogen gas concerning 2lcm line
radiation stands as a crucial parameter essential for determining the physical char-
acteristics of the HI gas. Yet, obtaining this quantity poses significant challenges.
The radiative transfer equation in the presence of emission and absorption of light

as it traverses a medium, accounting for its path length (dl), is expressed as follows:

dl, T,
dl = E ¢<V) [n1 AIO +7’Ll B10 I,/ — Ny B01 Iy] s (214)

where T, = 27 v and ¢(v) represents the line profile of the light beam. The first
term within the brackets accounts for spontaneous emission from the triplet to the
singlet state, proportional to the population density of the triplet state. The second
and third terms represent stimulated /induced emission and absorption, respectively.

Comparing eqgs. 2.14 and 2.6 and rewritten as

a, = Z—* qb(V) [TLQ B()l — N Bl()] . (215)
™

To determine the optical depth of the hydrogen medium, integrate eq. 2.15 over dl
(eq. 2.8):

n:jéixgmnm/MW% (2.16)

where ngr = ng + n;. For hydrogen gas, the singlet state population density can
be approximated as ng ~ ny;/4, and the ratio n;/ng is given by eq. 2.1. Solving
the integral in eq. 2.16 for a line profile ¢(r) = 1/Av with Doppler shift due to the

moving medium, the optical depth for hydrogen obtain as

3 N T, Ao
o Lx 5 2.17
T3, T HGE) + (L1 2)e0, (2.17)
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Here, 0,.v, is the proper velocity gradient along the line of sight. Substituting nyg; =
xyr Ny, with ng ~ 8.5x 1076 (1+6,) Q, k2 (1+2)® em™ and H(2) = Hy /O (1+

2)3/2 for the matter-dominated era.

2.4 Evolution of the global 21 cm signal

In the ACDM cosmological model, it’s typically assumed that the background radi-
ation primarily consists of the Cosmic Microwave Background Radiation (CMBR),
denoted as Ty = T,. Here, T, represents the temperature of the CMBR. Conse-
quently, in this section, we explore the evolution of the global 21 c¢m signal under

the scenario where the background radiation is solely composed of the CMBR. In
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Figure 2.3: The figures depict the evolution of fluctuations in the 21 cm sig-

nal (above) and the global 21 cm signal (below) under the condition where the

background radiation is solely composed of the Cosmic Microwave Background

Radiation (CMBR). Photo credits: Pritchard € Loeb, Rep. Prog. Phys., 75,
086901, (2012) [159].

the cosmic timeline spanning from about z = 200 to z = 1100, residual free electrons
from recombination enable Compton scattering, maintaining gas-CMB thermal cou-
pling, hence Ty = T),. With high gas density, collisional coupling leads to T = T’,,
resulting in an expected absence of a detectable 21 cm signal (75 = 0). But adi-
abatic cooling Tg o (1 + 2)? during 40 < z < 200 causes the temperature drop,
leading to Ty < T’,. Consequently, collisional coupling establishes Ty < T’,, inducing

Ty < 0 and an early absorption signal. Fluctuations in 75; are primarily driven
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by density fluctuations, offering insights into initial conditions. As the first sources
activate around z ~ 30, emitting Lya photons and X-rays, a regime emerges where
Ty ~ Tr < T,. An absorption signal prevails, with fluctuations driven by density
variations and Lya flux changes. With ongoing star formation, Lya coupling even-
tually saturates (z, = 1), leading to a strong coupling of gas. After around z ~ 15,
the temperature of the gas begins to increase due to the emission of X-rays from the
first stars. Consequently, the gas temperature surpasses that of the CMB, leading
to observable emission spectra. As reionization concludes, the fraction of neutral
hydrogen becomes extremely small, resulting in the absence of any observable sig-
nal. The residual neutral hydrogen is confined to dense regions within collapsed

structures, which can be studied through the 21 cm forest—a counterpart to the

Ly« forest.

2.5 Summary

Around z ~ 200, the gas temperature experiences adiabatic cooling, reaching ap-
proximately 7 K by z = 17.2, while the CMB temperature reaches about 49.6 K.
According to eq. 2.13, this results in an absorption amplitude T5; of approximately
—220 mK in the absence of any heating effects on the IGM gas from the first stars.
Here, xyr is assumed to be unity to calculate T5;. The neutral hydrogen fraction
xur can be expressed as 1 — x.. At z ~ 17, the ionization fraction z. is estimated
to be on the order of O(1073), indicating xy; ~ 1. Here, z. = n./ny represents the

ionization fraction, and n,. is the number density of residual free electrons.

The introduction of heating from radiation emitted by the first stars will elevate the
gas temperature, subsequently diminishing the absorption amplitude of the 21 cm
signal. Any exotic sources of energy can inject energy into the IGM, raising the gas
temperature and potentially altering the absorption amplitude in the global 21 cm

signal. This characteristic can establish stringent constraints on the properties of
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such energy sources influencing the IGM. In the thesis, four works are considered, fo-
cusing on sterile neutrinos and primordial black holes as candidates for dark matter,
and examining the constraints on their properties based on the global 21 cm signal.
Additionally, two other works in the thesis investigate the strength of constraints on
primordial magnetic fields that may have originated in the early Universe.

Age of the Universe (Myr)
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Figure 2.4: Each profile, representing the brightness temperature 751, is com-
bined with its residuals and plotted against the redshift z along with the corre-
sponding age of the Universe.. Photo credits: Judd D. Bowman at el. [173].

In 2018, the Experiment to Detect the Global Epoch of Reionization Signature
(EDGES) ¥ collaboration announced an absorption profile for the 21 cm signal within
the redshift range 15 — 20 [173]. The reported Th; was —500|*200 mK in the 15 — 20
redshift range, centred at 78 £ 1 MHz, forming a symmetric ”U” shape (Fig. 2.4 ).
This absorption amplitude is nearly half of what was predicted by theoretical models
based on the ACDM framework (~ —220 mK). To reconcile the EDGES observation,
it is suggested that either the cosmic background radiation temperature Teyp 2 104
K is needed for the standard Ty, evolution, or Ty, S 3.2 K in the absence of any

~Y

non-standard evolution of Toyp [173]. However, there have been numerous articles

Dhttps: //www.haystack.mit.edu/astronomy /astronomy-projects/edges-experiment-to-detect-
the-global-eor-signature/
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questioning the validity of the EDGES measurement [174, 175]. In this thesis, I have
taken into account the absorption amplitude reported by the EDGES collaboration

for some of the works (4, 5).
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Annihilation Cross-Section of IDM Dark

matter

The Inert Doublet Model (IDM) offers a potential particle dark matter (DM) can-
didate that aligns with current collider data and relic density constraints in three
specific mass ranges: below 10 GeV, between 10 and 160 GeV, and above 500 GeV
along with other coupling parameters (fixed using theoretical bounds and experi-
mental bounds (e.g, relic density results, direct detection bounds, collider bounds
etc.) ). There are various cosmological signals, that is difficult to interpret from
known and well studied astrophysical and cosmological processes. Such phenomena
includes v-ray emission from Galactic Centre region, excess positron fraction, possi-
ble excess synchrotron radiation. In absence of any known astrophysical phenomena
to explain the above, there are attempts in the literatures to explore the possibil-
ity that dark matter annihilation may produce the Standard Model particles which

manifest as the excess signal.

It is also worthwhile to explore the effect of dark matter annihilation and scattering
cross-section on 21cm HI signal from the early Universe. In this chapter this feature
is addressed for IDM dark matter and bounds of IDM annihilation cross-section is
analysed.
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3.1 Introduction

In the Inert Doublet Model (IDM) [110, 176], an additional inert scalar doublet
(referred to as the inert Higgs) is introduced alongside the Standard Model (SM).
This extra SU(2) doublet does not obtain a vacuum expectation value (vev) during
spontaneous symmetry breaking (SSB). A discrete Zs symmetry is applied to this
added doublet, making it Z5 even, while the SM particles are Z, odd. This symmetry
ensures that the inert doublet cannot decay into SM fermions or contribute to their
masses since it lacks a vev. Consequently, the Z; symmetry stabilizes the inert
scalar, allowing interactions between dark matter candidates and the SM sector
solely through the Higgs portal. The lighter neutral scalar from this inert doublet

then serves as a viable dark matter candidate.

The IDM involves two scalar doublets: the conventional SM Higgs doublet (H;) and
the inert doublet (Hy). Under the Z; symmetry, Hy remains invariant. The two
SU(2) scalar doublets are expressed as:

¢+ H+

H, = Hy = . (3.1)
B+ ix (S +iA)/V2

Here, ¢t and H* are charged scalars, i’ and y are real scalars, S is a CP-even
scalar, and A is a pseudoscalar. The interaction Lagrangian for the model is given

by
2 2
L >m? HIHy + m2H}Hy + M\ (HjHl) T (HgHQ)
A 2 2
+ (Hfﬂl) (HgHQ) + M <H2TH1> (H{HQ> +3 [(Hgﬁl) + (HIHQ) 1
(3.2)
In this expression, mq; and msgy represent the mass terms, while the \; are various

coupling parameters. In the IDM, which is a Higgs portal model, the interactions

of dark matter are mediated by the Higgs boson, connecting the dark sector to the
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visible sector. The couplings of dark matter to the Higgs are encapsulated in A3, A4,

and A5, combined as Ar 1, = 3(A3 + A £ Xs).

These parameters are constrained by both theoretical and experimental bounds.
Theoretical constraints include the perturbativity bound (|A;| < 47), vacuum sta-
bility conditions (e.g., A1a > 0, A3 > —2y/A\;A\p), and unitarity bounds (e.g.,
A3 £ Ay < 4m). Experimental constraints arise from dark matter relic density mea-
surements from Planck observational result, upper bounds on dark matter-nucleon
scattering cross-sections from direct detection experiments, and collider constraints

such as LEP I measurements of Z boson decay width.

Upon SSB, H; acquires a vev v, while Hs does not. The physical scalars can then

be expanded around the minima as

Pt Ht
= htotix Hy = Sia |- (3.3)
V2 V2

In this scenario, h represents the physical Higgs boson. After performing a gauge

transformation to unitary gauge, H; becomes . , with the Goldstone bosons
htv

V2
being absorbed by the W= and Z bosons to gain mass and longitudinal components.
Both S and A could be dark matter candidates, but S is typically considered the

lighter and thus the IDM dark matter candidate.

After SSB, the interaction vertices for IDM dark matter S and Higgs h include SSh
and SShh interactions, with couplings gssn, = Arv and gssnpn, = %)\L. These cou-
plings are constrained by theoretical bounds, such as those ensuring vacuum stability
and perturbativity, and by experimental results including relic density observations

and direct detection experiments.

Recent studies, such as those by P. Stocker et al., have discussed the constraints on
these coupling parameters within Higgs portal models, considering data from Planck

observations, direct detection experiments, and collider results. In this context, the
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coupling parameters are constrained not only by experimental bounds but also by

theoretical considerations, ensuring a consistent and viable model for dark matter.

We examine the scalar S as the dark matter candidate within the Inert Doublet
Model (IDM) to account for the dark matter present in the Universe. We analyze
the fluctuations in the brightness temperature of the 21-cm signal, given that the relic
densities of IDM dark matter fall within the 95% confidence interval of the Planck
observational data [45] for dark matter relic density. Our analysis incorporates
the evolution of heat generated by dark matter annihilation [177, 178, 179] and dark
matter-baryon elastic scattering [180, 181] during the dark ages, assessing its impact

on the brightness temperature fluctuations 75 of the 21-cm signal.

Moreover, we explore scenarios where only a fraction of IDM dark matter participates
in collision or annihilation processes, or both, affecting the brightness temperature
T5,. We investigate how T5; varies for different fractions of IDM dark matter involved
in these processes. In this particular scenario we had chosen the range of IDM dark

mass between 10GeV to 900 GeV[182, 183].

3.2 Thermal Evolution of intergalactic medium

(IGM)

The recent experiments [173, 184] have predicted the global 21-cm signal, though
with some uncertainties. The fluctuations in this signal are measured by the differ-
ential brightness temperature, T5;, which is influenced by both the spin temperature
T, and the CMB temperature 7’,. The spin temperature 7 represents the excitation
temperature of the 21-cm line and depends on the population ratio of the two hy-

perfine states of hydrogen. This temperature can be estimated by specific equations.

For our calculations, we approximate 75 by neglecting the Wouthuysen-Field effect,

using the following formula [185]
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(T7A10 + C’loT*)Tb

T, =
ATy, + ChoT

(3.4)

where T, = k/\};ﬁ = 0.068K, Ay = 2.85 x 107957 ! is the Einstein coefficient, and

Clo is the collisional transition rate.

The evolution of temperatures in a charge-neutral Universe (where the abundances
of protons and electrons, z, and z., are equal) can be determined by tracking the
temperature changes of both the dark matter fluid (7},) and the baryonic fluid (73) as
the redshift varies. Incorporating the impact of heating or cooling on the baryonic
and dark matter fluids resulting from dark matter interactions with baryons, the

evolution equation is modified as [185, 180, 186, 187, 178]

a1, I dE 1 2 ficat () 20,
(1 + Z)E =21, + W(Tb - Tv) - (m)jm’ ESH(Z)(l +x, + fHe) - SH(Z)
(3.5)

Here, H(a) denotes the Hubble parameter. The term T, is the Compton scattering
rate, is influenced by the scattering interactions between CMB photons and residual
free electrons. Given the significantly higher number density of CMB photons com-
pared to residual free electrons, Compton scattering efficiently maintains thermal
equilibrium between baryons and CMB photons. Thus, I'. depends on the electron

fraction x, = Z—b and is expressed as

8ora, T} .
r, = (2289 ‘” (3.6)
3me 14 frye + .

where or is the Thomson cross-section, a, is the radiation constant, and m, is
the electron mass. fg. signifies the relative abundance of helium nuclei, given by
fre = npe/ng. The term (dE/dV dt);,; refers to the energy injection rate per unit

volume, while d@,/dt describes the heating rate of baryons in their rest frame. In
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eq. (3.5), the third term accounts for the energy transfer rate due to dark matter
annihilation, and the fourth term represents the contribution from dark matter-

baryon elastic scattering.

Dark matter annihilation can significantly influence the evolution of baryon tem-
perature (73). This process heats the baryons, thereby raising 7;, and altering the
differential brightness temperature spectrum (753;). There are two primary mecha-

nisms by which dark matter annihilation affects baryon temperature.

First, during the epoch of thermal decoupling from the CMB, dark matter annihila-
tion increases the fraction of free electrons (z. = n./n;) beyond a certain threshold.

The evolution of x, can be described by

dz, C
(1+2) dz e (nrApa? — 4(1 — z,)Bpe®Po/ 1) (3.7)

where C' is the Peebles factor [188], Fy is the ground state energy of hydrogen,
Ap(Ty,T,) is the effective recombination coefficient, and Bg(T,) is the effective
photoionization rate to and from the excited state, respectively. A higher =, delays
CMB decoupling, resulting in an increased T; since the baryons have less time to

cool adiabatically.

Second, dark matter annihilation directly injects energy into the baryons, raising 7}.
This direct heating mechanism is represented by the third term in eq. (3.5), which
accounts for the contribution of dark matter annihilation to the evolution of baryon

temperature.

Estimating the energy injection rate per unit volume (dE/dV dt);y,; involves assuming
that dark matter (DM) annihilates into standard model particles, thereby injecting
energy into the Universe [178]. This process leads to additional ionization, excitation,

and heating of the gas. Given a velocity-averaged annihilation cross section (ov),
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dE/(dV dt)iy; is expressed as:

() =) £ (33)

Here, f, represents the fraction of dark matter that undergoes annihilation into stan-
dard model particles, while p, denotes the dark matter density. Two distinct expres-
sions for B(z), the boost factor, are considered: B(z) =1+ 1.6 x 10%a"5* Erfe(552)

and B(z) = 1+ 2.3 x 10%"** Erfc(1£2) [178, 189]. The boost factor, crucially linked
to structure formation, reflects the effective occurrence of DM annihilations across
numerous small over-densities. As the spatial average of the annihilation rate relies

on the square of dark matter densities, the boost factor enhances this dependence

[190].

The energy injected by dark matter (DM) annihilation is primarily deposited into
the baryons through ionization, excitation, and heating processes [178]. The dimen-
sionless quantity freq: in eq. (3.5) quantifies the efficiency of energy deposition into
the baryons via heating. This efficiency depends on the DM mass and accounts for
the time delay between energy injection and deposition. In our study, we distinguish

between instantaneous and delayed energy deposition.

Instantaneous deposition implies that the energy produced by DM annihilation at
a certain redshift is immediately transferred to the gas or background. Conversely,
delayed deposition includes transfer functions accounting for the delay, as outlined
in Ref. [191]. We estimate fpeq: following the methods in [192, 191, 193], using the

SSCK approximation [178]. The fpeq is given by:

142z,

fheat = fert (T) (3.9)

where feg is the fraction of energy from DM annihilation immediately transferred to

the plasma. The values of feg are adopted from Refs. [191, 193] for photons and e*e™
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pairs injected at keV-TeV energies, as detailed in the provided data source’. While
f(2), the ratio of deposited to injected power at redshift z, can be approximated
by fer for WIMP dark matter [191], our calculations consider feg as a function of z

[192, 191, 193, 179, 194]

The elastic scattering between dark matter (DM) and baryons influences the baryon
temperature (7,) and its evolution. This interaction can either cool or heat the
baryons. Generally, when two fluids (such as DM and baryons) interact, the hotter
fluid transfers energy to the cooler one until thermal equilibrium is reached. If the
fluids are at the same temperature, no energy transfer occurs. A relative velocity
between the two fluids introduces a friction term, which damps the motion and
causes a loss in kinetic energy, thereby increasing the temperature of both fluids. The
magnitude of this interaction effect depends on the initial relative velocity, which
follows a Gaussian distribution with a variance of about 29kms™" at z = 1010.
[180]. When DM and baryons interact at different temperatures, the colder DM
gets heated, with the heating rate proportional to the temperature difference. If
there is a relative velocity between DM and baryons, the friction term heats both
DM and baryons regardless of their temperature difference. The baryon heating rate

is given by [180]

dQy _ 2mp py 90 e 7 (I, —Tp) L Px T Vi (dvxb> (3.10)
dt (M + )2V 2 w3, P T+ 10y dt

Here, m, and m; are the masses of DM and baryons, respectively. p, is the energy
density of DM, p, is the energy density of baryons, and the total matter density is

Pm = Pv + py- The term uy, represents the variance of the relative velocity between

DM and baryons, estimated as g, = \/Tb/mb + T /m,. The term V,; in eq. (3.10)

is the drag term representing the relative velocity between DM and baryons.

