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ABSTRACT

Line Intensity Mapping (LIM) is an emerging technique in cosmology for quantifying clustering and strength
of astrophysical sources at large length scales. In this method, instead of resolving each individual source
of emission, one generates a coarse map of the total emission being observed in a broad resolution element.
This helps us to detect emissions from very faint and distant sources, which are otherwise difficult to detect
with the resolution and sensitivity of the presently operating telescopes. This technique thus presents a
unique window for studying the large-scale structures by generating tomographic maps of the emission lines,
tracking the evolution of the structures through different redshifts. Many surveys, using LIM, are ongoing in
their initial phase, and many future surveys are planned to extend upon the instrumental techniques derived
from them. Carbon monOxide Mapping Array Project (COMAP) and MeerKAT radio telescope are two
such experiments targeting the CO(1-0) and HI 21-cm line transition, respectively, reporting upper limits at
z = 3 and detections at z ~ 0.32 and 0.44, respectively.

In this study, we analyze data from the COMAP and MeerKAT surveys to constrain the model parameters
a, B, and neutral hydrogen density parameter, Qyy;, which govern an empirical CO(1-0) emission model and
a semi-numerical framework for HI 21-cm line emission. We employ a Bayesian framework with Markov
Chain Monte Carlo (MCMC) sampling to explore the model parameter space. Our analysis shows that the
current data is insufficient to constrain the parameters a and 3, whereas we can obtain stringent constraints
on Qyj, given a specific HI injection model for halos. At z = 0.32, we find Qg = 6.7*0:2 x 10™* when priors
drawn from galaxy surveys are applied, and Qg = 7.2f(())'.33 x 10~* when no priors are imposed. Similarly,
at z = 0.44, the parameter is constrained to Qyy = 10.2:0)'}5 x 10™* with priors from radio observations, and
Qur = 10.9’:%% x 10~* without priors. We additionally perform a joint analysis combining data from both
surveys; however, this does not yield significant constraints on the model parameters, underscoring the need

for higher signal-to-noise ratio (SNR) observations and improved data quality for robust joint inference.
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CHAPTER 1

INTRODUCTION

Years after the Big Bang
-
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Figure 1.1: Universe’s evolution along Redshift (Credit: NAOJ).

The main objective of the modern cosmology era has been to uncover and
understand the history of the Universe, followed by the evolution in the
various epochs observed in the present era. The Hot Big bang or more
precisely the A-Cold Dark Matter (CDM), is the current accepted model
explaining the formation of structures, expansion of the universe and the
detection of the Cosmic Microwave Background. Understanding the present-
day Universe necessitates an understanding of its origin and the various

stages it has traversed to get to its current state.

1.1 The Cosmic Microwave Background

Matter and radiation decoupled as a result of the recombination of free
electrons and protons. After decoupling from matter, radiation became free
streaming, achieving a mean free path greater than the Hubble Horizon. This

is called the epoch of the last scattering, where the Universe is in a neutral



state composed of neutral hydrogen and free-streaming radiation. The wave-
length of the radiation increased due to the expansion of the Universe as the
photons lost energy to travel the expanding space. Due to this phenomenon,
the radiation is shifted to the microwave end of the electromagnetic spec-
trum. The radiation was termed as Cosmic Microwave Background as the
Intensity was uniform coming from every direction when it was first detected
in the late 1960s.

1.2 Dark Ages and Cosmic Dawn

The formation of the first atoms leads to the decoupling of matter-radiation.
Hydrogen and Helium were the first atoms formed, with hydrogen dominat-
ing the helium population. Diffuse hydrogen permeating the space can be
traced via the 21-cm transition even though no stars are present in this age.
Luminous sources were yet to be produced; hence, this era was devoid of
light, called the Dark Ages. The evolution of perturbations in the dark mat-
ter field led to slightly under dense and over dense regions, which became
eventual seeds for the dark matter potential well. These regions accumulated
more particles over time, creating a distinct separation between over-dense
and under-dense regions. Over-dense regions continued to grow, leading to
the creation of dark matter halos, which caused baryonic matter to start to
fall into the halo. Once a certain threshold for mass was reached and the
temperature was sufficiently low, the first stars formed. These were the first-
generation stars, also known as Population III (Pop III) stars, illuminating
the dark Universe after a long period. The formation of the stars and release

of the first light is termed the cosmic dawn.

1.3 Epoch of Reionization

Cosmic Dawn spawned a cascade of structure formation ranging from star
formation to the galaxies residing in the halos. Initially, the Pop III stars went
supernova, enriching the Inter Stellar Medium (ISM) inside the halos, pro-
ducing different atoms other than neutral hydrogen(HI) and Helium, which

would act as coolants to induce and increase the star formation rate. The



radiation from stars started to ionize the HI residing in the halos; however,
recombination of the ionized hydrogen (HII) due to a high density kept the
ionizing radiation inside the halos. The increase in star formation led to
a high number of ionizing photons, eventually escaping the HI present in
the Inter Galactic Medium (IGM). The density of HI in IGM was not large
enough to ensure the recombination rate remains at par with the reionization
rate. Increased rate of reionization led to ionization of the IGM. This period
is called the Epoch of Reionization (EoR).

1.4 Post Epoch of Reionization

The entire IGM was ionized by z ~ 5, reionization being the last major phase
transition for the Universe. In this era, the matter is concentrated in the halos
surrounding a galaxy or cluster of galaxies. The astrophysics inside these
cupolas plays a major role in the evolution of the Universe in its present state.
Different emissions are present in this epoch as the later generation stars,
also known as Population I stars (Pop I), combined with different atoms and
molecules, permeate the medium, paving a way to probe the properties of

the Universe through complementary surveys.

1.5 Motivation for the project

Line Intensity Mapping (LIM) is a technique that focuses on observing
specific line emissions in coarse resolution to map spatial fluctuations of the
signal. LIM is able to probe the Universe from the present time to the cosmic
dawn and further in the past. Multiple LIM surveys are planned to target
different eras of the Universe, and many are underway. Carbon monOxide
Mapping Array Project (COMAP) is a LIM survey targeting rotational CO(1-
0) lines from Post-EoR at z = 2.4-3.4, CO(2-1) from the EoR observing of
the signal to put a constraint on the power spectrum(Cleary el al. 2022[1]).
MeerKAT telescope has demonstrated the use of LIM at near redshift for
targeting HI 21 cm emission and has confirmed detection of power spectrum
for HI at redshifts z ~ 0.32 and 0.44 (Paul et al. 2023 [2]). In this project,
we explore both the CO emission model (Li et al. 2016 [3]) and the HI 21-

3



cm model (Bagla et al. 2010[4]) to investigate whether tighter constraints
could be placed on the CO model parameters, @ and B, using the CO power
spectrum upper limits from COMAP, and on the cosmic neutral hydrogen
content Qyy using MeerKAT observations. Building on this, we attempt
a joint analysis of the surveys—each targeting different line emissions—to
assess whether such a multi-tracer approach can yield improved constraints

on the astrophysical and cosmological parameters.



