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Abstract

The epoch of reionization (EoR) is the period in the evolutionary history of the Universe when the
first luminous sources were formed and emitted Lyman continuum photons capable of ionizing the
neutral hydrogen in the intergalactic medium (IGM). This epoch marked an important episode in the
cosmic timeline and was also the last major phase transition in the Universe. The earliest probes
of this epoch include the optical depth measurement of Thomson scattering of the cosmic microwave
background (CMB) photons, which can constrain the mid-point of the cosmic reionization. On the other
hand, observations of the quasar spectra from high redshifts suggest that reionization might have ended
around a redshift of ~ 6. However, these limited observations do not give a comprehensive picture
of the reionization era, such as the nature of the ionizing sources and how the reionization process
progressed. The galaxy surveys with ALMA and JWST are probing this mysterious era by detecting a
limited number of galaxy samples from the EoR and helping to uncover their nature. The key drawback
of these instruments is that surveying large cosmological volumes is expensive and can only provide
detections of early galaxies within a small field of view. Therefore, these surveys are not suitable
for comprehending the EoR alone. One proposed way to complement the galaxy surveys is the line-
intensity mapping (LIM) technique, which detects the integrated flux of the unresolved galaxies and
the diffuse IGM. It can therefore probe much larger scales with comparatively less observational time
than conventional galaxy surveys and is expected to probe the EoR. The bright spectral lines like the
[C M]i58um > CO, [O M]ggum, Ly-c, etc., originating from the galaxies, are typically targeted by LIM
instruments to investigate the clustering of luminous sources. The [C 11];55,memission, being a reliable
indicator of star formation activity, is a strong candidate for LIM to study early galaxies during the
EoR. Experiments such as the CONCERTO, TIME, and FYST, are expected to map the fluctuations
of the LIM signal of [C 1I];53,m emission from the EoR galaxies. Similarly, the CO line emission, a
tracer of molecular gas and star formation in galaxies, is expected to be probed by the COMAP LIM
experiment from the same epoch. On the other hand, radio interferometers such as HERA, MWA, and
the upcoming SKA will detect the redshifted [H 1], signal originating from the diffuse IGM during
the EoR, which will help us to understand the evolution of IGM from this epoch. These line emissions
from the galaxies and the IGM are determined by various astrophysical phenomena. Consequently,
the corresponding LIM signals will capture this information, and the observable summary statistics
will be sensitive to the underlying astrophysics of these line emissions. Therefore, it is essential to
build forward models of these summary statistics, which will be useful, to interpret the observations
from the LIM experiments. In the fiducial models of galaxy line emissions, one assumes a one-to-
one scaling relation between the host halo mass of the galaxy and the corresponding line luminosity
of the galaxy, which is computationally cheap to implement. However, astrophysical conditions such
as multi-phase state of the ISM in the galaxies will introduce a significant halo-mass dependent line

luminosity scatter in the [C II];55,m line emission from these galaxies. This is usually not taken into
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account in the models, and how this would affect summary statistics such as the power spectrum of
the [C II]y58,m €mission is not known. Similarly, in the fiducial models of reionization of the IGM,
the variability of the star-formation rate (SFR) with respect to the host halo mass is neglected and a
one-to-one scaling relation is assumed. This variation, or astrophysical scatter, can affect the ionizing
luminosity of the galaxies, thereby changing the nature of ionization in the IGM, and can introduce a
non-Gaussian component to the [H 1], signal that may not be fully represented in the power spectrum.
Therefore, higher-order Fourier statistics like the bispectrum of the [H 1]y, signal might capture the
imprints of astrophysical scatter in the IGM, which had not been investigated previously. Also, within
the galaxies, the correlation between far-infrared luminosity and CO line luminosity can act as a proxy
for the relation between SFR and gas depletion. In the post-EoR regime, this has been characterized
by galaxy surveys, but it is challenging to achieve during the EoR due to limited observations. It is
expected that CO LIM observations of the EoR with COMAP can constrain this correlation, although
instrumental noise will contaminate the signal and challenge its detection. It is expected that cross-
correlation with a complementary signal, such as the [H I],1cn emission from the IGM during the same
epoch, might have better prospects of detection. However, this is not well investigated in the context
of detecting the various far-infrared luminosity and CO line luminosity correlation models that can
determine the CO emission from the galaxies and how these models can be contrasted in the EoR. In
this thesis, these broad ranges of astrophysical phenomena are addressed. In addition, there will be a
line-of-sight anisotropy (LoS) in the observed LIM signals, due to the finite time taken by radiation to
reach the observer. The impact of this light-cone effect on the galaxy LIM auto and cross-power spectra
has also not been well explored before which has been addressed in this thesis. In this study, it has been
demonstrated that the light-cone anisotropy can alter the power spectrum of [C 11];55,m LIM signal by a
magnitude greater than 15 percent at k ~ 0.1 Mpc~! for redshift 6.8. Furthermore, it has been observed
that the light-cone effect on the power spectrum of [C 1I];58,m LIM signal diminishes with decreasing
redshift within the examined redshift range (6 < z < 7.2). The light-cone effect also affects the cross-
power spectrum of the [C 11];58,m and [H I]>;c, LIM signal, and the magnitude of the impact and the
scale that is affected vary with reionization history. The maximum impact on the cross-power spectrum
of [C 1T]y58,mand [H I]»1cm LIM signal can reach up to 20 percent, in the models of cosmic reionization
investigated, where reionization ends before z = 6. Therefore, incorporating the light-cone effect in the
forward models of auto and cross-power spectrum is essential for accurately modeling and constraining
reionization history and the astrophysical parameters related to EoR. This study also considers line-
luminosity scatter with halo-mass dependence in [C II];55,m emission, derived from a simulation of
galaxies at z = 6 with cosmological hydrodynamic and radiative transfer calculations. Consequently,
it is found that the mean intensity of the LIM signal is not preserved when the scenario is interpreted
with the mean luminosity-halo mass correlation fit; therefore, the clustering power spectrum is altered
in this case. However, in this scenario, a robust interpretation of the impact of halo-mass dependent

scatter on the power spectrum of [C 1I];55,m LIM signal can be given using the most probable fit.
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Similarly, using the bispectrum of the [H I];;cm signal from the EoR derived from semi-numerical
simulations, it is found that the small ionized regions are dominantly affected by the scatter in the SFR,
whereas it does not largely affect the larger ionized bubbles. At smaller scales (k; ~ 2.55 Mpc™1),
the scatter’s impact is both large in magnitude with 0.2 < [(AB)/Bjo—scatter] < 1 and statistically
significant with [(AB)/oap| 2 5, for redshift of 7.4, at a neutral fraction of (xy;) ~ 0.8. This
impact is even more pronounced (|(AB)/Byo—scatter] = 10) for redshift of 10, at smaller scales and at
(xm) ~ 0.8, although the statistical significance diminishes somewhat (|(AB) /oap| ~ 3) at the same
neutral fraction, compared to redshift of 7.4. Optimistically, the SKA1-Low telescope might detect
these imprints of astrophysical scatter with a detection significance of roughly 30 and 50 at a redshift
of 7.4 for (zy;) ~ 0.8 and 0.9, respectively, using the equilateral [H 1], bispectrum. Finally, using
radiative transfer output for the [H 1],y signal and a semi-analytic approach for the CO signal at 2z ~
7.2, it is found that the detection prospects for the weakest CO emission model improve significantly
in cross-correlation, considering 1200 and 2400 hours of AARTFAAC observing time, surveying [H
1]21cm signal from the EoR. The CO(1 — 0) signal has better detection prospects in the COMAP-EoR
campaign compared to the CO(2 — 1) signal in the COMAP-Pathfinder campaign, with a detection
significance of 2.50 in cross-correlation for the weakest model at & ~ 0.12 Mpc~!. Additionally,
using the CO(1 — 0) X[H I]p1cm cross-power spectrum, a wide range of Lgr — L correlation models
can be contrasted with 2 3¢ significance for 2400 hours of AARTFAAC observing time. Therefore,
LIM can address a wide range of astrophysical phenomena from the EoR and help us comprehend this
mysterious epoch. It is essential to develop accurate forward models of the LIM summary statistics

that can interpret the ongoing/upcoming observations with LIM experiments probing the EoR.
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Chapter 1
Introduction

In the 21st century, we have seen excellent progress in the field of cosmology with the advent of modern
technologies. In the past few decades, cosmologists have conducted detailed investigations of the cos-
mic microwave background, which carries information about the very earliest stages of the evolution
of the Universe that one can probe. Recent observational missions like the Planck (Planck Collabo-
ration, Aghanim, Akrami, Arroja, et al. 2020) have made high-resolution maps of the fluctuations in
the CMBR compared to its predecessor, Wilkinson Microwave Anisotropy Probe (WMAP, Bennett
et al. 2013), and allow us to understand its small-scale features. Also, large-scale galaxy redshift sur-
veys have made progress in unveiling the distribution of luminous matter in our local Universe. It has
been pushed to the distant Universe as well with the detection of ~ 50,000 Lyman-« emitters with the
Hobby Eberly Telescope Dark Energy Experiment (HETDEX), up to z < 3.5 (Mentuch Cooper
et al. 2023). It will allow us to probe the accelerated expansion of the Universe and shed light on the
nature of dark energy.

However, some limitations remain in extending large-scale galaxy surveys to the Epoch of Reion-
ization (EoR), when the first luminous objects were formed in the Universe. The most abundant ele-
ment in the Universe, hydrogen, which is ubiquitously present in the Universe, started to get ionized
when galaxies began to form. The ultraviolet (UV) radiation from these sources drove the reionization
process, and these galaxies are assumed to be the primary agents of reionization. Other sources, such
as uniform ionizing backgrounds contributed by mini-QSOs, X-ray binaries, or AGNs McQuinn 2012;
Mesinger, Andrea Ferrara, and Spiegel 2013; Majumdar, Jensen, et al. 2016, can also play a role in
reionization. This period was the last major phase of the transition of the Universe (see figure 1.1).

Halos are located in over-dense regions and therefore the gas density within the halos is consid-
erably higher than that of the IGM. The ionizing photons emitted in the galaxies must escape this
high-density gas to ionize the IGM. The escape fraction of these ionizing photons is a significantly
uncertain quantity as it can vary with redshift and galaxy mass. This can affect the overall radiation in-
tensity to varying degrees. Also, simulations of cosmic reionization often model the sources of ionizing

radiation and their surroundings as point sources because of poor resolution (refer e.g., Gnedin 2000).
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Figure 1.1: A cartoon diagram of the evolution of the Universe, along with the era of cosmic reioniza-
tion is shown (Credit: NAOJ).

If high-redshift galaxies share similar escape fractions, it is possible that stars provided a significant
portion of the reionizing background radiation (e.g., Madau and J. M. Shull 1996; Madau, Haardt, and
Rees 1999). However, high-redshift galaxies formed in a denser Universe can have a different escape

fraction from their low-redshift counterparts.

Each galaxy forms its own H Il region due to the radiation generated by the stars inside the galaxies,
that ionize hydrogen. These regions continue to grow, until they overlap with each other to merge and
form a single H 11 bubble. Loeb and Barkana 2001 gave an account of the process of the reionization
of hydrogen, which involves several distinct stages. The initial phase called the “pre-overlap” stage as
per Gnedin 2000, involves ionization from individual sources. The earliest galaxies form within the
most massive halos at high redshift, which are biased and tend to reside in the densest regions. Once
these ionizing photons emitted from these high-density regions breakthrough, the ionization fronts can
move more freely into low-density voids, leaving neutral, high-density gas pockets behind. Therefore,
the IGM develops two distinct phases, with highly ionized regions separated by ionization fronts from
neutral regions. The ionizing intensity within the ionized regions is non-uniform, determined by the

proximity and ionizing intensity of the luminous sources close by.

In the following central ”overlap” phase of reionization, the neighboring H II regions merge, and
every point within their common boundary gets exposed to ionizing photons from both sources, caus-
ing the ionizing intensity to rapidly increase within the H II regions. These regions can then expand
into high-density gas that had previously recombined quickly enough to stay neutral. The overlap
phase is expected to happen fast with a duration less than Hubble time at the overlap redshift due to
the acceleration of reionization by bubble merging and giving a phase transition characteristic. The
ionizing intensity is increased significantly and becomes more uniform at the end of the “overlap”
phase since most regions in the IGM have multiple unobscured sources. In this stage, a highly ionized

and low-density IGM prevails, where ionizing radiation can stream freely except in self-shielded high-
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density cloud regions, concluding the reionization overlap phase. It occurs due to increased galaxy
formation rates predicted by the hierarchical model of structure formation. Some neutral gas persists
in high-density structures corresponding to the Lyman limit and damped Lyman-a systems seen in
lower redshift absorption. As galaxies continue to form, these regions gradually ionize, increasing
the mean ionizing intensity and its uniformity as IGM becomes transparent to more ionizing sources.
The ”post-overlap” phase persists since neutral gas is reserved in collapsed objects. In the subsequent
sections, some of the earliest probes of the EoR are discussed, such as the Thomson scattering opti-
cal depth measurement from the Cosmic Microwave Background and the absorption spectra of high

redshift quasars.

1.1 The Cosmic Microwave Background

In the hot Big Bang model of our Universe, a Big Bang afterglow is predicted to fill the entire Universe,
which is expected to follow a blackbody spectrum. The COBE mission first measured the anisotropies
in this background radiation and placed constraints on it (Mather 1994; Wright et al. 1994). These
anisotropies represent the primordial density fluctuations that gave rise to the present structures in
the Universe that we see today. Its successors, such as WMAP and Planck (Planck Collaboration,
Aghanim, Akrami, Arroja, et al. 2020), improved the measurements further, where higher-resolution
maps of cosmic microwave background radiation (CMBR) were produced. In the cosmic history of
our Universe, this represents the earliest possible state of the Universe that we have probed. However,
the information from the CMBR only tells us a little about the later stages of the evolution of the
Universe. For example, analysis from the CMBR data has placed partial constraints on the epoch of
reionization. The reionization process releases free electrons with which the CMB photons interact
via Thomson scattering. It introduces further anisotropies in the CMBR temperature fluctuations, and
detailed analysis by Planck 2018 (Planck Collaboration, Aghanim, Akrami, Arroja, et al. 2020) has
constrained the measured Thomson scattering optical depth—this optical depth to reionization for the
observed CMB photons can be written as (Griffiths, Barbosa, and Liddle 1999).

T = np700TCA (1 + Z/)2 [_[d(i/>l'e(z) (11)

np.0 and o7 represent the proton density at present and the Thomson scattering cross-section. . is the
ionization fraction. In the instantaneous reionization model, if the reionization completely happened

at a single redshift zo, then x. is given as

Ze(2) = 0,2 > Zieion (1.2)
= 1, z S Zreion - (13)



In this scenario, the optical depth is estimated over the path length from 2 = 0 to 2 = Zzjon, as Was
done in some previous works (Griffiths, Barbosa, and Liddle 1999; Venkatesan 2000; M. Shull and
Venkatesan 2007). The latest Planck 2018 results (Planck Collaboration, Aghanim, Akrami, Arroja, et
al. 2020) put constraints on the midpoint of reionization history assuming a tanh model (Lewis 2008),

zo(y) = g [1 + tanh (%;z))} (1.4)

which is given as

Here, y(2) = (1 + 2.)%/? is where z, = f/2. If the reionization of helium is also taken into account,
then f = 1 + fue, With fye = nge/nu. Using the model of Eq. 1.4, the Planck 2018 results place the
value of the midpoint of reionization at 2ejo, = 7.6840.79 (Eq. 18 of (Planck Collaboration, Aghanim,
Akrami, Arroja, et al. 2020)). However, this constraint is based on a pre-assumed reionization history,

which cannot be independently constrained using only the Thomson scattering optical depth.

1.2 High redshift quasar spectra

The IGM is expected to completely absorb the flux of the spectra from quasars, which is blueward of the
Lyman-« line transition beyond some specific redshift. This absorption is observed as a Gunn-Peterson
trough. In the study of R. H. Becker et al. 2001 Keck spectroscopy of quasars at z ~ 5.82,5.99, and
6.28, the results are presented. It was observed that the Lyman-« absorption evolves significantly with
redshift in these quasar spectra. The absorption of the Lyman-« flux is consistent with extrapolations
from lower redshifts up to z ~ 5.7, but in SDSS J103027.10+052455.0 (z ~ 6.28), which is the highest
redshift object, the average transmitted flux was observed to be approximately 0.0038 4= 0.0026 times
the continuum level over 84504 < A < 87104 (5.95 < zaps < 6.16). Consequently, the level of flux
decreases more than 150 times and is consistent with zero flux in the Lyman-« forest region blueward of
the Lyman-« emission line, compared to a reduction of ~ 10 times at z,,s ~ 5.3. They concluded that
a complete Gunn-Peterson trough has been detected which is the result of neutral hydrogen presence
in the IGM.

Additionally, quasars at 5.7 < z < 6.3 as identified by SDSS were investigated by Fan et al. 2002
for Lyman series absorption. Semianalytic methods and cosmological simulations were used to mimic
the density fluctuations in the IGM at high redshifts, to assess how the ionizing background evolved
with redshift. It was discovered that the ionization background is more than 20 times lower in the IGM
at z ~ 6 thanat 2 ~ 3. At z ~ 3, the volume-averaged neutral fraction is around 10~°, which increases
to more than 1073 at z ~ 6. The mass-averaged neutral hydrogen fraction exceeds 1 percent at this
redshift, with the mildly overdense regions (6 > 3) remaining mostly neutral and the comoving mean
free path of ionizing photons being less than 8§ Mpc. By comparing with cosmological reionization
simulations, they also determined that the observed characteristics of the IGM at 2z ~ 6 are indicative

of the period after the reionization overlap stage when the separate H 11 regions coalesce.
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Nevertheless, recent research suggests that reionization may have concluded at a redshift below 6.
A study by G. D. Becker, Bolton, Zhu, et al. 2024 provides evidence indicating that the most extensive
and profound Lyman-« trough observed at z < 6, in relation to ULAS J0148 + 0600 (JO148), is
linked to damping wing absorption. This conclusion is drawn from an area of pronounced Lyman-«
transmission at the boundary of the J0148 proximity zone. They demonstrate that the relatively smooth
profile of this transmission window is highly improbable to result from resonant absorption alone and
aligns with the presence of a damping wing. Additionally, they propose that the damping wing is
unlikely to originate from a compact source due to the absence of associated metal lines; it is more

likely to stem from an extensive neutral island connected to the large Lyman-« trough.

1.3 Galaxy redshift surveys - Probing our local Universe and be-

yond

Galaxy redshift surveys have recently advanced to produce more detailed galaxy catalogs. These sur-
veys attempt to map a large area in the sky to probe how luminous objects such as galaxies cluster
on large scales. The galaxies at very low redshifts are a typical representation of our local universe
since they are observed in their present state at the present cosmic time. Extending the surveys to-
wards higher redshifts allows us to probe what the properties of galaxies were at a much earlier cosmic
time and how that has evolved. Some of the earlier attempts at wide-area galaxy surveys are the 2dF
Galaxy Redshift Survey (2dFGRS, Colless et al. 2003) and the 6dF Galaxy Survey (6dFGS, Jones
et al. 2009). The more recent ones include WiggleZ (Drinkwater et al. 2018), Galaxy And Mass As-
sembly survey (GAMA, Driver et al. 2022), Sloan Digital Sky Survey (SDSS, Almeida et al. 2023),
and the galaxy survey with the Dark Energy Spectroscopic Instrument (DESI, DESI Collaboration
et al. 2024). However, these galaxy surveys consist of samples from the low redshift Universe. The
recent high-redshift galaxy survey consisting of a large number of galaxy samples was done by the
HETDEX (Davis, Gebhardt, Cooper, Ciardullo, et al. 2023; Davis, Gebhardt, Cooper, W. P. Bow-
man, et al. 2023; Mentuch Cooper et al. 2023) up to z < 3.5. However, they do not probe galaxies
out to the reionization epoch. The current ongoing surveys that are successfully probing the EoR are
from instruments, ALMA and JWST, although the sample size of galaxies is not as large as the low

redshift surveys. Some of the recent results from these observations of the EoR are discussed below.

1.3.1 ALMA

The Atacama Large Millimeter/submillimeter Array (ALMA)' is an advanced telescope designed
to observe radiation emitted by extremely cold objects in the Universe such as molecular clouds (Watan-

abe and Kouchi 2008) via detection in the millimeter and submillimeter bands. Radiation in this band

"https://www.eso.org/public/teles-instr/alma/
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provides a unique perspective into the mysterious cold Universe. However, this radiation is signifi-
cantly hindered by the presence of water vapor in the Earth’s atmosphere. Therefore, telescopes used
for this type of astronomy require construction on elevated and arid locations, such as the Chajnantor
plateau, at an altitude of 5000 meters above sea level. ALMA is an innovative telescope consisting of
66 high-precision antennas, with a very high degree of surface precision of rms < 25um for 12-meter
antennas and rms < 20um for 7-meter antennas and pointing accuracy of rms < 0.6” (Wootten and
A. R. Thompson 2009). It operates in the wavelength range of 0.32 to 3.6 mm. The primary array of
the system consists of fifty 12-meter antennas, which collectively function as an interferometer. This is
further enhanced by an additional array consisting of four 12-meter antennae and twelve 7-meter anten-
nas. The 66 ALMA antennas can be stacked in various configurations, allowing for a flexible "zoom”
capability with a maximum distance between antennas ranging from 150 meters to 16 kilometers. The
instrument can probe the Universe utilizing wavelengths in the millimeter and submillimeter ranges
with exceptional sensitivity and resolution. Its visual acuity is up to ten times superior to that of the
Hubble Space Telescope (HST), and it complements images produced by the VLT interferometer.

The ALMA has probed galaxy samples out to the EoR using redshifted line emissions from those
samples. A study by Gallerani et al. 2018 detected a sample of star-forming galaxies 5.2 < z < 5.7
using the [C IT]58,m line emission with ALMA. The broadwings of the line emission suggest that there
is an outflow driven by starbursts in those galaxy samples, with vy, ~ 500 km s, which is obtained
at the largest velocity where the flux excess is observed. The Myyq = 2.1 + 0.9 x 108 M, is the total
mass of outflowing gas. An outflow rate of M = 54 + 23 M yr " is inferred and given that the star-
formation rate of their sample is 31+ 20 M, yr , the estimated loading factor n = M /SFR = 1.7£1.3.

This is in good agreement with the local starbursts galaxies (Heckman et al. 2015).

Zavala et al. 2018 had probed 3 mm continuum sources by performing a blind search while uti-
lizing the ALMA archive, extending the submillimeter-galaxy selection method at high redshifts to
identify dusty star-forming galaxies (DSFGs). By excluding the primary targets of the observations,
they identified 16 sources exceeding a conservative threshold of 5, with a false detection rate expected
to be under 5 percent. From these sources, they determined the first number counts of 3 mm sources.
Employing a backward evolution model, they found that the data does not support a Universe that is
dust-poor, where at z > 4, DSFGs contribute minimally to the cosmic star-formation rate (CSFR). The
optimal models for the evolving infrared galaxy luminosity function (IRLF) indicate that DSFGs con-
tribute to the total CSFRD at a level of approximately 35 to 85 percent, between z ~ 4 and 5. However,
at higher redshifts, it is not well understood how much the dust-obscured star formation contributes to
the total CSFRD, due to degeneracies in the parameters of the model. The constraints could imply two
different scenarios, one of which is that the dust-obscured star formation can contribute to the total
CSFRD up to a level of 75 percent, up to z ~ 6, after which obscured star formation becomes much
rarer. The other scenario could be a significant contribution (= 15—65 percent) of the dust-obscured

star-formation towards the total CSFRD up to z ~ 9, but which is not well understood.
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The ALMA-ALPINE [C 11];58,msurvey (Le Févre et al. 2020), examined 118 star-forming galaxies
towards the end of the EoR at 4 < z < 6. The galaxies in this study were chosen based on reliable
spectroscopic redshifts that existed already and SED-based SFR predictions for the [C IT]i58,m flux
using the relation from De Looze, Cormier, et al. 2014. The SFR values were chosen so that L¢y >
1.2x108 L. The galaxies that were detected in [C 11]158,,m constituted about 64 percent of the samples
with 3.50 above the noise and 21 percent in the continuum. The galaxy types detected were comprised
of 10.7 percent compact, 13.3 percent rotating discs, 20 percent extended and dispersion-dominated,
and 40 percent mergers. The remaining 16 percent could not be classified because they were too faint.
This variety of types suggests that different physical processes can contribute to mass assembly in these
galaxies, particularly galaxy merging. While starbursts above the main sequence, at least up to z ~ 3,
typically exhibit galaxy merging, at z ~ 4.7, mergers in ALPINE samples are predominantly on the
main sequence (MS), indicating that for normal SFGs, merging is also a significant process during this

period.