Dhttps://faun.rc.fas.harvard.edu/epsilon/
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The velocity-dependent cross-section can be expressed as o = o¢(v/c)", where n
varies according to different dark matter interaction mechanisms, and c is the speed
of light (in natural units, this simplifies to o = o¢v™). For dark matter with mag-
netic and/or electric dipole moments, n can be +2 or —2. Values of n = 2,1,0,—1
apply to scattering involving a Yukawa potential [195] , and n = —4 is characteris-
tic of millicharged dark matter interactions [196, 197]. The nature of baryon-dark
matter scattering over a wide range of dark matter masses is extensively discussed

in Ref. [198] , with similar studies found in Refs. [199, 200, 201] .

In our analysis, we parametrized the baryon-dark matter scattering cross-section o
as 0 = ogv~t [202, 180, 203]. Here, oy represents the DM scalar scattering cross-

section with baryons. The parameter oy depends on the DM mass m, and scales as

o0 = (m,/GeV) x 107*2 ecm ™2 [180].

Recent studies on the EDGES 21-cm signal also support a cross-section velocity
dependence of n = —4 [180, 203, 204]. This particular value of n is prevalent in
various dark matter interaction scenarios, including hadronically interacting DM,

millicharged DM, and analyses of the Baryon Acoustic Oscillations (BAO) signal.

3.3  Variation of 75, with different parameters

Dark matter (DM) annihilation induces heating effects in baryons, directly injecting
energy and raising the baryon temperature 7;,. This increase in T}, influences the spin
temperature Ty, subsequently affecting the 21-cm differential brightness temperature
T5,. Additionally, DM-baryon elastic scattering contributes to heating due to the
relative velocity between the particles, further elevating the baryon temperature and

modifying T5; [178]
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T

T1(z) ~ 23 (1 ~ T”g;) (g"g) (3;;’2)1/2 \/T%mm mK. (3.11)

Here the quantity zyr represents the fraction of hydrogen that is in a neutral state.

Initially, we focus on analysing the fluctuations in the 21cm brightness temperature
Ty, specifically considering the influence of dark matter annihilation on the typical
evolution of the baryon temperature (7;). To achieve this, we modify eq. (3.5) by
excluding the final term on the right-hand side, while retaining the term related to
(%)inj, as it accounts for the heat injection resulting from dark matter annihilation
(as described in eq. (3.8)), whereas the former term with @, represents the heating
rate due to collisions between dark matter and baryons (as per eq. (3.10)). Solving
egs. (3.5-3.9) concurrently, with T, (z) = T2 (1 + z) (where T,(z) denotes the back-
ground CMB temperature at redshift z and Tf/) is its present epoch value), the spin
temperature Ty, and consequently Ty, are calculated using eq. (3.4) and eq. (3.11)
respectively. The baryon density parameter €,(= 'Z—’;, p. being the critical density)
and matter density parameter {2,,(= £*) are assumed to follow £, = 0.04 (1+2)*
and Q,, = Q, +Q = 0.30 (1 + 2)* at varying redshifts for each of the chosen dark
matter masses. The obtained results are graphically depicted in the left panel of

fig. 3.1. Additionally, the right panel of fig. 3.1 zooms in on the truncated redshift

range of z ~ 15 — 30, which broadly corresponds to the reionization epoch.

From fig. 3.1, it is evident that for IDM dark matter masses ranging from approx-
imately 70 GeV to 80 GeV, a significant dip in the 21-cm brightness temperature
fluctuation, 75y, is observed around redshift z ~ 21. This dip occurs during the
reionization epoch. For other mass values outside the 70-80 GeV range, T, drops
to around —250 mK at a redshift of z ~ 10. At a redshift of z ~ 1000, the T5; tem-
perature is approximately 0 mK across all IDM dark matter masses from 10 GeV
to 990 GeV. This redshift marks the epoch of photon decoupling (CMB) and the
beginning of the dark ages. The distinct behavior of T; for IDM masses in the 70-80
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GeV range is likely due to the resonance in interaction cross-sections, characteristic

of Higgs portal dark matter.

Next, we examine the impact of baryon-dark matter (IDM) collisions on baryon
temperature evolution and subsequently on the 21-cm temperature fluctuations 75;.
In this scenario, the term related to dark matter annihilation is omitted, focusing
instead on the heating rate due to dark matter-baryon collisions. By solving the
coupled equations for a range of dark matter masses, we observe the variations in

T5, throughout the dark ages, plotted in fig. 3.2.

In the left panel of fig. 3.2, we plot Ts; variations with redshift z for IDM masses
from 10 GeV to 80 GeV, including 550 GeV and 990 GeV. A dip in Ts; is noticeable

around redshift z ~ 95 for all masses. These variations are nearly degenerate except
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Figure 3.1: The variation in the 21-cm brightness temperature, 751, across
different redshifts is shown with the inclusion of dark matter (DM) annihilation
effects alongside the standard thermal evolution. The different coloured lines
represent varying IDM masses as indicated in the figure.
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Figure 3.2: The variation in the 21-cm brightness temperature, T5;, across

different redshifts includes the impact of DM-baryon elastic scattering in addition

to the standard thermal evolution. Different colored lines correspond to various
IDM masses as indicated in the figure.

near this minimum. The right panel, which zooms in on the 80 < z < 120 range,

shows that the minimum 75; increases with increasing dark matter mass.

Fig. 3.3(a) shows the relation 75| = —41.76 4 3.87 exp(—%), fitting well with

the observed minima of T5; as dark matter mass m, increases. Fig. 3.3(b) depicts

the redshift z,;, at which these minima occur, also following a similar trend.

Next, we combine the effects of both dark matter annihilation and dark matter-
baryon collisions, solving the equations to observe the combined impact on T5;.
The results are shown in fig. 3.4. Unlike the annihilation-only scenario (Fig. 3.1),
the combined effects eliminate the low-redshift feature of T5;, with minima around
z ~ 95. The unique characteristics of IDM masses in the 70-80 GeV range are still

evident, with T3, values differing from those for other masses.
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Fig. 3.5(a) and (b) illustrate the variations of T5; minima with m, for dark matter
annihilation alone, showing minimal variation outside the 70-80 GeV range. The
corresponding redshift z,;, follows a similar pattern. In the combined scenario
(Fig. 3.6(a) and (b)), the minima of T5; for 70-80 GeV masses occur at lower redshifts

compared to other masses.
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Figure 3.3: (a) This panel depicts the variations in the 21-cm brightness tem-
perature Th; at different redshifts, incorporating DM-baryon elastic scattering as
an additional effect alongside the thermal evolution. The red points represent the
computed values, while the blue line denotes the fitted curve.
(b) Similarly, this panel illustrates the redshift values (zpin) at which T5; reaches
its minimum for each different IDM mass (m,). The solid green line traces the
trends in the variation of 2z, across different IDM masses.
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Figure 3.4: The left panel illustrates the changes in the 21cm absorption lines

T51, incorporating effects of dark matter annihilation and dark matter-baryon

elastic scattering alongside thermal evolution. Each coloured line represents a

different dark matter mass as specified in the figure. The right panel zooms in

on the redshift range 80 < z < 120, providing a detailed view of the variations
depicted in the left panel.
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We also explore the effects of IDM dark matter constituting only a fraction of the
total dark matter content. For various IDM fractions, we compute T5; variations,
shown in fig. 3.7. The results indicate that T3, decreases with decreasing IDM

fraction, although the changes are less significant except for 70 and 80 GeV masses.
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Figure 3.5: (a) The figure illustrates the variation in the 21-cm brightness tem-
perature Th; at different redshifts, considering only dark matter annihilation as
an additional effect alongside thermal evolution. Red points denote computed
values, while the blue line represents the fitted curve.
(b) Similar to panel (a), this plot shows how the redshift values (zpin) at which
T51 reaches its minimum vary with different dark matter masses m,. The solid
green line depicts the trend of zp,;, with m,.
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Figure 3.6: (a) This panel depicts the variation in the 21-cm brightness temper-
ature Ty at different redshifts, incorporating the combined effects of dark matter
annihilation and dark matter-baryon scattering as additional factors influencing
T51, alongside the thermal evolution. The red points denote computed values, and
the blue line represents the fitted curve.
(b) In this panel, we present the variation of the redshift values (zpin) at which
T51 reaches its minimum for each different dark matter mass m,. The solid green
line depicts the trend in the variation of zy;, with m,,.
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Figure 3.7: The variation in the 21-cm absorption lines T5; due to the combined
effect of different fractions of IDM masses f, -

87



Chapter 8 Annihilation Cross-Section of IDM Dark matter

Toyin mK Taqin mK

-25

Fraction of IDM Mass (fn, ) in %
Fraction of IDM Mass (f,,,x) in %

10 50 100 500 1000 4 60 65 70 75 80
m, in GeV m, in GeV -40

Figure 3.8: Variations of 751 across different fractions of IDM masses f,, -

Finally, fig. 3.8 provides a contour plot of T5; variations for different IDM fractions,
highlighting the trends observed for various masses, particularly in the narrower

60-80 GeV range for clarity.

In summary, this analysis highlights the distinctive behaviour of 21-cm brightness
temperature fluctuations for IDM dark matter masses, especially in the 70-80 GeV
range, and underscores the combined effects of dark matter annihilation and colli-

sions on T5; throughout cosmic history.

3.4 Lower bound on annihilation cross-section of

IDM

The calculations outlined in Sec. 3.3 are based on the annihilation cross-sections of

IDM masses provided in the Table 3.1

For the calculations, the mass of the Higgs portal IDM dark matter is initially set to
a few tens of GeV. However, following the approach in Ref. [182) 183], which includes
IDM dark matter masses in the hundreds of GeV, we have expanded our analysis to

include higher mass IDM candidates (2 500 GeV) [183]. The relic densities of these
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My Q. (ov)
(GeV) cm?s™!

10 [ 0.113 | 6.50 x 10~*
20 0.116 | 7.72 x 10~
30 0.114 | 9.98 x 10
40 0.116 | 1.65 x 10~
20 0.115 | 4.37 x 107
60 0.116 | 1.40 x 10727
70 0.119 | 1.72 x 1072°
80 0.113 | 2.59 x 10~2°
550 | 0.115 | 6.68 x 1072°
990 | 0.113 | 4.88 x 1072°

Table 3.1: The relic density (£2.) and the corresponding annihilation cross section

({(ov)) for various IDM dark matter masses (m,) are provided, ensuring that

Q. falls within the 95% confidence interval of €. as determined by the Planck
experiment [45].

IDM dark matter candidates were calculated using the microOMEGAS code [205]
and compared with the relic densities obtained from Planck observational results [45].
We selected the IDM dark matter masses whose calculated relic densities fall within
the 95% confidence limits of the Planck results. These masses, along with their
corresponding annihilation cross-sections, are presented in Table 3.1. Additionally,
fig. 3.9 displays the annihilation cross-sections for various IDM masses that meet

the Planck relic density criteria within the 95% confidence limits.

Our calculated relic densities lie within the 95% confidence limit of the Planck
experiment’s dark matter relic density (see Table 3.1). For different IDM dark
matter fractions, we observed that for 100% IDM dark matter contribution, the dip
in Ty, for the combined effect reaches its minimum at z ~ 95 (Fig. 3.7). From these
observations, we derived a lower bound on the IDM dark matter annihilation cross
section. This lower bound lies within the range (ov) ~ (6.5 x 107%) — (4.88 x
1072%) ¢cm?®/sec for a DM mass range of m, ~ 10 — 990 GeV.

Also the evolution of Ty; exhibits lower values at lower redshifts (z) when only dark

matter annihilation effects are considered. Specifically, T5; shows a minimum around
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Figure 3.9: The annihilation cross section (ov) for various dark matter masses
my. The brown curve represents the range of (ov) estimated from Planck exper-
iments [206, 207].

the epoch of reionization for dark matter masses in the range of approximately 70
to 80 GeV. The influence of baryon-dark matter collisions appears more pronounced
at lower redshifts, manifesting as a dip in the T5; evolution around z ~ 95 for all

chosen masses.

When both annihilation and collision effects are combined, the dominance of collision
effects is noticeable around z ~ 100, beyond which annihilation effects become more
prominent. The impact of different fractions of IDM on the evolution of T3 is
generally minor for most chosen masses, except for IDM dark matter masses around
70 and 80 GeV. In these cases, variations in the minima of T5; with different fractions

of IDM dark matter remain within approximately 20% to 25%.

These findings suggest that 75, shows heightened sensitivity in the IDM dark matter
mass range of approximately 70 to 80 GeV when considering both dark matter

collision and annihilation effects.
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Bounds on Scattering cross-section of

Two component dark matter

Two-component dark matter models propose that dark matter is composed of two
distinct types of particles, each contributing to the total dark matter density in
the Universe. This approach addresses limitations of single-component models by
potentially explaining a wider range of astrophysical observations and anomalies.
Each component in the model interacts through different mechanisms, such as weak
or gravitational forces, allowing for a more complex and nuanced interaction profile
with ordinary matter and among themselves. This dual-component framework en-
hances our understanding of dark matter’s role in the cosmos, providing new avenues
for theoretical research and experimental detection efforts. In this chapter, the thesis
delves into the intricate interplay between two distinct components of dark matter
namely generic dark matter and the Inert Doublet Model (IDM) which are mutually
non-interactive. This scenario explores how these components interact with baryons
within the cosmic landscape, impacting the thermal history and reionization epochs
observed through the 21cm signal. By scrutinizing the annihilation and scattering
properties specific to IDM, the study elucidates their contributions to cosmic evolu-

tion, offering crucial insights on bounds on dark matter-baryon cross-section for two
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component dark matter using brightness temperature (73;) reported by EDGES at

reionization epoch.

4.1 Introduction

Despite being a well-established presence in the Universe, dark matter persists as a
captivating mystery in astrophysics.. Researchers have proposed various candidates,
such as weakly interacting massive particles (WIMPs) or axions, but conclusive ev-
idence regarding the true nature of dark matter is yet to be discovered. Scientists
continue to explore and conduct experiments to unravel this enigmatic aspect of
the cosmos. The concept of multicomponent dark matter suggests that dark matter
might not be made up of just one type of particle but could consist of various com-
ponents with distinct properties. Recent analyses and studies have indeed hinted at
the possibility of a multicomponent nature of dark matter, adding more complexity
to the quest of understanding its composition and behaviour within the Universe.
These findings open up new avenues for exploration and further research in the field
of astrophysics. Exploring the potential existence of multicomponent dark matter
adds depth to our understanding of the Universe’s structure. In our recent works
[185],[208] , this had been shown that there is a possibility of existence of multi-
component dark matter. Studying a two-component dark matter model, specifically
involving an IDM dark matter alongside a generic type is worthwhile to explore.
Investigating their existence and constraints within the context of the 21cm signal
is an innovative way to understand their properties and potential interactions. The
21cm hydrogen absorption line, also known as the HI (atomic hydrogen) 21cm line, is
a specific spectral line corresponding to the transition between two hyperfine energy
levels of the ground state of neutral hydrogen atoms. Hydrogen atoms consist of a
single proton in the nucleus and an electron orbiting the nucleus. The spins of the
electron and the proton can align either parallel (s = 0 or singlet state) or antiparal-
lel (s = 1 or triple state) to each other, resulting in different energy states within the

ground state of the hydrogen atom. The 21cm line emerges as a significant probe for
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comprehending the Universe’s evolution owing to hydrogen constituting roughly 75%
of the visible Universe. This spectral line proves instrumental in investigating cosmic
processes, particularly in the observation of Cosmic Microwave Background Radi-
ation (CMBR) and celestial entities like pulsars, enabling deeper insights into the
Universe’s developmental mechanisms. Given the Cosmic Microwave Background’s
temperature (7,) acting as the background, the brightness temperature (73;) of the
21cm absorption line during the era of redshift z is expressed as

T,—T,

Ty —
21 1+Z

(1—e) (4.1)

The evolution of the 21cm brightness temperature 75, relies on both energy injection
or heating and energy absorption or cooling within the system. Alterations in the
background temperature 7', or spin temperature 7 or both, modify the temperature

Ty, itself. Details of the discussion have been made in Chapter 2.

During the recombination era around redshift z ~ 1100, matter and radiation were
expected to decouple, enabling photons to free stream. However, the substantial
number of photons led to continued Compton scattering, coupling radiation to mat-
ter until about z ~ 200. Around this time, the Compton heating timescale surpassed
the Hubble time, causing the matter temperature (7, ~ (1 + 2)?) to decrease more

rapidly than the radiation temperature (7, ~ (1 + z2)).

The spin temperature (Ts), coupled to the background Cosmic Microwave Back-
ground (CMB), decoupled approximately at z ~ 20 during the reionization era with
the emergence of the first stars. At this point, transitions from triplet to singlet
states, mediated by Lyman-alpha (Ly«) photons induced by the ultraviolet (UV)
emission of the first stars through the Wouthuysen-Field effect, caused the spin

temperature to align closely with the baryon temperature (75 ~ T}).

The EDGES experiment [173] reported an excessive trough in the 21cm absorption

line at a frequency of 78 MHz (redshifted 21cm line) within the cosmic dawn period

93



Chapter 4 Bounds on Scattering cross-section of Two component dark matter

(14 < z < 20). This anomaly, occurring at an average z of 17.2, exhibited a
Ty measurement of Tp; = —500720 at the 99% confidence limit (C.L.), deviating
significantly from the expected T (T3; ~ —200 K) as per standard cosmology.
Hence, the reported results by the EDGES experiment are approximately 3.80 below

the anticipated T5; value.

Given Ty ~ T =T, the observed negative trough in 75, could occur if T, decreases
or T, increases. Dark matter-baryon collisions may modify 75 during the reioniza-
tion epoch, whereas dark matter self-annihilation might impart heat to the system,

ultimately altering T5;.

Our study addresses the observed excess trough in the 2lcm temperature (T3;)
due to dark matter-baryon collisions and dark matter annihilation. While previous
studies [180, 209, 190, 170, 179, 178] have attempted to explain this anomaly using
dark matter-baryon scattering and annihilation, our work specifically focuses on
a two-component dark matter scenario. The two component dark matter model
of Universe are the IDM dark matter and generic dark matter (~ 3 GeV) [203]
which are mutually non-interactive. For IDM dark matter the lighter neutral scalar
from this doublet, the inert Higgs, serves as the dark matter candidate, constituting
one component of the two-component dark matter scenario. We also explore how
different fractional components and masses of the IDM dark matter contribute to
the 21cm signal. The IDM fraction and mass are constrained by the EDGES results
at the 99% C.L., determining limits on the IDM’s annihilation cross-section and
masses within the EDGES’s error limit (99%). Throughout, we ensure that the dark
matter relic density, as determined by Planck satellite experiments [15], adheres to

the constraints in our two-component dark matter scenario of the Universe.