CHAPTER 2

LINE INTENSITY M APPING

2.1 Introduction

Studying the Universe on the largest scale has posed many difficulties in the
past, including but not limited to the need for bigger telescopes and larger
landmark areas for setting up the telescopes. Efforts have been made to
launch multiple space-based telescopes that would avoid atmospheric dis-
tortions of signals and make a comprehensive data set to be studied. A
multifold increase in difficulties is posed for studying the evolution of the
Universe as the sources of light and the structures change with redshift as
we probe deeper into the Universe. Resolving individual galaxies at high
redshift poses huge problems, as massive apertures are needed. Astrophysi-
cal obstacles are one of the factors in observing the galaxies. The emissions
from sources are absorbed by the intervening galactic medium, making the
telescopes blind to those particular emissions. Different emissions require
particular instruments, increasing the cost of the mission, combined with the

difficulty of studying the sources as the look back time increases.

Probing the Universe at high redshift requires a telescope with sophisti-
cated instruments, such as the James Webb Space Telescope (JWST), as the
expansion of the universe stretches the wavelength of the photon, resulting
in the detection in the low-frequency range of the spectrum. Resolving each
individual source leads to an increase in observation time, yet the survey
will be limited by the magnitude it can observe. The brightest sources in
the field will be visible, but they may not capture the overall matter distribu-

tion, which is required to study the underlying cosmology. Increased time
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and expensive structures are some of the essential drawbacks of traditional

telescopes.

Line Intensity Mapping (LIM) is a unique technique to study large-
scale structures by targeting specific line emissions (Kovetz et al. 2017[5]).
LIM detects spectral line emission without isolating individual sources,
instead aggregating photons within a broad-resolution element. This method
allows for mapping the distribution of sources with lower spatial resolution
combined with the high-frequency resolution needed along the line of sight,
compared to the traditional surveys over large fields of view. The technique
involves creating a tomographic cosmological cube where the fluctuation of
line intensity on the sky plane is mapped in coarse resolution elements and
the fluctuations along the line of sight are contained in different frequency
channels, effectively generating a three-dimensional map of a specific line
emission. The major advantage of this technique is the reduction of time for
observation, leading to bigger area coverage. The idea that individual sources
do not have to be resolved contributes to decreased telescope costs. LIM
can essentially follow the evolution of the Universe by tracking emissions
resulting from varied astrophysical processes traced to galaxy formation
and the evolution in subsequent redshift. This dynamical dependence of
cosmology and astrophysics embedded in the technique effectively allows us

to leverage it in this era of precision cosmology.

2.2 Formalism

Line intensity Mapping, in essence, measures the fluctuation in intensity or
the mean intensity of the specific emission targeted. A multitude of luminous
sources are present in a voxel with different luminosities. A voxel is a 3-D
resolution element in the sky where the area of the face is the sky plane,
and the width of the frequency channel defines the line of sight information.

Thus, we can write the specific luminosity density within the voxel as

_ 2 Li

PL AV



where L; = Luminosity of the ith source in the voxel and AV = Volume of

the voxel. The quantity will have a flux volume density

_ PL
- 2
471D 7

I

associated with it, D being the luminosity distance.
Decomposing the voxel volume element into sky coordinates and the
resolution of the frequency composed by the survey instrument, we get the

specific intensity

where
* dA = area of the voxel on the sky
* dQ = solid angle subtended by the voxel to the observer
* dy = comoving distance to the voxel
* dv = Observed frequency interval

dA/dQ can be further decomposed as Di , angular diameter distance and

dy/dv as c(1+z)/H(z)v,ps. The specific intensity can be rewritten as

c
I(z) = WPL(Z)

In the regime of Rayleigh-Jeans, we can relate the intensity to the brightness

temperature as

_ S (1+2)°p1(2)
I() = 8rkpviH(Z)

where v is defined as the rest-frame frequency of the line emission. Mean

luminosity density can be estimated as
(1(2)) = K{pL(2))
dn
=K [ L—(L,z)dL
/ a9
—K/dML(M )9 )
B a0
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where K = c/4nvH(z) . The expression K f L j—l’f(L, 7) dL describes the
mean intensity (/(z)) as an integral over the line luminosity function, while
K f dM L(M,z) j—ﬁ',’](M ,z) represents (I(z)) as an integral over the halo

mass function.

2.3 Emission lines

2.3.1 Singly Ionized Carbon [CII]

[CII] emission is one of the brightest tracers (158 um) to the cold ISM where
star formation occurs. [CII] origins are varied in nature ranging from Photo
Disassociation regions (PDRs), HII regions, cold atomic gas and dark CO
clouds (Silva et al. 2015 [6]). The main source of [CII] is PDR, which is
found at the boundaries of HII regions. PDR are warm and dense regions
of the ISM located between HII regions and molecular clouds. PDRs are
mostly composed of neutral gas, yet, being close to the star-forming region,
they are mostly governed by the UV radiation emitted by the stars. Due
to UV penetrating the PDR, the dust grains absorb this radiation and re-
emit it, warming the gas. [CII] line transition acts as a coolant for the
region by emitting radiation and thereby decreasing the temperature of its
surroundings, hence aiding star-formation. Other places where [CII] can be
found are the HII regions, as [CII] has a lower ionizing potential than HII,

resulting in high emission of the [CII] lines.

232 CO

CO molecule is the most abundant molecule found in the galaxies observed
at low redshifts after H, (Carilli et al. 2013 [7]). H; is the preferred
rotational line for tracing the cool molecular content of the region, but due
to the lack of a permanent dipole, the lowest vibrational state is forbidden,
requiring temperatures higher than 500 K, which are not available in the
cold medium of the ISM. Contrary to this, CO’s lowest vibrational state
requires a temperature of 5K, achievable in the cold medium. The rotational
transition follows a ladder of frequencies: vy—;_1 =J X 115.27 GHz. The

transitions are among the brightest that can be observed in galaxy spectra and

8



can easily be observed from a ground-based telescope. CO is estimated to
be an effective tracer for cold molecular content in the galaxy, the preceding
stage after which the gas collapses and star formation happens. This means

that CO can probe the galaxy’s stellar content and star formation rate.

2.3.3 Lymana

The most prominent emission to be targeted in the UV spectrum would be
the Ly-a. It is the result of the UV photons produced by stars traversing
through the ISM, ionizing the HI in the vicinity (Bernall et al. 2022 [8]).
The recombination of the ionized hydrogen results in the emission of Ly-
a. The wavelength of this emission is 1216 A, falling in the absorption
range of HI situated around the star-forming region, increasing the HI 21
cm emission from those neutral regions. Thus, Ly-a emission is a probe
for active star-forming regions, and its absence shows a sign of HI in the

surroundings.

234 HI21 cm

21 cm emission results from the transition in the ground state of the hydrogen
atom. The magnetic moment of electrons and protons leads to the formation
of a hyperfine structure in the ground state of atomic hydrogen. The flipping
of spin results in the emission of the 21 cm line. This emission is an
ideal probe for studying the IGM as it permeates the whole region. 21 cm
emission is driven by processes that vary across cosmic time. During the
early stages, it is driven by the coupling of Cosmic Microwave Background
(CMB) photons to the HI field, dominating the collision excitation. After
the cosmic dawn with the first stars being formed, Ly-a radiation couples
the neutral hydrogen to the kinetic temperature of the gas permeating. This
mechanism is termed the Wouthuysen-Field effect (Wouthuysen 1952[9],
Field 1958[10]). In the Post-EoR regime, all the HI is concentrated in the
galaxies as the HI permeating the IGM is ionized. The HI survives in the
ISM as a closely packed gas cloud. The UV from the stars constantly ionizes
the gas, but due to proximity, they recombine quickly, making sure they are

present in the region.