On the other hand, the Reionization Era Bright Emission Line Survey program or REBELS with
ALMA has identified galaxy samples from the reionization epoch, aiming to investigate substantial
samples of luminous interstellar medium (ISM) reservoirs from this time. Additionally, at z > 6.5, for
the highly luminous star-forming galaxies, it provides the initial characterization. This is achieved in
REBELS by investigating 40 brightest galaxies selected in UV, within an area of 7 deg? for emission
in dust-continuum and prominent [O III]gg,m and [C 11];58,m lines. Initial findings from the ALMA-
REBELS survey were documented by R. J. Bouwens et al. 2022. From observations during the first
year, 18 7o detections of [C 1I];55,mlines have been obtained, with emission in dust-continuum at 3.30
in 13 out of the 18 samples detected. In the z > 6.5 universe, the number of known bright ISM-
cooling lines has more than tripled, bringing the number of redshifts derived by ALMA at this epoch,
to compete with those from Lyman-«a observations. Analyzing the completeness of the search results
in relation to star formation rate (SFR) indicates an approximate 79 percent efficiency in detecting [C

11]158,m With SFRyy41r being greater than 28 Mgyr .

At high redshifts, the transmission of Lyman-« line can be enhanced owing to the shifting of the
profile to larger velocities compared to the systemic redshift. Endsley et al. 2022 explore thisat z ~ 7
using galaxies detected with the ALMA REBELS survey. Eight such galaxies were detected that have
Myy ~ —22 and are UV bright at z ~ 7. To study the Lyman-« velocity profiles the systemic redshifts
of the [C IT];53,m emission have been used and four out of eight samples are detected in Lyman-a.. The
FWHM of the Lyman-« lines are around 300-650 km s~ and the offset of velocity on average is 223
km s~!, therefore having significant deviation from the systemic redshift. Also, the Lyman-« profiles
which are the broadest, are associated with the largest line widths of [C 11]153,,m. This suggests a relation
between the FWHM of Lyman-« line and the dynamical mass. The large velocity profiles are found

to boost the visibility of Lyman-« line in the reionization-era UV-luminous galaxies.

Sommovigo et al. 2022 estimate the dust temperatures (7y) using a newly developed approach
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based on concurrent [C 1I];53,m line and underlying dust continuum observations in the z ~ 7 galax-
ies detected by the ALMA-REBELS survey. They determine that 39 < T; < 58 K, with dust
masses ranging narrowly within My = (0.9-3.6)x107 M. Their findings also indicate warmer dust
in sites with more obscuration, as higher levels of obscuration enhance dust heating efficiency. Over-
all, REBELS galaxies exhibit relatively low opacity, with effective column densities of gas of around
Ny ~ (0.03-1)x10*! em™.

Topping et al. 2022 have studied 40 UV-bright galaxies and report their specific star formation
rates at a redshift of ~ 7 — 8 using the ALMA-REBELS survey. The analysis is based on the FIR
continuum measurements and spectroscopic redshifts derived from [C 1] 58,m line, which was required
to derive the sSFRs based on stellar masses obtained from SEDs and improved calibration of SFR. The
median value of the distribution of the sSFR within the samples is measured to be around 187 Gyr—*,
which is found to be significantly higher compared to other measurements, that do constrain the FIR
well. This reflects the larger SFRs obscured by dust that is obtained from dust continuum, as compared
to the one that is suggested by the SED in the UV+optical regime. The anomalies are suggested to be
originating from variations of dust across space among these luminous galaxies, where the components
dominating the UV and the FIR are distinct from each other. Topping et al. 2022 have demonstrated
that the stellar masses inferred are dependent strongly on the underlying star formation history of the
reionization-era galaxies. It is also found that in the largest sSFR systems, the [C II];58,m line width
is often very broad, which suggests that the dynamical masses are capable of accommodating an old

stellar population, predicted by non-parametric models.

Fudamoto et al. 2022 report that the typical effective radius of [C II];55,m €mission at z ~ 7 is 1,
of 2.2 £ 0.2 kpc. This size is more than twice as large as the dust continuum and the rest-frame UV
emission, which aligns with recent measurements for galaxies at z < 6. Furthermore, we compared
the average [C IT];58,msizes of galaxies at 4 < z < 6 from the ALMA-ALPINE survey. By examining
[C 1I]158.m Sizes in two redshift bins for these galaxies, they found that the average effective radius
is 2.2 £ 0.2 kpc for z ~ 5.5 galaxies and 2.5 + 0.2 kpc for 2 ~ 4.5 galaxies, respectively. These
results indicate that star-forming galaxies do not show any significant evolution in the size of [C IT]158,m
emitting regions within z ~ 4 — 7. This suggests that the morphologies of these galaxies might be

predominantly influenced by gas over this extensive redshift range.

Further, using the ALMA REBELS survey, the infrared luminosity function or IRLF was studied
based on the galaxy samples selected in the UV band in the EoR by Barrufet, Oesch, R. Bouwens,
et al. 2023. 42 galaxies were targeted within redshifts 6.4 to 7.7 using line scans of [C 1I];5g,m €mis-
sion. The IR luminosity of the galaxies detected ranges from 10'%4L. to 10'%?L.. The Schecter
function is found to well represent the IRLFs derived, where the characteristic luminosity L. is found
to be log L,/Ls = 11.6%07. The simulations at z ~ 7 also reproduce similar results with agree-
ment with these observations. It is suggested that the IRLFs evolve significantly between the redshifts

of 4 to 7, lying significantly below the estimates from lower redshifts. At z ~ 7, the contribution to-
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wards the CSFD from the IR obscured star formation is estimated to be log(SFRD /M, yr~' Mpc ™) =
—2.667017. Therefore, during the EoR, the presence of dust is already abundant.

A follow up study for three Lyman break galaxies detected in the Subaru Hyper Suprime-Cam
survey was done by Harikane et al. 2020 using the ALMA observations that targeted continuum emis-
sion in dust, [N 1I]o2,,m, [O 1]ggum and [C 11];55,m line emissions, which were detected within redshifts
6.0293 to 6.2037. At a significance level of 4.30 to 11.80, [C 1I]i58,m and [O II]gg,m lines were de-
tected from all galaxies and from two out of the three galaxies, continuum emission from dust was
identified in multi-band. It was found that [O IIT]gs,m luminosities are at a comparable level or higher
than what is predicted by Lop-SFR relation at = ~ 0. However, the [C 1I];58,m line luminosity in
these samples was found to be lower than dwarf galaxies and is comparable to starburst galaxies in
the local Universe. Therefore, the [O IT]gg,um/[C 11]158,mratio is higher than what is found in the local
Universe and is similar to other galaxies found in the redshift range of 6 to 9. An analysis using Cloudy
shows that an ionization parameter that is higher by 10 to 100 times or low (0-10 percent) covering
fractions of photo-dissociation regions (PDR), can cause such properties in the galaxies at redshifts 6
to 9. In the latter scenario, where there is a PDR deficit, these conditions can be reproduced with a
density-bounded nebula with a PDR deficiency. This would cause the enhancement of escape of Ly-
man continuum, Lyman-« and C™ ionizing photons, which is found to be consistent with the positive
correlation found in the [O 1I]gg,m/[C 11]158mratio and the equivalent width of Lyman-c, detected at a

significance level of 90 percent.

1.3.2 JWST

The James Webb Space Telescope or JWST? is a space-based observatory with a primary mirror
with aperture of ~ 6.5 m. It operates within the wavelength range of ~ 0.6 — 28.5m, and achieves an
angular resolution of ~ 0.1 arcsecond. The Near Infrared Camera (NIRCam)?, JWST’s main imager,
covers 0.6 to Sum wavelength range that falls in the infrared regime. This device is sensitive to the
radiation from objects within the Kuiper Belt, young stars located in the Milky Way, stars within the
nearby galaxies, and also the earliest luminous sources during stages of formation. Coronagraphs on
NIRCam can block light from other brighter sources, facilitating the observation of dimmer surround-
ing objects. The Near InfraRed Spectrograph (NIRSpec)* on JWST, which also operates over the 0.6
to Sum wavelength range, generates spectra of observed objects and can produce spectra for multiple
objects simultaneously. The Mid-Infrared Instrument (MIRI)’ has a camera and a spectrograph that
can operate in the wavelength range from 5 to 28um. Its sensitive detectors can detect objects in the

Kuiper Belt, comets that are faintly visible and redshifted light from far away galaxies. MIRI’s spec-

’https://science.nasa.gov/mission/webb/fact-sheet/
*https://science.nasa.gov/mission/webb/nircam/
“https://science.nasa.gov/mission/webb/nirspec/
Shttps://science.nasa.gov/mission/webb/mid-infrared-instrument-miri/
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trograph enables medium-resolution spectroscopy, offering new physical insights into distant objects.
To obtain images with high quality, the pointing of the JWST has to be precise, which is allowed by
the Fine Guidance Sensor (FGS). The Near Infrared Imager and Slitless Spectrograph component of
the FGS/NIRISS® investigates several scientific objectives: exoplanet transit spectroscopy, exoplanet
identification and characterization and detection of first light. The FGS/NIRISS covers a 0.8 to 5.0m
wavelength range with three primary modes, each addressing a specific wavelength range. Below,
some of the recent results of JWST from the EoR have been discussed.

Using the "GLASS-JWST-ERS program”, Leethochawalit et al. 2023 have analyzed 13 sources
that were identified photometrically from the NIRCam data, within 7 < z < 9. They used the SED-
fitting software Bagpipes to calculate the stellar masses, SFRs, and mass-weighted ages for these
sources. In general, the number density observed aligns well with the predictions of the UV luminosity
function from HST observations at this redshift. These galaxies exhibit a broad range of ages weighted
by mass, starting from 30 Myr in the smallest galaxy to about 100 to 200 Myr in the larger 10 M,
galaxies. It indicates substantial star formation activity in typical galaxies at redshift z 2 11, although
these results depend on the model for the star-formation history (SFH), which is usually the log-normal
model.

Further, with the new "GLASS-JWST NIRCam” data, Santini et al. 2023 present the initial exam-
ination of mass-to-light ratios and stellar masses for galaxies with redshifts higher than z > 7, which
directly sample optical light in rest-frame from these galaxies. They demonstrate that JWST can mea-
sure the stellar masses of galaxies at z 2 7 accurately, that is 5—10 times better than previous studies
requiring exposure time, which is much shorter. The physical conditions within the early galaxies can
vary widely, which is indicated by the two orders of magnitude range of the UV mass-luminosity rela-
tion observed. They also point out that earlier assumptions of a uniform UV mass-luminosity relation
could introduce systematic errors in estimates of the cosmic stellar mass density (SMD) by as much as
a factor of ~ 6.

Further, using NIRCam parallel observations from the "GLASS-JWST Early Release Science”
program, Nanayakkara et al. 2023 constrained the UV continuum slope of 401 galaxies within a redshift
range of 4 to 7. The dust levels were found to be very low (Avz ~ 0.01+0.33) and more than 99 percent
of the galaxies are blue star-forming. The UV slope was found to be correlated with the stellar mass
within the galaxies, whereas galaxies with higher stellar mass had a shallower UV slope. However,
no correlation to the UV magnitude or redshift was found that is statistically significant although at
higher redshifts, the galaxies had steeper UV slopes for fainter UV magnitudes in general. The stellar
population synthesis models used allowed for bluest UV slope values of 5 ~ —3.1 for some of the
galaxies, which means that Population III contribution, AGN effects, or a higher amount of Lyman
continuum leakage are required that can explain the optical and rest-UV properties. This supports the

gradual mass + dust buildup model of galaxies with cosmic time that can describe the Universe within

6https ://science.nasa.gov/mission/webb/fine-guidance-sensor-near-infrared-imager-and-slitless-spectrogr:
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the age window of ~ 0.7 — 1.5 Gyr. The large population of dust-poor UV faint systems may support

the model where low-mass galaxies are important in cosmic reionization at z > 6.

Moreover, Z. Chen et al. 2023 have utilized JWST/NIRCam imaging, to study how 12 of the bright-
est galaxies in the EGS field at z ~ 6 — 8 are composed internally. In the rest-UV, they appear clumpy,
and more than half the radiation originates from star-forming complexes of about 107 to 109 M, and
sizes ranging from 150 to 480 pc. The clumps are generally filled with young stars (median age 36
Myr), although significant differences in clump ages are observed in the galaxies. The [O II]J+HS
equivalent width (EW) varies considerably among galaxies, indicating variations in gas and stellar
characteristics while the ionized regions tend to align with the UV-bright complexes. Most of the stel-
lar mass in these luminous galaxies at redshifts 6 to 8, is concentrated in small clumpy star-forming
complexes (< 150 pc), indicative of the highly active assembly phase typical for galaxies during the
reionization era.

Also, using the "CEERS” program, 30 galaxy samples were detected using high-resolution and
very deep imaging with NIRCam, which were very faint such that they could not be probed with the
HST. This study has been done by Barrufet, Oesch, Weibel, et al. 2023 and they derive the physical
properties of these galaxy samples using 12-band multiwavelength photometry, that also included HST
imaging. The galaxies were found to be massive (10'°,) and are generally obscured by dust heavily
(Ay ~ 2 mag), where the surface density is obtained to ~ 0.8 arcmin?. These galaxies are an important
contributor to the population of massive galaxies from z > 3 up to the EoR and they also contribute to
the obscured SFRD of 3.2 1% x 1073 M, yr~! Mpc ™ at a redshift of ~ 7, that suggests the probable
presence of dust in the EoR. Overall, this demonstrates the capability of JWST to uncover the missing
population of galaxies and provide a comprehensive census of galaxies in the EoR.

Mascia, Pentericci, Calabro, Treu, et al. 2023 perform a detailed characterization of a set of LyC
leakers in the EoR by combining data from JWST-NIRSpec and NIRCam to determine their physical
and spectroscopic attributes. Analyzing 29 gravitationally lensed galaxy samples within the redshift
range 4.5 < z < 8 from the Abell 2744 cluster field, they observe that these galaxies have high [O
I]/[O ] flux ratios, compact sizes (1. ~ 0.3 — 0.5 kpc), blue UV spectral slopes (5 ~ —2.1) and
low masses (log(M,) ~ 8.5). These characteristics are similar to Lyman continuum leakers at low
redshifts. Estimating the escape fraction of ionizing photons indirectly, it is found that over 80 percent
of the galaxies are predicted to have f.;. values greater than 0.05, categorizing them as leakers. The
sample’s fes has an average value of 0.12, suggesting that at = > 6, galaxies with similar properties
have significantly contributed to cosmic reionization.

One of the key challenges in understanding the properties of the galaxies is to measure the fraction
of Lyman continuum photons (fe) that can escape the galaxies and into the IGM. This is difficult
to achieve because the IGM is opaque and it is necessary to measure fe, to understand the role and
nature of cosmic reionizers. However, at intermediate and low redshifts efforts have been made to

predict f., based on measurable indirect indicators in galaxies at high redshifts. Mascia, Pentericci,
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Calabro, Santini, et al. 2024 has analyzed spectroscopically confirmed galaxies from "CEERS” survey
which are about 62 in number, at redshifts between 6 to 9, and are star-forming. It was discovered that,
on average, these galaxies have a predicted value of 0.13 for f.. and are blue sources (UV-38 ~ —2.17),
along with being compact in the rest-frame UV with r. ~ 0.4 kpc. It is also concluded that most likely,
galaxies which is currently not characterized by JWST and are fainter than M5 = —18, contributed

significantly to the ionizing photon budget of reionization.

Umeda et al. 2024 analyze the spectra from JWST/NIRSpec, from the "CEERS”, ”GO-1433”,
”DDT-2750, and "JADES” programs, compiling a sample of 27 galaxies that are bright in UV-
continuum (Myy < —18.5 mag) within the redshift range of 7 to 12. This analysis aids in determining
the volume-averaged fractions of neutral hydrogen, x,.u; and radii of ionized bubble R}, based on Ly-«
damping wing absorption of these galaxies during the EoR. They estimate Ly-a damping wing absorp-
tion using realistic templates that include absorptions in the circumgalactic medium and emission in
Ly-a. Under the assumption that the reionization model is "inside-out”, with a radius R}, for ionized
bubble around a galaxy within the intergalactic medium, they derive @ (f2) values that increase
(decrease) from gy = 0.5310 15 t0 0.92709% (log R, = 1.671 14 to 0.6910 5] comoving Mpc) for the
redshift interval z = 7.1210 0% t0 9.911}12. The evolution of ..y with redshift indicates a reionization
timeline that is moderately late, which has consistency with prior findings from cosmic microwave
background electron scattering and UV luminosity function evolution, suggesting fec ~ 0.2. The R,
values suggest that compared to the average cosmic value calculated for a given x4y, the bubble sizes
could be a few orders of magnitude larger while being roughly comparable to values of ionized bubbles

around bright galaxies that have merged, as have been predicted by simulations recently.

Saxena et al. 2024 describe the characteristics of 17 weak LAEs at z > 5.8 from the spectroscopic
data of "Hubble Ultra Deep Field/GOODS-S JWST Advanced Deep Extragalactic Survey (JADES)”.
These LAEs’ Lyman-a equivalent width is ~ 250—3500 nm, the UV magnitude range is Myy =~
—17 to —20.6 and the redshift range is from 5.8 to 8.0. The general galaxy population at z > 6 is
composed of metal-poor systems with high ionization characteristics, such as these dim LAEs. The
study supported model prediction by finding an anti-correlation between Lyman-« escape fraction and
velocity offset arising out of systemic redshift, supporting model predictions. The decrease in Lyman-«
escape fractions with redshift suggests that at high redshifts, the ionized bubbles around LAEs are
smaller. Across the observed Lyman-a equivalent width, the LAEs’ output of ionizing photons into
the IGM remains constant, while at higher redshifts and fainter UV magnitudes, it can slightly increase.
They suggest that the correlations between LAESs’ ionizing photon output, UV magnitudes, Lyman-a
strengths, and redshifts can be utilized to determine LAESs’ contribution to cosmic reionization at z > 6.

Muioz et al. 2024 recently argued that the JWST observations, revealing early galaxies as pro-
lific ionizing photon producers, created tension among reionization probes. These new observations
suggest high ionizing photon production efficiency and a greater abundance of early (z = 9) galax-

ies, significantly increasing ionizing photon production at high z. At the same time, recent studies
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at low-z forecast considerable f.. for faint galaxies during the reionization-era. Mufioz et al. 2024
indicate that the directly observed galaxies (Myy < —15) not only drive reionization but would ter-
minate it prematurely, leading to ionizing photons present in an excess abundance and a reionization
process conflicting with the Lyman-« forest and cosmic microwave background (CMB) observations.
They suggest solutions like biased calibration of ionizing photon production efficiency, low f.. values,
UVLF turnover or flattening, and uncertainties in recombination modeling. Conversely, F. Melia 2024
argue that this tension stems from flawed assumptions in background cosmology (ACDM) and propose
an R, = ct cosmology (F. Melia and Shevchuk 2012) as an alternative solution, addressing other cos-
mological issues such as horizon problems related to the CMB temperature and the electroweak phase
transition (F. Melia 2013; Fulvio Melia 2018), the cosmic entropy anomaly (Fulvio Melia 2021), vi-
olation of the strong energy condition by inflation in general relativity (Fulvio Melia 2023a), and the

monopole problem (Fulvio Melia 2023b) among others.

1.4 Line intensity mapping

Although observations with ALMA and JWST have pushed the observation of galaxies out to the
epoch of reionization, they are generally limited by the small field of view. It means that the number
of galaxy samples is also significantly lower than what would usually be required to probe large-scale
structures. This drawback comes at the cost of the high resolution of these instruments to resolve the
galaxies and conduct detailed studies. One proposed way to overcome this problem is targeting specific
bright line emissions from the galaxies and accumulating the aggregate emission within a minimal sky
volume. This small volume will have dimensions in the plane of the sky and along the frequency (or
redshift) axis and constitutes a voxel. Therefore, the whole observed volume is reconstructed by com-
bining multiple voxels spanning over it. These voxels represent the specific intensity of the targeted line
emission resulting from the aggregate flux of the numerous detected sources. This process of detecting
the cumulative flux of luminous sources is known as line-intensity mapping (LIM). It trades off high
angular resolution compared to the point-source detections to achieve extensive coverage of cosmo-
logical volumes spanning hundreds of Mpc, depending on the targeted redshift. This volume coverage
would be otherwise impractical to achieve with the current galaxy surveys like ALMA and JWST
probing the epoch of reionization. However, line-intensity mapping can survey large cosmological
volumes in a reasonable amount of observational hours compared to point-source detections.

The LIM targets the fluctuations in the specific intensity of the targeted bright line emissions from
the galaxies. Numerous luminous sources might reside within a given voxel, each having different
luminosities. Let the ith line emitter have a luminosity of L within that voxel. Then the luminosity
density within that voxel can be written as pz () = Y| L;/AV, where AV is the volume of the voxel.
It will have an associated flux volume density, f1, related to py, by fr = pr/ 4’/TD%. If we convert the

volume element to angular coordinates and frequency resolution of the LIM observation, then the flux
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volume density can be converted to the specific intensity. This can be written as follows:

dA dy
I(m,z) - de_QdVobs7

(1.5)

with d A being the sky area of the voxel, df2 being the solid angle subtended by the voxel to the observer,
x being the co-moving distance to the voxel and v/, being the frequency at which the signal is observed.
It can be shown that dA/dQ) = D3, with D, being the angular-diameter distance and dy/dveps =
Aobs(1 + 2)/H(z). Therefore, the specific intensity can be written as

/\rest
[(CC,Z) :pL<w72)4ﬂ_H(2)a (16)

or represented as brightness temperature with,

)\fest(l + Z)2

8rkgH(z) ’ 1.7

T(x,z) = pr(z, 2)

if we invoke the Raleigh-Jeans limit for the specific intensity. If we know the mean number density of
the line emitters, we can estimate the mean specific intensity of the corresponding LIM signal. This

can be obtained from the mean luminosity density given as follows,

) = o) s = oy [ L7 (2L (1.8)
where dn(L, z)/dL is the mean number density of line emitters.

LIM aims to target the line emissions from galaxies which are comparatively brighter than the con-
tinuum emission. Some bright galaxy line emissions are the [C II]i58,m , CO, Lyman-c, [O II]sg;m ,
etc., and are potential candidates for tracers to conduct LIM experiments. They are expected to probe
different aspects of the properties of galaxies and let us understand the process of galaxy formation and
evolution. Additionally, the [H 1], signal originating from the IGM can also probe cosmic reioniza-
tion, giving insights into how the IGM has evolved during this period. In this thesis, we have focused
on a few line emissions, such as the CO, [C 1I];53,m , emissions from the galaxies, and the [H I]yicm
signal from the IGM.

1.4.1 CII 158m line emission

The [C 1T];58,.mline emission originates due to radiative decay between the fine structure states 2p, /2 =
2P /5. The fine structure state in the [C 1I] ions can be excited by either radiative processes (e.g., CMB
photons) or collisional excitation by electrons, atoms, or molecules. In (Gong, Cooray, M. Silva,
et al. 2012) it has been argued that collisional processes dominate the excitation of [C II] ions over

radiative processes when the density of electrons or atoms/molecules is higher than a certain critical
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threshold. The critical density for electrons to collisionally excite [C 1I] ions is lower than 100 cm™3,

whereas for neutral hydrogen this value is close to 10% to 10* cm™2 (S. Malhotra et al. 2001). This
means that electrons will dominantly collide with the [C 11] ions and excite them (Lehner, Wakker, and
Savage 2004; M. Suginohara, T. Suginohara, and Spergel 1999), especially in ionized gas. Compared
to neutral hydrogen, the [C II] ions have a low ionization potential of 11.2 eV. Therefore, [C 1I] ions

can be abundantly found in various environments.

The [C 1I];58,m emission can originate primarily from the photodissociation regions (PDRs) of the
galaxies, although a significant portion of the emission can also arise from cold neutral regions, warm
ionized regions, and CO dark clouds (De Looze, Baes, etal. 2011; Olsen, Thomas R. Greve, Narayanan,
R. Thompson, Toft, et al. 2015). This line emission is also one of the major cooling channels in the
ISM, which is conducive to star formation. The PDRs are the regions that separate the H 11 regions
and the molecular clouds, and as argued by De Looze, Baes, et al. 2011, FUV radiation from young
hot stars can impinge on the boundary of the H II regions and the PDRs, and via a photoelectric effect
on the dust grains, it can heat the gas. Therefore, this can act as an excitation mechanism for the
emission of the [C 1I];53,m line. However, the [C 11];53,m line emission might not be directly related to
star formation in galaxies. Rather, this emission traces the cold ISM, which is related to star formation
via the Schmidt-Kennicutt law (Kennicutt 1998). The Schmidt-Kennicutt law relates the observable
surface densities of molecular gas and star formation via a relation of the form Xgpr Zﬁfz. Here,
2n, and X4, are the surface densities of SFR and molecular gas, respectively. This was first proposed
by Schmidt 1959, which was later tested by Kennicutt 1998 over a much larger range of galaxy types

and gas densities. The most reported values of /V usually lie close to NV ~ 1.4.