The uncertainty in the global brightness temperature 75, detected by EDGES ex-
periments has prompted investigations into the possible influence of dark matter,
specifically its collisions with baryons and annihilations, which can exchange heat

and subsequently modify T or T,. We consider a scenario where the Universe’s
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dark matter comprises IDM dark matter (with mass m, ) and a generic dark matter
candidate with mass mpys. These two components do not interact with each other.
The generic dark matter candidate is model-independent, and there is no mutual

interaction between these two dark matter components.

The IDM model extends the scalar sector of the Standard Model by adding an extra
SU(2) doublet that does not acquire a vacuum expectation value (vev) upon sponta-
neous symmetry breaking (SSB). After symmetry breaking and through appropriate

unitary gauge transformations on the scalar doublets, we get

0 HT
Hl = ) H2:

htv StiA

V2 V2

Here, h is the physical Higgs boson, while v is the vev. For the other doublet Hy, S
is a CP-even scalar and A is a pseudoscalar. Either S or A could be a viable dark
matter candidate if their stability is ensured. To achieve this, a discrete Z, symmetry
is imposed on the model, making the doublet Hy Zs-even while the Standard Model
(SM) particles are Z;-odd. Consequently, Hy cannot decay into SM fermions and

cannot induce mass to the fermions after SSB since H, does not obtain a vev.

The parameters of the model, which are the interaction couplings in the interaction
Lagrangian, are constrained by theoretical bounds (such as perturbativity bound
with coupling |\;| < 4w, vacuum stability, and unitarity bound) and experimental
bounds, including the Planck results for dark matter relic density, collider bounds,
and the upper limits on dark matter-nucleon scattering cross-section from direct dark
matter search experiments. It is notable that the IDM model for dark matter is a
Higgs portal model, meaning the dark matter scalar candidate in this model interacts
with the SM through the Higgs portal. Details discussion of IDM dark matter and
thermal evolution of 2lcm brightness temperature were given in Chapter 3 and

Chapter 2 respectively.
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4.2 Thermal Evolution

Recent findings from the EDGES experiment have unveiled a notable absorption sig-
nal in the global 21cm hyperfine transition spectrum of neutral hydrogen at redshift
z = 17.2 [173]. This absorption feature, detected around 78.2 MHz, aligns closely
with the redshift z ~ 17.2 and exhibits a striking 3.8¢ deviation from predictions
based on the standard ACDM model. During the cosmic dawn epoch (approxi-
mately 15 < z < 35) [210], especially around z ~ 20 when the first stars formed,
cosmic hydrogen gas reached its coldest point prior to X-ray radiation influence.
This radiation ionized neutral hydrogen, ending the 'Dark Ages’ and initiating the
reionization epoch, illuminating the Universe. The 21cm hydrogen line originates
from the hyperfine transition between ortho (parallel spins) and para (anti-parallel
spins) states of hydrogen’s ground state. During reionization, the spin tempera-
ture Ty of hydrogen gas coupled with the cooler surroundings, resulting in the 21cm
absorption line observed against the Cosmic Microwave Background (CMB) radio
background. Whether the spin temperature aligns with the background radio tem-

perature determines emission or absorption in the 21cm HI spectrum.

The discrepancy between experimental observations [173] and the predictions of
the standard model [169] regarding the brightness temperature of redshifted 21cm
hydrogen absorption spectra has spurred intense investigations into early Universe
physics, particularly during the cosmic ‘dark ages’. Given that approximately % of
the known Universe is composed of hydrogen gas, accurate 21lcm measurements are
crucial for understanding cosmic evolution and hydrogen gas temperature dynamics.
The intensity of the 21cm signal hinges on the population ratio of triplet and singlet
states, characterized by the spin temperature 7T, which is interlinked with the CMB

temperature Toyp and the optical depth 7 of the intervening medium.

Around z ~ 200, cosmic gas decoupled from the CMB, experiencing a temperature
decline below the radiation temperature due to adiabatic cooling. The unexpected

cooling observed in the 21cm signal by EDGES provides a promising avenue for
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probing cosmic history during the cosmic dawn era. Investigating the impact of
baryon-dark matter interactions and the decay of dark matter during this epoch
using the 21cm signal remains an active area of research. The global 21cm signal
detected by EDGES during the cosmic dawn appeared notably cooler than antic-
ipated by the standard ACDM cosmological model which may be attributed to a
mechanism involving heat transfer from baryons or surroundings either by scatter-
ing or annihilation. This study focuses on two component dark matter scenarios,
where interactions with baryons or surroundings could lead to substantial cooling or
heating of the baryonic fluid once Lyman-alpha radiation becomes prevalent [203],

but on the other hand they do not interact with one another.

Scenarios involving strong velocity-dependent dark matter-baryon scattering, such as
Rutherford-like interactions, could yield distinctive 21cm signals during the cosmic
dark ages while maintaining consistency with current astrophysical and cosmological
constraints. Conversely, models involving Yukawa-type scattering potentials exhibit
a velocity-dependent scattering cross-section o = ogv™, where n varies depending
on the nature of dark matter [198, 199, 200, 201, 211]. For instance, magnetized
dark matter displays n = +2, while millicharged dark matter exhibits n = —4
[196, 197, 212, 213, 214, 215]. This v=* dependence is also evident in Rutherford-

like dark matter-baryon scattering [180].

Dark matter (DM) components interact with baryons by heating them through DM
annihilation and DM-baryon scattering. The total abundance of dark matter in
the Universe at the current epoch is approximately Q.o ~ 0.26 . Let f, and fpu
denote the fraction of ‘Inert Doublet Model’ dark matter (IDM) and the other model-
independent dark matter component (which is described as generic dark matter in
this chapter), respectively, such that f, + fpy = 1 and Q.0h* = Qh% + Qpuh?,
representing the total abundance of dark matter. These two component are mutually
interacting with each other but they are individually interact with baryon either
through scattering or through annihilation. The total energy density of dark matter

in the Universe, p;, can be expressed as p; = fyp:+ foamp:. Thus, the energy densities
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of IDM dark matter (denoted in this chapter as x)and the other generic component
(denoted in this chapter as DM) are f,p; and fpap:, respectively.

To analyse the thermal evolution of the Universe, we compute the evolution of
the dark matter temperatures 7\ and Ty, and the baryon temperature 7;, with
cosmological redshift z. Considering energy injection from DM annihilation and
baryon-DM scatterings for both IDM and the generic DM component, the evolution
equations for T\, Tpys, and Ty, [180] are given by

dT, 20)
14 2) X —o, — Zx 42
( + Z) dZ X BH(Z)’ ( )
dTpar 2Q pur
14 2) 2 2M _opy, — Z¢DM 4
dT, I, 2Q0  2Qupus 1 dE 1 2 fheat (2)
14+ 2) b =9Ty 4+ —S (T, — T,) — - - —
Wt2) g, =204 B =T = 550 ~ 3H() ~ H(2) avde w7 3L+ T+ finc)
1 dE 1 2fneat(2)
H(z) dVdt |, ng3(1+ze + fue)’
(4.4)

where Qx and Q pas represent the heating rates due to IDM and other DM component

interactions with baryons, respectively.

The evolution of z, is given by

dz, C
(1+2) di = W (HH.ABCBz —4(1— :Be)BBe(_?’EO/‘lTV)) , (4.5)

where C' and FEj are the Peebles factor and the ground state energy of hydrogen,
respectively. The effective recombination coefficient Ag(7,,7T,) and the effective
photoionization rate Bp(7,) account for recombination and photoionization pro-

cesses.
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4.2.1 Heating Rates and Drag Terms

The heating rates of baryons due to IDM and other DM components are be and
Qb pars respectively. The heating rates for DM components due to baryon-DM in-
teractions are QX and Qpys. These rates depend on the temperature differences and
relative velocities between the fluids.Following photon decoupling in the early Uni-
verse, dark matter and baryons develop a relative velocity V), resulting in a drag
effect between the two. Each dark matter can experience elastic scattering similar
to Rutherford scattering, with a cross-section that varies significantly with velocity,

described by v~*[180, 203, 204]. The scattering cross-section is given by

o =0 = (04 x 10707 cm?, (4.6)

00
10—41 '
drag terms Vi, =V, — V}, and Vpay, = Vpur — V), are

where the dimensionless parameter o4 = The evolution equations for the

WV _ Ve D(Vi) 0
dz 1+z (1+2)H(z) '
dVoae — Vo D(Vpar) (4.8)

dz  14+2z (1+2)H(2)

where D(V,;) and D(Vpan) are the drag terms given by

d(Viwp) Pmoo 1
D(V,,) = X7 = —F 4.9
(V) = St = e ), (@9)

d(Voam) PmO1 1
D(V, = = F ) 4.10
( DMb) 1 e + ons VDsz 1(7”1) ( )
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In these equations, p,, = p» + py + ppoar and the functions F(r) and Fy(ry) are given

by

F(r) = erf (%) - \/gre_r2/2, (4.11)
Fi(r) = exf (%) - \/grle—f%’/% (4.12)

with r = Vig/uwm, ug, = To/my + Ty/my, 11 = Vpaw/uwn,, and ugy, = Tp/my +

Tom/mpar.

4.2.2 Energy Injection from Dark Matter Annihilation

The energy injection rate per unit volume from DM annihilation, which affects the

baryons through ionization, heating, or excitation [170, 179], is given by

db _ f2 2 6 {00)i L
IV, fipio(1+2) - wherei =y, DM (4.13)

where p; is the energy density of the interacting dark matter component 7 (IDM or the
other component) and (ov) is the velocity-averaged annihilation cross-section. The
(ov), is calculated using the microOMEGAS code [205] and tabulated in Chapter 3
in Table 3.1 and for generic DM is estimated by using the cosmic relic of the dark
matter species [216, 217, 218].

The evolution equations for T\, Tpas, and T; incorporate the effects of heating and
drag due to baryon-DM interactions and energy injection from DM annihilation.
These equations are coupled and depend on several cosmological parameters, in-
cluding the Hubble parameter H(z), the baryon-to-photon ratio ., and the relative

velocities V), and Vpag,. Solving these equations provides insights into the thermal
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history of the Universe, particularly during epochs relevant to CMB observations

and the formation of the cosmic structures.

4.3 Bounds on Scattering cross-section

To investigate the impact of baryon-dark matter interactions on the 21cm signal for
two component dark matter which are mutually non-interacting, we set benchmark
values for the baryon-DM scattering cross-section for both generic dark matter and

Inert Doublet Model dark matter (IDM). The allowed range for the brightness tem-

perature Ty, is chosen as —500720) mK. The mass range for generic dark matter is

taken as 0 < mpym < 3 GeV, while the IDM mass range is 10 < m,, < 80 GeV. The

benchmark value for the scattering cross-section is set to o{”™* =1 x 104 cm?,
DM,
oy _ oo

therefore o, The benchmark values for our analysis is .

10-41

mpum (GeV) | my (GeV) | oM (em?) | of (cm?)
0.5 10-80 I1x107H" [1x 101
1.0 10-80 1x1074 [ 1 x 1074
1.3 10-80 1x1074 [ 1 x107%

Table 4.1: Benchmark values of generic dark matter masses mpys, IDM mass m,,

IDM-baryon scattering cross-section oy and generic dark matter-baryon scattering
DM

cross-section ol
In the present case, two components of dark matter is considered, one of these is
Inert Doublet Model or IDM dark matter and other is generic dark matter. While
the mass of the IDM DM can be any things between ~ 20 to 80 GeV [110], the mass
of the generic DM could only vary upto about 3 GeV[203]. Thus the dominant effect
of IDM on the 21cm signal brightness temperature will be via the self annihilation of
IDM DM while the scattering of baryons with DM dominates in the case of generic
dark matter. While the former process involving the IDM DM is associated with
the heating of baryons, the latter process involves cooling of the baryons, takes away

the heat from baryon.
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Figure 4.1: The variation of brightness temperature the 21cm lines 75; due to

the two component dark matter of different fractions of IDM masses fy,, . For

each plot we considered the benchmark points described in Table 4.1. Different
colour represents different fraction of IDM masses.

As we can see from fig. 4.1, as the fraction of IDM component of the present two
component dark matter scenario, the temp 75; tends to increase more in the redshift
region of interest (in the reionization epoch). This is evident from fig. 4.2(a) where
IDM fraction f, is plotted against the mass mpas of generic dark matter that satisfy
the different Ty, temperature (colour code). In addition, this fig. 4.2(a) also demon-
strates the effect of the variation of mpy, on the fractional component of IDM. This
can be seen that, more the value of mpys is (within ~ 3 GeV, as for mpy > 3

GeV, the calculated T3, goes beyond the observed range of Ty, by EDGES), more
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is the IDM fraction required for T5; to be within the EDGES result for T5;. This
means, more massive the generic DM is, more dominant is its cooling effect which

is compensated by the heating effect of IDM.

my = 10GeV

300
0.9 m, = 40GeV
0.9 300
0.8 400
e 0.8 -400
e 500 —
et 507 500
=06 4 &
9 600 E § 0.6 ¥
=05 & = 600 1
s = 0.5 ]
g 700 1x = 700
= E 1=
504 ) S04 5
& 800 3 ,
k0.3 i 0.3 800
0.2 900 0.2 -900
0.1 1000 0.1 1000
0.5 1
mpy (GeV)
m, = 80GeV
-300
-400
-500
x
600 -
-700 %
-800
-900
300k -1000
0.5 1 1.5 2 2.5
mpy (GeV)

(c)

Figure 4.2: Variations of fraction of IDM mass with generic dark matter mass

for a constant IDM mass at redshift z = 17.2 within the EDGES experimental

result limit. Other parameters values were taken for this calculation is given in
Table 4.1.

Fig. 4.2(b) and fig. 4.2(c) are similar to fig. 4.2(a) but for different fixed IDM masses.
From fig. 4.2(a)-4.2(c), it can be concluded that massive the the IDM dark matter,
more fraction of its is required to obtained a particular T5; value. Also, the central

value of T5; as given by EDGES experiment is achieved when the given generic dark

matter mass is around 0.75 GeV.

As IDM masses varies, we can see that there is a upper bound for generic dark

matter masses for the brightness temperature will be within the range of EDGES
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experiment result (T = —500/7%2) mK for a constant scattering cross-section for

both IDM and generic DM. In our work, the evaluated upper bound of generic dark
mark matter mass for the scattering cross-section of = of™ =1 x 107 can not

be more than ~ 1.3 GeV. This put an upper bound for generic dark matter mass.

- mpy = 1GeV
mpy = 0.5GeV o DM 200
0.8 -400 0.8 -400
0.7 0.7
-500 -500
0.6 & 0.6 ?
0.5 600 05 oY
& S &
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£ 0.3 £
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mpy = 1.2GeV 200

0.8

0.7
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0.5 -600
,,<

-400

0.4 700 §
0.3 &

-800
0.2
01 -900
-1000

10 20 40 80
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Figure 4.3: Variations of fraction of IDM mass with IDM dark matter mass for

a constant generic DM mass at redshift z = 17.2 within the EDGES experimental

result limit. Other parameters values were taken for this calculation is given in
Table 4.1.

Adopting the benchmark values of o) and o from Table 4.1, the calculations
are made using eqs. 4.2, 4.3 and 4.4 to obtain the variations of IDM mass fraction
corresponds to the IDM mass for different generic dark matter masses. The results
are shown in fig. 4.3. Needless to mention that the plots of fig. 4.3 are obtained
using the bounds on brightness temperature T5; (-1000 mk to -300 mK) of EDGES
experiments results at redshift 17.2. From fig. 4.3(a), we can see that the fraction of

IDM dark matter almost becomes constant at higher IDM masses, and the bound
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on 21cm brightness temperature from EDGES experiments also constraints a bound
on fractional mass of IDM dark matter for which EDGES results has been satisfied.
From fig. 4.3, we can conclude that for a particular set of benchmark points (Ta-
ble 4.1) there is upper bounds of the fraction of IDM contributions. These upper
bounds are f, ~ 0.75, 0.45 and 0.25 for the figs. 4.3(a), (b) and (c) respectively.
It has been seen from fig. 4.3 that as the generic dark matter mass increases, the
allowed region for the fraction of mass shifts towards the lower value (colour band)
of brightness temperature of EDGES results. This can be understood from the facts
that higher m,, gives rise to more heating effect which is compensated by the cooling

effect due to the given generic dark matter masses.

According to fig. 4.1 to fig. 4.3, we have concluded that when generic dark matter
mass is 0.5 GeV and fraction of IDM mass is 0.2, all the IDM mass ranges (10 GeV
- 80 GeV) lie within the bound of brightness temperature predicted by the EDGES
experiments (74172 = —500[*20) at the redshift z = 17.2. This happens because
at the given redshift z = 17.2, the cooling effect is much more than the heating
effect. Hence for the further analysis we adopt the fraction of IDM mass f, = 0.2

and Mmpy = 0.5.

Fig. 4.4(a) to fig. 4.4(d) demonstrate the allowed region in ¢}, - o5™ plane for fixed

values of mpys, m, and fraction of IDM mass f,. One notices from these plots the
allowed region is barely contracted with oh™ as mpy, values change from 0.5 GeV
(Fig. 4.4(a)) to 1 GeV (Fig. 4.4(d)). Hence from these changes and using the limits
of Ty, from EDGES result at z = 17.2, we have set an upper and a lower bound
for 5™ beyond which the EDGES result is not satisfied. So the range of 0§ is
~ 3 x 107 < oM < 1073 ecm?. This is also evident that when mpy, is shifted
from 0.5 GeV to 1 GeV, the central value (and the values at its uncertainty) of
T (as reported by EDGES experiments) is always towards the upper limit of Ty
range. This is caused by enhanced heating effect by a more massive generic DM

component. Also from fig. 4.4, we calculated an upper boundary of IDM-baryon
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Figure 4.4: Variations of IDM dark matter- baryon scattering cross-section o
with generic DM - baryon scattering cross-section o)™ at redshift z = 17.2 within
the EDGES experimental result limit. Other parameters values were taken for this
calculation is f, = 0.2, m, = 10 GeV, 30 GeV and 80 GeV and mpy = 0.5 GeV
and 1 GeV.

scattering cross-section oy for above mentioned particular benchmark points. The

upper value of IDM-baryon scattering cross-section o < 1073%c¢m?.