2.4 LIM Surveys

24.1 CONCERTO

The CONCERTO (CarbON [CII] line in post-rEionization and ReionizaTiOn
epoch) instrument, installed in the APEX telescope located at 5105 m altitude
on the Llano de Chajnantor in Northern Chile (CONCERTO Collaboration
et al. 2020 [11]). CONCERTO’s science goal is to find out the role of
star-forming regions in the early galaxy evolution, trying to probe the history
of metal enrichment and how these star-forming galaxies have contributed
to cosmic reionization. The mission will measure the [CII] line emission
at redshifts 4.5 < z < 8.5 by making 3D tomographic cubes of Intensity
fluctuations, effectively probing the reionization and Post-EoR era of the
cosmic evolution. CONCERTO will be sensitive to CO intensity fluctuations
at the redshift range 0.3 < z < 2, tracing the volume of molecular gas and its

progression across this time frame.

24.2 FYST

Fred Young Submillimeter Telescope (FYST)(CCAT-Prime Collaboration
et al. 2023[12]), a 6-meter aperture telescope working in the submillimeter
range designed for a wide range of views, is located at a height of 5600
meters on Cerro Chajnantor in northern Chile. The operational frequency
range of FYST is 100 GHz to 900 GHz, translating to wavelengths of 3 to
0.33 millimeters. The goal of FYST lies in the broader range of astrophysics
and cosmology, which includes line intensity mapping of [CII] from Post-
EoR to EoR. EoR Spec DSS survey on the FYST is designed to observe and
capture tomographic maps of [CII] line from the faint star-forming regions
in the cold regions of galaxy in the range of z ~ 3.5 - 8.05. The proposed
plan for the IM observation is scanning more than 8 deg? sky plane in at least
two target fields where the deep multi-wavelength survey will be performed.
It is expected that full survey will provide enough data to obtain a claim
for the detection of a clustering signal of [CII] in the z ~ 5-8. The broad
frequency range has the ability to observe rotational CO lines falling in the

survey range for [CII]. CO(2-1) transition and above are the emission that
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can be targeted by FYST, the brightest in the z ~0 - 2, enabling FYST to map

the galaxies from cosmic noon to the present day.

243 COMAP

The Carbon monOxide Mapping Array Project is a survey aimed at studying
the CO emissions from the nascent stage of the universe when the first stars
were being formed. The first stage of the survey, COMAP Pathfinder, is a
spectrometer consisting of a single polarization 19 feed-array working in the
26-36 GHz range. The 19 feeds are placed on a single 10-meter dish at the
Owens Valley Radio Observatory (Lamb et al. 2022[13]). Redshift for CO
(1-0) transition will be z = 2.4 - 3.4 which will be tracing the epoch of galaxy
assembly. In the early science phase of the pathfinder for the 13 months
of observations (Ihle et al. 2022[14]), they reported an upper limit for CO
power spectrum over the range k = 0.051 - 0.62 (Mpc) giving the P(k) =
—2.7+1.7x 10*uK>*Mpc>. In the 5-year-long survey time of the Pathfinder,
they have reported an improved upper limit on the power spectrum (Stutzer
et al. 2024 [15]).

2.4.4 SphereX

The Spectro-Photometer for the History of the Universe, Epoch of Reioniza-
tion (EoR), and Ices Explorer (SPHEREX) is a space-based telescope under
NASA thatis designed to operate for 2 years conducting a 4 full-sky survey in
the optical and near-infrared spectrum (Doré et al. 2014[16] ). The scientific
goal of the telescope is to probe the origin and the history of how galaxies are
formed by doing a full spectroscopic deep survey, paving the way to generate
intensity maps of the large-scale structure at near-infrared wavelength. It
will investigate the inflation history of the universe and progression of the
galaxies from the EoR period. SPHEREx will also make a catalogue of
spectral imaging over the entire scan. SPHEREXx at low redshifts will be
able to detect multiple line emissions such as Ha between redshift range 0.1
< 7z < 5, HB between 0.5 < z < 2 and [OIII] between 0.5 < z < 3. In the
redshift range 5.2 < z < 8, it will be able to detect the Lyman- « line, an

important tracer of star-forming regions in the EoR era.
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2.4.5 MeerKAT

MeerKAT is a 64-dish telescope array having a single dish of 13.5 m situated
in South Africa and is a precursor to the SKA mission. MeerKAT consists
of two frequency bands that cover the redshift range from 0 < z < 1.4. It
will use the intensity mapping technique to probe the local Universe at large
scales and observe the HI 21-cm signal. The first results from employing
LIM are presented in Paul et al. 2023[2], confirming the detection of HI

21-cm power spectrum in the local Universe.

2.5 Major obstacles for LIM

Multi-line analysis of LIM provides a ground for flexible study of the tar-
get properties. LIM surveys can be utilized to cross-correlate with galaxy
surveys, enabling vigorous study of the astrophysical process coupled with
cosmological scales. The drawback of the immense potential is the contam-
ination of the observations via Interlopers and foregrounds present in the
line of sight.

Continuum foregrounds constitute synchrotron radiation or thermal emis-
sions from the galaxy dust, which is a continuous spectrum. The radiation
dominates in the infrared region, making a Cosmic Infrared Background
(CIB) for the LIM target (Bernal et al. 2022[8]). Removal of the CIB does
not eliminate the continuum emissions from galaxies present in the fore-
ground, but these are mostly contained in the shortest line of sight Fourier
modes. Foregrounds can easily be eliminated by cross-correlating LIM with
galaxy surveys, resulting in the cancellation of the uncorrelated noise, fore-
grounds and other systematics, and the remainder of the emissions are left
over from the targets that LIM traces.

The bigger concern for the LIM survey is the contamination of the sig-
nal by interlopers. Interlopers are the spectral lines residing in a different
redshift, which are redshifted into the observation frequency channel, re-
sulting in the addition of the line into the target emission (Visbal and Loeb
2010[17]). Considering an example of [CII] emission, we are targeting [CII]
from a redshift, z = 7, having an observed frequency of v = 238 GHz. The

interloper for this redshift emission would be from rotational CO transition.
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The CO (3-2) from z = 0.45, CO(4-3) from z = 0.88, CO(5-4) from z = 1.4,
and CO(6-5) from z = 1.8 are the emissions overlapping with the frequency
range of [CII]. The overlap will have an effect on the integrated emission as
the CO signal can dominate the [CII] signal, concluding false evidence for
[CH] clustering (Lidz and Taylor 2016[18], Silva et al. 2015[6]). Remov-
ing interloper signal strength would involve cross-correlating the map with
another map or galaxy survey to remove the uncorrelated signal, confirming

the detection of the target emission.
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CHAPTER 3

METHODOLOGY

3.1 Observations

3.1.1 Power Spectrum

The Power spectrum is a statistic that calculates the fluctuations in a field at
different length scales, quantifying the variance of the field with respect to
the mean at that scale in the Fourier space. The power spectrum is defined
as the Fourier transform of the two-point correlation function in real space.
Starting with the basic formalism, density contrast at a point in a field is

defined as: _
_p(xD) =p()

o0 =700

where
* p(x,1) is density at the point in time t, X being a vector
* po(t) mean of the field at time t

The two-point correlation function is then defined as

E(x,y.1) = (6(x,1)6(y, 1))

(6(x,1)0(y, t)) is the average of the density contrast at two different points
in space at a given time quantifying the correlation between all the points
considered in the ensemble. In the context of cosmology, the function will
change as the cosmological principle assumes statistical homogeneity and

isotropy. The function will only depend on the absolute distance between
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the two points considered in the iteration, effectively changing the functional

form.