Pineda, Velusamy, et al. 2010 find that the [C 11];55,m line emission is associated with low-density
regions in the galaxies, and modest FUV radiation fields. De Looze, Cormier, et al. 2014 further in-
vestigate the applicability of the [C II];55,m line emission to reliably trace star formation in different
types of galaxies such as metal-poor dwarf galaxies, starburst galaxies, AGNs, ultraluminous infrared
galaxies (ULIRGs), and high redshift objects. They find that in all cases [C II];58,m line emission is
well correlated with star formation rate. Using the ALMA-ALPINE survey, Schaerer et al. 2020 study
whether for the high redshift galaxies at 4 < z < 6, the Lcp—SFR relation is different than what has
been found in the local Universe. The ALPINE galaxies, identified in both [C I1I];55,m emissions and
dust continuum, exhibit a strong correlation with the low-z Lc-SFR relationship when the total SFR
(UV+IR) is considered. After integrating dust-obscured star formation, derived from two distinct stack-
ing methods and SED fitting, the ALPINE galaxies demonstrate an L¢-SFR relationship similar to
that observed locally. When [C I1];55,m non-detections are included, the slope could be slightly steeper
at high-z, though this remains somewhat ambiguous. When evaluated homogenously, the z > 6 [C
1] 58,mmeasurements (including both detections and upper limits) show no significant deviation from

the z ~ 4—6 data. The empirical relation between the [C 11];5s,m luminosity and the star formation rate
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that is usually followed is of the form

LCH(My Z) SFR(M, Z)
1 — ) = 1 —_— b 1.
og( I a x log Moyr T + b, (1.9)

where a and b are parameters and can depend on redshift.

1.4.2 CO line emission

The CO line transitions arise from the rotational transition states and have low excitation of ~ 5 K for
the first excitation state. The orbital angular momentum of these states L is L = nh/(27) (Townes
and Schawlow 1975), where h is the Planck’s constant and the corresponding energy levels are E,, =
J(J+1)h%/(87%I), I being the moment of inertia. Therefore, the energy difference between the levels
Jand J — 1is AB = [J(J + 1) — (J = 1)J] (h?/87%I) = J x (h?/(4w*])).

The excitation of other tracer molecules, such as CO, largely depends on the collision frequency
with Hy molecules, given their high abundance, significant mass, and large cross-section. The col-
lisional rates are determined by the kinetic temperature of the Hy molecules, Ti;,, which in turn is
determined by the velocity distribution of the molecules described by the Maxwell-Boltzmann distri-
bution. It is commonly assumed that, at high densities, this kinetic gas temperature matches the dust
temperature. However, the cooling and heating mechanisms of the dust and molecular gas phases differ
significantly.

The distribution of molecular levels is governed by the excitation temperature following the Boltz-
mann distribution. By assuming local thermodynamic equilibrium (LTE), this excitation temperature
matches the gas’s kinetic temperature. In thermal excitation, the levels’ populations adhere to the
Boltzmann distribution. Excitation is said to be subthermal when the higher levels have populations
lower than expected from the gas’s kinetic temperature, a scenario typical in low-density regions where
collisional excitation does not offset spontaneous emission rates.

One of the assumed models for modeling the excitation in the CO molecules is the large velocity
gradient (LVG) method (Young and Scoville 1991). The model determines, for a specified velocity
gradient dv/dr, CO abundance (CO/Hs), H, density and temperature Tj;,, how the different CO levels
are filled through collisions with Hy. Due to the CO emission being optically dense (especially in the
low-J transitions), it faces challenges escaping the cloud. Hence, a velocity gradient is included in
the model to describe the number of photons escaping the clouds eventually. This gradient is justified
because the molecular medium is, in reality, turbulent, allowing CO photons to escape their parental
clouds. The LVG method also includes the redshift of the source, which is required to estimate the
temperature of the CMB. After calculating the occupation numbers for the various levels, the method
derives the optical depths 7o for the transitions, as well as the Raleigh-Jeans brightness temperatures

T}, (which remain constant in LTE) and the corresponding line intensities.
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In the context of LIM, the CO luminosities are modeled empirically via correlation with the far-
infrared (FIR) luminosities of the galaxies. Molecular hydrogen is required for star formation, and
since this is also required for exciting the CO molecules, a correlation is expected between CO line

emission and the star formation rate. A relation of the following form is usually assumed:

log Lpr = vy 10g Loy 1) + B (1.10)

where L’CO( J—J—1) is the CO luminosity expressed via the (areal) integrated source brightness tem-
perature in units of Kkms~!pc?. This can be converted to CO luminosity in L units following
Leo/Lo = 4.9 x 107°J% (L s,y 1)/Kkms ™' pc?) (Bernal and E. D. Kovetz 2022).

1.4.3 HI 21cm line emission

Besides the galaxies, the IGM can also be probed via detection of the redshifted [H 1],;.,signal emitted
by the neutral hydrogen. The origin of this line emission is due to the spin-flip transition between the
hyperfine states of the hydrogen atom, which has a rest-frame wavelength of approximately 21cm. The
excitation mechanism of the hydrogen atoms between these hyperfine states can be radiative processes
or via collisional excitations. Depending on the cosmic time, the dominant excitation mechanism can
vary. During the early stages of cosmic evolution, the radiation coupling from CMB photons dominated
the primary excitation mechanism over collisional excitation for neutral hydrogen in the IGM. How-
ever, during the Cosmic Dawn and afterward, as the first luminous sources began to form, the Lyman-«
radiation started to couple the spin temperature of neutral hydrogen to the kinetic temperature of the
gas. The dominant excitation mechanism, in this case, is via the Wouthuysen-Field effect (Wouthuysen
1952; Field 1958; Madau, Meiksin, and Rees 1997) by the Lyman-« photons.

The [H I];;cm line emission is observed against the CMB background, and a differential brightness
temperature is defined to estimate the strength of this line emission. The [H 1] ;. differential brightness

temperature 97y, is given as (Somnath Bharadwaj and Ali 2004)

Ti(z) — TV(Z)

OTh(z) = 1+2

exXp (_7-21cm)7 (111)
where 7., 18 the optical depth of the [H I],1. line emission. The optical depth, 751cm, Will be much
less than 1 during cosmic reionization, and it is assumed that the spin temperature will be much higher
than the CMB temperature. Under these assumptions, one can write the [H 1],;.,differential brightness
temperature as (Somnath Bharadwaj and Ali 2005)

2
0Ty(x, z) = 4mK zy(z, 2)(1 + du(x, 2)) 1;mz (Sgbohz ) (%) (1 - ;{E;%) (1.12)

The terms (2, 2), ou(x, 2) and Qv /Or) are the neutral fraction of the IGM, the baryon overdensity
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and the rate of change of parallel component of peculiar velocity of H I clouds with respect to comoving
distance. It can be seen that the 67y (x, z) is a direct probe of the neutral fraction (zy(x, 2)) field,
modulated by the baryon overdensity (0y(, 2)), and therefore, it is a probe of the cosmic reionization

as well.

The neutral fraction field is defined as xzyi(x, 2) = pu(x, 2)/pu(x, 2), where py(x, 2) is the
neutral hydrogen density and py(x, z) is the total hydrogen (neutral + ionized) density. Overall, the
neutral fraction field is determined by the distribution of fully neutral, partially ionized, and fully
ionized regions in the IGM, which in turn is affected by the distribution and properties of the luminous
sources emitting ionizing radiation (Kim et al. 2013). For example, the presence of minihalos can play
an important role in shaping the morphology of the fully ionized H II regions (McQuinn et al. 2007)
and consequently affect the [H 1],1., signal (Bin Yue et al. 2009). Similarly, the different sources of
reionization also affect the neutral fraction field in different ways, which is captured in the [H I]51cp
signal (Majumdar, Jensen, et al. 2016; Noble et al. 2024). Therefore, probing the tomographic view
of the early Universe using the [H 1],1cy Signal during the epoch of reionization can shed light on the
reionization process and the luminous sources responsible for driving reionization. It is expected that
the upcoming radio interferometers, such as the Square Kilometre Array (SKA), will be capable of
producing such tomographic observations with this signal (Mellema, Leon Koopmans, et al. 2015;
Y. Wang et al. 2015). However, tomographic observations can suffer from certain drawbacks, for
example, being unable to break degeneracies in the IGM temperature and ionization state (Raghunath
Ghara, Sambit K. Giri, et al. 2021).

As mentioned earlier, one of the usual assumptions is that the spin temperature 75(z, z) of the
neutral hydrogen gas in the IGM is much higher than the CMB temperature, which allows us to neglect
the factor (1 — T',(x, 2)/Ts(x, 2)), which would otherwise play a role in determining 67(x, z), since
0 (x, 2) o< (1 — T, (z,2)/T(z, 2)). A study by Fialkov, Barkana, and Visbal 2014 has shown that
this can be the case if one considers a realistic hard X-ray spectrum from X-ray binaries, whose energy
content peaks at around 3 keV. The photons with energy above a critical threshold of 1 keV have
longer mean free paths, and most of these photons have not been absorbed by the start of reionization.
Those photons that are absorbed in the IGM come from distant sources and have been dimmed by the
cosmological expansion of the Universe. Therefore, due to late heating from X-ray photons, the IGM
temperature could be comparable to the CMB temperature and therefore 674 (x, z) can be sensitive to
the fluctuations in 75(z, z). In the simulation setup used to predict the [H 1], Signal in this thesis, the
population of X-ray binaries and their spectra is not modeled currently, along with its interaction with
the IGM, and therefore the fluctuations in the 75(z, z) have been neglected for simplicity. However,

this is a crucial factor that should be incorporated into our future models of the [H 1], LIM signal.
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1.4.4 Interlopers and Foregrounds

Although the various bright line emissions from galaxies ([C 1I];58,m, CO, etc.) and the [H I]yicm line
emission from the IGM are potential tracers for probing the EoR with LIM, it is not without its chal-
lenges. One of the key problems it faces is the issue of interlopers. Within a specific frequency band
of a given instrument, the target signal is expected to be observed, which is redshifted to this frequency
band. On the other hand, certain LIM signals other than the targeted one can originate from a differ-
ent cosmic time (redshift) but fall in the same observed band as the targeted signal. This will create
confusion in the detected signal, contaminate it, and hinder any meaningful inference from the tar-
geted signal. These are called interloper line emissions, and their degree of contamination can vary

depending on the type of line emission and redshift.

In the context of high redshift [C 1T];58,,m LIM signals from the EoR, significant interlopers to con-
sider are the various CO line emissions from low redshift galaxies. As discussed by G. Sun, Moncelsi, et
al. 2018, a mitigation strategy for the [C 1I];53,mline in a simulated field for the Tomographic Ionized-
carbon Mapping Experiment (TIME) involves identifying and discarding voxels contaminated with
CO lines using galaxy catalogs. This process determines the masking depth through the stellar mass of
galaxies, corresponding to a certain CO flux threshold. Unlike simple brightness-based masking, this
method leverages spectral information, effectively reducing faint CO contamination. The outcomes
22 and an achievable [C 11];55,m /CO

power ratio of 2 10, though at the expense of an 8 percent loss in survey volume.

suggest a criterion equivalent to K-band magnitudes of map <

~Y

To address the continuum emission from dust within the galaxies, contributing to the fluctuations
in the cosmic infrared background (CIB), Van Cuyck et al. 2023 has compared two methods: the
asymmetric re-weighted penalized least-squares (arPLS, Baek et al. 2015) and the principal compo-
nent analysis (PCA). The approach adopted to deal with the interlopers for the [C 11];55,m line emission
is to mask the galaxies at low redshift utilizing external catalogs and the beam profile of the instrument.
Lacking CO observations or sufficiently deep classical CO proxies (like LIR), they utilized the COS-
MOS stellar mass catalog, which they validate as a reliable proxy of CO, for masking. For assessing
the angular power spectrum of the masked data, they modified the P of K EstimatoR (POKER, Pon-
thieu, Grain, and G. Lagache 2011) typically used in studies of the CIB and discussed its application
to data from LIM. The technique of arPLS can reduce the CIB fluctuations by a factor greater than 70
compared to the baseline model for [C 11];53,m €mission considered, and therefore, compared to the [C
1T]158,m power spectrum, it is subdominant at the redshift of 7. However, the PCA method can only
reduce the fluctuations to a factor of 0.7 at this given redshift. The undetected faint sources might not
be clustered around the sources that are either detected or masked, leading to this residual level of con-
tamination. With a survey area loss of 22 percent, the [C II];53,m signal was forecasted to be detected
with a [C 1I];58,m /(residual interlopers) power ratio of 62 & 32 at a redshift of 5.2, for the [C IT]i58,m

emission model assumed in Van Cuyck et al. 2023. However, due to the reduced contrast between the
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[C 11]158,m emission and the residual line contamination, the power ratio is only about 2.0 = 1.4 at a
redshift of 7. It was also demonstrated that for redshifts between 5.2 and 7, the amplitude of the power
spectrum of line residuals varies within 12 — 15 percent, and this is smaller than the field-to-field vari-
ance affecting the power spectrum of [C 1] 53,,m €émission (Gkogkou et al. 2023). The primary obstacle
in detecting the [H I];;.m LIM signal in radio frequencies is the foreground contamination caused by
extragalactic sources and galactic synchrotron emission (Di Matteo et al. 2002; Oh and Mack 2003;
Mario G. Santos, Cooray, and Knox 2005; Ali, Somnath Bharadwaj, and Chengalur 2008). Kerrigan
et al. 2018 presents a hybrid approach to addressing foreground contamination for the [H 1],1c, signal,
combining the filtering of the noise power spectrum in Fourier space with foreground models being
subtracted in real space. This method improved significantly over filtering alone when applied to data
from PAPER and MWA. When compared to filtering only, the improvement at the band center of
MWA is only ~ 10° mK?(h~! Mpc)?, while this can be expected to be ~ 1012-10'* mK?(h~! Mpc)?
at the band edges of MWA. Calibration and other systematic errors can still prevail, even when the
foreground contamination has been addressed via subtraction and avoidance techniques. The Gaus-
sian Process Regression or GPR technique was presented by F. G. Mertens, A. Ghosh, and L. V. E.
Koopmans 2018 to statistically eliminate the contribution to the [H 1], power spectrum from these
stochastic errors. At specific scales of & = 0.07-3 h Mpc ™', this method was shown to recover the
power spectrum using simulated LOFAR-EoR data. When the signal rms is 051c > 0.10y0is and at
frequency scales of 2 3 MHz, there is a correlation in the foregrounds, this technique is most effective.

The sensitivity improves by a factor of 3 as compared to foreground avoidance methods.

Section 1.5 has been adapted from: Murmu, C. S., Ghara, R., Majumdar, S., & Datta, K. K. (2022).
Probing the epoch of reionization using synergies of line intensity mapping. Journal of Astrophysics
and Astronomy, 43(2), DOI: 10.1007/s12036-022-09882-z, arXiv: 2210.09612 (Review article)

1.5 Experiments/Instruments for line intensity mapping

Some of the LIM observations targeting various line emissions from the galaxies and IGM out to the
epoch of reionization are ongoing or upcoming in the future. In the following, we discuss some of

them, mainly targeting the [C II]i58,m, CO, [H I]1cm, and other line emissions.

* CONCERTO: The CarbON ClII line in the post-rEionization and ReionizaTiOn (CONCERTO)
instrument, installed on the APEX telescope, is designed to quickly map large sky volumes by
targeting [C 1I]y58,m line emissions from the EoR and post-EoR. As a 12m class telescope, it
is anticipated to complement interferometers like ALMA with its extensive field of view and
higher mapping speeds. Covering a frequency range of approximately ~ 130 — 310 GHz, it is
ideal for line intensity mapping of [C 1I];55,,m €mission (CONCERTO Collaboration et al. 2020).
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The star-forming galaxies emit multiple spectral lines, among which the [C 1] 53,,m line is one of
the brightest. On a global scale, this is also an effective tracer of star formation. CONCERTO
will trace the [C 1] 53,m line intensity fluctuations in three dimensions from the reionization and
post-reionization epochs (z 2 5), aiming to answer how early galaxy evolution can be affected
by star formation and whether [C 1I];55,m -emitters significantly impact cosmic reionization. It
will provide a data cube containing a mapping of the line emission intensity over sky position
and frequency, and analyze 3D fluctuations of the LIM signal with the power spectrum in Fourier
space. Additionally, CONCERTO will also capture the CO intensity fluctuations from galaxies
at redshifts between 0.3 and 2, revealing the spatial distribution and abundance of molecular gas
across cosmic time. CONCERTO Collaboration et al. 2020 predict sensitivities for CONCERTO
at various redshifts and estimate detectability of the power spectrum of [C 11]; 53,,m €mission using
models from Serra, Doré, and Guilaine Lagache 2016. The survey is projected to last approxi-
mately ~ 1200 hours, with a redshift width of approximately Az ~ 0.6, corresponding to a 20
GHz bandwidth at z = 6.1. In the most pessimistic scenario, the SNR varies between 1.1 — 4.3
at z = 6.2.

FYST: The Fred Young Submillimetre Telescope (FYST CCAT-Prime Collaboration et al.
2023) with an aperture of 6 m and expansive field-of-view design, is located on Cerro Chajnantor
in northern Chile, at 5600 m altitude (Parshley, Kronshage, et al. 2018; Parshley, M. Niemack,
et al. 2018). Combined with Prime-Cam (Vavagiakis et al. 2018), it is exceptionally suited for a
variety of scientific purposes. The telescope’s aperture allows for imaging, which is diffraction-
limited, with a beam size suitable for studies of B-mode polarization of CMB and LIM probes at
sub-megaparsec scales. Utilizing FYST’s wide field of view, Prime-Cam imaging arrays achieve
mapping speeds more than ten times faster than current and upcoming facilities. The FYST has
a field of view of 8° in diameter, and the Prime-Cam will cover the central 4.9° (M. D. Niemack
2016; Parshley, Kronshage, et al. 2018). Seven independent instrument modules occupy the
field, with a central module surrounded by six modules compactly. The modules are separated by
1.8° and are within a cryostat with a diameter of 1.8 m, and each module covers a field of 1.3° in
diameter. While the external designs of the modules are nearly identical, their internals are inde-
pendently optimized for their specific scientific programs. There are two imaging spectrometers
in the Prime-Cam module that uses Fabry-Perot interferometers (FPIs) for LIM that will target
the frequency range of 210 - 420 GHz. The Prime-Cam module also has five broadband modules,
which are polarization-sensitive and observe at five different frequencies (220, 280, 350, 410,
and 850 GHz; Choi etal. 2020). Each module is housed in a cylindrical shell of approximately 1.6
m in length and 45 cm in diameter (Vavagiakis et al. 2018). The Epoch of Reionization Spectrom-
eter (EoR-Spec) modules, dedicated for LIM, have been optimized to probe the [C IT];58,m line
emission fluctuations, covering a range of redshift between 3.5 < z < 8.05, that encompasses
the EoR. The [C 11]155,mline emission will be probed over wide fields (Cothard et al. 2020) within

21



this redshift interval using spectrometers based on cryogenic imaging FPI. As the [C 1I];58,mline
tracks star formation (Stacey, Geis, et al. 1991; Stacey, Hailey-Dunsheath, et al. 2010), it will
probe the first stars and galaxies and their evolution, which were responsible for reionization.
Recent analysis by Clarke et al. 2024 suggest that the expected lower limits for [C 11];55,,m power
spectrum with EoR-Spec are A?2(k = 1Mpc ',5.34 < z < 6.31) = 9.8 x 10° (Jy/sr)? and
A?(k = 1Mpc™1,6.75 < z < 8.27) = 2.77 x 10° (Jy/sr)%. However, the predicted SNR for
their fiducial [C IT];53,,mmodels assumed and the redshift ranges considered are barely favorable,
hinting at a significant challenge for signal detection. The scenario improves when they incor-
porate galaxy stellar mass functions from Weaver et al. 2023 and use wider k-bins for power

spectrum estimation, which results in significantly better SNR.

TIME: The Tomographic Intensity Mapping Experiment (TIME) is an imaging spectrometer
array having a wide bandwidth that aims to probe the fluctuations in [C 1I];55,m line intensity
between redshifts of 6 to 9 (Hunacek et al. 2018; Cheng, Tzu-Ching Chang, and J. J. Bock 2020).
Within this band, it will also detect the galaxies at comparatively low redshifts (0.5<z <2) in
CO line emission. The instrument started operation in 2021, and 1000 hours of observation time
is planned initially. This is based on the 12 m ALMA prototype antenna located at the Arizona
Radio Observatory in Kitt Peak, Arizona. G. Sun, T. C. Chang, et al. 2021 has forecasted that
from the EoR, a measurement of the power spectrum of the [C 11];55,,mline emission with SNR> 5
is possible with TIME.

COMAP: The CO Mapping Array Project is focused on detecting CO emissions from the early
Universe. The Pathfinder instrument is a spectrometer receiver with 19 feeds, mounted on a
dish that is 10.4 m in diameter. It is situated at the Owens Valley Radio Observatory and is
designed to operate in the 26 - 34 GHz band. Observations began in 2019, targeting CO(1-0)
emission from the cosmic noon (z ~ 2.4 — 3.4) and CO(2-1) emission reaching out to the EoR
(z ~ 5.8 — 7.8). Consequently, the CO(1-0) emission acts as a natural interloper for the EoR
CO(2-1) signal. The COMAP-EoR instrument will operate in the 12 - 20 GHz band, enabling the
detection of CO(1-0) emission reaching out to the EoR, which can be used for cross-correlation
with the CO(2-1) signal. Currently, 12 square degrees of the sky are being observed, which is
part of the 5-year survey plan, using the COMAP pathfinder.

The COMAP pathfinder also serves to validate existing technologies, develop new methodolo-
gies, understand systematics, and devise new observational strategies (Dongwoo T. Chung et al.
2022; Breysse, Dongwoo T. Chung, et al. 2022; Havard T. Ihle et al. 2022). It has been predicted
by the COMAP team that the CO power spectrum will be detected with an SNR of 9-17 after five
years of survey. However, a 20 upper limit on the CO(1-0) clustering power spectrum has been
placed by Cleary et al. 2022, using the first 13 months of observation data, with an upper limit
of Peo(k) = —2.7 4+ 1.7 x 10*uK? Mpc? at k scales of 0.051 - 0.62 Mpc~!. Recently, updated
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results from the COMAP survey have been presented by Stutzer et al. 2024 at redshifts of z ~ 3,
using feed-group pseudo power spectrum or FGPXS, which improves on the methodology by be-
ing more resilient to systematic effects. The measurements span across 0.09 < k& < 0.73 Mpc ™1,
and in the individual bins, a power spectrum value of k Peo(k) < 2400 — 4900 K2 Mpc? is con-
strained with a confidence level of 95 percent. D. T. Chung et al. 2024 have also constrained the
CO tracer bias to (7'h) < 4.8uK using the COMAP season 2 results. The challenging CO(2-1)

LIM signal from z 2 6 is expected to be addressed in the near future.

SPHEREXx: The deep spectro-imaging survey from the Spectro-Photometer for the History of
the Universe, Epoch of Reionization and Ices Explorer, or SPHEREX, offers a dataset that is
ideal for comprehensive tomographic mapping of large-scale structures, particularly focusing
on galactic emission lines. As an all-sky spectrometer and space-based mission, it operates
within the 0.75—5.00 ym wavelength range, enabling investigation of the EoR through emissions
such as [O 111], [O 11], Lyman-«, etc. The galaxy clustering at large scales is traced by these
line emissions, which offer 3D redshift data, unlike 2D continuum measurements. SPHEREX’s
spectral line intensity cubes effectively trace the evolution of galaxies. SPHEREX detects various
lines with high SNR at low redshifts; the primary lines include Ha for 0.1 < z < 5, HZ for 0.5 <
z < 2,and [O 111] for 0.5 < z < 3. The Lyman-« line serves as a proxy to study the EoR galaxy
formation and evolution, which can be probed by SPHEREX at high redshifts (5.2 < z < 8).
Traditionally, Ha post dust extinction correction can reliably trace the cosmic star-formation
rate. Although low redshift [O 11I] and Hf lines can cause line confusion in observations, this
can be tackled by cross-correlation using spectral lines from different bands. For instance, the
2.62m band will detect the Hav line fluctuations at z = 3, while the 2.00pm band will detect the
[O 111] line fluctuations from the same redshift. Therefore, the galaxies will be traced by a cross-
correlation between these two bands at that redshift, without requiring masking, and will mitigate
line contaminations in either band. High-redshift intensity mapping with these lines will probe
the reionization (Visbal and Loeb 2010; Gong, Cooray, M. B. Silva, et al. 2011; Lidz, Furlanetto,
etal. 2011; Gong, Cooray, and Mario G. Santos 2013; M. B. Silva et al. 2013; Pullen, Dor¢, and
J. Bock 2014) in addition to the [H 1],1cy signal. Furthermore, LIM can capture the integrated
emission from the dwarf galaxies, thereby complementing JWST surveys that resolve higher
luminosity galaxies individually. Spectral masking of the sources of foreground is needed to
avoid line confusion whereas for the Lyman-« studies of the EoR, deep region sensitivity might

be sufficient to mitigate the dominant H contaminants (Pullen, Dor¢, and J. Bock 2014).