In summary, this thesis offers extensive insights into the intricate interplay between
baryon-dark matter interactions and their implications for the 21cm signal, eluci-

dating the varying impacts of different dark matter scenarios on cosmic reionization

and the thermal history of the Universe.
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Exploring Elder Dark Matter in the
Context of 21cm Cosmology

Elastically Decoupling Relic (ELDER) dark matter is a cold thermal relic whose
present-day abundance is primarily determined by its elastic scattering cross-section
with Standard Model (SM) particles. The predicted mass of ELDER dark matter
ranges from a few to several hundred MeV, with an elastic scattering cross-section

in the range of 10® — 1 fb.

Similar to the Strongly-Interacting Massive Particle (SIMP) model for dark matter,
ELDER presents a well-defined target for future searches of sub-GeV dark matter
and dark photons. This dark matter is explored in this chapter in the context of the
EDGES result for 21cm HI signal from the reionization era of the Universe. This
has been discussed earlier (2) that EDGES experiments reported a visual dip in
the HI 21cm line brightness temperature at the reionization era. This dip has been
explored by taking into consideration the effect of dark matter-baryon scattering,
dark matter self annihilation and additionally dark matter self scattering. In this
context the bounds on dark matter self scattering coupling are addressed using the

EDGES results.
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5.1 Introduction

Observations from the EDGES experiment have revealed a significant absorption
signal in the global 21cm hyperfine transition spectrum of neutral hydrogen around
redshift z = 17.2 [173]. This absorption spectrum, centred at a frequency of ap-
proximately 78.2 MHz, corresponds to the redshift z ~ 17.2. The reported result
from EDGES indicates a 3.80 deviation from the prediction of the standard ACDM

model.

During the epoch of cosmic dawn (approximately 15 < z < 35) [210], particularly
around z ~ 20 when the first stars formed, the cosmic hydrogen gas was at its
coolest point before being influenced by X-ray radiation. This radiation ionized
the neutral hydrogen, marking the end of the “Dark Ages” and the onset of the
reionization epoch, illuminating the Universe. The 21cm hydrogen line arises from
the hyperfine transition between the ortho (parallel spins of proton and electron) and
para states (anti-parallel spins) of hydrogen’s ground state. During reionization, the
spin temperature T, of hydrogen gas was coupled to the cooler gas, causing the 21cm
absorption line to appear against the Cosmic Microwave Background (CMB) radio
background. Whether the spin temperature is greater or less than the background
radio temperature determines whether an emission or absorption line is observed in

the 21cm H1 spectrum.

The discrepancy between experimental and standard model predictions of the bright-
ness temperature of the redshifted 21cm hydrogen absorption spectra has spurred
investigations into the early Universe, particularly during the cosmic dark ages.
Given that the known Universe is composed of approximately 75% hydrogen gas,
measurements of the 21cm transition are crucial for understanding both cosmic evo-
lution and the temperature dynamics of hydrogen gas. The intensity of the 21cm
signal depends on the population ratio of the triplet and singlet states, described
by the spin temperature T, which relates to the CMB temperature Tcyg and the
optical depth 7 of the medium through which the radiation passes.
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Around z ~ 200, the cosmic gas decoupled from the CMB, and its temperature
dropped below the radiation temperature due to adiabatic cooling. The unexpected
cooling observed in the 21cm signal by EDGES presents a promising probe to un-
derstand cosmic history during the cosmic dawn era. The impact of baryon-dark
matter interactions, as well as the effects of dark matter decay during this era, are

also subjects of investigation using the 21cm signal from that epoch.

The global 21cm signal detected by EDGES during the cosmic dawn era appeared
at a temperature significantly lower than expected from the standard cosmological

model (ACDM).

The observed cooling of the gas reported by EDGES could potentially be caused by
a process involving heat absorption from baryons. If the exchange of heat between
dark matter and baryons led to this cooling effect, it suggests that dark matter-
baryon scattering could be responsible. For this to occur, the mass of the dark
matter should be comparable to or less than the mass of baryons. Dark matter
annihilation could also contribute to heat exchange with the surroundings. In this
study, we consider sub-GeV dark matter, where the scattering of such particles with
baryons could significantly cool the baryonic fluid once Lyman-« radiation becomes

effective [203].

Strong velocity-dependent dark matter-baryon scattering, such as Rutherford-like
scattering, could produce a pronounced 21lcm signal during the cosmic dark ages
while remaining consistent with astrophysical and cosmological constraints today.
However, scenarios involving Yukawa-type scattering potentials exhibit a velocity-
dependent scattering cross-section o = ggv", where n can vary depending on the
nature of dark matter [198, 199, 200, 201, 211]. For instance, magnetized dark matter
exhibits n = £2, while millicharged dark matter shows n = —4 [196, 197, 212, 213,
214, 215]. This v=* dependence also applies to Rutherford-like dark matter-baryon
scattering [180].
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In addition to dark matter-Standard Model (SM) scattering, dark matter can un-
dergo self-interactions. The self-scattering of dark matter may also influence the
brightness temperature of the 21cm absorption line. In this study, we consider two

types of self-interaction namely elastic self-scattering xx — xx and self-annihilation

XXX — xx [108, 109].

Self-interacting dark matter provides a compelling window into the dark sector of
the Universe beyond the Standard Model gauge group. When the relic density of
dark matter is determined by either the cross-section of elastic scattering with SM
particles or the cross-section of self-interaction processes that change the number
of dark matter particles, the scenario is referred to as Elastically Decoupling Relic
(ELDER) dark matter. In this case, the mass of dark matter m,, is typically around
the QCD confinement scale (between 10 MeV and 100 MeV). In this work, we
consider all four interactions mentioned above to be active in the early Universe
(I"' > H, where T is the respective interaction rate and H is the Hubble parameter)
until ELDER dark matter becomes non-relativistic. Under these conditions, the
interaction rates for processes such as x +SM — x +SM, xx — xx, and xxx — xx
decay exponentially, while elastic scattering interaction rates (x + SM — x + SM)

vary more gradually.

5.2 Elder dark matter model and its cannibalism

property

While the presence of dark matter (DM) in the Universe is well-established, its par-
ticle nature and interaction properties remain elusive. Among the prominent can-
didates for dark matter are Weakly Interacting Massive Particles (WIMPs), which
are often theorized using frameworks beyond the Standard Model (SM), such as su-

persymmetry, extra-dimensional theories, or straightforward extensions of the SM.
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Typically, WIMPs are thermal relics whose density is determined by a process called

thermal decoupling.

Dark matter can also be categorized based on its decoupling processes from the
Universe’s SM plasma. For example, “freeze-out” DM like WIMPs undergoes a
decoupling process dominated by annihilation into SM particles (e.g., x + x —
SM + SM). However, other scenarios include “freeze-in” DM, where the particle
density approaches equilibrium density over time. In scenarios where DM decoupling
involves not only annihilation but also elastic scattering and self-annihilation, new

DM models emerge.

One such model is the ELDER (Elastically Decoupling Relic) DM, where the de-
coupling is governed by four key processes 1. DM annihilation to SM particles
(X + X < SM +SM). 2. DM-baryon elastic scattering (xy + SM <« x + SM). 3.
3 — 2 self-annihilation (xxx <> xX)- 4. 2 — 2 elastic self-scattering (xx <> xX)-

5.3 Thermal evolution of 21cm signal

In this model, the relic density of DM is primarily determined by elastic scattering.
As the Universe cools to temperatures below the DM mass (Tuniy < my), the equi-
librium density of DM particles drops exponentially, leading to the decoupling of
annihilation processes. However, self-annihilation and elastic scattering continue to
keep DM in thermal equilibrium with the SM plasma. Eventually, as the Universe
expands, self-annihilation processes like xxx — xx maintain a nearly constant tem-
perature for DM, despite the decoupling of elastic scattering. This self-annihilation
process is referred to as “cannibalism,” where three DM particles interact to form

two, releasing energy that maintains the DM temperature.

The relic density of ELDER DM depends on the cross-sections of self-interaction
and elastic scattering processes. For DM with mass in the range of 10 to 100 MeV,

the relic abundance [108] is given by

111



Chapter 5 Fxploring Elder Dark Matter in the Context of 21cm Cosmology

0 108 mytey exp(—10 € myih?) (5.1)
X 1+ 0.07loga ' '

Here, « is the coupling strength for 3 — 2 self-annihilation, € (= ¢/107?) is the
LN
1MeV
mass of DM in MeV. Recent studies indicate that for ELDER DM, the coupling
My
10MeV

coupling strength for 2 — 2 self-scattering, and myey = is the parametrized

strength a should lie within the range 0.5 <a<T73.

The 21cm signal originates from the hyperfine transition of hydrogen atoms between
their two spin states (s = 0 and s = 1). The intensity of this absorption spectrum

is described by the brightness temperature T5;, which is expressed as

T, —T,

Ty —
21 1—|—Z

(1—e™), (5.2)

where 7 is the optical depth, 7', is the background temperature, and T} is the spin

temperature at redshift z.

The theoretical brightness temperature of the 2lcm signal at z = 17.2 (T4") is
approximately TJ" ~ —200mK when T, = T, (the baryon temperature). How-
ever, the EDGES experiment reported a significantly lower brightness temperature
TEPGES — 5007200 mK, with a confidence level of 99%. This discrepancy, al-
most 3.80, indicates a need to explore beyond the standard cosmological models to

understand the observed cooling of the hydrogen gas.

5.4 Effect of ELDER dark matter on 21cm line

The brightness temperature T, is influenced by variations in the background tem-

perature T, the spin temperature T, or both. At redshift z ~ 1100, photons
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should free-stream; however, due to the high photon density, radiation remains cou-
pled to matter via Compton scattering until z ~ 200. Once the Compton heat-
ing timescale exceeds the Hubble time, decoupling of matter and radiation occurs.
Post-decoupling, the temperatures of matter and dark matter decrease more rapidly

(T ~ (14 2)?) compared to the radiation temperature (7%, ~ (1 + z)).

In the absence of interactions, the temperature evolution for standard model (SM)

gas and dark matter (DM) can be described by the following equations, respectively

[219, 159]
dT, I
1 — =2Ty + ——(Ty, — T 5.3
dT.
(1+ z)d—; = 2T,, (5.4)

where I', represents the Compton scattering rate.

This study examines the impact on T5; when incorporating four ELDER dark mat-
ter processes, including DM-baryon elastic scattering and DM annihilation to SM

particles.

5.4.1 DM-baryon elastic scattering (x + SM < x + SM)

After photon decoupling in the early Universe, dark matter and baryons acquire a
relative velocity V,,, leading to a drag effect between them. Dark matter and baryons
may undergo Rutherford-like elastic scattering, with the cross-section strongly de-

pendent on velocity, expressed as v~*. The scattering cross-section is
o =0t = (0g4q x 107%™ cm?, (5.5)

where o4 = is dimensionless. The relative velocity V,; is the difference

0o
104
between the bulk DM velocity V, and baryon velocity V;, i.e., Vi, = V| — Vj. The

initial condition Vi = 10~%c at z = 1010 is used in our calculations.
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Scattering between hotter baryons and colder DM heats the DM. The rate of change
of relative velocity D(V,s), and the heating rates of baryons Qp and DM QX, are
given by [180]

dVi Pmoo 1
= —D(Vy) =" F(r), 5.6
- (Vo) = o F ) (56)
d .2 (T - T
& _ Qb: MpPx00€ ( X b) Px MM beD(be), (57)
dt (my, + my )%V 21, Py + Py My + My
d .2 (T, — T
Qv g 2o I 1) g M opg s g
dt (mp + my )2V 2mud, Po + Px My + My

where p, and p, are the DM and baryon densities, respectively, and p,,, = py+pp. M0
and m, are the average masses of baryons and DM, respectively, with temperatures

T, and T),. The term r is defined as r = V. /uw,, with uy, = \/Tb/mb + T, /m,. The

function F(r) is

F(r) = erf(r/V2) — \/2/mre /2. (5.9)
Equation 5.6 can be rewritten as

dVe Vi

dz  1+z (1+2)H(2) (5.10)

5.4.2 DM annihilation to SM (y + y <> SM + SM)

DM annihilation into SM particles can inject energy into the Universe, affecting
the gas temperature (7}) by heating, ionizing, or exciting the gas [219, 220]. The
rate of energy injection from annihilation depends on the velocity-averaged s-wave
annihilation cross-section (ov) and is given by

dE ) 2 2 6{ov)
) = (o) (5.11)
(dth Y my,
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where f, is the DM fraction (assumed to be 1), and the two annihilating particles

are indistinguishable. The deposited energy is related to the injected energy by

dE dE

where f.(z) is the deposition efficiency at redshift z [192, 191, 193, 221, 185, 222].
The fractions of energy deposited into baryon heating and gas ionization are y;, =

14 2z.)/3 and x; = (1 — x.)/3, respectively 223, 224, 225 177].
(

5.4.3 “3 — 27 self-annihilation (yxx < xx)

Initially, DM particles are in thermal and chemical equilibrium with SM particles,
but as the Universe expands and cools, the DM temperature drops below their
mass. The 3 — 2 self-annihilation process, where three DM particles annihilate
to form two, helps maintain chemical equilibrium even when elastic scattering with
SM particles is insufficient. This ”cannibalization” decreases the number of DM
particles and releases kinetic energy, which is then transferred to the SM gas via

DM-SM elastic scattering. The self-annihilation cross-section is parametrized as
[108, 109]
2 a’
<O'3H2'U > = $, (513)
X
where m, is the DM mass and « is the coupling constant. The excess energy transfer

rate to SM particles is
Qgg ~ F32mx = ni<03ﬁ2U2>mX, (514)

with I3y = n,(03-90?) being the annihilation rate.
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5.4.4 “2 — 27 elastic self-scattering (xx < xX)

The xx > xx interaction, also known as “2 — 27 elastic self-scattering, does
not alter the number of dark matter particles. This process decouples after the
“3 — 27 self-annihilation event. Both interactions in the dark sector exchange
energy among dark matter particles, and heat is transferred to the standard model
(SM) gas through DM-SM elastic scattering. The rate of heat transfer is expressed
as

QQQ ~ FQQ'U)QCTX 5 (515)

where the interaction rate for “2 — 2”7 self-scattering is
FQQ = TLX<O'2_>QU> s (516)

and the cross-section is parametrized as

62
<0’2_>2U> = m_?( s (517)

with € being the coupling constant.

Both “2 — 27 self-scattering and “3 — 2”7 self-annihilation occur exclusively within
the dark sector, affecting only the thermal evolution of dark matter. The thermal
evolution due to “2 — 2” interactions can be described by

2 @

Gz = T 3(1+ 2)H(z)n, (5.18)

Impact on Brightness Temperature (75;)

To investigate the effect of these processes on the brightness temperature T5;, we
numerically solve the system of coupled differential egs. (5.3, 5.4, 5.6, 5.7, 5.8, 5.10)

for different redshifts, considering the heating contributions from 3 — 2 and 4 — 2
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self-annihilation, as well as DM annihilation to SM particles and elastic scattering
with baryons. The total energy injection rate into the baryons is modified to include
these additional heating terms. By solving these equations, we can determine the
evolution of the gas temperature 73, DM temperature 7T, and relative velocity Vi,

which in turn allows us to compute the brightness temperature 75;.

Incorporating the effects of both “3 — 2”7 and “2 — 2” interactions, the evolution

equations for temperatures and ionization fraction become

dT. 2 dQ
1 —X 9o, — — %X 1 1
(1+2) P T30 at + (1 + 2) (k32 + Co2) (5.19)
dTb FC 2 de 1 ( dF ) Xh 2
142) 5 = o7+ Ty—T,)— - Xh
(42, ’ H(z)( v=T5) BH(z) dt  H(z) \dVdt ) 4, ng 3(1 + ze + fre)
(5.20)
The ionization fraction (z. = 7=) evolves as
dzx, 1 _ _3Bg_

where ny is the number density of hydrogen and n,. is the number density of free
electrons. The Peebles-C factor (Cp) is nearly unity, and ap and S are the effective
recombination coefficient and the effective photoionization rate, respectively. The

heating term Iyea¢(2) represents the heat involved in ionizing the baryons

1 [ dE
Toowc(2) = s L 5.22
heat () = X 1o <dth)dep (5:22)

These results will provide insights into the potential modifications of the 21 cm
signal due to ELDER dark matter processes, offering a window into the properties

and interactions of dark matter in the early Universe.
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my (GeV) | oy || n= m;EO's (GeV~02)
0.015 0.25 | 1 1.05 x 107

Table 5.1: Benchmark values for various parameters (m,, o41, «, and 1) used
in the plots of fig. 5.1.

5.5 Results and conclusion

In this study, we explore several intriguing aspects of 'TELDER’ dark matter within
the framework of the 21cm brightness temperature scenario. ELDER dark matter
affects four primary interactions that subsequently influence the temperature of the
baryonic fluid and, thus, the 21cm signal’s brightness temperature. The most critical
interaction among these is the dark matter-baryon interaction, which reduces the
temperature disparity between the baryonic and dark matter fluids. The dark matter
candidate under consideration may cool the baryons through elastic scattering with

standard model (SM) particles.

In contrast, the other interactions associated with ELDER dark matter, such as
dark matter annihilation (xyx — SM SM), dark matter self-scattering (xx — xX),
and dark matter self-annihilation (xyx — xxX), tend to heat the baryons. This
heating can occur either directly, as in the case of dark matter annihilation into
SM particles (xx — SM SM), or indirectly, through dark matter self-scattering and
self-annihilation (xx — xx and xx — xxx) -

To incorporate the effects of ELDER dark matter, we solve a set of coupled equations
(Egs. 5.10, 5.19, 5.20, and 5.21) to obtain the thermal evolution of the baryonic
temperature (7;) and the dark matter temperature (7)). For this analysis, we
assume that at z ~ 1010, the dark matter fluid’s temperature is negligible, while the
baryonic temperature (7}) is approximately equal to the radiation temperature (77),

reflecting the tight coupling between baryons and radiation prior to recombination .
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Figure 5.1: (a) Evolution of the baryonic matter temperature (73) with redshift

(z) for various selected model parameters. (b) Corresponding spin temperature

(Ts) evolution with redshift (z) for the same set of model parameters. (c) Evo-

lution of the brightness temperature (T51) with redshift (z) for different chosen
model parameters.

The baryon temperature (73) and spin temperature (7s) are obtained through nu-
merical solutions of the coupled differential equations (Egs. 5.10, 5.21, 5.19, and
5.20) as detailed in Section 7.3. For this study, we adopt benchmark values for the

parameters listed in Table 5.1. Notably, n is expressed in terms of e.

Fig. 5.1 illustrates the calculated variations of Ty, T, and T, with redshift z. These

results are compared against variations with different parameter values such as m,
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and o41. In fig. 5.1(a), the magenta line depicts 7}, versus z using the benchmark
values from Table 5.1. Variations due to changes in individual parameters while
keeping others fixed at the benchmark values are also shown. Similarly, fig. 5.1(b)
and fig. 5.1(c) display variations of Ty and T5;, respectively.