E(Ix =yl 1) = (6(x,1)6(y. 1))

Taking the Fourier transform of the density contrast yields the form as

Ak, 1) = / d’x e®%5(x,1)

Applying this to our correlation function yields
(AR DAK, D) = [ dxd®y e**KY(5(x,1)5(y, 1))
_ / Bx dy ¥ Vg (r 1)
_ / Br dPy e*THEH) Y ()

= (2m)%63 (k+K) [ dr e™Té(r,1).

where we have used r = x —y, 6%(k + k’) = Dirac delta function. The

power spectrum is then defined as

P(k):/d3reik'r§(r,t)

OR Br
— e~ —ik-r
€)= [ Sspe

Assuming the field is Gaussian, the power spectrum captures all the infor-
mation present by quantifying the fluctuations. Power spectrum statistic is
widely used in the field of astronomy, and observations are provided for this

particular statistic.

Following the methodology of Murmu et al. 2021 [19], we compute the
power spectrum by first taking the Fourier transform of the simulated field
and then calculating the power spectrum as the squared amplitude of the

resulting Fourier modes.
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3.1.2 COMAP Data

COMAP recently finished the second season survey lasting for 5 years (Lunde
et al. 2024[20], Stutzer et al. 2024 [15], Chung et al. 2024[21]). The out-
come of the survey gave insights into new and improved upper limits on the
CO (1-0) spherically averaged power spectrum in the redshift z ~ 3 (Stutzer
etal. 2024 [15]). Three fields were chosen for the scans, each having a field
of view around 2 - 3 deg? and the combined observations lasting for 17500
hours. The Fiducial cosmology incorporated for translating frequencies and
sky plane separations from the maps observed into cosmological distances
is Q, = 0.286, Qs = 0.714, Q;, = 0.047, Hy = 100 hkm s~ Mpc™! with
h =0.7, o0g = 0.82, and n, = 0.96, consistent with WMAP (Hinshaw 2013
[22]).

The voxel size is estimated to be 2 x 2 arcmin® which translates to a
comoving cosmological volume of around 3.7 x 3.7 x 4.1 Mpc®. Comoving

volume for the three fields approximated at 150 X 150 x 1000 Mpc?.
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Figure 3.1: Top row: Power spectrum measurements for the eight k-bins targeted by
COMAP across the three fields. Bottom row: Signal-to-noise ratio for respective bins.
Image credit: Stutzer et al. 2024 [15].

Figure 3.1 shows the power spectrum measurement of a recently com-
pleted survey and the errors associated with each data point. The paper
emphasized that the first six bins are the most sensitive bins of the survey,
with the second bin giving an optimistic result of around 2.7 o above zero.
The power spectrum limits and respective uncertainties are listed below in
the Table 3.1.
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k [Mpc™'] (center)  kC (k) [10°uK*Mpc?®]  kogyy [10°uK*Mpc?]

0.1 0.36 1.82
0.15 2.9 1.09
0.21 0.59 1.27
0.3 1.19 1.26
0.44 2.37 1.86
0.62 248 3.24
0.89 101.5 90.9
1.27 -5.05x 10° 3.9 x 10°

Table 3.1: Observation for the specific central k bin, measured spherical power spectrum
and their respective uncertainties. The bins are equispaced in log scale with the individual
bin width, A(log k Mpc™!) = 0.155.

Apart from the continuum foregrounds as discussed in 2.5, interlopers
are another contributor to the LIM observation. The current operating
frequency of COMAP has the contribution from the targeted signal CO(1-0)
at z = 2.4-3.4 and the interloper contribution from CO(2-1) transition at z
= 6-8(Foss et al. 2022)[23]. Hence, it is important to note that techniques
are employed to mitigate the foreground and systematic noise; still, the data

can possess the clustering signal from CO(2-1) as well.

3.1.3 MeerKAT Data

a 1o z~0.32 b 1o z~0.44
—— Model —— Model
o +  MeerkAT DEEP2 o +  MeerkAT DEEP2
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Figure 3.2: MeerKAT power spectra at redshifts z = 0.32 and z = 0.44 of the observed
field. Image credit: Paul et al. 2023[2].

MeerKAT, the precursor to the SKA observatory, using the Line Intensity
Mapping technique, has detected the HI intensity power spectrum at two
different redshifts z ~ 0.44 and z = 0.32 corresponding to the central
frequency channel 986 MHz and 1077.5 MHz with a width of 46MHz used
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in the survey (Paul et al. 2023[2]). The study targeted the J2000 field,
observing it for 96 hours over a 2 deg field of view. Taking into account the
cosmology used to calculate the sky and frequency plane size, Q,, = 0.311,
Q, = 0.049, Hy = 100 hkm s~ Mpc™" with & = 0.677, o = 0.8102, and
ng = 0.967 (Planck Collaboration et al. 2018 [24]), the average comoving
cosmological volume is 40 x 40 x 300 Mpc?® for both redshifts.

The power spectrum is shown in Figure 3.2. There is a significant drop
in the second k-mode of each power spectrum, which is also reflected in
their signal-to-noise ratio. This drop has been credited for systematic errors

in the shorter baseline configurations.

7=0.32
k Mpc™'1 P(k) [mK>Mpc?] op [mK>Mpc®] P/op
0.43 36.48 19.03 1.92
0.74 0.12 3.04 0.04
1.25 2.26 0.57 3.98
2.04 0.96 0.19 4.96
3.30 0.19 0.09 2.12
5.19 0.33 0.09 3.80
7.96 0.21 0.20 1.07

z2=0.44
k Mpc™'1 P(k) [mK>Mpc’] op [mK>Mpc®] P/op
0.34 53.43 27.80 1.92
0.61 0.60 4.13 0.14
1.01 4.34 0.85 5.12
1.68 1.51 0.27 5.62
2.81 0.96 0.13 7.54
4.31 0.56 0.15 3.80
7.04 0.28 0.41 0.69

Table 3.2: Observed power spectrum measurements at redshifts z = 0.32 and z = 0.44.

Table 3.2 shows the central k-value, power spectrum measurement, un-

certainties and the signal-to-noise ratio for the two detections.
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3.2 Model

3.2.1 HlustrisTNG Simulations

The comoving cosmological box of the observation is asymmetric, with the
frequency (redshift) axis for COMAP elongating up to 1000 Mpc and for
MeerKAT up to 300 Mpc compared to sky plane sizes of around 150 Mpc
and 40 Mpc, respectively.

The simulation box we opt for should contain the k-modes with suffi-
cient samples in each bin to match the observed data. For this particular
approach, the IllustrisTNG simulation presents a comparable simulation box.
MustrisTNG ([25], [26], [27], [28], [29]) is a collaborative project aimed
at performing cosmological gravo-magnetohydrodynamical simulations and
providing coeval boxes of approximate volume 50, 100, and 300 Mpc>.
Throughout the run, 100 snapshots are taken from the different epochs of
the universe for each simulation box. Two types of N-body simulations are
initialized, one with Dark matter (DM) particles only and one with DM plus
baryonic particles, constituting six simulation data frames, each having 100
unique snapshots at different redshifts.