GMRT: The Giant Metrewave Radio Telescope (GMRT) is sensitive within the frequency band
that ranges from 50 - 1420 MHz and this instrument is located in western India. The diameter
of each dish is around 45 m and there are 30 such dishes in the array, which is distributed in a

Y-shaped pattern and covers an area of radius of approximately 25 km. For post-EoR studies,
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the 325 and 610 MHz receivers are frequently utilized, while for EoR research, the 150 MHz re-
ceiver is utilized. The field of view at 150 MHz is approximately 3.8°. Initial investigations by
S. Bharadwaj and S. K. Sethi 2001; Somnath Bharadwaj and Ali 2005; Ali, Somnath Bharadwaj,
and Chengalur 2008 were conducted using GMRT data, into the visibility correlations and angu-
lar modes of the [H I],;cm signal. This research paved the way for further exploration into Multi-
frequency Angular Power Spectrum (MAPS, Datta, T. Roy Choudhury, and Somnath Bharad-
waj 2007). Abhik Ghosh, Somnath Bharadwaj, et al. 2011a was the pioneer in using GMRT
observations to measure the [H 1], signal fluctuations at v, = 610 MHz (2 ~ 1.32) using
a fourth-order polynomial-based foreground removal technique combined with MAPS formal-
ism. Enhancements to the foreground removal process, including sidelobe reduction and primary
beam tapering, were subsequently reported by Abhik Ghosh, Somnath Bharadwaj, et al. 2011b.
Later, Abhik Ghosh, J. Prasad, et al. 2012 had applied similar analyses at v,,s = 150 MHz for
z = 8.1 with GMRT observations. Optimization of power spectrum estimators, like the Ta-
pered Gridded Estimator (TGE) and the Bare Estimator, based on visibility correlations, was
later introduced and examined by Choudhuri, Somnath Bharadwaj, Abhik Ghosh, et al. 2014;
Choudhuri, Somnath Bharadwaj, S. Chatterjee, et al. 2016; Somnath Bharadwaj, Pal, et al. 2019.
At a redshift of 8.6 the first upper limit on the power spectrum of [H 1], signal was reported
by Paciga, T.-C. Chang, et al. 2011, based on 50 hours of GMRT observations, presenting a
value of 70> mK? at 20 confidence level for k = 0.65h Mpc~!. An updated upper limit of
(248 mK)? for k ~ 0.5 h Mpc~! was later provided by Paciga, Albert, et al. 2013, accounting for
loss of signal caused by a previously employed piecewise-linear foreground subtraction method.
More recently, Chakraborty et al. 2021 utilized the foreground avoidance technique to estimate
the power spectrum upper limits of the [H I],;cm signal for z = 1.96,2.19,2.62,and 3.58 as
(58.87mK)?, (61.49mK)?, (60.89 mK)?, and (105.85 mK)? respectively, at k ~ 1.0 h Mpc~'.

LOFAR: The LOw Frequency ARray (LOFAR) radio interferometer is located in the Nether-
lands and consists of 38 stations. Out of these, 24 stations are arranged within a core region with
a radius of 3 km, whereas up to roughly 100 km, the remaining stations are dispersed. There are
also 14 international stations in LOFAR, although they are not utilized for investigations related
to the EoR. There are two different types of antennas in the stations: (1) High-Band Anten-
nas (HBA), operating between 120-240 MHz, and (2) Low-Band Antennas (LBA), functioning
within the 30-90 MHz range. Each station spans approximately 30 meters in diameter, and at
150 MHz, it has a 3° FoV. The LOFAR EoR Key Science Project team is dedicated to model-
ing and removing the foreground contaminants from 21-cm observations. Their efforts include
developing data analysis methodologies (e.g., Kazemi et al. 2011; Yatawatta 2015), techniques
for mitigating foreground interference (e.g., Harker et al. 2009; Chapman et al. 2013; F. G.
Mertens, A. Ghosh, and L. V. E. Koopmans 2018; Hothi et al. 2021), and investigating system-
atic errors (e.g., Mevius et al. 2022), among other approaches. The initial findings on EoR [H
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[]21cm fluctuations from LOFAR were reported by Patil et al. 2017, establishing upper limits on
the power spectrum of the [H 1], signal for redshifts between 9.6 and 10.6 based on 13 hours
of LOFAR-HBA data. Gehlot et al. 2019 has placed upper limits at 20 < z < 25 on the [H I],1cm
power spectrum using only 14 hours of observation data from the LOFAR-LBA. F. G. Mertens,
Mevius, et al. 2020 has given a more stringent upper limit of 20 confidence at k = 0.075 h Mpc~!
with a value of A?(k) = 732 mK? at 2 ~ 9.1, which was obtained from 141 hours of observation
using LOFAR-HBA. While earlier limits could not exclude standard EoR and CD scenarios, the
new constraints provided by F. G. Mertens, Mevius, et al. 2020 begin to rule out reionization
scenarios that are extreme and place restrictions on the nature of sources and the IGM at z ~ 9.1

(R. Ghara, S. K. Giri, et al. 2020; R. Mondal et al. 2020; Greig et al. 2021).

MWA: The Murchison Widefield Array (MWA) can observe within the frequency range of 80-
200 MHz and therefore measure the [H 1], signal fluctuations within the redshift range of
6.1 < z < 16.75. This interferometer consists of 256 stations, divided into two groups: 128
stations with long baselines, part of the Extended Array, and 128 stations with short baselines,
including two 36-station subarrays, part of the Compact Array. The Compact Array is dedicated
primarily to observe the EoR using the [H ], signal. Compared to a LOFAR station, each
MWA station is roughly six times smaller and has a FoV which can range from 15 to 50 degrees
at 200 MHz. The analysis of data from MWA utilizes delay transform primarily to obtain the 2D
power spectrum of the signal in the k£, and k| space. In this space, the "TEoR Window’ portion
is not expected to be contaminated by external factors, such as inaccurate calibration, leakage
of foreground, etc. The preliminary attempts by the team developed methods to calibrate the
data and subtract sources using the Real-Time System (Mitchell et al. 2008), Fast Holographic
Deconvolution (Sullivan et al. 2012), power spectra estimator pipelines like CHIPS (C. M. Trott
et al. 2016) and eppsilon (Barry, Beardsley, et al. 2019) for the MWA EoR data analysis. Barry,
Wilensky, etal. 2019; W. Li et al. 2019 presented the first upper limit results for the EoR [H 1],1cm
signal, while Ewall-Wice et al. 2016 reported the inaugural upper limits for the [H 1], signal
from the Cosmic Dawn in the 12 < z < 18 redshift range. Cathryn M. Trott et al. 2020 have
placed a 20 upper limitat k = 0.14 h Mpc ™!, with a value of A%, (k) ~ 43%> mK?, which utilized
110 hours of observations in the high-band targeting the EoRO field at a redshift of 2 = 6.5.
Although the study encompassed six different redshifts within the range of 6.5 < z < 8.8, the
upper limits weakened at the higher redshift end. Subsequently, attempts were made to improve
this (Rahimi et al. 2021) by mitigating systematics, that can arise from various factors such as
instrument, observation, and analysis. However, the 20 upper limit of A%, (k) ~ 73.78% mK?
at k = 0.13 hMpc~! reported in (Rahimi et al. 2021) is higher than that in Cathryn M. Trott
et al. 2020 because only 14 hours of observation data were analyzed. Later studies by Greig et
al. 2021; Raghunath Ghara, Sambit K. Giri, et al. 2021 have done follow-up work on the upper
limits given by Cathryn M. Trott et al. 2020 to discard EoR scenarios which are disfavored, and
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concluded that by redshift z = 6.5, the IGM should have been heated by X-rays from X-ray

luminous sources, which rules out a completely neutral and cold IGM at that epoch.

HERA: The HERA radio interferometer is located in the Karoo desert, South Africa, and is de-
signed to detect fluctuations in the [H I],1cy signal from both the CD and EoR. Phase I features
around 350 fixed, zenith-pointing dishes in a hexagonal arrangement within a 300m area, each
dish being 14 meters in diameter. It has a FoV of 9°. Phase I of HERA utilizes a correlator and
feeds from the preceding [H 1], experiment PAPER. It primarily aims to measure the [H ]y
power spectrum accurately from redshifts 6 < z < 12, while the HERA phase II will be capable
of probing redshifts 12 < z < 35. The development of calibration pipelines, understanding
of systematics, power spectrum estimation, and error propagation was done in preliminary at-
tempts by the HERA team (Dillon et al. 2020; Kern, Parsons, et al. 2020; Kern, Dillon, et al.
2020). HERA'’s data analysis mainly aims to mitigate spectral systematics to maintain a largely
uncontaminated EoR window. Upper limits on the [H I],;., power spectrum have been obtained
by Abdurashidova et al. 2022, which have used 50 HERA antennas and 36 hours of observation
time. At 20 confidence, an upper limit of (30.76 mK)? at & = 0.190 2 Mpc™!, z = 7.9 and
(95.74mK)? at k = 0.256 h Mpc™!, z = 10.4 were placed using HERA. This has also indicated
that by z = 8, the temperature of the IGM should exceed that of the adiabatic cooling threshold.
The results also constrain the value of the soft X-ray luminosities per star formation rate at 1o
level to a value of [10%9-2, 1019 erg/s/( M /yr).

SKA: The Square Kilometre Array (SKA) is planned to have two different kinds of arrays cov-
ering different frequency bands. The SKA-Mid will cover a frequency range of 350 MHz - 15.3
GHz. It will be located in the Karoo desert, South Africa. On the other hand, the SKA-Low will
have a frequency range of 50 - 350 MHz, which will target a redshift range of 3 < 2z < 27.4. This
configuration will be achieved in phase I, consisting of 512 stations, with 212 stations present in
a tight core with a radius of ~ 600 m. The remaining stations will be distributed on three spiral
arms. These arms can extend up to 65 km from the core region. The SKA-Low is planned to be
built in Western Australia. The SKA-Low is expected to supersede LOFAR in terms of sensitiv-
ity (10x better) and allow the generation of tomographic images (e.g., R. Ghara, T. R. Choud-
hury, et al. 2017) besides conventional statistical measures of [H I],1., signal like the power
spectrum. Methods such as Minkowski functionals (e.g., Kapahtia et al. 2021), Euler charac-
teristic (see e.g., Sambit K. Giri and Mellema 2021), Bubble size distributions (Sambit K. Giri,
Mellema, and Raghunath Ghara 2018; Raghunath Ghara and T. Roy Choudhury 2020), Fractal
dimensions (e.g., Bandyopadhyay, T. Roy Choudhury, and Seshadri 2017), and Convolutional
neural networks (e.g., Gillet et al. 2019) are being worked on that will be able to make inferences
about CD and EoR from the tomographic images from SKA. These methods can characterize the

statistical features in these images.
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1.6 The observable summary statistics

The line-intensity mapping experiments essentially map and measure the fluctuations of the specific
intensity of the probed line emissions. These fluctuations in the specific intensity can be represented
as 61(x) = (I(x) — I)/I, where x is the position in the cosmological volume where the specific
intensity is measured. In cosmology, we are interested in knowing the relation of these fluctuations as
a function of various length scales. Generally, the length scale dependence of these signal fluctuations
is investigated in the Fourier domain, where d/ () is Fourier transformed and expressed as a function
of k, where k = 27/ and ) is the length scale.

1.6.1 Power spectrum

The lowest-order statistic that captures this length scale information is the power spectrum, which is
defined as
(61(K)6T*(K')) = Vo P(k). (1.13)

The fluctuations in the specific intensity in the Fourier domain, 61 (k), are obtained by Fourier trans-
forming the fluctuations (6 (x)) in real space. This essentially captures the information on the strength
of signal fluctuations for different length scales. In the case of the cosmological [H 1], signal whose
brightness temperature can be written as 07, = ToZni(1 + 6,)(1 + 6,), it can be shown that the power
spectrum can be written as (Lidz, Zahn, et al. 2007)

A2

2lcm

(k) =T3Ti[ A3, 5, (k) + 283 5, (k) + A3 5, (k) +

) ) ) (1.14)
2055, 5, (k) + 205 5 5 (k) + 25,5, 5.6, (F)].

Here, §, = (zm — Tm) /T is the fractional fluctuation in the fraction of neutral hydrogen and 6, =
(p — p)/p is the matter overdensity. A%, (k) = k3Pyen(k)/(27%) is the normalized [H 1]y power
spectrum, to which the different cross-terms also contribute. On small scales (K > 1 h Mpc™1), it can be
demonstrated analytically that the higher-order cross term Py, 5, 5, (k) follows Ps, 5, (k) [ dInk'Aj 5, (k") (Lidz.
Zahn, et al. 2007). The integral over A§w7 5, (k) quantifies how well the overdensities are traced by the
ionized regions. This integral can be expressed as (9,0,) = —1 + (xmp)/(zur)(p), or in terms of the
mass-weighted and volume-weighted ionization fractions, indicated by zi., and z;,,, respectively, as
(026,) = (ziy — Tim)/ (1 — i,y ). During reionization, this term is negative in these simulations because
the ionizing sources are found in overdense regions and therefore, the surroundings are reionized before
the underdense regions. As a result, the mass-weighted ionization fraction is consistently higher than
the volume-weighted ionization. Likewise, the term P, 5, (k) follows P, 5, (k) [ dInk'AZ ; (K)
and Pj,;,5,(k). This term is less significant on small scales since P;, 5,(k) > F;, s, (k), although

it is not entirely negligible (it contributes around 10 percent on small scales). The term P;_s, 5,5,(k)
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roughly follows Py, 5, (k) [ dInk'Af s (k') (Lidz, Zahn, et al. 2007). Lidz, Zahn, et al. 2007 discuss
that in the small scales the contribution of the higher order terms can be important and they measured
the higher-order terms in equation 1.14 separately, using the reionization simulations of Zahn et al.
2007 and McQuinn et al. 2007. They found that the perturbative approach matches reasonably well

with the simulations on small scales.

Recently, Georgiev et al. 2022 has investigated these decomposition terms on large scales using
simulations spanning volumes of the scale of ~ 7143 Mpc3. It was found that the auto-correlation

term of the matter overdensity (Agm 5p) will dominate when the ionized fraction of the IGM is very low

2

(few percent level). In this scenario, at low £ modes, the A3,

replicates the matter power spectrum.
During the later phases, of reionization (xyy ~ 5 — 10 percent), the density peaks in the [H 1]}, signal

are removed and this phase becomes more related to the cross-correlation of the ionization field and

2

overdensity field. In this phase the cross-terms in the expansion of the A3,

have similar strength.
Thus, the [H 1]1cm power spectrum neither traces the neutral fraction or matter power spectra nor any

combination of these and has very low amplitudes at large scales. After this phase is over and towards

2

the end of reionization, A3,

follows the neutral fraction power spectrum (A?Sm, 5,)> Which is also the
dominant term except when () briefly dominates. The [H I],;cmpower spectrum shows a non-monotonic
shape related to the characteristic scale of the sizes of the ionized bubbles. In the expansion of the
A2

31emo the higher order terms are important only during the phases of equilibrium and the late stages

of reionization. When xyy ~ 70 — 80 percent, the A7 5 (k) term is dominated by A3 5 5 (k) which

then becomes the second most influential term.

The finite travel time of radiation will induce anisotropy along the line-of-sight (LoS) in the ob-
served signal. This phenomenon called the light-cone effect will affect the observable summary statis-
tics as well, which can bias their interpretation. Datta, Mellema, et al. 2012 investigated its impact
on the [H I]1cm power spectrum. In their studied cases, they observed that the spherically averaged

power spectrum varies by up to ~ 50 percent within the & range of 0.08 to 9 Mpc™*

when using a
redshift interval matching the full extent of the simulation volume (163 cMpc) considered in the study.
As anticipated, the effect is reduced with smaller redshift bins. Larger scales experience a greater
impact, while the effects on smaller scales are minimal. They observed that, generally, the power on
larger scales increases while on smaller scales it decreases, except during the final phase of reionization
where the power spectrum diminishes across all scales detectable in these simulations. A ’cross-over
mode,’ Keross—over €Xists, below which the power is enhanced and above which it is suppressed. As

reionization progresses, this Kc.oss_over Shifts to lower modes (larger scales).

Similarly, the [H I],1cm power spectrum will also be affected by the peculiar velocities of the H 1
clouds, which will induce redshift space distortion. In the quasi-linear approximation (Mao, Shapiro,

et al. 2012), the redshift-space [H 1], power spectrum can be represented as

Ps(k7 [j’) = TOQEIQ'H(P(SHl,éHI + 2/"L2P5Hl75p + M4P6p,6p) (1.15)
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which can be further decomposed into an orthonormal basis of Legendre polynomials in the following

way:
C20+1

FiR) = 2 [ PP (o, (1.16)

P§(k) is the spherically averaged power spectrum and the other non-zero higher-order multiples are
P3(k) and P; (Majumdar, Somnath Bharadwaj, and T. Roy Choudhury 2013; Majumdar, Mellema, et
al. 2014). Majumdar, Jensen, et al. 2016 has shown that the term P;(k) is a linear combination of Ps, s,
and Py, 5,, while P}(k) follows Pj, 5,. Although P;5(k) might not be robust enough to distinguish the

various reionization scenarios, it can be useful to track the reionization history.

The galaxy line-intensity mapping power spectrum for a line emission ¢, is modeled as,
Pi(k, 2) = (L;(2))*(bi(k, 2))* Pu(k, 2) + Pisn(2), (1.17)

where (I;(z)) is the average line intensity as defined in 1.8. b;(k, 2) is the line bias defined as

[ AM LM, 2)by(M, k, 2)
JdM & Li(M, 2) ’

(bi(k, z)) (1.18)
with by (M, k, z) being the halo bias, defined as b? (M, k, z) = Bun(M, k,2)/Pss(k, 2). Pun(M, k, 2)
is the halo power spectrum and Pss(k, z) is the dark-matter power spectrum. L;(M, z) is the rela-
tion between the host halo mass of the galaxy and the line luminosity of the i-th line emission, and
dn(M, z)/dM is the halo-mass function. The P, (k, 2) is the matter power spectrum, while P, gn(2) is
the shot-noise power spectrum for the i-th line emission. The first term in equation 1.17 represents the
clustering term and arises from the large-scale clustering of the sources emitting the ¢-th line emission.
On a small scale, these sources have a discrete nature. The second term, P, gy(#) represents the power
spectrum arising from the discrete nature of these sources. The power spectrum therefore captures both

astrophysical information from the sources as well as cosmological information.

The usual models assume the relation between line luminosity and the host halo mass (i.e. L;(M, z))
to be a perfectly correlated one-to-one relation. However, in the most realistic scenario, this does not
hold. Due to complex astrophysical aspects, the line luminosity will not follow a tight correlation with
the host halo mass, which will be discussed in subseciton 1.8. This is expected to affect the galaxy

line-intensity mapping power spectrum.

As a simple approach, one can assume that the line luminosity L;(M, z) has a log-normal scatter
around some relation with the host halo mass, with a value of o dex. For simplicity, one might further
assume that this o is independent of the host halo mass, i.e. it is constant across all halo mass ranges.

Under this scenario, the probability density of the line luminosity can be written as

1 _(z- M)Q]
o exp { 52 , (1.19)
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where 1 = log L;(M, z) is logarithm of the mean line strength. It can be shown that the clustering
power spectrum with scatter is just a rescaled power spectrum without scatter, where the new mean
line strength is p1, = p + (02In10)/2 (Guochao Sun, Hensley, et al. 2019). In this sense, the mean
intensity is unaffected by the scatter in the line luminosity with respect to the host halo mass, and so is
the large-scale clustering power spectrum since it is oc (1;(2))2.

On the other hand, the large-scale LIM power spectrum can also be interpreted differently. The
enhancement in the mean intensity can be written as

. >\§est < dn<M7 Z)

where the f, is the enhancement factor given as f, = 10(°10/2 and (M, ) is the specific lumi-
nosity (Moradinezhad Dizgah and Keating 2019a). Therefore on large scales, the galaxy LIM power
spectrum is oc f2. Therefore, in this interpretation, the average line intensity and the large-scale power
spectrum can be significantly affected due to scatter in line luminosity. However, under the assump-
tion that the scatter o is independent of the halo mass, one is free to choose any of the interpretations,
although this might not be true when one considers a more realistic halo-mass dependent scatter in the

line luminosity.

1.6.2 Cross-power spectrum

The LIM cross-power spectrum for two line emission signals, 1 and 2, can be defined as
(611(k)SI2" (K')) = Vjp Prya(k). (121

Unlike the auto-power spectrum, which does not retain any phase information from the LIM signals, the
cross-power spectrum captures the relative phase difference between signals 1 and 2. If one writes the
fluctuations in Fourier space in the Eulerian form, with 61, = A, exp(—1¢;) and 6l = A exp(—1i¢p2),
then (81101, ) = (A A exp(—i(¢1 — ¢))). It can be easily seen, that for the auto-power spectrum,
when signals 1 and 2 are identical, ¢; — ¢ = 0, and the phase information is completely lost. The

cross-correlation coefficient is defined as

_ PIXQ(I{?,Z)
\/Pl(k,z)Pg(k,z)

rix2(k, 2) (1.22)

captures this information of the relative phase difference. For example, for the cross-correlation of
line emission from galaxies and the [H 1]y, signal from the EoR tracing the IGM, one can expect the
cross-correlation between these signals to evolve as the reionization progresses. When the reionization
is at its early stages, the strength of the galaxy line emissions and the [H 1]y, signal is expected to

be strongest in the overdensities, resulting in a positive correlation between these signals. However,
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as reionization proceeds towards the mid stages, when ionized bubbles have developed around the
sources, the [H 1],1cm signal will trace the IGM, except the most overdense regions, in an ’inside-out’
reionization scenario. This will lead to an anti-correlation between the signals at large scales.

M. B. Silva et al. 2013 has explored the prospects of cross-correlating the Lyman-a emission
from the reionizing sources and the [H 1],y Signal originating from the IGM. During EoR, the [H
I]21em Signal predominantly comes from the IGM contrary to galaxies, whereas the Lyman-a emission
mostly comes from the galaxies for most redshifts. Under this scenario, the cross-correlation between

these two signals can be written as,

1
1 — (xi(2))

Here, P yax2iem(2, k) is Lyman-a x [H I];cm cross-power spectrum and (/pya—gar) and (Iriem—igm) are

PLanZlcm<Z> /f) = <[Lya—GAL(Z)><]21cm—1GM(Z)> P&S(k, Z) - Pxié(k7z> . (1.23)

mean intensities of the Lyman-« and [H 1]y line emissions respectively. (x;(z)) is the average ionized
fraction of gas present in the IGM, and Pjs and P, 5 are the matter overdensity auto-power spectrum and
the cross-power spectrum of the ionized field and matter overdensity field respectively. A discontinuity
in the crosscorrelation is anticipated at a scale related to the mean size of the ionized bubble, thereby
reflecting the overall ionization fraction in the universe. The k-mode where P yox21em (2, k) transitions
from negative to positive is defined by the typical size of the ionized bubbles. At smaller scales,
the correlation tends to be positive as fluctuations in both line intensities are expected to follow the
underlying density variations. Conversely, at larger scales (small k), the correlation becomes negative
because the [H 1],1cm line and the Lyman-« line are indicative of neutral and ionized gas respectively.
Similarly, Kannan et al. 2022 and Guochao Sun, Mas-Ribas, et al. 2023 discuss cross-correlation with

other line emission from the galaxies such as Ha, CO, [C 1T]158,m, and [O II1].