In all plots of fig. 5.1, the background temperature 7', (black line) versus z is included
for reference. Notably, T}, shows limited sensitivity to parameter variations, with
minor fluctuations (~ 2°K to 7°K) observed for z < 30. During reionization, as
shown in fig. 5.1(a), the spin temperature rapidly transitions from 7, to 7T; due
to the Wouthuysen-Field effect. Similarly, fig. 5.1(b) indicates minimal parameter

dependency for Ty versus z for z < 22.

Regarding Ty, (Fig. 5.1(c)), variations due to parameter changes exhibit more signif-
icant effects compared to T, and T}. For instance, at z ~ 17.5, Ty, shifts from —500

mK to —410 mK when adjusting the strength parameter n for the 2 — 2 process.

These findings underscore the distinct impacts of parameter variations on T5; com-

pared to T, and 7.

We now extend our analysis to constrain the parameters €, 7, and « (representing
various self-interaction parameters) using observational results from EDGES for the
brightness temperature Ty at z = 17.2 (=300 mK > T5; > —1000 mK). To facilitate
this, we introduce T 172, denoting the brightness temperature Th;, specifically at

z=17.2.

Fig. 5.2 illustrates the permissible regions in the a-n parameter plane for different
values of the dark matter mass m, = 0.01 GeV, 0.02 GeV, 0.05 GeV, and 0.10 GeV,
as depicted in panels (a), (b), (c), and (d) of the figure, respectively. Each panel
corresponds to a specific m,,, and the colour coding in the plots represents different

values of T57'"2) with the colour index provided at the bottom of fig. 5.2.

In all panels of fig. 5.2, the regions coloured in white denote areas that are ruled

out based on the EDGES observational constraints. It is evident from fig. 5.2 that
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The parameter space in the a-n plane is examined for different

values of m, in figs. (a) to (d): (a) my, = 0.01 GeV, (b) m, = 0.02 GeV, (c)
my = 0.05 GeV, and (d) m, = 0.10 GeV. Each plot assumes 041 = 0.25.
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Figure 5.3: The allowed region in the 7 - m, parameter plane.

for higher values of m,, T5;'"% decreases across individual points in the a-n plane,

consequently shifting the allowed region towards higher values of 7.

Moreover, the allowed zone tends to cover the entire permissible range of o (i, to
Omax) and shows minimal dependence on «. However, slight variations are observed

for lower dark matter masses m,,, as depicted in panels (a) and (b) of fig. 5.2.

It should be noted that all plots in fig. 5.2 maintain o4, = 0.25 throughout for

consistency.

From fig. 5.2, it is evident that as m, increases, higher values of 7 are required to
achieve a desired value of T5;. The allowed zone in fig. 5.2 shifts towards higher values
of n as m,, increases from fig. 5.2(a) to fig. 5.2(d). Additionally, it is noticeable from
fig. 5.2 that to achieve a specific variation in Ty (within —1000 mK and —300 mK),
the parameter o varies less compared to 1. Hence, T, exhibits greater sensitivity

to n than to . These computations are performed with o4, fixed at 0.25.

In these calculations,  and m, are systematically varied while solving the coupled
differential equations with a fixed o4; and «. Here, 041 = 0.25 is chosen. To deter-
mine « for each set of  and m,, the range of « is identified, and the average value

o= O“"“TJFO‘“““ is employed in computing 75; for that specific n — m, configuration.
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Figure 5.4: The permissible regions in the 041 - m, plane are depicted for various
selected values of 7, accompanied by several constraints derived from different
experiments.

Fig. 5.3 also includes comparisons with bounds obtained from Supernova observa-
tions and the WMAP results, as detailed in Ref. [108]. The bounds from Supernova
arise due to the trapping of dark matter x within the SN core through x scattering
on photons, imposing constraints on e [108]. The WMAP constraint is derived from

the bounds shown in Ref. [108] and depicted in fig. 5.3 within the current study.

Fig. 5.3 highlights that the constraints derived from our calculations using EDGES
21cm observations align with the SN and WMAP constraints on €. Specifically, in
fig. 5.3(b), the lower bound on €, obtained from the process vy — x x at SN, is
illustrated in terms of n for comparison [108]. This overlap underscores that the
1 —m, parameter space permitted by the observational constraints of the 21cm line
during the reionization epoch also respects the SN cooling constraint, as well as the

PLANCK and WMAP constraints on e.
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The permissible region is also assessed in the o4; - m, parameter space for three
distinct values of n. In fig. 5.4, the allowed zones corresponding to n = 1.0 x
1077GeV™Y2, np = 1.2 x 1077GeV™Y2 and n = 1.4 x 1077 GeV~? are plotted
across the range of dark matter masses 0.01 GeV < m, < 0.1 GeV. These plots also
incorporate various experimental constraints. Similar to the methodology used in
fig. 5.2, the values of « for different m, are determined by averaging the permissible

range of a.

From fig. 5.4, it is evident that the allowed region narrows at lower values of 7.
Conversely, the region expands and becomes more pronounced at higher values of
n. Additionally, it is observed that the region corresponding to higher values of n
tends to occupy the higher o4 regime. This trend is associated with the increase in
1, which influences the rate of dark matter self-interactions x x — x X, thereby po-
tentially injecting more heat ( (ov) ~ ;—2) Conversely, as m, decreases, (V) y—y x
increases, necessitating an increase in the dark matter-baryon scattering process to

counterbalance this heating effect, as illustrated in fig. 5.4.

We further expand our analysis to determine the density parameter €2, for ELDER-
type cold dark matter candidates across different values of 7. In fig. 5.5, €, is
scaled relative to Q4y, the dark matter density parameter for the entire Universe
as determined by PLANCK [45]. The solid red line in fig. 5.5 represents €, /Qqm
for m, = 0.01 GeV, calculated at & = (unax + Qmin(1my))/2 as previously described.
The corresponding values for @ = max and @ = amin(m,) are shown by the red
dotted and dashed lines, respectively. Similar variations of €2, with 1 are depicted
for the other three m, values (0.02 GeV in green, 0.05 GeV in blue, and 0.10 GeV
in magenta), with each set of lines representing a specific m, value. In each set, the
solid line of a particular color corresponds to & = (Quax + Qmin) /2, while the dashed

and dotted lines show the variations for & = aax and a = amyin(m, ), respectively.

In fig. 5.5, solid squares of respective colors denote the values in the Q, /Qpy—n plane

that match the central value of the EDGES experimental result (757172 = —500
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Figure 5.5: Variations of the dark matter density parameter (2, , normalized to
the critical density of the Universe, are depicted for the dark matter particle x as
a function of 7, considering four distinct mass values of x. These are illustrated by
solid colored lines. Additionally, dashed and dotted lines correspond to & = @max
and « = amin(m,) respectively, for each of the four mass cases, where the solid
lines represent the average « values. The solid squares on the plots denote the
EDGES observational result of the brightness temperature 75172 = —500 mK.

mK) for each m, considered. It is observed that for all four chosen m, values,
the best-fit points lie within the range Qpy < 1. This indicates the presence of
other dark matter components in the Universe, suggesting the potential existence of

multi-component dark matter systems.

It should be noted that the “3 — 2” process within the ELDER scenario is con-
siderably less significant compared to the “2 — 2”7 process. Even when setting the
parameter «, which governs the “3 — 2”7 interaction strength, to zero, it has been

verified that the outcomes remain unchanged. The cross-section for the “2 — 27
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process is constrained by observations from the Bullet Cluster and halo shapes, en-

suring that 222X < 1cm?/g. This constraint is crucial for explaining the observed
X

small-scale structure through N-body simulations. Therefore, the self-scattering of

dark matter plays a pivotal role in the process of Universe structure formation.
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Compact Astrophysical Objects

In the realm of 21cm cosmology, there is ongoing exploration into the predictions
concerning compact astrophysical objects. These objects, which include neutron
stars, white dwarfs, black holes, and more exotic varieties like quark stars and bo-
son stars, are pivotal due to their extreme densities. This compactness leads to the
manifestation of unique phenomena that play a crucial role in high-energy astro-

physics and cosmology.

Specifically, in the context of 21cm cosmology, the study of these compact objects
becomes significant as they may influence the distribution of dark matter and affect
the observed 21cm signal from the early Universe. Their properties, such as non-
luminosity or low-luminosity in the case of black holes and other similar compact
objects, also make them potential candidates for contributing to baryonic dark mat-
ter. Thus, exploring the predictions regarding these compact objects offer valuable
insights in the understanding of both the formation and evolution of the structures
in the Universe, as well as the nature of dark matter itself. In this chapter these

aspects have been addresses exploring the 21cm HI signal.
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6.1 Introduction

Compact astrophysical objects represent the final stages of stellar evolution, encom-
passing familiar entities like neutron stars, white dwarfs, and black holes, as well
as more exotic ones such as quark stars, preon stars, and boson stars. These ob-
jects are extraordinarily dense, leading to the emergence of extreme phenomena that
hold great importance in high-energy astrophysics and cosmology. Many of these
compact objects, such as black holes, MACHOs (Massive Astrophysical Compact
Halo Objects), and black dwarfs (spent white dwarfs), are characterized by their
non-luminous or low-luminous nature. These types of astrophysical bodies are often

considered potential candidates for baryonic dark matter.

Renowned English astronomer and physicist Sir Arthur Stanley Eddington discussed
the discovery of the first observed white dwarf, Sirius B, in his book ”The Internal
Constitution of the Stars” (1926) [226]. However, the actual discovery of the first
white dwarf occurred earlier in 1914 by W. S. Adam. Subsequently, in 1931, S.
Chandrasekhar developed a comprehensive model of white dwarfs by incorporating
the relativistic effects of degenerate electrons [227]. Chandrasekhar also calculated
the maximum possible mass for white dwarfs, known as the ”Chandrasekhar limit,”

set at 1.4 My in his analysis.

White dwarfs represent the first compact stars to have been identified. It is estimated
that more than 95% of stars will enter this phase at the culmination of their lifecycle.
Current models suggest there are approximately ~ 101 white dwarfs in our Milky
Way galaxy today [228]. Typically, a main-sequence star with a mass between 0.07
Mg and 10 Mg [229, 230] transitions into a white dwarf as it exhausts its hydrogen
core and begins fusing heavier elements, shedding its outer layers. This process
results in a planetary nebula dissipating into space, leaving behind a compact white
dwarf core sustained by electron degeneracy pressure, which stabilizes its collapse
depending on its core density. If the white dwarf’s mass exceeds the Chandrasekhar

limit, electron degeneracy pressure cannot prevent gravitational collapse, leading to
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a transformation into a neutron star. Additionally, if a white dwarf is part of a
binary system, it may accrete mass from its companion star, potentially surpassing

the Chandrasekhar limit and transforming into a neutron star.

Due to their high compactness, white dwarfs exhibit surface gravities hundreds of
thousands of times greater than that of Earth. They emit light over billions of
years but eventually cool down to become black dwarfs, devoid of energy to radiate
further. Given the Universe’s age of 13.6 x 10° years, no observational evidence of

black dwarfs has been recorded to date.

6.2 Neutron Stars

“Things changed with the discovery of neutron stars and black_
holes - objects with gravitational fields so intense that dramatic
space and time-warping effects occur. ”

-Paul Davies

The discovery of pulsars in 1967 [231] and their subsequent identification as rotating
neutron stars in 1968-69 sparked significant interest in neutron star physics [232].
These objects are now understood to be the remnants of supernova explosions, rep-
resenting the final stage in the evolution of massive stars. Neutron stars exhibit
extreme properties: their surface matter density is around 10*g/ cm3, and at their
core, the density can exceed normal nuclear matter density (p, ~ 2.8 x 10! g/ Cmg).
At these high densities, exotic forms of matter, such as hyperons, quark-hadron

mixed phases, and Bose-Einstein condensates of kaons, may exist.

Neutron stars [233, 234] also possess incredibly strong magnetic fields ( 102 G),
rapid rotation periods (ranging from milliseconds to seconds), and extremely low
spin-down rates ( 107%). Such extreme conditions cannot be replicated in terres-
trial laboratories, making neutron stars exceptional natural laboratories for studying

matter under these extreme conditions.
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Numerous theoretical models have been proposed to describe the properties of neu-
tron star matter. However, only a model that accurately interprets all observational

data will ultimately prevail.

6.2.1 Birth of a neutron star

Neutron stars are the final products of stellar evolution, believed to form during su-
pernova explosions. A star typically spends most of its luminous life in the hydrogen-
burning phase, where hydrogen fusion produces helium and releases vast amounts
of thermal energy in the core. This outward thermal pressure balances the inward
gravitational pull, stabilizing the star. Once the hydrogen in the core is depleted,
the star collapses under its own gravity. The core heats up during this collapse, and
when the temperature becomes high enough, helium fusion begins in the core while

hydrogen continues to burn in an outer shell.

For stars with masses up to about 8 times the mass of the sun (8 Mg)), the burning
process cannot proceed beyond helium fusion as the core temperature never gets high
enough for further fusion. Helium burning mainly produces carbon and oxygen, and
these reactions are extremely temperature-sensitive. A slight rise in temperature
can significantly increase the reaction rate, making the star unstable and causing
large pulsations that eventually expel the star’s outer envelope into the interstellar
medium. The remaining carbon-oxygen core contracts under gravity but cannot
ignite carbon fusion due to mass loss. It ultimately becomes a white dwarf, where

gravity is balanced by electron degeneracy pressure.

In more massive stars (greater than 8 My)), the core undergoes successive stages
of fusion, burning elements such as carbon, neon, oxygen, magnesium, and silicon.
This creates an onion-like structure with concentric burning shells. The innermost
shell contains iron-group elements (Fe, Ni, Co), the end products of silicon burning

(Fig. 6.1). Fusion stops at iron (*°Fe) since it is the most stable nucleus, and iron

130



Chapter 6 Compact Astrophysical Objects

burning is not energetically favourable. Without fusion, there is no outward thermal
pressure to counteract gravity, causing the core to collapse. As the core gains mass
from the surrounding shells, it eventually exceeds the Chandrasekhar limit (1.4

Mg)), and electron degeneracy pressure can no longer support it.

Figure 6.1: Schematic diagram of neutron star core.

The core’s density increases until inverse beta decay becomes favourable, where
protons capture electrons to form neutrons and neutrinos. This process depletes
electrons, reducing electron degeneracy pressure and accelerating the collapse. Neu-
trinos initially escape the star quickly but become trapped as the density reaches
approximately 10'2 g/cmg. When the core’s density exceeds nuclear density (~
2.8 x 10" g/cm®), nuclei dissolve into nuclear matter. The repulsion between nu-
cleons and the degeneracy pressure of nucleons, electrons, and neutrinos then halt
further compression, creating a shock wave that expels the star’s outer layers in a

supernova explosion.

If the star’s initial mass is more than 20 My), the remaining core collapses into a
black hole. For less massive stars, the remnant forms a neutron star. Newly formed
neutron stars are extremely hot, with temperatures ranging from 10 to 10'? K.

They cool rapidly by emitting trapped neutrinos, reducing their temperature to 10°
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to 10!Y K within a day. Over time, neutron stars continue to cool more slowly

through neutrino emission and later through photon emission.

6.2.2 Structure and composition of Neutron star

In a cold neutron star, the matter is in its absolute ground state, meaning its energy
cannot be reduced by any strong, weak, or electromagnetic processes. The composi-
tion of this ground state changes significantly with increasing density. The interior

structure of a neutron star can be divided into several distinct layers (Fig. 6.2).

At the surface, there is an atmosphere only a few centimetres thick, composed of
plasma primarily containing hydrogen, helium, and possibly traces of heavier ele-
ments. Although this layer holds a negligible fraction of the star’s total mass, it
is crucial for observations as the electromagnetic and thermal radiation spectra we

detect originate from this region.

Atmosphere
{ H, He, C erc.)

Envelope
{ Fe atoms/ions + e~ )

Outer Crust

({ nuclei +e-)

Hyperons
kaon condensate
Quark—gluon plasma

Inner Crust

i .
10 T = Radius (km)

Figure 6.2: Schematic diagram of interior of neutron star core. [235]
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Just below the atmosphere lies a thin envelope a few meters thick, consisting of
ionized %°Fe atoms and a gas of non-relativistic electrons. At a density of about
10* g/cm®, 5%Fe nuclei become completely ionized, marking the start of the outer
crust, which extends a few hundred meters. In this outer crust, nuclei are arranged in
a body-centered cubic (bce) lattice, surrounded by a gas of free electrons that become
relativistic at densities above 107 g/cm®. Initially, *Fe is the equilibrium nucleus, but
as density increases, the nuclei become more neutron-rich through electron capture
processes. At around 4 x 10! g/cm3, neutrons begin to drip out of the nuclei,

marking the neutron drip point and the transition to the inner crust.

The inner crust, which is about a kilometer thick, consists of neutron-rich nuclei
immersed in a neutron gas and a uniform electron gas. As density increases, the
number of free neutrons and the volume fraction occupied by the nuclei grow. Near
the bottom of the crust, where this volume fraction exceeds 50%, the nuclei may
transition through various shapes such as cylindrical, slab, cylindrical bubble, and
spherical bubble forms—known as the pasta phase [236, 237, 238]. Beyond a den-
sity of about 10 g/ cm®, nuclei dissolve into nuclear matter, defining the crust-core

boundary.

The outer core of the neutron star extends up to a density of about 2p, (where
po ~ 2.8 x 1011 g/ cm3), spanning a few kilometers. It comprises a uniform mixture
of neutrons, protons, electrons, and muons, where the electrons and muons form
ideal Fermi gases and the neutrons and protons constitute a strongly interacting
Fermi liquid. In this region, neutrons may exhibit superfluidity while protons may

demonstrate superconductivity:.

The inner core, the densest part of the neutron star, along with the outer core,
accounts for most of the star’s mass. The exact composition and equation of state
(EOS) of this region are highly model-dependent. It has been proposed that at such
extreme densities, various exotic forms of matter such as hyperons, quark-hadron

mixed phases, and Bose-Einstein condensates of kaons might appear.
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6.2.3 Observational constraints

The theory of many-body interactions in dense matter is still incomplete, resulting
in numerous theoretical models that propose different equations of state (EOS) for
neutron star matter. To validate these models, we rely on observations of neutron
stars, as the extreme conditions within their interiors cannot be replicated on Earth.
Critical observational data include the masses and radii of neutron stars. Each
EOS predicts a distinct mass-radius relationship and a specific maximum mass for
neutron stars. Therefore, precise measurements of these parameters can eliminate

models that fail to align with observed values.