For this work, we incorporate the TNG 300-1 hydrodynamical box cor-
responding to a 300 Mpc cube which offers the highest mass resolution at
this scale. Table 3.3 lists the relevant simulation parameters. We extract
from snapshots at redshifts z = 3.01, 0.44 and 0.33, similar to the redshifts
at which power spectrum observations are provided. We will specifically
use the group catalog data, which consists of the halo catalog, at that red-
shift. Fiducial cosmological parameters incorporated for the simulations
are Qro = 0.6911,Q,,0 = 0.3089,Q;,0 = 0.0486,0% = 0.8159, ns; =
0.9667 and h = 0.6774 based on Planck 2015([30]).

Number of DM particles 25003
mass of dark matter particle 5.9 x 107 M
baryonic matter 1.1 x 10" My
Length of the box 302.6 Mpc

Table 3.3: Specifications of the TNG 300-1 box used for the simulation.

19



3.2.2 Friends of Friends (FoF) Halo Finder

A general N-body hydrodynamical simulation initializes with a specific
number of DM particles and gas particles. Perturbation is provided to the
particles by calculating the power spectrum based on linear theory, and the
perturbation is passed on to the next time, eventually evolving into large-scale
structures.

The outputs of the simulations are then processed via the FoF algorithm
to generate a halo catalog. A halo consists of DM particles creating a site
for baryonic matter infall, forming galaxies in the structure. FoF algorithm
identifies halos based on the nearest particle method (Davis et al. 1985[31]).
The procedure is as follows: The algorithm goes to a grid and identifies a
dark matter particle. It searches for companions around the particle within
some length scale. This length scale is termed the linking length. The
formula for the linking length is

1
3
N

where V is the Simulation Volume, and N is the number of dark matter
particles. b is the dimensionless parameter, which is free to be changed.
The fraction (V/N)!/3 becomes the mean interparticle distance. In general,
b = 0.2 is used as it captures the over-dense regions, and the computed
halo mass function matches the analytical one. So, if the algorithm finds
the particle in the length scale, it bundles it together. When it cannot find
any more particles, it moves on to the next particle. This is how halos are
identified using FoF. The linking length used in the IllustrisTNG is b = 0.2.
In the simulation context, this means that 32 Dark matter particles will make
up a halo. The halo catalog contains information on the number of halos

identified in the simulation, including their position, velocities, and mass.

3.2.3 Line Intensity Model

In this work, we will be using the LIM simulator (Murmu et al. 2021) [19]
to simulate the brightness temperature maps of CO and HI 21-cm. The

simulator requires a halo catalog with the mass and position of each halo.
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The simulator based on the model will generate the line luminosity maps,
which will then be converted to a luminosity density field using a cloud in cell

(CIC) algorithm, after which the brightness temperature map is simulated.

3.2.3.1 CO model

We will simulate the CO maps based on an empirical model proposed by
Li et al. 2016 [3]. We start by relating the halo mass function to the Star
Formation Rate (SFR). The SFR model is borrowed from Silva et al. 2013
[32] based on the observations in the local universe and models explaining

the observed data.

M,
SFR(M, z) [—r@] =2.25%1072°(1+0.075 % (z = 7)) M*
y

b d e
M M M
x(1+—) (1+—) (1+—)
C1 (6] C3

where , M = halo mass, a = 2.59, b = -0.62, d = 0.4, e = -2.25,
c1 =8x108 My, cp =7%x10° Mg, and c3 = 1 x 10'! M, are parameters for
the SFR-Halo relation.

SFRs cannot be directly measured from any observations, making it
essential to relate to a quantity that is observable. SFRs can be related to
CO luminosity via intermediate observables based on empirical relations.
Infrared continuum luminosity L is the ideal probe for SFR as the energetic
UV photons are absorbed by the dust around the ISM and re-radiated in the
Infrared. The emission in this range is impervious to dust, and as such, it
escapes the region where we can observe the light. Range of Lir spans from
8-1000 um wavelength. Assuming a correlation between SFR and Ljr based
on Kennicut 1998 [33]:

SFR = §pr x 107°Lig

where SFR is in units of M@yr‘1 and Lig in units of Ls. The normalization
omr depends on the assumption about the initial mass function, star formation
duration and dust. opp = 1.0 is adopted for the model (Carilli et al. 2013
[7], Behroozi et al. 2013a [34]). Lir is converted to CO luminosity based
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on an empirical relation in the form of a power law.
logLr = ozlogL/CO + B

where L'CO is in units of K km s~! pc? (areal integrated source brightness
temperature),« and S are free parameters. L'CO is converted to CO luminosity

as ’
Lo
Kkms~! pc2

YCO,rest ) 3

Leo =4.9x107 Lo (115 27GHz

where vco rest = 115.27 GHz (rest frame frequency). CO emission lies in the
radio range of the spectrum, making it possible to invoke the Rayleigh-Jeans
approximation. The brightness temperature of CO relates to the intensity

density as
_A(1+2)%pL
~ 8nkpH(2)
where kg = Boltzmann constant, A = rest frame wavelength, p; = luminosity

density and H(z) = Hubble parameter.

3.2.3.2 HI 21-cm model

As previously discussed, HI in the IGM is fully ionized in the post-reionization
regime, which leads us to select schemes that inject HI into the dark matter
haloes. We will use a semi-empirical prescription to populate the halos with
neutral hydrogen based on equation (6) from Bagla et al. 2010 [4]. The
scheme starts by discussing the implications of ionization on HI at very low
redshifts, where the amount of neutral hydrogen is found to be quite low.
The gas inside halos with circular velocity in excess of 60 per second can
cool down and produce stars. The relation between the circular velocity of

the gas and virialized halo mass is as follows:

3 -3/2
i 1+z2
My = 1010 [ el M
(60km s\ 4 7

Simulations show that neutral hydrogen can effectively shield itself from
ionizing radiation only if the host halo’s circular velocity is at least vejre ~
30kms~'. This limit will constitute the minimum mass a halo should have

to sustain hydrogen. Similarly, neutral hydrogen content decreases in higher
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mass halos, setting the limit of Maximum HI mass a massive halo can have
which leads to the circular velocity cut off at v i ~ 200 km s (Pontzen et
al. 2008 [35]). These velocities set the lower and upper mass limits of halos
hosting HI. The scheme, according to these limits, assigns HI mass to halos

in the form:
f3 1+M1\k/11h if Miin < Mn
My (M) = Mmax
0 otherwise

where f3 is a free parameter proportional to HI density parameter, Qp. The

dependence is as follows:

PHI

Peritical,0

= Qg

PHI = Qyp X Pcritical,0
My
Vsim

Myr = Quy X Peritical,0 X Vsim

= Qur X Peritical,0

My
Z f?x—Mh1 = QHI X Peritical,0 X Vsim

i 1+ ( Mmax)
f _ Qyp X Peritical,0 X Vsim
3= 3 M,
i M,
1+ )

where pcriical,0 18 the critical density of the universe at the present epoch.
After the mass assignment, the density field, pgy;(X), is created using
the cloud in cell algorithm. The 21-cm brightness temperature field is then

simulated following the Villaescusa-Navarro et al. 2018 scheme[36].

T, (%) = 189% (H0(1-0+Z)2) (PHl(f)) mK

H(z) Pc

3.3 Inference

3.3.1 Parameter estimation via Bayesian Inference

Estimating the free parameters «, 5 and Qpy, discussed in the model section
will be estimated given the new data by COMAP and MeerKAT, which will
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help determine whether to accept or reject the model. A Bayesian framework
is used for further analysis and constraining the parameters. Bayes’ theorem
is a fundamental theorem in probability and statistics that relates conditional

probabilities. It is expressed as:

P(D|6)P(8)

POID) = =5

3.1

where:

P(6|D) is the posterior probability of the model parameters 6 given
data D.