1.6.3 Bispectrum

The bispectrum is the 3-pt correlation function in Fourier which is defined as,

B (K, k2, k3) = lewm > ATy (k1) ATy (ko) ATy (ks), (1.24)
k1 +k2+k3=0] € m

where ATb(k:) is the Fourier transform of the fluctuations in the signal and kq, ko, and k3 are the
wave vectors. In order to estimate the bispectrum, the wavevectors have to form a closed triangle. The
triangle can lie in the m-th triangle configuration bin for which the product of the signal fluctuations in
the Fourier space for these wavevectors is averaged over the number of triangles (/Vy;) lying within that
configuration bin and the volume Vj,x over which the bispectrum is estimated. To fully characterize
the bispectrum, one must identify all possible configurations of the bispectrum. We can describe the

bispectrum with n = ky/k; and cos§ = —ko + k1/(koky), and unique triangle configurations can be
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identified if we label the triangle arms so that k; > ky > k3 and conditions 0.5 < n,cosf < 1.0 and
ncos@ > 0.5 are met. The detailed characterization of this can be found in the reference Somnath
Bharadwaj, Mazumdar, and Sarkar 2020.

The bispectrum can capture the non-Gaussianities in the EoR [H 1],y signal, which the power
spectrum might not adequately capture. It has been studied in detail in the context of the [H 1] LIM
signal. The [H 1]51cm signal from the EoR is dependent on both the neutral fraction field (zy;) and the
matter overdensity field (dy), and these can contribute to the non-Gaussianities in the [H 1], signal.
It has been investigated by Majumdar, Jonathan R. Pritchard, et al. 2018; Majumdar, Kamran, et al.
2020 to understand how they evolve and can contribute to the non-Gaussianities in the EoR [H I]1em
signal. Additionally, the [H I],1cy, bispectrum’s sign has been demonstrated to distinguish between
the dominance of individual non-Gaussian contributions. LoS anisotropy, such as the redshift space
distortion (RSD), can impact the [H I],;., bispectrum significantly in both the sign and magnitude, as
investigated in (Majumdar, Kamran, et al. 2020; Gill et al. 2024). Also, the morphology of the [H 1],
signal can affect the [H 1], bispectrum (amplitude and sign) as independently investigated by Hutter,
Catherine A. Watkinson, et al. 2020 and Raste et al. 2024. During Cosmic Dawn (CD), RSD and spin
temperature fluctuations also impact the [H 1],;., bispectrum heavily (Kamran et al. 2021). Another
type of LoS anisotropy, which is the light-cone effect (Datta, Mellema, et al. 2012; Zawada et al. 2014;
Murmu, Majumdar, and Datta 2021), arising from the finite travel time of radiation from the sources,
is also known to impact the bispectrum at the squeezed limit configuration, that will surpass the level
of cosmic variance (Rajesh Mondal, Mellema, et al. 2021). Therefore, to interpret the bispectrum in
the context of the [H 1],;.,, LIM signal, these effects must be incorporated in our forward models of this

summary statistic.

Section 1.7 has been adapted from: Murmu, C. S., Ghara, R., Majumdar, S., & Datta, K. K. (2022).
Probing the epoch of reionization using synergies of line intensity mapping. Journal of Astrophysics
and Astronomy, 43(2), DOI: 10.1007/s12036-022-09882-z, arXiv: 2210.09612 (Review article)

1.7 Synergies with LIM

The various individual tracers, such as galaxy line emissions and the redshifted [H 1], ;.,signal originat-
ing from the IGM give us a window to investigate the Universe during the EoR and act as independent
probes. However, one can combine these individual probes to help us comprehend cosmic reioniza-
tion in ways that would not be possible using the individual probes and mitigate systematics from the
instruments and foregrounds/interlopers. One of the common synergies between multiple tracers is to
cross-correlate them. This is expected to be robust against instrumental systematics and foreground/in-

terlopers and boost the signal-to-noise ratio for the detection of cross-correlation signal. Below, various
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possibilities of synergies with different probes of the Universe are discussed, and how they can help

shed light on multiple features.

1.7.1 LIM cross-power spectra

One can estimate the cross-power spectrum of LIM tracers from galaxies and the [H 1], signal from
the IGM, to constrain the relevant EoR parameters. In the following, we discuss some cases using
the cross-power spectrum to infer useful information from the EoR and constrain the relevant param-
eters. Dumitru et al. 2019 discuss the case of the cross-power spectrum of the [C 1I]158,mand [H I]icm
LIM signal, to constrain various EoR parameters, including the minimum halo mass contributing to
reionization. They considered CII LIM experiments such as CONCERTO and FYST, with 1000/5000
hours of observational time and demonstrated that parameters like M., which is the minimum halo
mass capable of producing Lyman continuum photons escaping the galaxies, can be constrained with
the cross-power spectrum [C 11];58,mand [H I]y1.m LIM signal, better than radio interferometric experi-
ments alone by a factor of 3 and 10, respectively. Similarly, G. Sun, T. C. Chang, et al. 2021 also dis-
cuss the possibility of using the next-generation TIME experiment (TIME-NG) and the SPHEREX,
for cross-correlating [C 1T];58,m -Lyman-a signal from the EoR. In addition, Fronenberg and A. Liu
2024 had discussed the detectability of [C IT]i58,m X [H I]21cm 2D cross-power spectra considering syn-
ergy between FYST and HERA. In their analysis, they consider instrumental noise, as well as different
foreground and interloper contaminations for both the [C I],55,mand the [H I],;msignal. They forecast
that in the very optimistic scenario, one might achieve a cumulative SNR of 6.790 and 6.840 at z = 6

and z = 7, respectively.

1.7.2 LIM cross-bispectra

Similar to the cross-power spectrum, one can also estimate the cross-bispectrum between different LIM
tracers for inference. One such example has been demonstrated by Beane and Lidz 2018, where they

consider the cross-bispectrum of [C II];58,mand [H I];.m LIM signals, and can be defined as
(Toyem(k1)Icu(k2)Icn(ks)) = (273)%(’91 + ko + k3) X Baiem,cn,cn(k1, k2, ks3). (1.25)
They also define a reduced cross-bispectra as

Q21cm,CII,CII<k17 ks, ’433) = BZlcm,CII,CII(kla ks, k3)/(lecm,cu(/ﬁ)lecm,cu(k2) + 2perm.) (1.26)

and show that one can express the reduced cross-bispectra with an arbitrary field X, as Q;?lmm =

Q5,5,5/<T210m>b210m + C'2lcm,X,X: where C’2lcm,X,X = b§21)cm/(6<T210m>bglcm) + bg?)/(3<T210m>b210mbX>-
Therefore, both Qgﬂ”cm 55 and Qgﬂ’)cmmcn follow Q(s,a,a within a constant offset, and using the fact

that Qg?)cm 5.5 can be used as a proxy for Qg?)cmmcn, they demonstrate the effectiveness of extracting
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(Th1em)b21em- The cross-bispectrum is shown to extract this quantity with 5 and 10 percent uncertainty
for (x;) < 0.5 and (x;) > 0.5, respectively, except for the lower redshift (z = 6) explored in Beane
and Lidz 2018. The inference from the cross-bispectrum on the bias parameter is also more consistent
with that obtained from the cross-correlation of [H I],;.m and matter density field (Pjcm,), than when
inferred from [H ], auto-bispectrum ((Q2iem,21cm21em). However, detecting the [H 1]51cm -[C IT]158,m
-[C 1]y 58,mcross-bispectrum might be challenging, even with stage II [H I],;.nexperiments (M. Silva et
al. 2015), although the idea can be extended to other combinations of line emissions such as Lyman-a.
With SPHEREx and HERA, an overlapping sky coverage of ~ 1440 deg? might be achieved (Beane

and Lidz 2018), which can improve the detectability of the cross-bispectrum.

1.7.3 LIM and Galaxy-surveys

G. Sun, T. C. Chang, et al. 2021 explores the possibility of an angular cross-correlation between the
[C 11]158,m line intensity mapping signal with TIME and Lyman-a emitters (LAEs), and analyzes its
performance in terms of constraining relevant parameters and the achieved SNR. They considered the
halo catalogs from the Simulated Infrared Dusty Extragalactic Sky (SIDES, Béthermin et al. 2017),
to generate mock [C 1I];55,m and Lyman-a line emissions from the halo catalogs using various semi-

analytical models. The angular cross-correlation is considered which is defined as

SO (i — o) _
wcnxLAE(9) = ]\(;I(I(;)) ~ bLAEbCII[CHwDM(e)a (1.27)

with
w(b, z) = /dz’N(z’)/dz”/\/(z”)ﬁ(r(@,z’,z"), 2). (1.28)

Here, N(6) is the number of LAE-pixel pairs, and Ali(0) = I.;(0) — Icn are the [C 11]y58,m in-
tensity fluctuations. N (z) and &(r, ) are the selection function and the spatial correlation function,
respectively. N (z) is assumed to be a top-hat function within redshifts 5.67 to 5.77 and 6.52 to 6.63,
that is consistent with the SILVERRUSH survey in the bandwidth of narrow-band filters. by g ~ 6
in the LAE distributions generated from the semi-analytical models, consistent with the upper limits
of the same survey at z = 5.7 and z = 6.6. wpy is defined using the equation 1.28 with {py(r, 2) =
(1/(27%)) [ dk k*Pss(k, z)(sin(kr)/(kr)). According to the redshifts of the LAEs identified with the
SUBARU HSC narrowband filter, the [C 1I];55,m data from the TIME spectral channels are extracted
and cross-correlated with the LAEs simulated within the ~ 2 deg? field. The TIME has a limited sur-
vey area, and therefore marginal detections of the angular correlation function are possible, which still
can provide independent cross-check against [C II];5s,m autocorrelation analysis. The forecasts for the
inferred value of by I ¢y is around 27004-3200 Jy sr—! at redshift 5.7 and 260042900 Jy s~ at redshift
6.6, taking by o ~ 6 and the fitting is restricted to linear scales with » > 10 Mpc.

Given that galaxy surveys will also probe the EoR (e.g. LAE surveys), this brings the opportu-
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nities to synergize these surveys with [H I],;.m survey. Hutter, Dayal, et al. 2019 had investigated the
prospects of using WFIRST (now the Nancy Grace Roman Space Telescope) with the SKA survey to
constrain various aspects of cosmic reionization. Since the Lyman-« photons are resonantly scattered
in the IGM, detecting the LAEs is difficult when the neutral fraction is high. However, the LAEs are
expected to be visible when reionization is approximately at the mid-stage. For a reionization scenario,
which is usually ”inside out”, the sources that emit ionizing photons are expected to be hosted in the
dense regions of the Universe. Therefore, LAEs are also associated with these regions and are ex-
pected to be anti-correlated with the [H 1,1 Signal when reionization has progressed sufficiently. The
[H 1]51cm -LAE cross-correlation might also help constrain the reionization morphology. The regions
with LAEs and those that do not have LAEs will have a relative difference in the [H 1], brightness
temperature that can be measured with this cross-correlation. Higher temperatures are expected for
the regions of IGM that are under-dense, assuming the reionization morphology is “inside-out”. This
same information about the [H 1],;., brightness temperature difference can be useful to infer the state
of the ionization of the IGM. Similarly, Pagano and A. Liu 2021 also forecast that although the number
density of LAEs observed and the angular correlation function may not be able to contrast between the
various density ionization models for redshift 6.8, at 68 percent credibility, adding [H 1], data from
HERA can help rule out uncorrelated and outside-in reionization models at 99 percent credibility.
Zackrisson et al. 2020 investigates a related concept of synergy. Given that SKA1 is capable of
identifying ionized bubbles with volumes of > 1000 cMpc® with adequate resolution, the chances of
detecting galaxies within these regions for galaxy-dominated reionization processes are high. This
can be achieved through deep-field observations with instruments like JWST, WFIRST, Extremely
Large Telescope (ELT), etc. As reionization approaches its final stages, spectroscopic methods may
uncover galaxies within the smallest detectable ionized bubbles. For higher redshifts z = 10, a pho-
tometric survey could be performed. Such studies can help determine quantities like the minimum
total stellar mass needed within the galaxies to form ionized bubbles and the photon number-weighted

average escape fraction ( fes ).

1.7.4 Other synergies

There are additional synergies that can be explored by integrating data from the global [H 1], Sig-
nal, quasar spectra and the CMB. A. Chatterjee, Tirthankar Roy Choudhury, and Mitra 2021 intro-
duced a tool to estimate parameters based on the Markov Chain Monte Carlo (MCMC) method, the
CosmoReionMC, which is designed to constrain relevant parameters using these data inputs. CosmoReionMC
is grounded in a semi-analytical approach based on physically motivated models of reionization (Mi-
tra, T. Roy Choudhury, and Andrea Ferrara 2011) and the global [H 1], signal while using modified
CAMB code. The package is adaptable for incorporating other data types (e.g., BAO), constraining
additional astrophysical parameters, and handling cosmological models beyond the standard ACDM
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model. Integrating quasar spectra data with CMB-only data is found to result in more precise con-
straints on cosmological parameters (A. Chatterjee, Tirthankar Roy Choudhury, and Mitra 2021).

1.8 Capturing astrophysical information with LIM

The ultraviolet photons from the nearby stars and white dwarfs, along with the associated photoelec-
trons, heat, excite, and ionize the hot (10* K) interstellar gas clouds, from where the spectral line
emissions of our interest, such as [C I1];53,mand CO, are emitted. These lines are capable of providing
essential insights into the properties of galaxies, related to astrophysical factors, such as temperature,
star formation rate, gas density, and metallicity (Osterbrock and Gary J. Ferland 2006; Levesque, Kew-
ley, and Larson 2010; Gutkin, Charlot, and Bruzual 2016; Byler et al. 2017). The origin of these line
emissions identifies the efficient halos and galaxies that can produce a particular line and, therefore,
whether the resulting line intensity map can effectively trace the matter density field based on the shot
noise and bias of the halos and galaxies. Understanding how these nebular line emissions originate
and their physical nature can be vital to cosmology and shed light on how the line luminosities in the
galaxies are correlated to each other.

For [C IT]; 53,memission, the correlation of other line emissions with SFR becomes important, which
is dependent on the state of the ISM (ionization state and density), which affects the correlation of [C
1]158,mline emission. The [O I]g3,m line emission originates from the dense and warm PDRs, whereas
the [O IIT]gs,m comes from regions of ISM that are highly ionized. The line ratios such as [O I]g3,m/([C
]158,m+ [O 163,m) and [O IT]ggum/([C ]158um+ [O I63.m) can act as a proxy for the correlation of [C
1T]158,,m line emission with SFR. De Looze, Cormier, et al. 2014 has found a good correlation between
the strength of these line ratios and the magnitude of scatter in the L¢y - SFR relation. For the former
one ([O I]e3,m/([C I]158um T [O I63.m)), @ correlation of p = 0.74 was found with the scatter in Lcy
- SFR relation. For higher values of the ratio, the strength of the [C II];5g,,m emission deviates more
towards weaker values for a given value of the SFR. This ratio indicates the relative fraction of the
dense and warm gas, present in the ISM, and that in regions where this value is high, the [C II]158,m
emission is not a reliable tracer of the SFR. Kaufman, Wolfire, and Hollenbach 2006 has shown using
PDR models that this line ratio’s value is higher for regions with higher radiation field strength and gas
density.

Similarly, for the [O IT]ggm/([C 11]158,m* [O I]63.m) line ratio, there is correlation of p = 0.87 with
the magnitude of Ly - SFR scatter, as found by De Looze, Cormier, et al. 2014. This line ratio captures
the relative fraction of highly ionized gas within the ISM, as [O IlI]gs,,m emission originates from these
regions near the young O stars. The interpretation of this line ratio is based on the assumption that
[C 1T]158,m emission traces the PDRs. For these regions, [C 1I]i55,m €émission is therefore not a good
indicator for star formation. The hard ionization radiation is capable of ionizing O™ but can doubly

ionize carbon, thereby leading to most of the carbon being present in the form of double-ionized carbon.
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Therefore, [O IlI]gs,m line emission can affect the correlation of [C 11];55,m line emission with SFR
where highly ionized gas occupies a significant fraction within the ISM. Therefore, these astrophysical
phenomena will play an important role in determining the strength of the line emissions, which will be
targeted by the LIM experiments, and one needs to forward model these line emissions to accurately

predict the observable summary statistics.

1.9 Outline of thesis

LIM offers the potential to probe large-scale structures of the Universe and extend our understanding of
the EoR, which is a poorly known period of cosmic history. The early observations of this cosmic period
include the Thomson-scattering optical depth measurements from the CMB observations, constraining
the mid-point of reionization (Planck Collaboration, Aghanim, Akrami, Arroja, et al. 2020). High
redshift quasar absorption spectra somewhat constrain the end of the EoR (G. D. Becker, Bolton, Zhu,
etal. 2024). However, these measurements do not suffice to pinpoint the history of cosmic reionization.
These observations also add very little, to the understanding of the nature of the reionizing sources. On
the other hand, galaxy surveys with the ALMA and JWST can help to understand the nature of these
early galaxies for a limited number of surveys. Therefore, the ongoing and upcoming LIM observations
are expected to complement this by accumulating the aggregate flux from these high redshift sources,
including the contribution of the very faint sources, which is otherwise not detected in galaxy surveys.
It would give us a more comprehensive picture of the Universe, which is otherwise difficult to obtain
with the galaxy surveys alone.

The line emissions from the galaxies and the IGM, which will be targeted by the LIM observa-
tions, are determined by various astrophysical phenomena. Therefore, the corresponding LIM signals
will capture this information and the observable summary statistics will be sensitive to the underlying
astrophysics of these line emissions. In the fiducial models of galaxy line emissions, one assumes a
one-to-one scaling relation between the host halo mass of the galaxy and the corresponding line lumi-
nosity of the galaxy. The usual approach to follow is to assume a model that predicts the star-formation
rate in the galaxies given a particular mass of the host halo. Using this model, one can predict the line
luminosity for spectral line emissions assuming the line-emission is correlated with the star-formation
rate, and there is a relation between these two. These models are easy to implement in simulations,
and generating mock LIM maps is generally computationally cheap. However, astrophysical condi-
tions such as multi-phase state of the ISM in the galaxies will introduce a significant line luminosity
scatter in the [C 1I];55,m line emission from these galaxies. This had been reported observationally
by De Looze, Cormier, et al. 2014. Similarly, hydrodynamic simulations such as SIMBA (Leung et
al. 2020), in combination with SIGAME (Olsen, Thomas R. Greve, Narayanan, R. Thompson, Toft,
et al. 2015; Olsen, Thomas R. Greve, Brinch, et al. 2016; Olsen, Thomas R. Greve, Narayanan, R.

Thompson, Davé, et al. 2017) that tracks the giant molecular cloud phase in the gas fluid elements and
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introduces sub-grid recipes for post-processing, predict significant scatter in the Lcy - My, relation
(see figure 4.1) which has a halo-mass dependence. Some models assume a halo-mass-independent
line luminosity scatter in the L¢y - My, relation, where My, is the mass of the host halo. Different
approaches can be undertaken to interpret the power spectrum in the presence of scatter in line lumi-
nosity, which has been discussed in section 1.6.1. However, until now, it was not known how valid
these interpretations are when one considers a more realistic halo-mass-dependent scatter in the L¢y -

Mo relation and how this would affect the observable [C 11];58,,m power spectrum.

Also, astrophysical factors that determine SFR in the galaxies, such as varying mass-accretion
histories, which happen over longer time scales, and shorter time scale variabilities, such as short time-
scale variabilities in the gas accretion rate, and different feedback mechanisms important for lower
mass galaxies, can introduce scatter in the SFR. Observationally, the main-sequence stars are known
to have scatter in their SFR (Speagle et al. 2014), and this is also predicted by simulations (Dutton, van
den Bosch, and Dekel 2010; Peng and Maiolino 2014; Lagos et al. 2018; Matthee and Schaye 2019;
Blank et al. 2021). Therefore, it will also introduce a scatter in the number of ionizing photons emitted
from the galaxies, which is proportional to the SFR of the galaxies, consequently leaving imprints in
the IGM during the EoR. However, in fiducial models of reionization, SFR is assumed to have a one-
to-one correlation with the host halo mass, and the astrophysical scatter in the SFR — My,, dispersion
relation is usually not taken into account. A previous study by Hassan et al. 2022 has shown that the
ionization power spectra are not sensitive to these signatures of astrophysical scatter in the IGM. But
the ionization field is not directly observable, unlike the [H 1], signal, which is also known to be
non-Gaussian. Therefore, a more suitable summary statistic to probe the signatures of astrophysical
scatter in the IGM would be higher-order statistics such as the bispectrum, which was not well explored

in this context.

On the other hand, probing the CO LIM signal can help us understand the correlation between
the far-infrared luminosity and the CO line luminosity inside the galaxies, which serves as a proxy
for the correlation between star formation and gas depletion. In the post-EoR, galaxy surveys have
characterized this correlation (Carilli and F. Walter 2013; T. R. Greve, Leonidaki, et al. 2014; Sargent
et al. 2014; Kamenetzky et al. 2016); however, this is difficult to achieve in the EoR regime, due to
limited surveys, and therefore it is not well explored. The LIM surveys will also face challenges in
probing the EoR due to instrumental noise, which will contaminate the signal. Therefore, one way
of tackling this would be to cross-correlate the CO LIM signal with another survey from the same
redshift, such as the [H I];;.m LIM survey. A pilot survey with AARTFAAC (P. Prasad et al. 2016)
has been assumed here, which will survey the [H 1],y signal from the EoR and is expected to have a
large field-of-view. The prospects for detecting the CO signal from the EoR using cross-correlations
of observation with COMAP (Breysse, Dongwoo T. Chung, et al. 2022) with this pilot survey have
been discussed here for a wide range of models of CO emission determined by the correlation between

far-infrared luminosity and the CO luminosity in galaxies. Whether the cross-power spectrum of these
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LIM signals can contrast the various far-infrared luminosity and the CO line luminosity correlation
models of the galaxies, which determine the CO emission, was not well explored in the EoR.

In this thesis, these broad ranges of astrophysical phenomena have been addressed using various
observable summary statistics of the LIM signals that demonstrate how the observable summary statis-
tics of the various LIM signals can capture astrophysical information from the EoR. However, LIM
observations can be biased due to line-of-sight (LoS) anisotropies, inherent in observations. Since a
finite amount of time is taken by electromagnetic radiation to travel, signals from faraway regions of
the Universe will take more time to reach the observer, as compared to regions that are nearby. There-
fore, along the line of sight, a continuous time evolution of the signal is present, which introduces
anisotropies in a particular direction and apparently violates the principle of statistical isotropy. This
light-cone effect will impact the observed signal, introducing bias in the estimated summary statistics.
Previously, the impact of the light-cone effect on the spherically averaged [H 1], power spectrum
had been quantified in Datta, Mellema, et al. 2012. However, in the context of galaxy LIM surveys
with line emission, such as [C I1];5s,m (one of the primary candidates for conducting LIM experiments),
this had not been adequately addressed for summary statistics such as the spherically averaged power
spectra. Interestingly, since there are various synergy opportunities to cross-correlate different LIM
tracers such as the [C II];53,m €mission from galaxies and the [H I],cm emission from the IGM, quanti-
fying the impact of the light cone effect on the cross-power spectrum is important, which also had not

been investigated previously and had been addressed in this thesis.

39



Chapter 2
Simulating line-intensity maps

Numerical simulations are useful for generating mock line-intensity maps and building forward models
for summary statistics. In this thesis, numerical simulations have been used to simulate line-intensity
maps. In one of the approaches, the simulations were done from scratch, where N-body simulations (S.
Bharadwaj and Srikant 2004) were run, and their output was post-processed with a Friends-of-Friends
(FoF) algorithm (Rajesh Mondal, Somnath Bharadwaj, Majumdar, et al. 2015) to obtain the mock halo
catalogs from dark-matter density fields. These were then post-processed with semi-numerical simu-
lations of reionization (Tirthankar Roy Choudhury, Haehnelt, and Regan 2009; Majumdar, Mellema,
et al. 2014; Rajesh Mondal, Somnath Bharadwaj, and Majumdar 2017) to generate mock [H 1], maps
and also with models of galaxy line-intensity maps to generate [C I1];53,mand CO LIM maps. In Chap-
ter 3 and Chapter 5, the simulation approach used consists of N-body simulations done from scratch,
coupled with the FoF algorithm and further post-processing as described above. This is discussed
in section 2.1, section 2.2 and section 2.3. However, in the other approach, pre-simulated data were
used to generate mock line-intensity maps. In Chapter 4, pre-simulated [C 11];55,m line-luminosities
were used that were obtained from SIMBA hydrodynamic simulation coupled with post-processing
from SIGAME (Leung et al. 2020). The [C II];58,m line-luminosities were remapped in a large-scale
N-body simulation. This approach is discussed in section 2.3. Chapter 6 used the pre-simulated data
of dark-matter density fields, halo catalogs from the CUBEP3M N-body simulation (Harnois-Déraps
et al. 2013), and radiative transfer simulation outputs from C2-RAY (Mellema, Ilian T. Iliev, Alvarez,
et al. 2006) for [H 1],;.m signal. Post-processing has been applied to the halo catalogs to obtain the CO

signal for cross-correlation with the [H 1],;c, signal. This is discussed in section 6.2.1.