Models incorporating exotic particles within the neutron star core tend to yield
softer EOSs, resulting in a smaller predicted maximum mass compared to models
excluding such particles. Recent precise measurements have indicated a neutron star
mass of 1.97 +0.04 M, [239], significantly higher than previously measured values,
leading to the exclusion of several theoretical models that predicted lower maximum

masses.

Neutron stars emit radiation across the entire electromagnetic spectrum, providing
valuable information about their surface temperature, chemical composition, mag-
netic field strength, mass, and radius. Most neutron stars are observed as radio
pulsars, with over two thousand identified by 2008 [240], including 186 in binary
systems. These binaries fall into two categories: pulsar-neutron star (PSR+NS) and

pulsar-white dwarf (PSR+WD) systems.

Additionally, neutron stars in X-ray binaries, where they accrete matter from a
companion star, are significant for observations. X-ray binaries are classified into
high mass X-ray binaries (HMXBs) and low mass X-ray binaries (LMXBs). In
HMXBs, the companion star is a massive star with a mass greater than 10 Mg,

whereas in LMXBs, the companions are lighter than the sun.
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These observational constraints are essential for refining theoretical models and ad-
vancing our understanding of neutron star properties and the fundamental physics

governing their behaviour.

e Mass and Radius Measurements - The most accurately measured masses
of neutron stars come from observations of binary systems, particularly dou-
ble neutron star systems and neutron star-white dwarf systems. The heaviest
confirmed neutron star has a mass around 2.14 M (PSR J0740+6620 [241]),
setting a lower bound on the maximum mass.

The radius of neutron stars can be inferred from X-ray observations of ther-
monuclear bursts and from fitting the thermal emission of neutron star sur-
faces. The recent NICER (Neutron star Interior Composition Explorer) [242]
observations suggest radii in the range of 11-13 kilometers for neutron stars

around 1.4 M.

e Moment of Inertia- The moment of inertia provides information about the
distribution of mass within the neutron star and is sensitive to the equation of
state (EOS). Measurements from double pulsar systems, like the binary system

PSR J0737-3039 [243], are valuable for constraining this property.

e Surface Temperature and Cooling Rates - Neutron stars cool over time,
primarily through neutrino emission from the core and photon emission from
the surface. Observations of surface temperatures, especially from young neu-
tron stars and X-ray observations, provide insights into the cooling mechanisms

and interior composition.

e Gravitational Waves - The detection of gravitational waves from neutron
star mergers (e.g., GW170817 [244]) provides information on the tidal de-
formability, which is sensitive to the neutron star’s internal structure and EOS.
The tidal de-formability parameter, inferred from these observations, helps

constrain the stiffness of the EOS.
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e Other constraints - Observations of neutron stars through various phenom-
ena provide crucial insights into their properties. X-ray bursts and quasi-
periodic oscillations (QPOs) in low-mass X-ray binaries (LMXBs) reveal in-
formation about accretion processes, magnetic fields, and the surface charac-
teristics of neutron stars, indirectly helping to estimate their mass and radius.
The precise timing properties of pulsars, including their period and period
derivative, shed light on magnetic field strength, age, and spin evolution, with
millisecond pulsars setting constraints on maximum rotation rates and the
equation of state (EOS). Neutron stars exhibit a wide range of magnetic field
strengths, from 10% to 10'® gauss, influencing their emission mechanisms and
rotational dynamics; magnetars, with exceptionally strong magnetic fields, of-
fer unique observational constraints on magnetic field decay and energy release.
Observations of pulsar glitches and QPOs in magnetar flares provide valuable
data on the superfluid properties of the neutron star crust and its interactions
with the core. Additionally, neutron star mergers, detected by gravitational
wave observatories, yield comprehensive information about the masses, radii,
and EOS of these stars, with electromagnetic counterparts like kilonovae offer-
ing further insights into their composition and nucleosynthesis processes. By
integrating data from these diverse observations, astronomers and physicists
can rigorously constrain neutron star properties, enhancing our understanding

of the extreme states of matter they contain.

6.3 Quark Stars

The Universe is populated with objects that challenge common understanding,
among which quark stars are particularly exotic [245]. First predicted in 1965 by
Soviet physicists D.D. Ivanenko and D.F. Kurdgelaidze [246], quark stars are some
of the most peculiar celestial bodies. They are thought to form in the dense cores of

massive neutron stars, with primordial strange stars being another potential source.
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As quarks are the fundamental building blocks of matter, quark stars are signifi-
cantly more compact than typical neutron stars. According to an analytical study
by Banerjee et al. [247], in extreme cases, a quark star’s Schwarzschild radius can

be up to % of its total radius.

Typically, neutron stars represent the final stage in the evolution of massive stars.
However, if the star’s gravitational pull is strong enough to overcome neutron de-
generacy pressure, it can collapse further, forcing neutrons into an ultra-dense quark
phase. Alternatively, quark stars can form from the accumulation of ambient quark

matter in the presence of sufficient strange quarks [245, 248].

6.4 Massive Compact Halo Objects

In the early twentieth century, observations based on lensing and microlensing [30),
249] suggested the presence of non-luminous objects in the Milky Way’s halo, known
as Massive Compact Halo Objects (MACHOs). These stellar-mass objects, which
do not emit radiation, exhibit a wide range of masses from approximately 6 x 1078
to 15 Mg, [250]), although most commonly they fall within the range of 0.5703 M
[81, 251]. .

MACHOs have been proposed as candidates for baryonic dark matter. It is hypoth-
esized that MACHOs may originate from primordial strange quark nuggets, which
have a mass around 10* GeV [250]. These quark nuggets are believed to have formed
during the quark-hadron phase transition, which occurred when the Universe cooled
to about 100 MeV [245, 84], roughly 1075 seconds after the Big Bang. This coales-
cence process|[84] suggests an intriguing link between early Universe conditions and

the dark matter content observed in the present day.
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Figure 6.3: The Event Horizon Telescope captured the first-ever image of a
black hole, located at the center of the M87 galaxy. (Photo credit: Event Horizon
Telescope Collaboration)

6.5 Black Holes

The concept of a “Dark Star,” now known as a black hole, was first introduced
by British philosopher John Michell in 1783 within the framework of Newtonian
gravity. Nearly 200 years later, in 1965, Roger Penrose provided a mathematical
description of this phenomenon using Einstein’s theory of relativity. Black holes
[252] are among the most enigmatic entities in the Universe, characterized by their
extreme compactness and intense gravitational pull, which prevents even light from

escaping.

Black holes are believed to form from the gravitational collapse of massive stars.
When a star exhausts its nuclear fuel, its core collapses under the force of gravity.
In some instances, the star’s mass becomes so concentrated that the escape velocity
at its surface equals the speed of light. Consequently, the star ceases to emit or

reflect any electromagnetic radiation, rendering it invisible and thus a black hole.

Fig. 6.3 depicts the first-ever image of a black hole, captured by the Event Horizon
Telescope Collaboration in 2019. Although this image shows a supermassive black
hole, black holes can vary widely in mass. Primordial black holes (PBHs), for
example, can be significantly lighter than stellar-mass black holes. The concept

of PBHs was first introduced by Soviet scientists Y.B. Zel’dovich and I.D. Novikov
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[253]. These black holes are thought to form from the collapse of overdense regions

in the early Universe [254, 255, 256, 257].

The critical threshold for such overdensity can be characterized by the Jeans length
R; = %ﬁ. The density fluctuation dp must meet the condition 0, < 0p < max,
where O and O, represent the maximum and minimum values of the density
contrasts. This fluctuation is expressed as p = p. + dp, where p. is the critical
density for collapse. The gravitational fluctuations during the inflationary epoch
are considered the most plausible explanation for the formation of PBHs [258, 259,

260, 261, 262, 263, 264].

In addition to standard scenarios, several alternative hypotheses for PBH formation
exist, including the collapse of domain walls and cosmic strings, [265, 266, 267] and

the fragmentation of scalar condensation [268, 269, 270] .

6.6 Other Exotic stars

In addition to the compact stellar objects mentioned earlier, there exists a category
of exotic compact stars composed of elementary particles beyond protons, electrons,
neutrons, and muons [271, 272]. Quark stars, briefly discussed in the preceding
section, are one such example. Other intriguing candidates in this category include
preon stars, boson stars, and Planck stars [273]. Preons, hypothesized as fundamen-
tal components of leptons and quarks, can form extremely dense preon stars with
densities potentially exceeding 10 g/cm?® due to early Universe density fluctua-
tions or gravitational collapse within massive stars [274, 275]. Boson stars, peculiar
among compact objects, are theorized to be transparent and lack event horizons
like black holes, causing gravitational lensing due to their immense gravitational
fields possibly sustained by transparent axions or Helium-4 nuclei [276, 271, 277].
Planck stars, proposed by Carlo Rovelli and Francesca Vidotto in 2014 [273], are

highly hypothetical objects where quantum-gravitational pressure counterbalances
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their mass, potentially emitting detectable signals of quantum gravitational origin.
These exotic celestial bodies remain largely theoretical, challenging to detect through
conventional cosmic-ray signals. The future of space-based gravitational wave as-
tronomy holds promise for advancing our understanding and potentially discovering

these enigmatic astrophysical entities.
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Detection of Isolated Neutron stars

through HI signal

In this chapter, alongside the analysis of particle dark matter within the framework
of 21cm cosmology, we investigate the detection prospects of non-luminous compact
objects, particularly neutron stars, through gravitational lensing of the HI signal.
We propose a methodology to detect the lensed 21cm signal by an isolated neutron
star and subsequently calculate the necessary mass, radius, and position of the
neutron star to observe such lensing effects. This exploration bridges theoretical
cosmology with observational astrophysics, offering insights into the potential use
of gravitational lensing to probe compact objects and their impact on cosmological

observations.

7.1 Introduction

Neutral atomic hydrogen (HI) is essential for understanding the Universe’s evolution,
providing critical insights into the formation and dynamics of galaxies [278, 279, 280].
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HI signals also trace the distribution of matter throughout the cosmos. Studies indi-
cate that redshifted HI signals from the post-reionization era (z < 6) are particularly
valuable for understanding structure formation, as they originate from dense, self-
shielded regions of neutral hydrogen [281]. However, detecting HI signals is challeng-
ing due to their weak strength relative to foreground and background noise, limiting
observations to the local Universe. Only a few studies [282, 283] have successfully
detected HI signals at redshifts beyond z ~ 0.1, providing limited information on

HI’s role in more distant cosmic environments.

In recent decades, our understanding of the cosmic evolution of neutral hydrogen is
expected to undergo a significant transformation. Several advanced radio telescopes
are being developed to observe the HI spectral line at high redshifts. These include
the Australian Square Kilometre Array Pathfinder (ASKAP) [284], the Square Kilo-
metre Array [285], MeerKAT [286], the upgraded Karl G. Jansky Very Large Array
[287], the Westerbork Synthesis Radio Telescope (WSRT) with the APERTure Tile
In Focus project (APERTIF)[288], the upgraded Karl G. Jansky Very Large Array
[287] and the upgraded Giant Metrewave Radio Telescope (uGMRT) [289]. These
instruments will enable deep HI surveys, allowing for the detection of individual
galaxies at redshifts up to z ~ 1 and beyond. This will facilitate studies of HI
in galaxies at unprecedented scales and distances. The increased observational ca-
pacity will necessitate new analytical frameworks to accommodate the dynamics
of an evolving Universe, ensuring accurate data interpretation and advancing our

comprehension of cosmic phenomena.

HI radiation also offers significant potential for gravitational lensing studies. Re-
search has shown that if the Epoch of Reionization (EoR) occurred at redshift z ~ 8
or later, large-scale radio arrays like the SKA could measure the lensing convergence
power spectrum and refine standard cosmological parameters [290]. During the EoR,
the neutral hydrogen fraction is high, and HI gas is not limited to individual galax-
ies. At lower redshifts, the HI fraction decreases significantly, with the gas primarily

residing within discrete galaxies. In this regime, the distribution of HI is modelled
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as discrete sources clustered according to the Cold Dark Matter (CDM) paradigm.
This modelling is crucial for measuring lensing from HI radiation post-reionization.
The evolution of the HI fraction with redshift is still debated, significantly affecting

the expected lensing signal-to-noise ratio (S/N).

In this study, we explore the HI signal from a distant galaxy, providing essential
information about the properties of neutral hydrogen sources and the intergalactic
medium (IGM) at various redshifts. The uGMRT, with its 30 parabolic dishes of 45
meters each arranged in a “Y” shaped pattern and operating in four frequency bands
(125-250 MHz, 250-500 MHz, 550-850 MHz, and 1060-1460 MHz), is an excellent
instrument for detecting such HI signals. Each frequency band has system noise
dependent on various factors, including system temperature, antenna gain, frequency
bandwidth, and integration time. Additionally, foreground radio sources create noise
several orders of magnitude higher than the HI signal. Techniques to mitigate these

foreground sources have been discussed in the literature [291, 292, 293].

Recently, Chakraborty et al. [282] reported detecting the HI signal from a neutral
hydrogen source in a galaxy at redshift z ~ 1.3 using the uGMRT’s Band-4. This
observation suggests that the signal was magnified, allowing it to surpass the fore-
ground and system noise levels of the telescope. Strong gravitational lensing is one
potential method for magnifying weak HI signals. Chakraborty et al. noted the

nature and redshift of the lensing medium but did not provide further details.

In this analysis, we present a method to quantify the size and position of the lensing
object using the lensed HI signal detected at different uGMRT frequency bands.
While various astrophysical objects such as MACHOs and black holes can lens the
HI signal, we focus on neutron stars as potential lensing objects. Our proposed

method is applicable to any radio telescope with similar specifications.
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7.2 Effect of gravitational lensing of 21cm line

We explore a model of strong gravitational lensing, where a neutron star amplifies
the HI signal from a distant galaxy, making it detectable across various frequency
bands of the uGMRT. The discussion includes several key aspects: the flux of the
HI signal from the distant galaxy, the noise from the telescope and background that
suppresses this signal, the gravitational lensing model used to amplify the signal
beyond the noise level for detection at uGMRT, the relationship between a neutron
star’s mass and radius and its impact on signal amplification, the optical depth
indicating the likelihood of signal detection, and the chance coincidences crucial for

the amplification of the HI signal as detected by uGMRT.

7.2.1 Flux Density

The brightness of a radio signal is typically measured by its flux, given by S =
m, where L represents the luminosity and Dy, (z) is the luminosity distance
of the source. The luminosity distance is related to the co-moving distance by
Dy(z) = (14 z) Dy(2). In this study, we examine a neutral hydrogen source within
a distant galaxy at a cosmological distance with redshift z. We assume that three-
fourths of the HI atoms are in the upper hyperfine state, emitting HI signals with a
spontaneous emission rate of Ay;. The number of HI atoms involved in this emission

can be estimated from the source’s luminosity using ng; = , where h is the

4L
3h vyt Anr
Planck constant and vy = 1420 MHz is the HI emission frequency. To estimate the
HI column density, which represents the number of HI atoms per unit area along
the line of sight to the galaxy, we use Ny = ﬁm. Here, Qpeam is the solid

angle of the telescope beam, varying with different frequency bands, and Da(z) is

the angular diameter distance of the galaxy, related to the co-moving distance by

Da(z) = l()l“i(;)). Combining these equations, the HI flux from a galaxy at redshift =z
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can be calculated as

3 hvar A Nut Qbeam
So() = 7.1
hu(2) 167 (1 + 2)* Y

where €2, €2,,,, and In this context, Ay is the spontaneous emission rate of HI, which
equals 2.88 x 107" s~ h is the Planck constant, valued at 6.63 x 1073*J-Hz ™!, and
vyp is the HI emission frequency, which is 1420 MHz. Wolfe et al. (2005) proposed
that damped Lyman-alpha systems serve as reservoirs of neutral hydrogen, playing

a crucial role in the formation of galaxies at cosmological distances.

Damped Lyman-alpha systems are known to contribute significantly to the HI col-
umn density, Ny, whereas Lyman-alpha systems are optically thin at the Lyman
limit [294]. For this study, we use a saturated value of Ny = 2 x 102 cm™2 [295, 290]
as the HI column density for damped Lyman-alpha systems. The HI flux from a
distant galaxy also depends on the solid angle 20 covered by the telescope beam,
which is given by dQpeam = A(0)sinf df d¢ and is influenced by the antenna beam
pattern A(6). For the uGMRT, this pattern is approximated by a Gaussian function
A(0) = exp(—60%/62), where 0y = 0.6 Opwiym and Opwmy denotes the full width at

half maximum of the beam pattern, which varies across different frequency bands.

The redshift of the neutral hydrogen source is related to the observational frequency
Vons Dy the relation z = ﬁ — 1. For the uGMRT, the frequency bands correspond
to specific redshift ranges: 4.68 < z < 10.83 for B2, 1.84 < z < 4.46 for B3,
0.67 < z < 1.58 for B4, and 0 < 2z < 0.34 for B5. However, in this analysis,
we focus on HI signals from self-shielded dense pockets of neutral hydrogen in the
post-reionization era, where the redshift is z < 6. Therefore, we exclude B2 from
our consideration. We also exclude B5 since our focus is on detecting HI flux from
galaxies at larger cosmological distances in the post-reionization era. We define
a characteristic redshift z., based on the central frequencies of B3 and B4, with

z. = 2.73 for B3 and z. = 1.03 for B4. For these characteristic redshifts, the HI flux
[297] values are Syi(z.) = 0.41 Jy for B3 and 1.09 Jy for B4.
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7.2.2 Telescope and Background Noise

The detection of the faint HI signal is challenged by significant interference from
telescope noise, which is predominantly influenced by foreground and background
sources. These sources include extragalactic point sources, galactic synchrotron
radiation, and both galactic and extragalactic free-free emissions [298, 292, 293]. The
noise level of a radio telescope can be determined through the use of the radiometer

equation [299]

Tsys + TBG

S =
NA G A/ (np Tsamp AV)

In this context, np, Na, and Tiump represent the number of polarizations, the number

(7.2)

of antennas, and the sampling time for an observation, respectively. These param-
eters are independent of the frequency band; for instance, Ny = 14, np = 2, and
Tsamp = 0.671 seconds remain constant for both B3 and B4. The antenna gain
G varies across the frequency bands of the uGMRT. For this analysis, we use the
minimum value of G for each band to assess the maximum possible telescope noise.
Specifically, G is 0.38 K Jy ™' for B3 and 0.35K Jy ! for B4 [2389]. The system tem-
perature Ty varies across the frequency ranges of each uGMRT band. To maximize
the telescope noise, we use the highest value of Ty for each band. Specifically, iy
is set to 165 K for B3 and 100 K for B4 [289]. The frequency bandwidth Av, also
referred to as the usable bandwidth, varies across the different frequency bands of

the uGMRT. For B3, the bandwidth is 120 MHz, while for B4, it is 200 MHz [289].