P(D|#) is the likelihood of observing the data D given the parameters
6.

P(0) is the prior probability of the parameters 6 before observing any
data.

P(D) is the marginal likelihood or evidence, a normalizing constant

that ensures the posterior is a proper probability distribution.

In Bayesian inference, we use Bayes’ theorem to update our belief about the
parameters 6 of a model after observing new data D. The end goal is to
find the underlying probability distribution of the parameters 6, given the
observed data. In practice, the posterior distribution is proportional to the

product of the likelihood and the prior:

P(6|D) « P(D|0)P(0) (3.2)

This forms the basis for the parameter estimation and hypothesis testing
in Bayesian Inference.

Markov Chain Monte Carlo MCMC) method is a framework in Bayesian
inference used to approximate the posterior distribution parameter space by
making use of the likelihood for the data and prior knowledge of the space

to sample values from the posterior distribution. The general approach is:
* Define the posterior distribution P(8|D) using Bayes’ theorem.
* Apply the MCMC algorithm

24



* Analyze the generated samples to make inference on the underlying

distribution of the samples.

3.3.2 Bayesian Framework

We are using Bayesian-based MCMC to estimate the free parameters of the
model. Figure 3.3 concisely depicts each step taken by the algorithm for

which can be briefly explained as follows:

1. Initializing values of the free parameters in the parameter space.

2. Forward Modeling via LIM simulator and power spectrum calculation

for the simulated map.

3. Proposing new parameter values and using the LIM-PS process.

4. Calculating probability of Likelihood using power spectrum values.

5. Computing Acceptance ratio based on derived Likelihood values.

6. Acceptance and rejection of points lead to storing or retaining the

values, respectively, and proposing new points.

7. The algorithm runs for a specific number of iterations before breaking

out of the loop

The main point for consideration in the above process is the perpetual use
of simulating intensity maps based on the parameters at every iteration,
followed by calculating the power spectrum, resulting in increased computa-
tion time for the algorithm. emcee (Foreman Mackey et al. 2012) [37] is an
open-source MCMC library based on an affine invariant sampler proposed
by Goodman-Weary(2010)[38]. We will use emcee for further analysis as
it can explore the parameter space efficiently and faster than a home-based
MCMC sampler.
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Figure 3.3: Flowchart of Markov Chain Monte Carlo Framework for parameter estimation
using emcee (Foreman Mackey et al. 2012) [37].
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3.3.3 Outline of the Analysis
3.3.3.1 Independent Study

From the previous section, it is evident that there is a need to define a
likelihood that enables sampling correctly from the posterior distribution.
For our work, we use multivariate Gaussian log-likelihood, which is defined

as follows:
lOg(L) o= Z(P(k)model - P(k)data)T(o-(k)gata)_l(P(k)model - P(k)data)
k

where P(k)model = Model Power spectrum, P(k)4ata = Data Power spectrum
and o (k)] .. = Data error.
3.3.3.2 Joint Analysis

Our aim is to start by analyzing the observations independently to draw
inferences on the parameter space to be probed. Following the individual
study, we are proposing to do a joint parameter estimation by defining a
likelihood that takes into account both the CO and HI 21-cm emissions

models. The joint likelihood can be written as:
Lioint = Lco X Lur

log(Ljoint) = log(Lco) +log(Lur)
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CHAPTER 4

REsuULTS

4.1 Line Intensity Maps and Power Spectrum

4.1.1 CO Maps and COMAP Power spectrum
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Figure 4.1: Left: Halo overdensity map of a slice of the TNG300-1 box. Right: The
corresponding CO intensity map created with the LIM simulator using the empirical model
based on Li et al. 2016 [3]. Both fields have a grid resolution of 0.56 Mpc.

A slice of the halo catalog from the IllustrisTNG coveal box of size
300 Mpc? converted to density fluctuations is shown on the left of figure 4.1.
The right side of the figure 4.1 shows the CO intensity map generated using
the LIM simulator.

The COMAP data consists of eight points for an eight bin averaged
spherical power spectrum. In the analysis, we are considering the first four
data points as shown in figure 4.2 since the last two bins enter the regime
where noise from the system and resolution limit endowing for less sampling
in the bins results in much larger uncertainties. The fifth and sixth bin have

measured power spectrum in having negative values combined with the
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Figure 4.2: COMAP data points having high SNR considered for the Bayesian analysis.
As noted in Section 3.1.2, the uncertainty associated with the second k-bin is smaller than
that of the other three data points, with its lower bound extending into negative values.

error not crossing the zero value, hence a stricter measure has been taken by
discarding those data points.

Figure 4.3 provides a visualization of how, from simulated CO maps,
we are calculating the summary statistic, power spectrum, for the field. The
power spectrum is calculated as in Murmu et al. 2021[19]. The power

spectrum is estimated for the k-bins mentioned above.
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Figure 4.3: Left: Same realization of the CO intensity map as figure 4.1. Right: The power

spectrum is estimated for the k-bins being considered for the analysis and is computed as
in Murmu et al. 2021[19].

4.1.2 HI 21-cm Maps and MeerKAT Power Spectrum

Following the same flow of the explanation, Figure 4.4 shows the simulated
intensity maps at two redshifts, z = 0.32 and z = 0.44, corresponding to the
detection of MeerKAT.
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MeerKAT has seven data points for seven logarithmically spaced bin-

averaged spherical power spectrum at each redshift from which we will

consider only those values having an SNR factor of > 2.0. The selection

criteria leave us to work with four data points, similar to COMAP, which

are shown in the figure 4.5. The Power spectrum for the HI maps is thus

calculated for those specific k-bins in the same way as the CO maps and is

shown in Figure 4.6.
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Figure 4.4: Left Column: Halo overdensity maps derived from the TNG300-1 simulation
at z = 0.33 and z = 0.44; Right Column: 21-cm maps generated using scaling relations of
Bagla et al. 2010[4], followed by conversion to 21-cm brightness temperature map using
the Villaescusa-Navarro et al. 2018 scheme[36]. Both are coarse-gridded to a resolution of
0.42 Mpc, corresponding to the MeerKAT detections at these redshifts.
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Figure 4.5: HI 21-cm power spectrum detected by the MeerKAT telescope in interfero-
metric mode. The left and right power spectrum plots show the data points with SNR > 2.0
chosen for the analysis, at z = 0.32 and z = 0.44, respectively.

100

107!

Brightness temperarture [MK]

0

D R RO S S

<
Mpc

102
10!
100

107!

Brightness temperarture [MK]

0

Q N} N Q
& 8

Mpc

e N

(a) HI 21-cm Intensity map realizations at z = 0.33
and 0.44

—— k-modes for MeerKAT z = 0.32
4x 101} 1
—_
m
<
3x 10711 1
=
o~
\4
3
=
—oxi0t 1
X
=
Q
X T00 IXI0 4X100
k[Mpc™1]
T T T T
——  k-modes for MeerKAT 7 = 0.44
2x 100 1
—_
m
[}
<%
=
o~
hv4
2 R
= [ ]
X
=< L |
Q.
6x 1011 1
1
T X0V XTI XTI
k[Mpc~1]

(b) Theoretical power spectrum calculated for the
21-cm maps

Figure 4.6: Left: HI 21-cm intensity maps (same as those shown in Figure 4.4). Right:
Power spectrum computed for the chosen k-bins from the corresponding intensity maps.
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4.2 Exploration of CO and HI Model Parameter
Space

4.2.1 Constraints on o and

Independent observations at low redshifts have enabled the formulation of
an empirical CO line emission model, one of which is the model we have
used for our analysis. Kamenetzky et al. 2016 [39] analysis of Herschel
Space telescope data combined with data from ground-based telescopes put
the value of @ = 1.27 £ 0.04 and 8 = —1.0 = 0.4. Carilli et al. 2013[7]
and Greve et al. 2014 [40] did the same process of deriving an empirical
relation from the data. Figure 4.7 shows the parameter space spanned by the
observations and the power spectrum, respectively, to the mean values the
studies gave. It also displays the COMAP power spectrum plotted against
the power spectrum of simulated maps. All the values are summarised in
Table 4.1.