2.1 N-body simulations

The mock line intensity maps generated are based on N-body simulations, that generate a mock dark
matter density distribution within a specified volume. It is done by assuming a set of grids, later filled

with particles representing dark matter (dark matter particles). The mass of the dark matter particles is
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set such that it reproduces the critical density of the Universe, p., which is given as p, = 3HZ/(87G),
where H| represent the Hubble parameter and G represent the gravitational constant. For a fixed
comoving volume of the simulations, the size of the grid will then determine how small the mass of
the dark matter particles can be or how high the mass resolution of these particles can be. Given that
the grid size is L in comoving units, and the side length is N in grid units, the mass of each dark
matter particle is Mpy = pefln X N3L3 / Npart, wWith €,,, being the cosmological density parameter for
matter and [V, is the total number of dark matter particles in the simulation. A finer mass resolution
is desirable if we want to resolve dark matter halos of smaller masses later from the snapshots of the
simulations. Typically, we resolve a dark matter particle mass of ~ 108 M,

We have used a particle-mesh (PM) N-body simulation (S. Bharadwaj and Srikant 2004), where
the grids are populated with dark matter particles, and the gravitational potential is solved for this den-
sity grid. The density perturbations are generated with Gaussian random phases based on the power
spectrum for these perturbations initialized with the transfer function from Eisenstein and Wayne Hu
1998 and normalized from the present value of og. The initial positions and velocities (initial condi-
tions) are obtained using the Zeldovich approximation (Zel’dovich 1970). The grid-based density is
then evolved into the non-linear regime by solving the Poisson equation for the gravitational potentials
at the grids and updating the positions and velocities of the dark matter particles. At a predetermined
sequence of redshifts, the snapshot of the distribution of the dark matter particles and their velocities
is dumped in a file.

The dark matter particle distribution in the simulation snapshot is used to identify the collapsed
structures. These dark matter halos are assumed to host the galaxies that emit radiation, including
various line emissions. For this, a Friends-of-Friends algorithm is employed (Rajesh Mondal, Somnath
Bharadwaj, Majumdar, et al. 2015), which identifies clusters of dark matter particles based on a certain
linking length. The center-of-mass positions and velocities of these halos are then written in a catalog,
and this information is subsequently used to simulate the line intensity maps for various line emission
tracers. Identifying the halos uses information on the position of the particles only and does not include
any velocity information of the dark matter particles. Later on, we also use only the position of the
halos and not their velocities since we have not taken the redshift-space distortion (Kaiser 1987) into

account.

2.2 Semi-numerical simulations of reionization

To simulate the ionization of the IGM using detailed physical models, one needs to solve the cosmo-
logical radiative transfer equation for the ionizing radiation traversing through the IGM. It generally
takes considerable computational resources to do this, especially if the side length of the simulated
volume is a few hundred Mpc. In our case, we follow a semi-numerical approach towards simulating

the reionization of the IGM and, consequently, the [H 1], signal that originates from this. The basic
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idea that is implemented is that within a specific region of radius R, the approach evaluates whether the
average number of hydrogen atoms is greater than the average number of ionizing photons in some sim-
ulation units. We use the code ReionYuga' (Tirthankar Roy Choudhury, Haehnelt, and Regan 2009;
Majumdar, Mellema, et al. 2014; Rajesh Mondal, Somnath Bharadwaj, and Majumdar 2017) which
follows this excursion set formalism (Furlanetto, Zaldarriaga, and Hernquist 2004), to simulate cosmic
reionization of the IGM. The density of baryons is not explicitly modeled since the simulation snap-
shots that we use consist of purely dark matter particles, given that we use dark matter-only simulation
and not a hydrodynamical simulation. It is assumed that the gas overdensity perfectly follows the dark
matter overdensity. We assume that every collapsed dark matter halo hosts a galaxy that contributes
to cosmic reionization to implement the luminous sources. The number of Lyman continuum photons
deposited in the IGM, NV, at a particular simulation snapshot, is modeled from the corresponding mass
of the dark matter halo. In the most simplistic scenario, N, o< My, where M, is the dark matter halo
mass. However, one can also make use of more sophisticated models, where IV, is dependent on M,
via some power law, or model the dependence via a star-formation rate, which can then depend on M;,.

The ionization condition for the IGM is fulfilled if (n.) g > (ny) g for a smoothed region of radius
R, where (ny) g and (n.,) p are the average number of hydrogen atoms and ionizing photons and within a
spherical region of radius R. For smoothing, a spherical top-hat filter is assumed and it is repeated for a
range of radii, Ry, t0 Rimax, Which is traversed in small steps of A R. Along with the smoothed fields for
n(x) and ny (), the original un-smoothed fields are also stored in memory as well. If the ionization
condition is not satisfied ((n,)r < (nu)r) for the smoothed region over radius R, then a partial ionized
fraction, xyy = n,/ny, is assigned to the voxel, using information from the original un-smoothed
fields. It is implicitly assumed that every ionizing photon present can interact with the hydrogen atoms
it encounters. However, recombination can also happen depending on the density of neutral hydrogen,
giving off photons. The recombination is not modeled here explicitly, but it can be crucial. In general,
the inhomogeneous spatial distribution of recombinations can affect the morphology of reionization,
such that it favors the ’outside-in’ scenario, where low-density regions ionize first compared to high-
density regions without ionizing sources as suggested by Tirthankar Roy Choudhury, Haehnelt, and
Regan 2009. This will affect the shape and amplitude of the [H I],;., power spectra. Further, Mao,
Koda, et al. 2020 has shown that inhomogeneous subgrid clumping, which can boost recombinations,
plays a role in the slower expansion of H 11 regions, and delays reionization history. The large-scale [H
1]o1cmpower spectra are also suppressed due to inhomogeneous subgrid clumping. The semi-numerical
approach also suffers from the problem of photon non-conservation (Paranjape, T. Roy Choudhury,
and Padmanabhan 2016). When ionized bubbles overlap, the overlap region is supposed to have more
ionizing photons than the neutral hydrogen atoms, which are usually not treated properly. In some
simulation tools such as SCRIPT (Tirthankar Roy Choudhury and Paranjape 2018), this scenario is

handled by redistributing these excess photons to the boundaries of the H II regions. However, in our

Thttps:/github.com/rajeshmondal18/ReionYuga
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simulation, we do not implement photon conservation. Once the ionization field is obtained, converting

it into a differential brightness temperature field using equation 1.12 is straightforward.

2.3 Simulations of galaxy line-intensity maps

The line-intensity maps for the line emissions from galaxies are simulated based on empirical relations
that relate some dark-matter halo property and the corresponding line luminosity of the galaxy hosted
by that halo. Usually, the host dark-matter halo mass is chosen as a part of these empirical models. As
a first step, the SFR of these galaxies is modeled as a function of the host halo mass. Ideally, if the
halos’ merger histories are available, one can model the star-formation rate of galaxies hosted by the
halos using this. However, in these simulations, merger histories are not tracked. It is also assumed that
every dark-matter halo hosts a galaxy that can emit various line emissions. However, more accurately,
this will follow a halo occupation distribution (Berlind and Weinberg 2002), which tells the number
distribution of galaxies hosted by a dark matter halo of mass M.

In this empirical approach, the SFR of the galaxies is modeled after M. B. Silva et al. 2013, based
on the De Lucia and Blaizot 2007 and Guo et al. 2011 simulated galaxy catalogs. It is given as

SFR (M, 2)

ot = 225 x 1072(1+75x 1072 x (2 — 7))
oY

M\ ° M\ ¢ M\ €
xM;(H—h) (1+—h> (1+—h),
C1 Co C3

with 3 = 1 x 101 My, ¢ = 7 x 10°M, ¢ = 8 x 105M, e = —2.25,d = 0.4, b = —0.62 and

a = 2.59. This model’s advantage is that it only depends on the halo mass and redshift, which can

2.1)

be easily provided from the catalogs generated in our halo-finding algorithm. The next step in this
approach is empirically relating the SFR to the [C 1I];53,,m line luminosity. It is motivated by the strong
correlation between the emission of [C IT];55,mline and the SFR observed in the galaxy samples present
in the local Universe. We follow the relations from M. Silva et al. 2015, which is of the form given in
equation 1.9. In our work, we have followed the model m1 from M. Silva et al. 2015, which corresponds
to a = 0.8475 and b = 7.2203. This produces the brightest [C II];55,m Signal and corresponds to the
most optimistic model compared to the other three models in M. Silva et al. 2015.

In the other approach of simulating the LIM signal of [C 1I];58,m €mission, we use pre-simulated
luminosity data of [C II];55,m emission, based on the work of Leung et al. 2020. It is based on the
hydrodynamical simulation run using SIMBA (Davé, Anglés-Alcézar, et al. 2019; Leung et al. 2020),
later post-processed by SIGAME (Olsen, Thomas R. Greve, Narayanan, R. Thompson, Toft, et al. 2015;
Olsen, Thomas R. Greve, Brinch, et al. 2016; Olsen, Thomas R. Greve, Narayanan, R. Thompson,
Dave¢, et al. 2017; Leung et al. 2020) to generate [C 11];55,,mline luminosity. The SIMBA simulation con-

siders state-of-the-art feedback modules that produce results with good agreement with low-redshift
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observables. The SIMBA simulation incorporates advanced feedback mechanisms that yield results
closely aligning with low-redshift observations. Leung et al. 2020 considered three different simula-
tion volumes—25, 50, and 100 A ! Mpc, with initial gas mass resolutions of 2.9 x 10%, 2.3 x 10° and
1.8 x 107 My, respectively. These volumes were collectively analyzed to achieve a broad dynamic
range in the resolved galaxy masses. The small simulated cosmological volumes such as 25 and 50
h~! Mpc might be sufficient to probe small scales, however, these volumes individually might not be
large enough to probe the large-scale features of the Universe with line-intensity mapping. However,
information from these small volumes can be combined with that from a cosmological simulation of a
much larger volume, to achieve an overall better dynamic range of the astrophysics. This is what has
been done in Leung et al. 2020, where the line-luminosities of [C 11];5g,,m €mitters have been combined
from all these volumes to obtain a much more extensive range of host halo masses. This informa-
tion has been remapped in a large-scale N-body simulation in the work discussed in Chapter 4. SIMBA
simulates the supermassive black holes with feedback and growth within galaxies, modeling growth
through Bondi accretion of hot gas and torque-limited cold gas accretion (Anglés-Alcédzar, Davé, et al.
2017). The feedback processes are represented by X-ray energy injection and bipolar kinetic outflows.
The simulation also includes a sub-grid model that simulates dust formation and destruction within
the interstellar medium (ISM) by considering channels such as metal condensation, asymptotic giant
branch stars, and Type II supernovae. while it is primarily destroyed by consumption by star forma-
tion and sputtering (including supernova shocks) (Q. Li, Narayanan, and Davé 2019). SIMBA utilizes
models of ejective feedback from star formation similar to MUFASA but with revised scaling based on
results of particle tracking from the Feedback in Realistic Environments (FIRE) simulations (Anglés-
Alcézar, Faucher-Giguere, et al. 2017), along with slight modifications to improve the modeling of
galaxy properties during the EoR (Wu et al. 2020). SIMBA has been extensively compared with a vari-
ety of observational data across cosmic time and has shown good agreement, particularly in terms of
the mass-metallicity relation and galaxy stellar mass function (GSMF) (Dav¢, Anglés-Alcazar, et al.
2019), black hole characteristics (Thomas et al. 2019), dust properties (Q. Li, Narayanan, and Davé
2019), galaxy sizes and profiles (Appleby et al. 2020), and the cold gas content, including CO(1-0)
luminosity functions from z = 0 — 2 (Davé, Crain, et al. 2020). However, there are minor discrep-
ancies, such as an overestimation of the most massive galaxies up to redshift of 2, overly large sizes
for quenched galaxies of low mass at redshift up to 1, and an underestimation of the mass function
of dust at redshift of ~ 2. Wu et al. 2020 examined SIMBA galaxies’ properties during the EoR and
assuming a Calzetti 2001 dust model they found strong agreement with the galaxy sizes down to the
faintest limits, UV slope measurements, and UV luminosity function, at z = 6. Therefore, to explore
the properties of the far-infrared line emission in the EoR galaxies, SIMBA offers a reliable framework.
To be resolved in the simulations, only galaxies with at least 64 stellar and gas particles are included
in Leung et al. 2020. For the 25 = Mpc, 50 h~! Mpc and 100 h~! Mpc simulation boxes, the required

masses correspond t0 M, min = 1072 My, M, min = 1035 M, and M, i, = 10%%° M, respectively.
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At a redshift of 6, the number of galaxy samples is around ~ 11137. This is achieved by sampling
the cloud mass of giant molecular clouds (GMC) from a mass function using a sub-grid recipe and
forming GMCs with a minimum mass of 10*M,. For this, it is ensured that galaxies which have at

least Mot = frioMegas > 10° M, gas mass is selected in the simulation.

As described in Leung et al. 2020 SIGAME post-processes the SIMBA outputs using sub-grid recipes
to make predictions for the luminosities of the various line emissions. The gas fluid elements are
divided into giant molecular gas (GMC) and diffuse gas phase using sampling of the GMC mass from
a galactic GMC mass function over the mass range 10* — 10® M. The GMC mass is subtracted from
the parent fluid element, and the remaining mass is assigned to the gas in the diffuse phase. It is
subsequently partitioned into neutral and ionized phases. The neutral phase corresponds to the region
where xy; > 0.5. SIGAME accounts for line emissions by tracking three ISM phases, which are distinct.
The photoionization code CLOUDY version 17.1 (G. J. Ferland, Chatzikos, et al. 2017) is employed
to simulate the thermochemistry in the different ISM phases. The detailed processes considered are
cosmic-ray (CR) ionization, dust physics (grain-atom/ion charge transfer), and H, photo processes.
The luminosities corresponding to various line transitions are obtained by calculating their cooling
rates. The abundances of the different metals (e.g., Fe, Ca, S, Si, Mg, Ne, O, N, C, He), can be based
on the metallicity value provided as input to CLOUDY and then scaled according to solar abundance.
However, the abundance of the metals tracked in SIMBA is used, to get the abundance pattern in

galaxies differing from the solar abundance.

The galaxy catalog derived from SIMBA+SIGAME includes numerous galaxy properties, such as the
host dark matter halo mass and the [C 1I];58,m line luminosity, despite being limited to approximately
11,000 samples. To acquire a sufficient number of samples, we statistically remapped the [C IT];58,m
luminosity onto an N-body simulation run at larger scales, based on the respective halo masses. There
is sufficient similarity in the halo-mass ranges in both simulations, that facilitated the reproduction of
[C 11]158,m luminosities. From the original pre-simulated data, the [C 11];55,m luminosity distribution
is estimated within the bins out of the 20 logarithmic bins, in which the halo-mass range is divided.
Subsequently, we generate [C IT];53,m luminosity values that follow the same distribution within each
halo-mass bin. A piecewise constant distribution has been used to remap the [C I1];53,,mline luminosity
scatter, that resembles the original distribution from SIMBA. Using the information about the histogram
of the log Lciy histogram, such as, for each halo mass bin, the probability densities and boundaries
of the bin intervals, a random log Lcy;; value is generated that follows a probability density function

given as
Wi

P(logL[CH]|lo,...,ln,wo,...,wn_l) = (22)

oo wie(leen — )
In this context, the number of boundaries defining the intervals is n + 1. Here, [; represents these
boundaries for 0 < ¢ < n, and w; denotes the corresponding weights or probability densities for
0 < 7 < n. For any given Ly, the condition /; < log Licyy < li41 holds true for 0 < i < n.

45



Consequently, uniform values of log L are produced within a specific bin, with an associated weight,
that ensures accurate replication of the overall distribution. The C++ standard library provides an
implementation of this procedure which has been used here.

In the case of simulating CO emission from the galaxies, we follow an empirical approach, similar
to the empirical approach adopted to simulate the [C 11];55,m LIM signal. First, a one-to-one relation
between SFR and the host halo mass is assumed, which predicts the SFR for a given halo mass. The SFR
is then used to predict the far-infrared luminosity within the galaxy, assuming a proportionality relation.
Further, the far-infrared luminosity is used to predict the CO line luminosity in the galaxy. The relations

used for simulating the CO emission in galaxies has been further described in subsection 6.2.1.
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Chapter 3

C II and HI 21cm line intensity mapping from
the EoR: Impact of the light-cone effect on

auto and cross-power spectra

This chapter has been adapted from: Murmu, C. S., Majumdar, S., & Datta, K. K. (2021). CII and HI
21-cm line intensity mapping from the EoR: impact of the light-cone effect on auto and cross-power
spectra. Monthly Notices of the Royal Astronomical Society, 507(2), 2500-2509, DOI: 10.1093/mn-
ras/stab2347, arXiv: 2107.09072

3.1 Introdcution

Understanding the mysterious Epoch of Reionization (EoR) is at the forefront of modern cosmology
research. The first light sources appeared in the universe during the EoR and subsequently reionized
the neutral intergalactic medium (IGM) with ionizing radiation. The current constraints on the EoR
come from, among others, the Gunn-Peterson trough in the very distant quasar spectra (R. H. Becker
et al. 2001; G. D. Becker, Bolton, Madau, et al. 2015), the constraint on the Thomson optical depth
(tr = 0.054 £ 0.007) for the instantaneous reionization model (Planck Collaboration, Aghanim, N.,
et al. 2020) and the claimed detection of the global-averaged [H 1]51cm Signal from Cosmic Dawn by
EDGES (J. D. Bowman, Rogers, et al. 2018), which is still debated (Bevins et al. 2022). Thus, the
pressing question about the EoR, how did the reionization process take place, still remains largely
unknown. Critical questions like: How did the reionization history proceed?; what are the properties
of the sources responsible for reionization?; can we shed light on the history of structure formation by

probing the EoR?; also remain unanswered. We need direct observations that can probe the evolving
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state of the early IGM and the early reionizing sources during the EoR.

State-of-the-art radio interferometers like LOFAR (F. G. Mertens, Mevius, et al. 2020), MWA (Barry,
Wilensky, et al. 2019; Patwa, S. Sethi, and Dwarakanath 2021), PAPER (Kolopanis et al. 2019),
HERA (DeBoer et al. 2017), GMRT (Choudhuri, Abhik Ghosh, et al. 2020; Pal et al. 2021) etc. are
trying to detect the spatial fluctuations in the [H I];¢m signal originating from the neutral hydrogen of
the early IGM during the EoR. These facilities are also acting as the technology and science precursors
or path-finders for the upcoming Square Kilometre Array (SKA)', the largest radio telescope to be
ever built by humankind. The SKA’s contribution via the production of the first high-resolution tomo-
graphic images of the [H 1], signal from the EoR will be a significant milestone in this paradigm (L.
Koopmans et al. 2015; Mellema, Leon Koopmans, et al. 2015). Although many of the existing radio
interferometric experiments have advanced significantly, removing 5 — 6 orders of magnitude larger
foreground contamination from [H 1],;.,Observations remains the major challenge (e.g. Di Matteo et al.
2002; Ali, Somnath Bharadwaj, and Chengalur 2008; Jeli¢ et al. 2008; Abhik Ghosh, J. Prasad, et al.
2012; Procopio et al. 2017) in detecting this signal from the EoR. Thus, ongoing experiments have
been able to produce only weak upper limits to the signal power spectrum at a few redshifts (Paciga,
Albert, et al. 2013; F. G. Mertens, Mevius, et al. 2020; Barry, Wilensky, et al. 2019; W. Li et al.
2019; Kolopanis et al. 2019; Cathryn M. Trott et al. 2020; Pal et al. 2021). Once the [H 1]}, power
spectrum across different redshifts is detected, one might be able to constrain the IGM physics and
reionization history, and, most likely, one can also put some indirect constraints on the reionization
source properties. However, the [H I],;., observations alone are not enough to get a complete picture
of the EoR.

To have a comprehensive understanding of the EoR, one would need to probe the sources of the
reionizing photons, i.e., the early galaxies and quasars, etc., along with the state of the IGM. How-
ever, the spectroscopic detection of individual galaxies from the EoR is challenging. An ideal choice
for doing cosmological large-volume surveys of early sources of the EoR is to use the line intensity
mapping technique (Visbal and Loeb 2010; Gong, X. Chen, et al. 2011; Gong, Cooray, M. Silva, et al.
2012; M. B. Silva et al. 2013; M. Silva et al. 2015). In the LIM technique, one does not need to resolve
the individual light sources but instead needs to detect the integrated flux from several sources that lie
within a pixel or voxel of the 3D volume that is being surveyed by the telescope. It targets a specific
atomic or molecular line transition from galaxies and uses it as a tracer to detect them (Fonseca et al.
2016) via this method. The ideal line emission choices are the ones that are bright and can provide
valuable information regarding various properties of those galaxies.

The [C 11];55,mline is expected to be one of the brightest line emissions from the early galaxies and
this line emission also correlates well with the star-formation rate within a galaxy (De Looze, Baes,
et al. 2011). The recent spectroscopic surveys have detected galaxies at high redshifts using this line
emission. The ALPINE-ALMA [C 11];53,msurvey has detected star-forming galaxies at 4 < z < 6 and

'https://astronomers.skatelescope.org
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was also able to classify them (A2C2S, Le Févre et al. 2020). The ALMA Spectroscopic Survey in
the Hubble Ultra Deep Field (ASPECS) also searched for potential[C 11];55,m emitters at 6 < z < 8.
They were able to place upper limits on the [C 1] 58,m luminosity and the cumulative number density
of [C 11];58,m emitters (Uzgil et al. 2021) in that redshift range. These high-redshift detections have
further strengthened confidence in the upcoming missions like e.g. CONCERTO (Guilaine Lagache
2017; CONCERTO Collaboration et al. 2020), the CCAT-p (Cothard et al. 2020), and TIME (Crites
etal. 2014; G. Sun, T. C. Chang, et al. 2021), which will be conducting [C II];55,m LIM and probe the

spatial fluctuations in [C 1I];5s,m €mission from early galaxies at different redshifts.

By measuring the fluctuations in the [C II];5s,m line intensity maps from the early galaxies one
would expect to obtain valuable physical insights about the properties of these sources and their role
in reionization. By far, the most common statistic that has been considered for measuring these signal
fluctuations is the power spectrum. The power spectrum measures the amplitude of fluctuations in
any signal at different length scales. Combining this information, one can constrain the role of early
galaxies in reionization. In principle, the [C II]i55,m power spectrum can tell us about the [C IT]58,m
luminosity function (Yue and Ferrara 2019) and its redshift evolution. Additionally, it can also help us
to quantify the clustering properties of the ionizing galaxies. Several recent studies have forecasted that
the [C 11];58,m power spectrum should be detectable with experiments like CONCERTO up to z = 8;
stage-11 experiments similar to CCAT-p can push towards higher redshifts with greater signal-to-noise
ratio (SNR) (Dumitru et al. 2019).

On the other hand, the cross-power spectrum of the [C 1I]158,mand [H I]jcm signals from the same
redshifts is another statistic of particular interest (Tzu-Ching Chang et al. 2015). Reliable detection
of the auto power spectrum of the [H I]yjcm or [C 1T]153,m signals depends on the successful removal
of the foreground emissions. However, in the cross-power spectrum of the [C 11]i58,m and [H I]21em
signals, foregrounds in the individual maps are expected to be uncorrelated to each other. On the other
hand, one would expect the [C 1I];58,mand [H 1], cm signals to be anti-correlated at large length scales
and would expect their level of anti-correlation to vary with length scales and the stage of reionization.
This essentially makes the detection of both signals via cross-correlation statistics, e.g. the cross-power
spectrum, more feasible compared to their auto power spectrum. However, one has to keep in mind
that the foregrounds will still contribute to the errors of the signal statistics even when it is detected
via cross-correlation. Once detected, one in principle can use the [C IT]58,m X [H I]z1cm Cross-power
spectrum to constrain the reionization history and the EoR parameters (Dumitru et al. 2019) more

precisely.