Foreground and background astrophysical sources contribute significantly to the
telescope noise, represented by the noise temperature Tq, which is calculated using
Eq. 7.2. The value of Tgg depends on the observational frequency vs, generally
decreasing with increasing frequency. The sky temperature for foreground and back-
ground noise at an observational frequency of 78 + 1 MHz is approximately 6000 K
using the EDGES telescope [173]. This temperature would be lower for the B3 and
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B4 bands. Nevertheless, to maximize the estimated telescope noise, we use a typical

high value of Tsg = 10* K for both B3 and B4.

With these noise parameters, the calculated telescope noise values are AS = 70.26
Jy for B3 and 58.71 Jy for B4, which are approximately 170 and 53 times greater
than the HI flux, respectively. The signal-to-noise ratio (SNR) for the HI signal,
defined as (SNR)gr = Sui/AS, is 5.9 x 1073 for B3 and 1.9 x 1072 for B4. These

values indicate that detecting the HI signal without amplification is challenging.

Recent work [282] demonstrated a 50 detection of the HI signal from a star-forming
galaxy at a redshift of z ~ 1.3 using B4. They attributed the detection to the
strong gravitational lensing effect of an early-type elliptical galaxy at z ~ 0.13. This
finding suggests that strong gravitational lensing by compact objects could enhance
the detectability of the HI signal. In our analysis, we explore the potential of a
neutron star as a lensing object, aiming to amplify the HI signal by a factor of

approximately 10 to achieve a signal-to-noise ratio of 10.

7.2.3 Gravitational Lensing Model

Figure 7.1: A simplified diagram illustrating the gravitational lensing of the HI
signal by an isolated neutron star situated at a cosmological distance.
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Fig. 7.1 illustrates the gravitational lensing of the HI signal by a compact object,
specifically an isolated neutron star for this analysis. In the diagram, the source
“S” emits the HI signal, which travels along the path “SP” and is deflected at the
point “P” by the lensing object “L”. The observer “O” then receives the signal
along the path “PO”, forming an image of “S” at “I”. The line “ON” represents
the line-of-sight (LOS) between the observer and the compact object. The angular
positions of the source “S” and its image “I” relative to “ON” are denoted as 3 and
0, respectively. It is assumed that both the source and its image lie on the same

plane perpendicular to “ON”.

The bending of the signal path is characterized by the impact parameter £, which
indicates the closest approach of the signal to the lensing object, and the bending

angle a relative to “PS”.

For cosmological sources and lensing objects, the angular diameter distance is used
instead of their physical distance. For a source at redshift z, the angular diameter
distance is given by D(z) = (1 + z)7" [ dz' (¢/H(%')), where H(z) is the Hubble
parameter and c is the speed of light. In fig. 7.1, the angular diameter distances
from “O” to “L” and “S” are denoted as Dy and Dg, respectively, while Dyg is
the distance between “S” and “L”. Since both “S” and “L” are at cosmological
distances, Dyg is not simply Dg — Dy. The distances of the image and source from
“ON” are fDg and 0Dg, respectively, with the separation between “I” and “S”
being aDys.

We define a parameter v as D = yDg, which indicates the relative position of the
lensing object. Here, v — 0 means the lensing object is close to the observer, while
v — 1 indicates it is close to the source. The redshift of the lensing object, zp,
depends on v and the redshift of the source, zg, where a fixed v and zg determine
a constant zy,. Therefore, Dy and Dy, are functions of v and zg, while Dg depends

only on zg.
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The angular position 6 of the lensed image is given by

Gizg 1+ 1+<%)2 (7.3)
where ( is the angular position of the source and 6 is the Einstein radius. This
equation indicates that two images of the source are formed with angular positions
6. and 6_ relative to “ON”. The image at 6, is outside the Einstein radius, while
the image at 6_ is inside it. Observations may detect varying flux levels from these
images, with typically more flux received from the image at 6, . Einstein’s angle 6

is influenced by the mass of the lensing object and the angular diameter distances

of the source and lensing object from the observer

o |1 (Dt ) )

where G represents the universal gravitational constant, c is the speed of light in a
vacuum, and My (R) denotes the total mass of the lensing object, which depends on
its radius as detailed later in this paper. The parameters Dyg, Dy, and Dg have
been previously defined. Eq. 7.4 shows that Einstein’s angle 0 is influenced by the

parameters R, v, and zg.

As discussed, strong gravitational lensing magnifies the HI signal flux due to the
massive compact object “L” (see fig. 7.1). The amplified flux can be expressed as
S, = px Sur, where p is the magnification factor, and Sy is calculated using eq. 7.1.
The signal-to-noise ratio (SN R)yy, which is the ratio of Sgr to AS, is unaffected by
the lens’s magnification. Consequently, the amplified signal-to-noise ratio, (SN R),,,

is scaled similarly: (SNR), = 1 X (SNR)ur.

We previously noted that strong gravitational lensing creates two images of “S”
(Fig. 7.1) due to the lensing object “L”, one inside and one outside the Einstein
circle. This means the magnification factor p will differ for each image. For a

given angular position of the source “S” (Fig. 7.1), the magnification factor can be
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computed using
5% + 202, 1
fhy = ———— + —
26/ %+ 465 2

where p, and p_ are the magnification factors for the images formed outside and in-

(7.5)

side the Einstein circle, respectively. It follows that the signal-to-noise ratio (SNR),,
will be higher for the image outside the Einstein circle compared to the one inside.
Since 0 (Eq. 7.4) depends on R, 7, and zg, the magnification factors py also de-
pend on these parameters. For simplicity, we will consider only the image outside
the Einstein circle for two reasons: (A) the angular separation 6_ is very close to 3,
making it challenging to differentiate both images due to the limited field-of-view of
the uGMRT, and (B) the flux from the image inside the Einstein circle (S,), with

magnification factor p_, may be too weak to detect.

7.2.4 Mass of a Neutron Star

We previously established that Einstein’s angle g (Eq. 7.4) is influenced by the
mass of the lensing object. Consequently, both 6, (Eq. 7.3) and p; (Eq. 7.5) also
vary with the mass of the lensing object. In this analysis, we use a neutron star,
a dense and compact object, as the lensing medium, where its mass is a nonlinear
function of its radius. The mass My (R) of a neutron star can be determined nu-
merically by solving the Tolman-Oppenheimer-Volkoff (TOV) equations [300], given
by:

where P, p, and R represent the pressure, density, and radius of the neutron star,
respectively. The relationship between pressure P and density p is given by a poly-
tropic equation P = Kp', with K being a constant and I' the polytropic exponent
defined as I' =1 + %, where n is the polytropic index. The hydrostatic equilibrium

within the neutron star, as described by [301], is expressed through
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= AT R*P 7.7
TR (7.7)
We numerically solve these coupled differential equations, using parameters such as
a core density p. = 2.5 x 10'” kg m™® and a polytropic exponent I' = 2 for the
neutron star. The resulting mass M, (R) initially increases with radius R, reaches a
maximum, and then decreases. For the chosen values, the maximum mass M (R)

is approximately 20, at a radius of around 10 km, denoted as Rpeak-

7.2.5 Optical Depth

We now focus on the optical depth parameter, 7, which quantifies the likelihood
of detecting the lensed HI signal with a radio telescope at a given observational
frequency. The optical depth is influenced by the density and position of the lensing
object along the line of sight (LOS) and is expressed as

" / dx(2) (1 + 2)*np o(2) (78)

Here, x(z) denotes the co-moving distance for an object at redshift z, ny, represents
the co-moving number density of the lensing material, and o(z) is the cross section

of the lensing medium for the incoming HI signal at redshift z.

In a flat ACDM cosmology, the equation for 7 can be reformulated as

)? H§ Dys(2,7) Dr(2)
cH(z) Dg(z)

T(2s,7) = ;Qcof /OZS dz SR (7.9)

In this equation, H(z) = Hyy/Qu(1 + 2)3 + Q4 is the Hubble parameter, where
Hy, 3, and €2, are the Hubble constant, dark matter density parameter, and dark

energy density parameter, respectively. The values for these parameters are sourced
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from Planck results [45]. The dimensionless parameter f is close to unity, and the
density parameter of compact objects Q¢ is typically < 0.1 [302]. The equation
indicates that 7 depends on the redshift of the neutral hydrogen source (zg) and the

position of the lensing object, as determined by the parameter ~.

7.2.6 Chance Coincidence

Up to this point, we have examined how to estimate the signal-to-noise ratio (SN R),,)
of the HI signal amplified through gravitational lensing by a compact neutron star
for various frequency bands of the uGMRT. The analysis assumes a neutral hydro-
gen source at redshift zg with its signal further amplified by a neutron star located
at redshift z;. We have seen that the neutron star’s mass, which is a function of
its radius, plays a crucial role in this amplification, and the angular position of the
image also significantly affects the HI signal’s amplification. The neutron star’s mass

can be estimated using the Tolman-Oppenheimer-Volkoff (TOV) equations [300].

In addition to the mass of the lensing object, the angular position of the source ()
impacts the HI signal amplification. As previously noted, 3 is defined relative to the
line-of-sight (LOS) of the observation (refer to fig. 7.1). According to the amplifica-
tion formula in eq. 7.5, both amplification and (SNR), increase dramatically as

decreases. However, this paper does not show these trends explicitly.

We have determined a maximum allowed value for 3, denoted as Sy, above which
the HI signal amplification becomes insufficient for detection at various uGMRT
frequency bands. The value of ., varies depending on the frequency band, size,
and position of the lensing object. For instance, with a lensing object size of R = 10
km and 7 = 0.5, Bmax is 9.23 x 1072° rad for B3 and 9.86 x 10726 rad for B4. These
values indicate that [ is extremely small across all considered frequency bands,
suggesting that the source must be very close to the LOS for the HI signal to be
detected.
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This scenario aligns with the concept of “chance coincidence,” previously discussed

in studies such as [303].

7.3 Result

We analyze how variations in several lensing parameters impact the detection of the
HI signal across different frequency bands (B3 and B4) of the uGMRT. Our focus
is on the redshift (z1) of the neutron star, which acts as the lensing object, and its

dependence on the parameter v, which indicates the lensing object’s position.

The left panel of fig. 7.2 illustrates how z;, changes with v (ranging from 0.1 to 0.9)
for various redshifts of the neutral hydrogen source situated in distant galaxies. We
use characteristic redshifts z, for the different observational bands of the uGMRT:

z. = 2.73 for B3 and z. = 1.03 for B4, represented by different colored lines.

Our findings show that z; increases as 7 increases for all frequency bands of the
GMRT. For a given +, the trend of z, with v is quite similar for B3 (red line) and
B4 (blue line). Specifically, across the entire range of «y, the maximum zy, is 0.77 for
v = 0.9 with B4, while the minimum z;, is approximately 0.04 for v = 0.1, which is
nearly the same for both B3 and B4.

This indicates that the redshift of the neutron star used as a lensing object for
detecting the amplified HI signal at the uGMRT falls within the range of 0.04 to
0.77 for different frequency bands.

We next examine how the optical depth varies with the position of the neutron
star, which acts as the lensing object. The optical depth (7) plays a crucial role in
determining the likelihood of detecting the amplified HI signal, and it is influenced
by factors such as the redshift (zg) of the neutral hydrogen source, the position

(7) of the neutron star along the line of sight, and the density parameter (Q2¢o) of
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Figure 7.2: The left panel illustrates how the redshift of the neutron star varies

with its position, while the right panel shows the corresponding changes in the

optical depth fraction. These variations are considered for detecting the HI signal

at Band-3 (represented by the red line) and Band-4 (depicted by the blue line) of
the uGMRT.

compact objects. Although the exact value of )¢ is not precisely known, previous

study [302] suggests an upper limit of Qo < 0.1.

We investigate how 7/{¢o varies with « for different source redshifts, using char-
acteristic redshifts corresponding to different frequency bands of the uGMRT. The
right panel of fig. 7.2 illustrates this variation of 7/Qco with v (0.1 <~ < 0.9) for
different neutral hydrogen source redshifts. The red and blue lines represent the
optical depth fraction for detecting the amplified HI signal at Band-3 (2. = 2.73)
and Band-4 (z, = 1.03), respectively.

For all frequency bands examined, 7/Qco decreases as v increases. This indicates
that the likelihood of detecting the amplified HI signal is higher when the neutron
star is closer to the observer. Specifically, for a fixed v, 7/Q¢o is highest for Band-3
and lowest for Band-4. This suggests that the probability of detecting the amplified
HI signal is greater when the neutral hydrogen source is more distant from the

observer and diminishes when the source is closer.

Across the entire range of «, the maximum value of 7/Q¢o is 7.72 for v = 0.1 with
Band-3, while the minimum value is 0.43 for v = 0.9 with Band-4. Considering
the upper limit of Q¢p, the maximum and minimum values of the optical depth

are Tmax = 0.77 and 7, = 0.04, respectively. Therefore, the optimal conditions for
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detecting the amplified HI signal occur at Band-3 (z. = 2.73) when the neutron star
is situated closer to the observer.
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Figure 7.3: The impact of the radius (upper panels) and position (lower panels)

of an isolated neutron star on the signal-to-noise ratio (SN R),, for the HI signal

expected to be detected at Band-3 (left column) and Band-4 (right column) of the

uGMRT is illustrated. The black horizontal dashed line represents the threshold
value of (SNR),,, denoted as SNRyy, = 5.

The amplification of the HI signal through gravitational lensing by an isolated neu-
tron star is influenced primarily by two key parameters: the star’s mass and its
position along the line of sight (LOS). Earlier discussions have highlighted the ne-
cessity for the neutral hydrogen source to be close to the LOS, meaning 5 — 0, to
ensure that the amplified HI signal is detectable across different frequency bands of
the uGMRT—a condition known as “chance coincidence.” Consequently, we exclude

the parameter 5 from our analysis of HI signal amplification.

The neutron star’s mass is intricately linked to its radius, which can be estimated
using the Tolman-Oppenheimer-Volkov (TOV) equation. We convert the amplifica-
tion strength into the observed signal-to-noise ratio (SN R),, for detection at various
uGMRT frequency bands. Thus, the observed (SNR), is significantly affected by

the neutron star’s size and its position along the LOS.
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Fig. 7.3 illustrates how (SNR), varies with the neutron star’s radius and position
along the LOS for the detection of the amplified HI signal at Band-3 (left column)
and Band-4 (right column). The upper panels depict (SNR), as a function of
neutron star radius (R) for different values of v (0.1, 0.5, 0.9), which cover the
entire range of 7. The lower panels show how (SNR), changes with v for different
neutron star radii (8 km, 10 km, 16 km), spanning the full range of R. A threshold
value for (SNR),, denoted as SN Ry, = 5, is indicated by black horizontal dashed
lines; any (SNR), below this threshold is not considered a valid detection.

Initially, we examine the variation of (SN R), with R for detecting the amplified HI
signal across different frequency bands. For Band-3 (2, = 2.73), (SNR),, increases
with R until it reaches a peak near R,,,x ~ 10 km, after which it begins to decrease.
The steepness of this curve varies with ~, being steeper for v = 0.1 and flatter for v =
0.9. The peak (SNR), value also varies with ~; it is highest (SN Ry.x = 25.26) for
~v = 0.1 and lowest (SN Ry, = 2.69) for v = 0.9. For a range of 8km < R < 16 km,
(SNR),, is above SN Rry, only for v = 0.1 and below this threshold for v = 0.9,
while (SNR),, exceeds SN Ry, for v = 0.5 only if R < 11 km.

For Band-4 (z, = 1.03), similar trends are observed. (SNR), exceeds SN Ry for
v = 0.1 with 8km < R < 16km, and for v = 0.5 with R < 14km. However, for
v = 0.9, (SNR), remains below SN Ry, across the entire range of R. The maximum

and minimum (SNR), values are 75.74 and 4.06, respectively.

Next, we analyze the variation of (SNR), with v for different uGMRT frequency
bands. For Band-3, (SNR), decreases with increasing 7. The qualitative nature of
the (SNR), vs. ~ plot is similar for R = 10 km and 8 km, but differs significantly
for R = 16 km. For a fixed v, (SN R), is maximized at R = 10 km and minimized
at R = 16 km, with R ~ 10 km being denoted as Rpeak, the optimal radius for
maximum signal amplification. The value of 7.y, the upper limit of v for which
(SNR), remains above SN Ry, varies with R, showing . =~ 0.46, 0.51, and 0.13
for R =8 km, 10 km, and 16 km, respectively.
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For Band-4, 7.y is approximately 0.84, 0.86, and 0.37 for R = 8 km, 10 km, and 16
km, respectively. Generally, 7., increases as the redshift of the neutral hydrogen

source decreases.

In summary, a neutron star with a radius between 8 km and 16 km, positioned close
to the observer, can amplify the HI signal from a distant neutral hydrogen source
with a redshift ranging from 0.13 to 2.73, making it detectable at various uGMRT
frequency bands. This amplification is influenced by the neutron star’s radius, with

Rpeax = 10 km consistently providing the highest (SN R),, regardless of the source

Iz

redshift. This radius will be used as the standard for further analysis.
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Figure 7.4: The determination of the radius and position of an isolated neu-

tron star is based on the signal-to-noise ratio (SN R), of the HI signal, which is

expected to be detected at Band-3 (left column) and Band-4 (right column) of

the uGMRT. The white vertical dashed line indicates the standard neutron star
radius of Rpeax = 10 km.

We have explored how various lensing parameters, including the position and radius
of a neutron star, impact the amplification of the HI signal detected at different
frequency bands of the uGMRT. In this section, we examine how detecting an am-
plified HI signal with a specific signal-to-noise ratio (SNR), at a given frequency
band can help constrain the radius and position of the neutron star responsible for

the amplification.

Fig. 7.4 illustrates the relationship between (SN R),, and the parameters ~y (position)
and R (radius) of the neutron star for different frequency bands of the uGMRT.
The white vertical dashed line denotes the standard radius of the neutron star,

Rpeax = 10km. For instance, consider the scenario at Band-3 (left panel). If an HI
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signal with z, = 2.73 is detected with an (SNR), of 10, it suggests that a neutron
star with a radius close to Rpeax ~ 10 km and positioned at v = 0.25 is responsible
for the amplification. However, if the neutron star’s radius deviates from Rpeax, the

corresponding value of v would adjust accordingly.

The value of v generally increases with the neutron star’s radius, reaching a peak be-
fore decreasing with further increases in R. Thus, the maximum allowed 7 typically
corresponds to the standard radius Rpeax for a given (SNR),. Similar predictions
can be made for Band-4 (right panel). For an HI signal detected with (SNR),, = 10
at z. = 1.03, a neutron star with v = 0.63 and R = Rpeax ~ 10 km could be

responsible for the amplification.