Observation a B
Kamenetzky et al. 2016 [39] 1.27+0.04 -1.0+0.4
Carilli et al. 2013 [7] 1.37+0.04 -1.74 +£0.40
Greve et al. 2014 [40] 1.00 = 0.05 2.0+0.5

Table 4.1: Best-fit values of @ and 3 from different studies.
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Figure 4.7: Left: Values of o and 8 derived from empirical fits to galaxy surveys, with
1o uncertainties, for the line emission model. The Tabulated values are shown in Table
4.1. Right: Theoretical Power spectrum plotted with the COMAP observation; the power
spectrum is calculated from the simulated map, which takes the mean values of @ and 8
from the three surveys as input.
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4.2.2 Constraints on Qp

Detecting Qg has been one of the prominent efforts of research through
various means of approach such as proxy tracers for Qpr used in galaxy
surveys where line emissions of metals and molecules are used as tracer to
put stringent constraints on the density parameter. Rao et al. 2017 [41] used
the archival data of the telescopes such as GALEX and SDSS to trace the
Qpr. They targeted the redshift range 0.11 - 0.61 and fitted a power law to
the data to infer the Qpy. Radio observations from interferometric data are
also used to detect the HI signal as 21-cm falls into the radio range without
any interlopers. Rhee et al. 2018 [42] used GMRT data to study the Qg
distribution in the redshift range 0.30 - 0.34 with the central z at 0.32. They
used HI spectral stacking to increase the SNR and detect the HI content
in the galaxies. Figure 4.8 presents the range of Qp values from the two
surveys, which encompasses the redshift range of our interest. Observations
are summarised in table 4.2.

Figure 4.9 shows the nature of the theoretical power spectrum compared

to the data power spectrum bins we are considering for the analysis.

Observation Qur (X1074) Z

Raoetal. 2017 [41] 77+26  0.11-0.61
Rhee et al. 2018 [42] 5.0+1.8 0.30-0.34

Table 4.2: Reported estimates of neutral hydrogen density parameter by galaxy and radio
observations in the redshift range.
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Figure 4.8: Values of Qg reported by Rao et al. 2017 [41] and Rhee et al. 2018 [42].
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Figure 4.9: Left and Right figures show the model power spectra corresponding the the
Qq estimates of Rao et al. 2017 [41] and Rhee et al. 2018 [42] plotted in comparison to
the MeerKAT data for z = 0.33 and z = 0.44, respectively. The power spectra are computed
for the mean and edges of the parameter uncertainty to visualize how they vary with Q.

4.3 Parameter Estimation using Bayesian Infer-

ence

4.3.1 COMAP Analysis

Initially, in the testing phase, we did a run for 3000 steps with four walkers in
the parameter space. The walkers are initialized at the corners of the space
to explore thoroughly, 1000 points are discarded as burn-in and the thinning
value is kept at 25. The results of the chain are shown in 4.10. « has a
less spread in the parameter space; however, there are multiple peaks in the
values, suggesting no stringent constraint can be introduced. g is spread
over the entire region with multiple peaks, inferring no constraints.

A longer chain of 6000 steps with the same conditions is initialized,
discarding 840 steps for burn-in and picking up the 35th point from the

chain. The results, however, remains the same as shown in 4.10.

4.3.2 MeerKAT Analysis
We perform 4 MCMC runs, 2 for each z = 0.33 and z = 0.44. The results

are discussed in the subsections below.

43.21 z=0.33

The first run consists of 6000 steps with three walkers initialized in the

parameter space at three points, the mean and the edges of the parameter
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Figure 4.10: Left: MCMC posteriors for 3000 steps with four walkers after discarding
1000 points and a thinning factor 25. No constraints are visible over the two parameters.
Right: MCMC posteriors for 6000 steps with four walkers after discarding 840 points and
a thinning factor 35. Results remain unchanged despite the increase in walker lengths.

space defined for the redshift in table 4.2. 300 points are discarded as the
burn-in phase, and the thinning factor is set to be every 20th point to break
the correlation of the chains. The results are plotted in the figure 4.11, the
distribution of Qpy on the left and the power spectrum for the peak value on
the right, plotted against the data. We can infer from the plots that values are
significantly clustered at the edge of the priors. Due to the skewed nature of
the distribution, we use the median as the central line to draw the confidence
intervals, and in that range, we can see the peak at Qpy = 6.8 X 1074, Yet
we clearly see due to skewed distribution, a possible chance of constraints

beyond the set priors. Therefore, we do a second run with the same initial

Qi = 6.7281 x 10
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\
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Figure 4.11: Left: Probability distribution of Qg for 6000 steps with three walkers
initialized at the edge of parameter space. Convergence of Qpy is visible at the edge of
the parameter space described in table 4.2, the values being Qur = 6.7*%% x 107 and the
distribution peaking at 6.8 x 10~*. Right: The power spectrum for Qy = 6.8 x 1074,

conditions for the walker and update the priors by setting the lower limit to

0 and the upper limit unbounded. We discard the first 380 points from each
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walker as burn-in, followed by thinning the chain by a factor of 20. This
set of changes yields tighter constraints on the parameter as shown in Figure
4.12, peaking at Qu = 7.2 x 10™* and the power spectrum for calculated

for the peak.
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Figure 4.12: Left: Figure shows the results of the second MCMC run in which the
prior is updated as 0 < Qg with no upper bounds. The probability distribution shows the
convergence at Qpp = 7.2’:%.33 X 10_4.Right: The power spectrum for the Qg = 7.2 X 1074,

4322 =044

The same analysis procedure is followed for z = 0.44. We perform an initial
run with 6000 steps and three walkers, initialized at the mean and edges
of the parameter space defined in Table 4.2. A burn-in of the first 300
steps is discarded, and the chains are thinned by a factor of 10 to reduce
autocorrelation. Results are shown in Figure 4.13, where we can see the
constraints with the mean value peaking at the median, Qpy = 10.2 X 1074,
Skewed distribution emphasizes repeating the same exercise as before by
updating the priors. The second run follows the same MCMC initializing and
discarding procedure, for which results are shown in Figure 4.14. Similar
to the results achieved in the previous section, we are getting significant

constraints with the value peaking at Qg = 10.9 x 1074,
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Figure 4.13: Left: Marginalized probability distribution of Qg at z = 0.44 from an MCMC
run with 6000 steps and three walkers initialized near the boundary of the parameter space.
The distribution peaks at 10.2 x 107, with a best-fit value of Qu = 10.2*}} x 1074,
consistent with the bounds given in Table 4.2. Right: Power spectrum corresponding to

Qur =10.2 x 1074,
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Figure 4.14: Left: Posterior distribution of Qyp at z = 0.44 from a second MCMC run
using a modified prior: 0 < Qp, without an upper bound. The parameter converges to
Qp = 10.9J:%'.33 x 107*. Right: Corresponding power spectrum for Qpp = 10.9 x 1074,

Given that we have achieved tighter constraints on the Qpy independently
using LIM, we now compare our results to the priors we had taken from lit-
erature and show how our study validates the observations and demonstrates

the feasibility of the LIM technique for the future in the Figure 4.15.
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Figure 4.15: The results are validated by comparing the constraints on Qg with those
obtained from galaxy surveys and radio observations. The results show tighter constraints
on the neutral hydrogen density parameter, which are consistent with the findings of Rao et
al. 2017 [41] and Rhee et al. 2018 [42]. This work highlights the potential of combining
Line Intensity Mapping with other observational probes to substantially enhance our under-
standing of both astrophysical processes and cosmological parameters in the future.