Any electromagnetic radiation takes a finite amount of time to travel from its point of origin to
the observer. When any cosmological signal originating at different distances along the line-of-sight
(LoS) of a present-day observer, arrives at the present-day observer at the same time, the signal and its
statistics will change along the LoS. This is due to the fact that signals coming from different cosmic

distances originated at different cosmic times. This effect is popularly known as the ‘light-cone effect’.
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As one can anticipate, such a light-cone effect is expected to have an impact on the estimated signal
statistics, such as on the power spectrum and cross-power spectrum, etc. In the context of the EoR, it
has been demonstrated that this affects the [H 1], signal two-point correlation function and power
spectrum (Datta, Mellema, et al. 2012; Datta, Jensen, et al. 2014; Zawada et al. 2014; Plante et al.
2014; Raghunath Ghara, Datta, and T. Roy Choudhury 2015; Rajesh Mondal, Somnath Bharadwaj,
and Datta 2018). One would expect the light-cone effect to have a similar impact on the [C II]i58,m
power spectrum and the [C 11];58,m X [H I]21cm cross-power spectrum. However, as per our knowledge,
the impact of the light-cone effect on the [C 1I];55,m power spectrum and the [C IT]i58,m X[H I]21cm
cross-power spectrum has not been quantified so far.

In this Chapter, we aim to quantify the light-cone effect on the [C 1I];55,m power-spectrum and
[C 1T]158um X [H 1]21cm cross-power spectrum from the EoR. It is important to quantify this effect on the
expected signal, as it can potentially affect the predicted detectability of the signal. Additionally, if this
effect is not properly taken into account, it may lead to a wrong interpretation of the observed signal. To
quantify this effect, we have first simulated both the [C 11];53,mand the [H I],msignals from the EoR.
We have used a combination of N-body dark matter only simulation, a Friend-of-Friend halo finder,
and a set of semi-numerical prescriptions for simulating the EoR [H I],1cmand [C IT];55,m1ntensity maps
for a series of fixed redshifts (coeval maps). We then constructed light-cone cuboids of the simulated
signals from these redshift snapshots. While simulating and constructing the light-cone cuboids for the
[H1]51cmsignal, we also consider different reionization histories to have varied light-cone impacts on the
simulated signal. We next estimate the spherically averaged auto power spectrum of the [C 11];55,mand
[H 1]51cmsignals from both the coeval cubes and light-cone cubes and compare them to assess the impact
of the light-cone effect on these two different signals. Next, we have studied the light-cone effect on the
[C 1]158m X [H I]21cm cross-power spectrum. Throughout this work, the cosmological parameters that
have been adopted are ), = 0.3183,Q, = 0.6817, h = 0.6704, Q,h? = 0.022032, 05 = 0.8347, ny =
0.9619, consistent with Planck+WP best-fit values (Planck Collaboration, Ade, P. A. R., et al. 2014).

3.2 The EoR CII and HI 21cm line intensity mapping signals

The [C 11];58,m line originates from singly ionized carbon atoms, which results from the fine-structure
transition between 2P; /2 -2 P, /2. Although it is believed that [C II];55,m €mission originates from
the PDR of galaxies as discussed in section 1.4.1, a significant amount is also generated from the cold
neutral medium, warm ionized medium (De Looze, Baes, et al. 2011). However, it is expected that the
[C 1T]158,m emission from the ISM of galaxies to be more intense as compared to the emission from the
IGM (Gong, Cooray, M. Silva, et al. 2012), therefore it can be treated as a good tracer of the galaxies
and star formation.
The intensity of the [C IT];55,memission can be modeled by assuming [C 11]; 55,,mluminosity (L (M, 2))

for a given halo with mass M at redshift z, residing within a co-moving volume AV. Then the [C
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11]158,m LIM signal can be expressed as (Visbal and Loeb 2010; M. Silva et al. 2015),

1 LCII(MZ'> Z)
Icn = E Actr- 3.1
CII AV 47TH(Z) CII ( )

i

where the summation is over all the [C II];55,m emitters residing in the volume element AV. The
[H 1]51cm signal originates from the transition between the hyperfine states of the ground state neutral
hydrogen. During the EoR, most of the neutral hydrogen gas is present in the IGM, so the [H I]1em
signal from the EoR essentially traces the diffuse gas density of the early IGM. This signal from the EoOR

can be detected as an excess brightness temperature relative to the CMBR, as given in Equation 1.12.

3.3 Simulations

The particle-mesh (PM) N-body” (S. Bharadwaj and Srikant 2004) code that generates dark matter
density fields is run at the required redshifts. The simulation has a volume of 215 cMpc?® with 30723
grids and 15362 particles. It results in a grid resolution of 0.07 cMpc and particle-mass resolution of
~ 108 M. Then the Friends-of-Friends (FoF)’ (Rajesh Mondal, Somnath Bharadwaj, Majumdar, et al.
2015) algorithm is used to identify collapsed halos. The linking length used for this is 0.2 times the
mean interparticle separation in the simulation. The resulting halo-mass resolution is ~ 10° M, and
snapshots are generated at 13 redshifts between z = 6 and 7.2, separated by Az = 0.1. Then the [C
]158,mand [H 1], .mmaps are developed from these simulation snapshots. The grid resolution for these
maps is reduced from 30723 to 3843, and the grid separation is raised to 0.56 cMpc.

3.3.1 CII maps

The [C 1I];58,m maps are generated by painting [C II];55,m luminosity to the halos identified in the
dark matter distribution generated by the N-body simulation. To perform this, a set of parametric
relationships have been used to connect the halo mass to the [C 11];55,m luminosity. First, the halo mass
is linked to the star-formation rate (SFR) of that halo using Equation 2.1. Then the [C IT];55,,mluminosity
is related to the SFR for that halo using Equation 1.9. Based on this prescription, [C 11];55,m luminosity
distribution is generated from the simulated dark-matter halo distribution. Next, using the Cloud in
Cell method, this distribution is converted to a coarse gridded map of [C 11];55,m luminosity. Then for
each point on the grid, we determine the [C II];5g,m intensity using Equation 3.1. This finally gives
us the [C 1I]y58,m Intensity map for each redshift as shown in the left panel of figure 3.1. The choice
of parameters for Equation 1.9 adopted throughout this work, corresponds to the model m1 M. Silva

et al. 2015. This choice leads to the highest value of (/c;(z)) among the four models. It is assumed

’https://github.com/rajeshmondal18/N-body
Shttps://github.com/rajeshmondali18/FoF-Halo-finder
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Figure 3.1: This figure shows a slice of [C 11]i58,m and [H I];1.m map corresponding to reionization
history HI at z = 7.2.

that every halo is an emitter of the [C II];58,m line, which may not be true. This adoption corresponds
to the most optimistic scenario, where every halo is an efficient emitter of [C 1I];55,m line. Due to this,
the (Ici(z)) in this work is higher by a factor of ~ 2 compared to that of M. Silva et al. 2015 for the

model m1. Nonetheless, the analysis of light-cone remains unaffected without any loss of generality.

3.3.2 HI maps

The [H 1]5;.nmaps are generated using the semi-numerical code ReionYuga®* (Tirthankar Roy Choud-
hury, Haehnelt, and Regan 2009; Majumdar, Mellema, et al. 2014; Rajesh Mondal, Somnath Bharad-
waj, Majumdar, et al. 2015), which is based on the excursion-set formalism (Furlanetto, Zaldarriaga,
and Hernquist 2004). The [H 1], distribution follows the underlying dark-matter distribution in this
simulation. The free parameters used to tune the reionization history are the minimum mass of dark
matter halos contributing to reionization (M, min), i0nizing photon-emitting efficiency (Vjon), and the
mean free path of ionizing photons (Rmg). M min sets the minimum limit of the halo mass below
which no halos are considered for the contribution to reionization. The number of ionizing photons
emitted by a source is proportional to the halo mass of the halo hosting them in our simulation. The
proportionality constant here is Njon. The Ry, 18 used as the maximum radius to smooth the hydrogen
and photon density fields and determine the ionization condition at the grid points. A smoothing radius
equal to grid separation is started with and ends at [%,5 to check whether at any radius the smoothed
photon density exceeds the smoothed neutral hydrogen density at a given grid point. If the condition is

met, the point on the grid is considered to be ionized. In the right panel of figure 3.1, an example of the

“https://github.com/rajeshmondal18/ReionYuga
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simulated [H 1], map corresponding to a particular reionization history has been shown at z = 7.2.
By tuning these free parameters, three different reionization histories are generated (H1, H2, H3,

figure 3.2), each corresponding to a set of the EoR parameters. These reionization histories differ

in the evolution of neutral fraction with redshift, but reionization finishes at z ~ 6 in all scenarios.

Depending on the reionization history, both the mean and the fluctuations in the [H 1],y sSignal will

0.7

—— My_min=10""M,, Nign=42 Rop=70 cMpc (H1)
Mi_min=10""My, Nign=42 Royp=100 cMpc (H2)

0.6 —0— My_min =10°Ms, Nion=18 Rap=70 cMpc (H3)
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Figure 3.2: Neutral fraction (xy;) vs. Redshift (2) for three different reionization histories.

evolve differently. This means that for different reionization histories, the light-cone effect will affect
the [H I]y1cm power spectrum and the [C 1I]i58,m X [H I]21cm cross-power spectrum differently. One
would expect that in a faster reionization history, the fast-evolving fluctuations will boost the impact
of the light-cone effect. For example, in the reionization history H2, having a higher R4 means that
ionized regions will develop faster than H1. In H3, having a lower minimum halo mass for ionizing
photon emission means that the reionization gets boosted from these low-mass halos and leads to faster
ionization bubble development. These factors play a vital role in determining the evolution of the
fluctuations of [H 1], signals, which further contributes to the light-cone effect. In this work, the
variation of the impact of the light-cone effect on the [C IT]58,m X [H I]z1cm cross-power spectrum is

investigated.

3.3.3 Light-cone maps

We generate light-cone maps using a formalism similar to Datta, Mellema, et al. 2012. The algorithm

used here consists of the following basic steps:
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1. Given a set of coeval simulations and their redshifts, 2, and 2, corresponding to the lowest
and highest redshifts of the coeval boxes are chosen.

2. Ifl is the grid spacing of the coeval boxes and L is the co-moving distance between 21,y and 2high,
the integer division N = L/l is calculated. A redshift list Z with NV entries z1, 29, 23, ..., 2y (21 <
29 < 23... < zp) is prepared, such that each redshift in the entry is separated by a co-moving
distance [.

3. Ifthe number of slices in the coeval outputs is M and we want to construct the pth slice of light-
cone, the remainder ¢ of the integer division p/M is computed. The gth slice is then taken of
all the coeval outputs and using Steffen’s interpolation (Steffen 1990), construct the pth slice of
light-cone at z, (2, € Z).

Figure 3.3: Light-cone slices for [C 1I]158,m (top panel) and [H I],;.m signal (bottom panel). The reion-
ization history shown here is for model H1.

This algorithm is applied to generate both [C 11]58,mand [H I]»icm light-cone volumes. Slices of light
cones are shown in Fig. 3.3. Our redshift range for coeval maps is z = 6 to 7.2, so light-cone volumes
also have the same redshift extent. The light-cone volumes have a full co-moving extent longer than
the size of our coeval cubes. It leads to periodicity effects in the light-cone volumes, and in some

cases, structures get repeated (e.g., see the [C 1I];553,mlight-cone in Fig. 3.3). For this reason, light-cone
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chunks of identical volume as the coeval cubes are cut out, and their statistics are compared. In some
cases, the slices of light-cone volumes are rotated to eliminate periodicity effects (see Zawada et al.
2014). Here, this prescription is not followed. This method usually works with light-cone volumes
of galaxies or discrete emitters, but not with the diffused gas, e.g., [H I]picm light-cone maps. Since
one of the principal goals here is to study the cross-power spectrum, the method for generating the
light-cone volumes needs to be identical for both signals. In terms of the statistics, since light-cone
chunks of the exact size as the coeval cubes are cut out, the periodicity problem is not encountered, and
therefore the corrective rotation step is not required. The percentage change in power-spectrum and
cross-power spectrum of the signals in the light-cone is estimated with respect to the corresponding
summary statistics calculated from coeval volume, i.e. A(%) = (lc — cc) x 100/cc, where A is
the percentage change, Ic corresponds to light-cone chunk power or the cross-power spectrum and cc
corresponds to the coeval cube. We show our light-cone analysis for the [C 11]153,mand [H I]jcmpower

spectrum and the [C IT];58,,m X [H I]21cm Cross-power spectrum in the next section.

3.4 Results

Here, the results of the impact of the light-cone effect on the auto-power spectrum and cross-power
spectrum of the [C II]y58,m and [H I];icm signals from the EoR are discussed. The power spectrum
and cross-power spectrum are estimated according to Equations 1.13 and 1.21. The cross-correlation

coefficient is estimated from Equation 1.22.

3.4.1 CII power spectrum

The [C 11]155,m power spectrum for both coeval and light-cone cubes is estimated. The coeval power
spectrum is first compared with M. Silva et al. 2015 for consistency check. To have a quantitative
estimate of how they compare, a power law of the form A?(k) = Ak™ is fitted to both M. Silva et al.
2015 and the present results. It is found that, for the M. Silva et al. 2015 m1 model, A = 3.86 x 10°
and n = 1.67, while for this work A = 1.41 x 107 and n = 1.74. The relative difference in the spectral
index in these two results is around ~ 4 percent. This difference is most likely due to the differences
in the underlying population abundance of [C 1I];55,m emitters. Since the number of low-mass halos
is high, a higher number of low-mass [C II];5g,m emitters would contribute more power to the larger
k-modes than higher-mass halos to the lower k-modes. This means that a steeper slope (higher n)
can be expected in the present results. The higher population abundance in this case also contributes
to a higher magnitude of the power spectrum. Next, the impact of the light-cone effect on the [C
1T]158,mpower spectrum is discussed. Fig. 3.4 shows the [C IT]55,m power spectrum (top panel) and the
percentage change in the light cone effect relative to the coeval power spectrum (bottom panel). The

error bars in the power spectra are estimated from the sample variance in each k-mode bin. The power
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Figure 3.4: [C II]i58,m power-spectrum is shown in the top panel (solid lines represent coeval and
dashed lines represent light-cone power-spectrum). Bottom panel shows the percentage change in
power-spectrum due to light-cone effect.

spectra at three redshifts 2 = 6.8,6.6,and 6.4 are compared for the coeval and light-cone cubes. The
analysis is limited by the extent of LoS of the light-cone volume, in this case, it is such that it was not
possible to go beyond z = 6.4 and 6.8, although it is important to look at more redshifts beyond this
limit. While comparing the light-cone power spectrum with the coeval power spectrum, the redshift of
the center of the light-cone chunk is chosen as the reference coeval redshift.

It is observed that at 2 = 6.6 and 6.8, the change in the power spectrum is very much similar across
all k-modes, except for k < 0.1 Mpc~!. Atk ~ 0.1 Mpc™?, the light-cone effect is the most pronounced
compared to the other £-modes. This is expected as the light-cone effect is a large-scale effect (i.e.

small k effect in Fourier space). This can be understood in the following manner. To estimate the
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spherically averaged power spectrum of a signal if one increases the extent of the observed volume
along the LoS (i.e. probing larger length scales along the LoS), one would be effectively combining
signals from more distinctly different cosmic times, thus will see more pronounced impact of the light-
cone effect in small k£ power spectrum.

Therefore, at larger scales, the behavior of the light-cone effect becomes interesting and needs to
be explored. Our coeval volume is limited to (215 Mpc)?, and to investigate the light-cone effect on
the [C 1]y58,m power spectrum for k-modes well below ~ 0.1 Mpc™! with higher statistical signifi-
cance, we will need to simulate the signal at even larger comoving volumes. It is observed that there
is a systematic behavior in the change of light-cone effect at & ~ 0.1 Mpc~! (Fig. 3.4, bottom panel).
The impact of the light-cone effect at this k-mode drops with decreasing redshifts. The fluctuations in
the [C IT]158,m LIM signal trace the underlying structures. The rate of growth of structures is compara-
tively rapid at higher redshifts and slows down significantly at lower redshifts. Thus, the difference in
structures between a coeval map and a light-cone map at lower redshifts is significantly small, thus, the
impact of the light-cone effect on the [C II];55,m power spectrum is also relatively small compared to
the scenarios at higher redshifts. This causes the impact of the light-cone effect on the [C 1T];55,mpower
spectrum to reduce systematically with decreasing redshifts. The maximum change in power due to
the light-cone exceeds 15 percent at z = 6.8 at this £-mode; this shows that the impact of light-cone
on the [C 1I];55,m power spectrum is significant.

The light-cone cubes are labeled with 2., which is the redshift at the center of that volume. As
discussed earlier, we compare the power spectrum of this cube with a coeval cube of redshift z.. The
properties of the fluctuations in the [C 11];55,msignal will be different in the central part of the light-cone
cube compared to the front (lower 2) and the far (higher z) end. The [C 11];55,m LIM signal essentially
follows a biased distribution of the underlying dark matter density distribution, thus the signal coming
from the far end of the light-cone volume will have less fluctuations than the front end (as structures
are more clustered). Thus the relative difference in the power spectrum amplitude between z. (central
portion) and these sections will be different. When z. is lower, the relative difference drops by unequal
amounts. Compared to the far end of the light-cone volume, the power spectrum from the front part
becomes more saturated (as the formation and clustering of structures also saturate and the overall
evolution of structures slows down). Thus, the relative difference in power from the front portion and
the central portion drops more, and we see that the impact of the light-cone effect drops with decreasing

Ze.

3.4.2 HI power spectrum

The main focus here is to quantify the light-cone effect on the [C IT];55,m power spectrum and the [C
1]158,m X [H I]21cm cross-power spectrum. However, we discuss the light-cone effect on the [H 1]yicm

power spectrum, which has been studied extensively earlier, in this section for consistency checks and
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also as a prerequisite to the cross-power spectrum. Unlike the [C 11];55,m power spectrum, the [H I]1¢m
power spectrum is dependent on the state of the IGM or the reionization history, as the [H 1], signal
fluctuations is affected by the ionization field. Thus one would expect that the impact of the light-
cone effect will be different in the case of this signal compared to the [C II];5s,m signal. The impact
of the light-cone effect will vary depending on the reionization history. A faster reionization history is

expected to exhibit a more drastic impact due to the light-cone effect. The top panel of Fig. 3.5 shows
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Figure 3.5: Top panel shows the coeval (solid) and light-cone (dashed) [H 1],1c, power spectrum for
different neutral fractions ((zy;)). The bottom panel shows the impact of the light-cone on the power
spectrum in percentage. Panels from left to right (H1, H2, and H3) correspond to the different reion-
ization histories.

the coeval and light-cone power spectrum of the [H I],;cm signal. The bottom panel shows the impact
of the light-cone effect in percentage. The [H 1], power spectrum does not have a constant slope in
the A?(k) — k space, unlike the [C 11];55,mpower spectrum, which is almost featureless. It is found that
the [H 1],;.m power spectrum in our work is consistent with Datta, Mellema, et al. 2012 but not exactly
similar. The differences in the power spectra can be ascribed to the difference in the reionization
history, source model, and the method of simulating the EoR [H 1], signal in Datta, Mellema, et
al. 2012 and this work. In the simulations used by Datta, Mellema, et al. 2012, the reionization ends
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before z = 8 and these simulations are based on a full radiative-transfer technique. Even if we compare
our [H I]1cm power spectra at the level of the same mass-averaged IGM neutral fraction with that of
the Datta, Mellema, et al. 2012, we still find a significant difference in their amplitude. This is because,
as in Datta, Mellema, et al. 2012, the same IGM neutral fraction is reached at a higher redshift, thus
the nature of the ionizing sources is different than that of our simulations. This is because the source
model in both simulations is strongly dependent on the underlying halo mass function, which will be

significantly different at two, far-apart cosmological redshifts.

The light-cone [H 1], power spectrum varies across the three reionization histories that we have
considered here. At z = 6.6, which roughly represents the redshift mid-point for all three reionization
histories, the light-cone power spectrum has different amplitudes for reionization histories H1 and
H2. It is observed that the [H 1], power spectrum for H2 is more suppressed (Fig. 3.5, top panels)
compared to that of H1, though they have the same mass-averaged neutral fraction at this redshift. The
amplitude of the H3 light-cone power spectrum is suppressed at this redshift at a level similar to H2,
for all k-modes except at k ~ 0.2 Mpc~!. If we compare the light-cone power spectra in these three
reionization histories with their respective coeval power spectra, an overall decrease in amplitude is
seen due to the light-cone effect by ~ 10 percent or more in all £-modes for z = 6.6. As one goes to the
lower redshifts, e.g. z = 6.4, a change in the nature of the light-cone effect can be noticed. The light-
cone power spectrum amplitude gets boosted compared to the coeval power spectrum, specifically for
large length scales, i.e., small £-modes. This impact is maximum for the reionization history H3. For
the H3 history, the power spectrum amplitude gets a boosting of around ~ 20 percent or more. This
is consistent with Datta, Mellema, et al. 2012. As the light-cone effect in the EoR [H 1], signal is
dependent on the reionization history, we observe a stronger impact when the neutral fraction evolves
more rapidly with redshift, e.g., the history H3. Since the [C 1I];58,,m X [H I]21cm Cross-power spectrum
has a contribution from the [H 1],y signal fluctuations, we expect some of the behavior to reflect in
the cross-power spectrum as well, e.g., the variation of the impact of the light-cone with reionization

history.

3.4.3 CII-21cm cross-power spectrum

One of the main focuses here is investigating the impact of the light-cone effect on the [C 11];55,m X [H
I]21em cross-power spectrum. The fluctuations in both the [C 1I]158,m and [H I]sicm signals contribute
to the cross-power spectrum. It implies that the impact of the light-cone effect on the cross-power
spectrum will vary with the reionization history under consideration, as it does in the case of the [H I]>1cm
power spectrum. Fig. 3.6 shows the [C IT]58,m X [H I]21cm cross-power spectrum, along with the cross-
correlation coefficient and the percentage change in the light-cone cross power spectrum with respect
to the coeval cross-power spectrum. During the EoR, most of the neutral hydrogen lives in the form of

diffused gas within the IGM. In a typical inside-out reionization scenario (as in case of our simulations
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Figure 3.6: The [C 1T]158,m X [H I]21cm cross-power spectrum (top panel), along with cross-correlation
coefficient (middle panel) and change in cross power due to light-cone effect (bottom panel) is shown
here. Panels from left to right (H1, H2 and H3) correspond to different reionization histories. In the
top and middle panel, solid and dashed lines represent coeval and light-cone cross-power spectrum

respectively.

here), the ionizing photons released by the reionization sources first ionize their local IGM and then

spread out to far-away regions. As discussed earlier, one would expect the [C 11];55,,m LIM observations

to probe the distribution and clustering pattern of these ionizing sources. During the early and middle

stages of the EoR, one would expect the ionized regions to form around the sources of ionization, and

there will be no [H 1]y, signal in these regions. This implies that one should expect a strong anti-
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correlation between the [C II];5g,m intensity maps (tracing the sources) and [H 1], m maps (tracing the
neutral hydrogen) at these stages. A visual inspection of the simulated light-cone maps of the [H 1]1¢m
and [C 11];58,msignal shown in figure 3.3 confirms this expectation. It is quite apparent from this figure
that most of the [C 1I];55,m emission is coming from locations where the IGM is ionized or there is
no [H I],1.m signal. Next, the cross-power spectrum and the cross-correlation coefficients are shown
in figure 3.6. For all three reionization histories considered here, there is a strong anti-correlation,
marked by the negative value of the cross-power spectrum and the cross-correlation coefficient (see
top and middle panels of figure 3.6) between these two signals in the k-mode range 0.07 < k < 0.5
Mpc~!, when the reionization is half-way throughi.e. z = 6.8. The degree of anti-correlation gradually
decreases with the progress of reionization for all three reionization histories.

The impact of the light-cone effect on the cross-power spectrum at higher redshifts (z = 6.8) i.e.
during the early and middle stages of the EoR is similar to that on the [H 1],;., power spectrum. There
is an overall suppression in the cross-power spectrum amplitude during these stages of the EoR for
all three reionization histories. The level of suppression in the cross-power amplitude is ~ 10 percent
or less for smaller k-modes. The light-cone effect effectively reduces the amount of anti-correlation
between these two signals at this stage. At the later stages of the EoR (2 = 6.6) the light-cone effect
continues to suppress the cross-power spectrum amplitude further. For histories H2 and H3, where
reionization runs faster at later stages, the suppression in the cross-power due to the light-cone effect
at large length scales can be as large as ~ 20 percent. The impact on the H1 case for this statistic at
this stage is comparatively less relative to H2 and H3. During the very late stages of the EoR (z = 6.4)
the nature of impact due to the light-cone effect on the cross-power spectrum changes and instead of
suppressing the power it enhances the amplitude of the cross-power spectrum significantly. The impact
is maximum in case of the reionization history H3. We observe more than 20 percent enhancement in
cross-power for smaller £-modes in this scenario. In case of H1, the enhancement in power for small
k-modes lies somewhere in between 5 — 10 percent, whereas for H2 it is less than or equal to ~ 5
percent. The difference in the impact of light-cone effect can be ascribed to the nature of evolution of

the reionization history in these three cases.