In summary, the detection of an HI signal at a specific frequency band with a given
(SNR),, allows us to infer the neutron star’s position and radius. Although v and R
are closely correlated, using the standard radius Rpeax provides a robust constraint

on the position v of the neutron star.

7.4 Summary

Detecting the HI signal from distant galaxies is challenging due to its low strength
compared to background noise. Gravitational lensing by an isolated neutron star is
a key method for such amplification. We present a technique to estimate the neu-
tron star’s size and position using the signal-to-noise ratio of the amplified HI signal
detected at uGMRT’s Band-3 and Band-4. Our findings indicate optimal amplifi-
cation with a neutron star of radius 10 km and suggest constraints on the neutron
star’s position based on the HI signal’s detection. For further validation, we propose
cross-checking these estimates with pulsar observations in the same sky location. If
no pulsar is detected, alternative massive compact objects might be responsible for
the amplification. Future work will explore the amplification potential of accreting

neutron stars in binary systems.
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“To raise new questions, new possibilities, to regard old problems
from a new angle, requires creative imagination and marks real
advance in science.”
-Albert Einstein

The 21cm signal serves as a powerful tool in cosmology, offering valuable insights
into both the early and late stages of the Universe. It provides a window into the
era of galaxy and star formation, offering a glimpse into the cosmic dawn. Within
the framework of this thesis, various parameters of cosmological significance have
been investigated using the global 21cm signal during this pivotal cosmic epoch. The
21cm line, arising from the hyperfine transition of neutral hydrogen, holds particular

significance in this context.

The EDGES collaboration reported a 21 cm differential brightness temperature of
Ty = —5001200 mK at a redshift of z = 17.2 [173], corresponding to a gas temper-
ature of Tgas(z = 17.2) = 3.26713; K when considering T, = Tys. In the ACDM

framework, the gas temperature at z = 17.2 is expected to be around 7 K, resulting in
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a differential brightness temperature of 15, (z = 17.2) ~ —220 mK (ref. (2.13)). How-
ever, there exists tension between the theoretical predictions based on the ACDM
model and the EDGES observation, suggesting the need to increase the ratio of
Tr/Ts. Several mechanisms have been proposed to achieve this, including increas-
ing the background radiation or cooling the gas [180, 203, 304, 194, 179, 305, 178],

although these possibilities remain subject to debate.

Dark matter constitutes approximately 85% of the total matter content in the Uni-
verse, yet its microscopic properties remain elusive. Over the past decades, numer-
ous dark matter models have been proposed to account for various astrophysical

phenomena. However, the fundamental nature of dark matter remains unresolved.

The doctoral research works have explored high energy astrophysical dark matter
model (IDM, ELDER), seeking to constrain their properties through the absorption
feature observed in the 21 c¢m differential brightness temperature during the cosmic
dawn era. In the context of thermal dark matter models, the Inert Doublet Dark
Matter model (IDM) stands out as a promising candidate. Our research aims to
constrain the parameters related to energy injection and relic density within this
model, with a specific focus on the velocity-averaged annihilation cross-section across
various IDM dark matter masses. Through meticulous analysis, our objective is to
provide insights into the viability of IDM as a dark matter candidate, while also
elucidating the constraints and limitations imposed by relic density considerations.
This study delves into the impact of baryon-dark matter collisions and dark matter
annihilation on the 21cm signal during the dark ages leading up to the reionization
era while neglecting Wouthuysen-Field effect [163] . The focus is on a specific particle
dark matter candidate arising from an extended Standard Model of particle physics,
featuring an inert scalar doublet. In this inert doublet model (IDM), the lighter of
the neutral scalars serves as the dark matter candidate, influencing the evolution of

the 21cm Hydrogen line during the dark ages.

Chapter 3 investigation explores how different fractions of IDM dark matter affect

160



Chapter 8 Summary and Future QOutlook

the 21 cm temperature, considering both instantaneous and delayed energy depo-
sition from dark matter annihilation. In our examination of dark matter (DM)
annihilation, we observed that the energy is transferred to the system through ei-
ther instantaneous or delayed deposition mechanisms. Notably, we found that with
instantaneous energy deposition, there is an activation of the boost factor, which
enhances the effects of DM annihilation. However, in cases where energy deposition
is delayed, the boost factor does not exert a prominent effect. Accounting for contri-
butions from thermal evolution, DM annihilation and DM-baryon elastic scattering,
the evolution of the baryon temperature and resulting 21 c¢cm temperature fluctu-
ations (Ty;) are computed. In the analysis, we observed that the T signal tends
to decrease at lower redshift regions when only the effects of dark matter annihi-
lation are considered. Specifically, the evolution of T5; exhibits a minimum value
at lower redshifts, approximately around the epoch of reionization, particularly for
dark matter masses within the range of approximately 70 to 80 GeV. Additionally,
the influence of baryon-dark matter collisions appears to be more pronounced in
regions characterized by lower redshifts. For all selected dark matter masses, there
is a notable dip observed in the T5; evolution around a redshift of approximately
95. When both the collision and annihilation effects are combined, the dominance
of collision effects is evident around a redshift of approximately 100, beyond which
annihilation effects become more prominent. Furthermore, the impact of varying
fractions of Inert Doublet Dark Matter (IDM) on the evolution of Ty is relatively
minor for most chosen masses, except for IDM dark matter masses of approximately
70 and 80 GeV. In these cases, the variations in the minima of T5; with different
IDM dark matter fractions are within approximately 20% to 25%. This suggests
that Ty, exhibits greater sensitivity in the IDM dark matter mass range of approx-
imately 70 — 80 GeV when considering both dark matter collision and annihilation

effects.

Using the micrOMEGASs code, the IDM dark matter annihilation cross-section and
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relic density are estimated, ensuring consistency with Planck experiment observa-
tions. Lower bounds for the annihilation cross-section are derived, providing insights
into the parameter space for IDM dark matter masses ranging from tens to hundreds
of GeV. The estimated minimum value for the annihilation cross-section should fall
within the interval (ov) ~ (6.5 x 1072%) — (4.88 x 1072%) cm?/sec for dark matter

masses ranging from m, ~ 10 to 990 GeV.

The effects of dark matter-baryon collisions and annihilation are analyzed separately,
considering IDM dark matter masses across different ranges. Additionally, the com-
bined effects are investigated, revealing distinct behaviours in the evolution of Ty
across varying redshifts and IDM dark matter masses. The study underscores the
sensitivity of T5; to IDM dark matter masses in the region of approximately 70-80
GeV.

The exploration of Inert Doublet Model (IDM) dark matter and two-component dark
matter scenarios intertwines crucial aspects of cosmic evolution and dark matter
physics. IDM, characterized by its inert scalar doublet within the Standard Model,
serves as a prominent candidate for dark matter, impacting the cosmic 21cm signal

through its annihilation and interaction processes.

In the context of two-component dark matter, where IDM and generic dark matter
coexist without mutual interactions, the thesis establishes fundamental benchmarks
for their respective roles in shaping the 21lcm brightness temperature (7). IDM’s
presence significantly influences T5; dynamics during cosmic reionization, partic-
ularly through its annihilation effects, which heat baryonic matter and alter the

thermal history of the Universe.

Moreover, the study identifies constraints on generic dark matter mass (mpy) to
ensure consistency with experimental observations like those from the EDGES col-
laboration. These constraints not only validate theoretical models but also highlight
the intricate balance between heating and cooling effects within the two-component

framework.

162



Chapter 8 Summary and Future QOutlook

By linking IDM’s distinctive characteristics with the broader implications of two-
component dark matter scenarios, the thesis underscores how different dark matter
models interact with baryonic matter and influence the evolution of the 21cm signal.
This interconnected approach enriches our understanding of dark matter’s role in

cosmic structure formation and the intricate dynamics of the early Universe.

Chapter 4 investigates the impact of baryon-dark matter interactions on the 21cm
signal, focusing on two-component dark matter scenarios where the components—generic
dark matter and Inert Doublet Model (IDM) dark matter—are mutually non-interacting.
Benchmark values for the baryon-dark matter scattering cross-sections were set for
both types, with IDM masses ranging from 10 to 80 GeV and generic dark matter

masses up to 3 GeV. The scattering cross-sections were fixed at J((]DM’X) =1x10"4

cm?.

The study reveals several key findings: - The presence of IDM dark matter signif-
icantly influences the 21cm brightness temperature (73;) through its annihilation
processes, contributing to baryon heating. Fig. 4.2(a) illustrates that as the fraction
of IDM dark matter increases, T5; tends to rise during the reionization epoch, cru-
cially affecting its temperature profile. The analysis in fig. 4.3 indicates an upper
limit on the generic dark matter mass (mpy < 1.3 GeV) for T5; to remain consistent
with the EDGES experiment’s findings (T5; = —5007%) mK at z = 17.2). Notably,
as generic dark matter mass increases, the permissible range for IDM fraction de-
creases, highlighting the balancing act between heating and cooling effects. Based
on the results in fig. 4.1, a specific scenario with mpy = 0.5 GeV and f, = 0.2
allows all IDM masses (10 GeV - 80 GeV) to align with the EDGES temperature
bounds at z = 17.2.

Additionally, figs. 4.4(a)-(d) delineate the o, - o™ parameter space, showing min-
imal contraction in the allowed region as mpy varies from 0.5 GeV to 1 GeV. These

plots establish upper and lower bounds for oPM based on EDGES constraints, with
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oM~ 3x107%2 < oM <1073 ecm?. The values of Ty, tend towards the upper lim-
its of the EDGES range as generic dark matter mass increases, driven by enhanced

heating effects.

Furthermore, an upper limit of oY < 1072 c¢m? for IDM-baryon scattering cross-

sections has been derived from the benchmark points.

In conclusion, this thesis provides comprehensive insights into the interplay between
baryon-dark matter interactions and the 21cm signal, shedding light on how different

dark matter scenarios impact cosmic reionization and thermal history.

Two-component dark matter scenarios, which encompass generic dark matter along-
side the Inert Doublet Model (IDM), provide a dual perspective on dark matter
interactions within the early Universe. IDM, as a specific dark matter candidate, re-
mains non-interacting with generic dark matter, influencing the thermal history and
reionization epochs through its distinct annihilation and scattering properties. This
scenario is pivotal for understanding the intricate interplay between different dark
matter components and their collective impact on cosmic evolution, particularly as

inferred from the 21cm brightness temperature (73;).

In contrast, ‘Elastically Decoupling Dark Matter’ (ELDER) dark matter introduces
a novel paradigm with self-interactions that actively alter dark matter dynamics
and structure formation. These self-scattering properties are crucial in shaping
small-scale structures and can significantly affect the observable signatures in the
21cm signal. By modifying the distribution and density profiles of dark matter,
ELDER dark matter not only influences the evolution of cosmic structures but also
enhances the potential observability of dark matter effects through radio astronomy

experiments.

Thus, while two-component dark matter models highlight the diversity of dark mat-
ter interactions, ELDER dark matter underscores the role of self-interactions in

shaping both large-scale cosmological features and small-scale structures, offering
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profound insights into the nature and behavior of dark matter in the early Uni-
verse. Integrating these perspectives enriches our understanding of dark matter’s

fundamental properties and its implications for cosmic evolution.

The exploration of the global 21cm line of neutral hydrogen offers valuable insights
into the reionization era following the “Dark Ages.” This measure, specifically the
brightness temperature of the 21cm line (75;), is influenced by various factors, in-
cluding interactions between dark matter and baryons, as well as self-interaction
processes within dark matter itself. Chapter 5 delves into these self-scattering and
self-annihilation phenomena within the context of the global 21cm line signal, span-
ning from the cosmic dawn era to the onset of the first star formation. Specifically,
the 21 cm differential brightness temperature have been analysed , ensuring it re-
mains within a certain range around its observed value of EDGES experiment [173]
(approximately —5007200 mK) at redshift 17.2. This constraint provides valuable
insights into the properties and characteristics of self-interacting dark matter as

potential constituents of dark matter.

Primarily focus has been given on two types of processes namely “2 — 2”7 and “3 —
2” and their interaction strengths have been explored in the context of the brightness
temperature (T3;) results obtained from the 21cm line during the cosmic dawn. Re-
ferred to as ELDER dark matter, this self-interacting dark matter model sheds light
on the prevalence of “2 — 2” interactions over “3 — 2” cannibalistic processes. The
disparity in the required strength parameter o between these processes underscores

the dominance of “2 — 2” interactions in affecting T5;.

Through this analysis, we delineate the permissible regions for the “2 — 27 strength
parameter and the mass of dark matter (m,). Notably, the interaction strength
normalized by dark matter mass increases with mass. Furthermore, we observe an
influence of “2 — 2”7 interactions on the cross-section of dark matter-baryon elastic
scattering. This is reflected in the shifting regions of (041 — m,) space concerning

EDGES T5; results, particularly as the value of 7 increases.
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It is noteworthy that the density of dark matter (£2,) required to align with EDGES
results consistently falls below the total dark matter density (2py) determined by
PLANCK experiments. This suggests the potential existence of other dark matter

components across various mass ranges within the Universe.

In contrast, the “3 — 2”7 process within the ELDER scenario appears less signif-
icant compared to “2 — 2”7 interactions. Even when the strength parameter o
is set to zero, the overall results remain largely unchanged. The constrained cross-
section for the “2 — 2”7 process, derived from observations such as the Bullet Cluster
and halo shapes, holds significance in explaining small-scale structures via N-body
simulations. Thus, the self-scattering dynamics of dark matter emerge as pivotal

contributors to the structural evolution of the Universe.

Gravitational lensing, a consequence of Einstein’s theory of general relativity, mag-
nifies celestial objects such as neutron stars, affecting the observable properties of
the 21cm signal. The thesis explores how gravitational lensing can amplify these

signals, enhancing our ability to detect and study cosmic phenomena with radio

telescopes like the uGMRT.

Neutron stars, compact remnants of supernovae, play a dual role in this study: as
potential lenses for gravitational amplification and as independent probes of cosmic
conditions through their interactions with the 21cm signal. Their precise position-
ing and characteristics offer insights into the distribution of dark matter and other

cosmic structures, bridging theoretical models with observational data.

Detecting the HI signal in radio astronomy is challenging due to its extremely low
strength compared to foreground and background noises. Recent studies have re-
ported detections of this signal at various radio telescopes, suggesting magnification
through mechanisms like strong gravitational lensing, quantified by the signal-to-

noise ratio (SNR).
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Chapter 7 presents a method to estimate the position and size of the lensing medium
using the SNR of the HI signal, considering detection at different uGMRT frequency
bands (Band-3 and Band-4). We analyse the effects of lensing parameters—such as
size, mass, and position of the neutron star, as well as detection probability—on the

SNR and its variation across frequency bands.

Our research reveals critical insights into the gravitational lensing of the HI-21cm
signal by isolated neutron stars. Our analysis indicates a strong potential for de-
tecting the HI signal from distant galaxies with high signal-to-noise ratios using
the uGMRT, particularly noting that Band-4 provides a better signal-to-noise ratio
compared to Band-3. To achieve adequate amplification of the HI signal, the neutral
hydrogen source must be near the line of sight between the observer and the isolated
neutron star, with the neutron star’s redshift falling in the range of 0.04 < z;, < 0.77
depending on the source’s redshift. Additionally, the amplification is maximized for
a neutron star with a radius of 10 km and decreases for a radius of 16 km, regardless
of its position along the line of sight. We also identified an upper boundary for the
neutron star’s position beyond which effective amplification is not achievable. This
upper limit varies with the neutron star’s radius and the redshift of the HI source.
Our analysis provides a method to determine the position and size of an isolated
neutron star by using the signal-to-noise ratio of the amplified HI signal detected in
Band-3 and Band-4, assuming a fixed radius (R = 10km), or conversely, to deduce

the radius if the position is determined through other means.

We also explore the possibility of cross-validating the estimated parameters of the
neutron star responsible for amplifying the HI signal by observing pulsars in the same
region of the sky. Given the predicted redshift range, the necessary luminosity for
such an extragalactic pulsar is approximately ~ 1032 ergs™!, which is much higher
than that of the brightest pulsars detected so far. This makes simultaneous detection
of the pulsar and amplified HI signal challenging at radio frequencies. However, such
a high-luminosity pulsar might be detectable in the X-ray band [306]. In this context,

multi-messenger astronomy could be applied, where the HI signal is detected in the
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radio band and the corresponding pulsar emission is observed in the X-ray band
from the same sky location. Previous studies [307, 308] provide methodologies for
estimating the redshift and radius of isolated neutron stars emitting X-ray pulsar
signals. We propose to use the detection of amplified HI signals in the radio band to
cross-validate the position and size of the neutron star through pulsar observations

in the X-ray band from the same location.

Further studies will explore amplification by other massive compact objects, such as

accreting neutron stars in binary systems, which is beyond the scope of this thesis.
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Future Prospects

The analyses discussed in this thesis have been centered on two sectors, namely IDM
and ELDER, of contemporary significance, which are primarily concerned with the
identification of signatures of dark matter candidates based on extensions of the
standard model of particle physics in 21cm data. In addition to the analysis of dark
matter signatures, a theoretical investigation was conducted involving the detection
of Gravitational Lensing signatures of isolated Neutron stars in uGMRT based on

the analysis of the Global HI-21cm Signal.

The experience gained from these works has facilitated the investigation of sev-
eral aspects of high energy and astroparticle physics through the analysis of data
from next-generation telescopes like the SKA (Square Kilometer Array) and HERA
(Hydrogen Epoch of Reionization Array), which will provide better resolution and
sensitivity. Furthermore, more efficient noise reduction techniques can be developed
to properly analyze faint signals and compare the outcomes with experiments being

conducted at LHC and future colliders.

On the theoretical front, the development and testing of more dark matter models
inspired by particle physics theory within the current framework, and addressing
extended questions involving the study of the Epoch of Reionization, formation
of the cosmic web, and investigating how dark matter influences the large-scale

structure of the Universe have been pursued.

In the final part of the thesis, the detection of compact astrophysical objects using
gravitational lensing of the 21cm signal was investigated. Efforts can be extended
to shed more light on their composition and their belonging to the dark sector of

the Universe.

The future outlook for 21cm astronomy and dark matter physics appears promising,
supported by ongoing technological advancements and collaborative efforts spanning

diverse disciplines. The emerging possibilities in cosmology perceived as a pathway
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towards refining models and simulations, enhancing deeper insights into how dark

matter physics influences cosmic structures, with the potential to extend the bound-

aries of current physical paradigms.
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