4.4 Joint Analysis of COMAP and MeerKAT

This work aims to investigate whether a joint analysis of two independent
surveys, each targeting different emissions, can provide tighter constraints
on various astrophysical parameters tracing distinct components of the in-
terstellar medium (ISM), thereby validating existing empirical models.

We used the same procedure described in the methodology section to
perform the MCMC run with four walkers and 6000 steps. The parameters
a and Qg are treated as free, while £ is fixed to 2, following the value from
Table 4.1, as the estimate from Greve et al. 2014[40] shows better agreement
with the data and because the COMAP analysis indicated a degeneracy
between a and . Figure 4.16 displays the outcome of the joint analysis.
The main problem we are facing here is that the autocorrelation is significant
for @, resulting in the chain being shorter than needed for convergence, and
the run time for this analysis took ~168 hours, as for each step, simulation
of CO and HI was computed. Even if we bypass this and use the results by
discarding 1000 points and thinning by a factor of 50, we can see no relation

between the parameters, and we are getting back the same distribution for
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Figure 4.16: Joint Analysis of COMAP and MeerKAT Surveys: We performed an
MCMC run with 6000 steps and 4 walkers, exploring the parameter space by varying «
and Qg, while fixing 8 = 2.00 as suggested by Greve et al. 2014 [40]. The chain did not
converge even after a runtime of approximately 168 hours. We discarded the first 1000 steps
as burn-in and applied a thinning factor of 50. The results yielded nonphysical parameter
values, which is expected due to the lack of convergence. These findings suggest that a joint
analysis is not feasible with the current data from the COMAP and MeerKAT surveys.

Qpr at z = 0.33 as previously viewed in the individual analysis. The main
factor driving this behaviour of the likelihood space can be attributed to the
large error bars in the COMAP observation, altering the likelihood valley,

leading to nonphysical results.
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CHAPTER 5
SUMMARY AND FUTURE PLAN

This research aimed to perform a Bayesian analysis using recent observa-
tional constraints from Line Intensity Mapping surveys such as COMAP and
MeerKAT. The study focuses on constraining the astrophysical parameters
of a specific line emission model for CO and HI 21-cm, as proposed in the
literature, and assesses the model’s consistency with current observational
data.

We summarise the work accomplished during the process here.

* COMAP targets the rotational CO line emission from the post-reionization
regime in its pathfinder phase, which recently put deeper upper limits
on the CO(1-0) power spectrum. Using these upper limits as de-
tections, we aimed to evaluate how well the current models used in
simulations of intensity maps can predict the observations and, if so,
how stringent constraints can be imposed on the model parameters of
the emission model. For this work, we used the widely used empirical
model by Li et al. 2016 [3] to simulate our CO Intensity maps. The
details of the CO model are discussed in section 3, where we choose
a and S as free parameters. Simulation of CO and HI 21-cm maps is
post-processed on halo catalogs, derived from numerical simulations,
using the LIM simulator (Murmu et al. 2021[19]).

* Power spectrum of CO is observed at large length scales while the
HI 21-cm is detected in smaller scales. Appropriately sampling the
theoretical power spectrum at the relevant scales requires selecting a
simulation box that encompasses these scales. To achieve this, we

utilised the TNG 300-1 simulation, extracting the dark matter halo
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catalogs at three redshifts — 3.01, 0.33, and 0.44 — corresponding to
the target redshifts of the COMAP and MeerKAT surveys.

Only the high-SNR data points from the COMAP observations, as
discussed in Section 3.1.2, were selected for analysis. We used these
points to perform a Bayesian inference study employing the emcee
library for MCMC sampling. The initial results suggest that no mean-
ingful joint constraints can be placed on the free CO model parameters.
Achieving tighter constraints would require access to larger Fourier

modes of the power spectrum with reduced uncertainties.

MeerK AT, the precursor to the SKA, targets the HI 21-cm emission
from low redshifts. Paul et al. 2023 [2] reported the detection of the
HI 21-cm power spectrum from the DEEP?2 field using the intensity
mapping technique at two redshifts, 0.32 and 0.44. Bagla et al. 2010
[4] scheme is used to paint the halos with neutral hydrogen, where
Qy is the free parameter, followed by Villaescusa-Navarro et al. 2018
scheme[36] to convert it to 21-cm brightness scheme. Following
the protocol, we discarded the low SNR data points and performed
the Bayesian analysis. The results show tighter constraints on the
parameter in both the redshifts, which we validated against previous

detections via galaxy surveys and are shown in Figure 4.15.

We performed a joint analysis of the two surveys, incorporating the
likelihood described in Section 3.3.3.2. As anticipated, the results
exhibited several inconsistencies due to the large uncertainties in the
CO observations. Although the aim was to achieve tighter constraints
on the astrophysical parameters, our findings demonstrate that this is

not feasible with the current data.

In this work, we systematically explored the parameter spaces of CO

and HI intensity mapping models using independent and joint analyses. Our

results demonstrated that individual constraints on model parameters of CO

remain weak due to observational limitations and the associated uncertainties

in detection; we have displayed tighter restrictions on the HI model parameter

tracing the underlying astrophysical processes. Finally, we also performed
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a joint analysis, which did not reveal many insights into the astrophysical
processes due to significantly large error bars from the COMAP observation.
Given the limitations identified in this study, we propose several avenues

for future work:

* Bayesian Model Selection: Exploring different halo-SFR relations
across multiple models, which can be compared using the Bayes fac-
tor and Bayesian model selection techniques, would open new pos-
sibilities for integrating CO and HI models. These models could be
informed by empirical relations, hydrodynamical simulations, as well
as semi-numerical and analytical approaches, thereby enabling a more

comprehensive exploration of the underlying astrophysical processes.

* Redshift Space Distortions: Inclusion of redshift space distortions
(RSD) in the simulations to accurately compare the observations and
simulation outputs. The telescope will observe the RSD due to the
peculiar velocities of galaxies, altering the signal statistics. In further
studies, we plan to include RSD into the Bayesian inference pipeline

to study its effect on parameter constraints.

* Cosmological parameter estimation: Estimating cosmological pa-
rameters using approximate N-body simulations, followed by astro-

physical parameters, is one idea we can branch into the future.

* Emulation: Running LIM simulator for each run becomes computa-
tionally expensive as the run would take days to complete. We can
employ techniques such as Deep learning to emulate the power spec-
tra of various models after making the training data by varying the
free parameters. This way we can reduce the inference time, try out
multiple models, and validate or reject them by comparing them to

observational outcomes.
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