3.5 Discussion & Conclusion

In this work, the impact of the light-cone effect on the auto and cross-power spectra of the EoR [C
1T]158,mand [H I]»1cmline intensity mapping signals is investigated. Using an N-body simulation, an FoF
halo finding scheme and semi-numerical schemes to generate [C 11];55,m and [H I],;.m intensity maps,
we have built the light-cone cuboids for [C 1T];58,mand [H I];cmsignals from the EoR. By performing a
relative comparison between the auto and cross-power spectra estimated from the coeval and light-cone
maps of these two signals, the impact of the light-cone effect on these statistics is quantified. This is
the first effort to quantify the impact of the light-cone effect on the [C 11];55,m power spectrum and the
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[C 1I]158,m X [H I]21cmcross-power spectrum from the EoR. The key findings of this work is summarised

below:

* The light-cone effect has a significant impact on the [C II];53,m power spectrum, and it is most

1

pronounced at large length scales i.e. £ ~ 0.1 Mpc™. This effect can introduce a change in

power by ~ 15 percent (at z = 6.8).

 The impact of light-cone effect on the [C II];55,m power spectrum decreases with decreasing
redshift and by z = 6.4 it leads to a suppression of the amplitude of the [C 11];55,mpower spectrum

in most of the k-modes by a small amount (~ 2 percent).

* The reduction in the impact of the light-cone effect on the [C II];53,m power spectrum with de-
creasing redshift can be understood in the following manner: The [C 1I];55,m power spectrum
follows the underlying halo distribution which is a manifestation of the underlying structures.
The rate of growth of structures is relatively rapid with redshift at earlier cosmic times. This
growth rate slows down significantly as the lower redshifts are approached. Thus, the difference
in structures between a coeval map and a light-cone map at lower redshifts is significantly low.
Thus, the impact of the light-cone effect on the [C 11];55,mpower spectrum is also relatively small

when compared with the scenarios at higher redshifts.

* The impact of the light-cone effect on the [C IT];58,m X [H I]21cm cross-power spectrum is signifi-

cant, with the maximum change in cross-power amplitude reaching up to 20 percent.

* For the [C ] 58,m X [H I]z1cm cross-power spectrum, the impact of the light-cone effect strongly
depends on the reionization history. A rapid evolution in the mass-averaged neutral fraction with

redshift results in a stronger light-cone effect on the cross-power spectrum.

* The nature of the impact of the light-cone effect, translated in terms of either suppression or
enhancement of the cross-power spectrum amplitude, depends on the stage of reionization that
the light-cone volume under consideration is capturing. If the light-cone volume is sampled from
the early or middle stages of the EoR, it results in suppression of the cross-power amplitude.
However, when the light-cone volume represents a very late stage of the EoR, it results in an

enhancement of the cross-power amplitude.

This analysis suggests that the light-cone effect has a significant impact on the amplitude of the [C
1I]158,mintensity map power spectra as well as the [C I1];58,m X [H I]»cm cross-power spectrum from the
EoR. It is therefore essential to take the light-cone effect into account while modeling the signal and

estimating the reionization parameters from observations.
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Chapter 4

Revisiting the CII line-intensity mapping
power spectrum from the EoR using

non-uniform line-luminosity scatter

This chapter has been adapted from: Murmu, C. S., Olsen, K. P., Greve, T. R., Majumdar, S., Datta,
K. K., Scott, B. R., Leung, T. K. D., Davé¢, R., Popping, G., Ochoa, R. O., Vizgan, D., & Narayanan,
D. (2022). Revisiting the [C II]158um line-intensity mapping power spectrum from the EoR using
non-uniform line luminosity scatter. Monthly Notices of the Royal Astronomical Society, 518(2),
3074-3082, DOI: 10.1093/mnras/stac3304, arXiv: 2110.10687

4.1 Introduction

Probing the early galaxies from the Epoch of Reionization (EoR) is challenging, demanding very high
resolution and sensitivities from the instruments trying to probe these galaxies. Observations with
Hubble Space Telescope (HST, Robertson et al. 2015), Atacama Large Millimetre Array (ALMA,
Le Fevre et al. 2020), SUBARU (Kashikawa, Shimasaku, Malkan, et al. 2006; Kashikawa, Shimasaku,
Matsuda, etal. 2011; Kashikawa, Ishizaki, etal. 2015; Itoh etal. 2018; Matsuoka et al. 2018), LAGER (Zheng
et al. 2017; Weida Hu, J. Wang, Zheng, Sangeeta Malhotra, Infante, et al. 2017; Weida Hu, J. Wang,
Zheng, Sangeeta Malhotra, Rhoads, et al. 2019; Harish et al. 2022; Wold et al. 2022) have detected
them in small numbers. Instruments like JWST (Steinhardt, Jespersen, and Linzer 2021) are further
detecting these early galaxies. However, point-source detections through spectroscopy or photometry
consume a significant amount of observational time and are thus expensive.

LIM survey of galaxies (Visbal and Loeb 2010; Gong, Cooray, M. B. Silva, et al. 2011) is a possi-
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ble solution for this, by which one can detect the integrated flux of atomic or molecular line emissions
from numerous sources at once, without resolving them individually and with reduced sensitivity re-
quirements. Moreover, it will significantly cut down the observational hours required to map large
volumes of the sky and probe numerous galaxy samples, to infer about its properties. Line emission
candidates promising for LIM experiments include [C 1I]i53,m (Gong, Cooray, M. Silva, et al. 2012;
M. Silva et al. 2015; Dumitru et al. 2019; Yue and Ferrara 2019; G. Sun, T. C. Chang, et al. 2021;
Murmu, Majumdar, and Datta 2021), CO (Gong, X. Chen, et al. 2011; Lidz, Furlanetto, et al. 2011;
M. Silva et al. 2015; T. Y. Li et al. 2016; Breysse and Rahman 2017; Breysse and Alexandroff 2019;
H. T. Ihle et al. 2019; Moradinezhad Dizgah and Keating 2019b; Moradinezhad Dizgah, Nikakhtar,
et al. 2022), Ly-a (Visbal and McQuinn 2018; Heneka and Cooray 2021) etc. Instruments like CON-
CERTO (Guilaine Lagache 2017; CONCERTO Collaboration et al. 2020), TIME (Crites et al. 2014;
G. Sun, T. C. Chang, et al. 2021), FYST (Cothard et al. 2020; CCAT-Prime Collaboration et al. 2023),
TIM (Vieira et al. 2020) will be targeting the [C 1I];55,m line. On the other hand, we have detections of
the CO signal with COPSS (Keating, Bower, et al. 2015; Keating, Marrone, Bower, Leitch, etal. 2016),
COMAP (H. T. Ihle et al. 2019; Dongwoo T. Chung et al. 2022; Cleary et al. 2022; Havard T. Ihle
et al. 2022) and mmIME (Breysse, Dongwoo T. Chung, et al. 2022). Future phases of the COMAP
experiment will target the CO line to probe the EoR (Breysse, Dongwoo T. Chung, et al. 2022). Sim-
ilarly, SPHEREX (Visbal and McQuinn 2018; Heneka and Cooray 2021; Cox, Jacobs, and Murray
2022) and CDIM (Visbal and McQuinn 2018; Cooray et al. 2019; Heneka and Cooray 2021) will be
mapping the universe with Ly-a detections. These experiments will be capturing the sky-fluctuations
of the LIM signal, enabling us to estimate statistics, e.g., the power spectrum. It will aid us in under-
standing the large-scale distribution and the astrophysical properties of the ionizing sources from the
EoR.

The presence of line luminosity scatter will introduce a correction to the LIM power spectrum. Un-
der line luminosity scatter, one can model or interpret the change in the power spectrum in the following
ways. One of the widely used ways is to interpret against the mean luminosity-halo mass ({L(Mj, 2)))
correlation function (T. Y. Li et al. 2016; Schaan and White 2021; Yang et al. 2022). In this approach,
the mean intensity of the LIM signal is preserved under line luminosity scatter. Therefore, there is no
change in the clustering (large-scale) power spectrum component, and only the shot-noise power is
enhanced. The other approach (followed by Moradinezhad Dizgah and Keating 2019b; Moradinezhad
Dizgah, Nikakhtar, et al. 2022) is to use a L(M, z) correlation fit such that there is a change in the
mean intensity and consequently in the clustering power. The deviation in the power spectrum at small
k-modes under scatter can be modeled in terms of the scatter parameter 0. We can utilize both models
as long as we interpret the power spectrum accordingly. It can be done with scatter, modeled via a

semi-analytical approach with a single scatter parameter uniform across halo-mass bins.

In this study, various model-frameworks have been revisited that can be used to interpret the impact

of scatter on the 2-point statistic. line luminosity scatter of the [C 1I];55,m line emission has been used,
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obtained from simulated data of cosmological hydrodynamic simulation SIMBA (Davé, Anglés-Alcézar,
et al. 2019; Leung et al. 2020). The outputs were post-processed with CLOUDY (G. J. Ferland, Porter,
et al. 2013; G. J. Ferland, Chatzikos, et al. 2017) and SIGAME (Olsen, Thomas R. Greve, Narayanan,
R. Thompson, Toft, et al. 2015; Olsen, Thomas R. Greve, Brinch, et al. 2016; Olsen, Thomas R.
Greve, Narayanan, R. Thompson, Davé, et al. 2017; Leung et al. 2020). The scatter emerges naturally
from the astrophysics implemented within this sophisticated simulation framework, such as the multi-
phase state of the ISM inside galaxies (see section 4.2), and its statistical properties have halo-mass
variation, making it non-uniform in nature. Our primary focus had been to explore whether all models
can interpret the power spectrum under a more generalized and realistic line luminosity scatter in a
consistent and robust fashion. Here, it is demonstrated that a most-probable fit can robustly interpret
the LIM signal’s mean intensity and power spectrum. Throughout this work, cosmological parameters
Qm = 0.3183,Q4 = 0.6817,h = 0.6704, Qh? = 0.022032, 05 = 0.8347 ,n, = 0.9619, have been
adopted, consistent with Planck+WP best-fit values (Planck Collaboration, Ade, P. A. R., etal. 2014).

4.2 CII line luminosity scatter

The [C 1I]y58,m line luminosity scatter originates from the collective dependence of L¢y; on various
astrophysical factors such as star formation, metal enrichment, and different phases of the interstellar
medium (ISM). The SIGAME simulations by Leung et al. 2020 handle three ISM phases (ionized, atomic,
and molecular), all of which emit [C IT];55,m. The molecular phase, which makes up no more than ~ 30
percent of the total ISM mass in the simulations, typically contributes by more than 50 per cent to the
total [C II]15s,m emission, especially in massive galaxies (Accurso et al. 2017; Vizgan et al. 2022).
Observationally, constraints on the contribution to the total [C 1I];55,m emission from the molecular
phase come from a survey of our Galaxy, which suggests that the combined dense PDR gas and CO-
dark molecular gas make up ~ 50 percent of the total emission (Pineda, Langer, and Goldsmith 2014).
Simulations also indicate that the contribution to the [C 1I];55,m emission from the ionized and atomic
gas can be up to 50 percent but decreases with increasing stellar mass and metallicity (Accurso et al.
2017). Although one would expect the [C II];5s,m emission to decrease with lower metallicities, this
effect is negligible compared to the increase in CO photo-dissociation rate (and thus the available C*
ions) that comes with lower metallicities (Accurso et al. 2017). The scatter in the L¢y versus Mo
correlation, therefore, primarily comes from the scatter in the relative mass distributions of the ISM
phases, which are set by the specific star formation rate and metallicity. Although L¢y is correlated
to the host halo-mass, one would expect that, in reality, it is not perfectly correlated. In the following
subsections, the method of simulating the [C 11];53,,m emission from galaxies and obtaining a one-to-one

Ly versus My, fit to the Lepp scatter is discussed.
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4.2.1 Simulations of CII emission

This work builds on the analysis of snapshots taken from the SIGAME suite of cosmological galaxy
formation simulations, which themselves were evolved using the meshless finite mass hydrodynamics
technique of GIZMO (Hopkins 2015; Hopkins 2017; Davé, Anglés-Alcazar, et al. 2019). The SIGAME
simulation set consists of three cubical volumes, 25, 50, and 100 2~ Mpc (h = 0.678) on each side,
all of which are used in this work to search for galaxies at z ~ 6. For each volume, a total of 10243 gas
elements and 1024° dark matter particles are evolved from z = 249. The galaxy properties in SIGAME
have been compared to various observations across cosmic time (Thomas et al. 2019; Appleby et al.
2020), including the epoch of reionization (Wu et al. 2020; Leung et al. 2020), and are in reasonable
agreement. The sample of galaxies used here is taken from (Leung et al. 2020) and consists of 11,125
galaxies, with derived [C 11];5s,m luminosities from 10352 to 103! L.

In order to derive the [C II];53,m emission, the galaxy samples were post-processed with version
2 of the SIGAME module (Olsen, Thomas R. Greve, Narayanan, R. Thompson, Davé, et al. 2017).!
It uses the spectral synthesis code CLOUDY (v17.01; G. J. Ferland, Porter, et al. 2013; G. J. Ferland,
Chatzikos, et al. 2017) to model the line emission from the multi-phased ISM within each simulated
galaxy. As input to CLOUDY, SIGAME uses physically motivated prescriptions to calculate the local
interstellar radiation field (ISRF) spectrum, the cosmic ray (CR) ionization rate, and the gas density
distribution of the ionized, atomic and molecular ISM phases (see Davé, Anglés-Alcazar, et al. 2019;

Leung et al. 2020, for details on the SIMBA simulation and implementation of SIGAME, respectively).

4.2.2 Fitting the CII line luminosity scatter

The halo [C 1T];58,m luminosities are derived from the central galaxies’ [C 1I];55,m luminosity; these
central galaxies are identified in the SIMBA simulation. The [C II];53,m line luminosity scatter is fitted
with a one-to-one Lcy-M;, model; this fit is used to interpret the impact of the [C 11];55,mline luminosity
scatter on the power spectrum. Data from simulation SIMBA were used to obtain the fit. The scatter is
fitted with multiple approaches. One of the ways in which it was done was by using all the individual
samples from the scatter data and applying least-squares minimization. The sample numbers were low
enough (~10,000) to allow for an all-sample fit in this case, although it is not a versatile and reliable
approach in general. One should resort to binned statistics, especially when dealing with large sample
numbers.

The other way of fitting is to use binned data. In this case, halo mass bins at a logarithmic interval of
~ (.17 dex is chosen. Binned statistics such as the arithmetic mean and mode within each halo bin were
estimated. To make the results more statistically significant, it is ensured that at least 200 samples are
present from the lower and higher ends of the halo-mass bins. The halo bins with insufficient samples

are removed from the analysis (gray dots, figure 4.1). The least-squares minimization method is applied

"https://kpolsen.github.io/SIGAME/index.html
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Table 4.1: Parameters and reduced chi-square for various fits: Most-probable, mean and all-sample
are listed here.

Fits A B X2/dof
Most-probable | —4.19 + 0.76 | 1.04 £ 0.07 0.15
Mean —4.53 +0.61 | 1.08 £ 0.06 0.08
All-sample —3.95+0.07 | 1.02 £ 0.01 1.14

to the binned values (mean or modes) to obtain the correlation fits. Within the logarithmic halo mass
intervals, the arithmetic mean of L¢y; is estimated, and with these bin values, a mean correlation fit is
obtained. Histograms of the log L distribution (figure 4.2, top panel) have been used for each halo mass
bin of interest to evaluate the mode. From each halo-mass bin, the peak of the histogram is identified as
the corresponding discretized mode, representing the most likely occurrence of log L in that bin. These
modes are used in a least-squares minimization procedure to obtain the corresponding most-probable

fit.

Initially, the scaling relation from Leung et al. 2020 is used to obtain the fits. This is given as

Licm My M,
1 — | = 1 bl 14+ — 4.1
Og(LQ) C+aog(Ma)+ og( +Mb)7 D

which corresponds to a double power law. The parameters for this model are C, a, M,, b, and M,.

However, given the simulation data that encompasses a particular halo-mass range (10°-10'2), a robust
fit is not obtained using the relationship from Leung et al. 2020. The fits obtained are non-convergent,
given an initial guess of parameters, and the errors on the parameters are either unrealistically small or

large. Instead, a simpler power law model is used, which has only two parameters. It is given as

LCH - Mh

with parameters A and B. Three fits with this model are obtained, and the corresponding parameters
are tabulated in Table 4.1. The mean and the most-probable fits are found to be convergent, given an
initial guess for parameter values.

In figure 4.3, the halo-mass variation of the scatter parameter is shown. The green line shows
the average value of the parameter (). As mentioned earlier, the dataset from the SIMBA simulation
consists of three different volumes, and consequently, the scatter parameter might have abrupt varia-
tions in the halo bins, where any two individual volumes overlap. Due to this, it is a bit difficult to
ascertain the halo-mass versus scatter parameter trend. Nevertheless, within the individual volumes,
one might find an overall variation. In the first couple of points, which lie within the smallest vol-
ume of the SIMBA simulation, one can see the o increasing. For the intermediate volume, this trend
starts to fall off, and towards the end, no trend is seen other than the fluctuations around the mean.

Although this might not be the most accurate representation, a general scenario of how there might be
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Figure 4.1: Lcy vs. My, scatter from SIMBA simulation is shown here in green dots, for 2 = 6. The
magenta points are the most probable values or modes of the Ly distribution in each halo-mass bin.
The error bars are representative of the line luminosity scatter in that halo-mass bin. The black solid,
red solid, and blue-dashed lines represent the fits obtained in this work. The grey points are excluded
in the fitting analysis due to poor sample numbers.

a halo-mass-dependent variation of statistical properties of the scatter is presented, as inferred from a
hydrodynamic simulation. The following section describes the methods for estimating the [C IT]158,m

LIM power spectrum.

4.3 CII LIM power spectrum with scatter

The simulation volumes in Leung et al. 2020 are not large enough to estimate the [C 1I];55,m power
spectrum with good statistical significance. Furthermore, the number of galaxies in individual volumes
is not high enough. To deal with these problems, the scatter generated in the simulation suite of Leung
etal. 2020 was reproduced in a N-body (Somnath Bharadwaj and Ali 2004) dark matter-only simulation
with a volume of 2153 Mpc?. The collapsed halos in the N-body simulation were identified with an FoF
algorithm (Rajesh Mondal, Somnath Bharadwaj, Majumdar, et al. 2015), with a halo-mass resolution
of ~ 10°M,. The range of halo-mass in both simulations is similar, which eased this exercise of
reproducing the scatter. The distribution of the [C II]i55,m luminosity scatter was reproduced using
the method described in Section 2.3. The histograms of the reproduced scatter are shown in green
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Figure 4.2: Top: Liciy distribution from SIMBA Bottom: Licyy distribution reproduced in N-body sim-
ulation from SIMBA data is shown.

in the bottom panels of figure 4.2, corresponding to the method of Equation 2.2. One can see subtle
differences between the original histogram (top panels of figure 4.2) and the one reproduced, although

they are mostly similar.

Using this method, the actual scatter distribution present in the original simulation by Leung et al.
2020 was reproduced, in the N-body simulation. 1000 different realizations of such scatter distribu-
tions were also generated, and eventually that many number of [C II];5g,m intensity maps were also
developed. Figure 4.4 represents a snapshot of one such realization map. Finally, the power spectra
were computed for each of these intensity maps and averaged over, for the case with L¢y scatter. The
spatial distribution of the [C IT]; 58, line emitters in the N-body simulation volume is directly sampled

to estimate the power spectrum.

4.4 Results

4.4.1 Intensity of the CII LIM signal

The mean intensity of the LIM signal is estimated with and without scatter. The no-scatter LIM
maps are generated by painting the halos with correlation functions obtained from different fitting
approaches. The results are tabulated in Table 4.2. There is an enhancement of 1.7 in the mean inten-
sity of the LIM signal with scatter compared to the most probable fit. For a given halo-mass bin, the

69



0.35
9 10 11 12
logM[Mg ]

Figure 4.3: Fluctuations in scatter parameter (o) for the [C IT]55,m luminosity is shown across halo-
mass bins. The horizontal green line is the average value of the scatter parameter (oay, ).

Table 4.2: Mean intensities for each of the following specific cases at z = 6 is tabulated.

Case Mean Intensity (10? Jy/sr)
Scatter 0.25
Most probable fit 3.07
Mean fit 3.55
All sample fit 3.45

average luminosity with log scatter is

o 1 log L. — log )2
(L) = / d(log L)L x == XD [—< g 572 el) ; (4.3)
which one can rewrite as
(L(0)) < 10vRe 2 21n(10)/2
= dz exp (—a?) = 107 10/ (4.4)
<LU:0> —o0 ﬁ

(see Moradinezhad Dizgah and Keating 2019b), with (L,—o) = L being the average of L for 0 =
0 (no scatter), and L is the average of L in log-space. It is found that the average o for the halo-
mass bins considered in the fitting, from the SIMBA + SIGMAE results, is 0.45 dex which, when put in
Equation 4.4, yields an approximate enhancement factor in the mean intensity of ~ 1.7, in agreement
with our simulation result. Therefore, using this simple model, one can interpret the mean intensity of

the [C 11];55,m maps with log-normal line luminosity scatter.
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Figure 4.4: A snapshot of the [C 1I];53,m intensity map with line luminosity scatter at z = 6.

If the scatter were implemented with a semi-analytic model, one might have expected the mean
intensity to remain preserved compared to this mean fit (see appendix A). However, it is not straight-
forward in the presence of non-uniform scatter. In this case, the mean intensity changes by ~ 48
percent compared to the mean correlation fit. This change is difficult to interpret and model. A change
of ~ 52 percent in the mean intensity is obtained with the all-samples fit. However, the drawback of
using this fit is that it lacks statistical interpretation, unlike the others. Moreover, as mentioned earlier,
this fit is not expected to be versatile (e.g., for large sample numbers) and reliable, especially since it

lacks an underlying statistical model.

4.4.2 CII power spectrum

The dimensionless power spectrum A?(k) = k3P(k)/2n? is shown in figure. 4.5. The large-scale
power spectrum with line luminosity scatter is enhanced by a factor of 2.3 — 2.1, compared to the most

probable fit. However, since the clustering power spectrum is expected to go as
P& (k, 2) o (Ien(2))(ben(2))?, (4.5)

with (Icy)? and (bep)? being the mean [C 11]155,m intensity and bias, one should have expected an
enhancement close to 1.7 ~ 2.9. In subsection 4.4.3, this discrepancy is attempted to be reconciled.

It is seen that the impact of the scatter on the power spectrum (figure 4.5) for the mean and most-
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Figure 4.5: Top: [C 11];53,m power spectrum at z = 6 with and without L¢y scatter. Bottom: The ratio
of the power spectrum with scatter compared to the no-scatter case is shown.

probable fits varies in a fashion which is different from what would be the case for scatter implemented
with a semi-analytic approach. For reference, the impact of scatter when implemented using a semi-
analytic method, as in Equation A.1, is shown in figure 4.6. The model of Equation 4.2 witha o = 0.45
is used. Within the range of k-modes explored (0.1 to 4 Mpc™1), it is seen that the impact is initially
almost constant, but then starts to rise rapidly afterward. The enhancement in the clustering power

spectrum at low k-modes is less than the shot-noise power at large k£-modes. It can be modeled with

f _ /oo dl» 10\/5710'33 exp (_12) _ 107120'2 1n(10)/2 (4 6)
e VT '
(Moradinezhad Dizgah and Keating 2019b). fio represents the enhancement in the clustering power
spectrum, while f5 , is the enhancement in the shot-noise component. However, this well-behaved en-
hancement for non-uniform scatter within the k-mode range explored is not obtained, which has vary-

ing scatter strength for halo-mass bins, in contrast to the semi-analytic case. The impact of shot-noise
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Figure 4.6: The impact of semi-analytic scatter on the power spectrum using model 4.2 and parameters
from the most-probable fit is shown here.

might dominate beyond the k-range probed here for these cases. The impact on the power spectrum
behaves similarly to the semi-analytic case for the all-sample fit. However, the fit is not expected to

be versatile and reliable.

4.4.3 Luminosity-weighted halo bias

A plausible reason for the slight mismatch in power spectrum enhancement is the slight diminishing of
the luminosity bias under non-uniform line luminosity scatter. From Equation 4.5, one can follow that
this decrement will suppress the maximum enhancement in the clustering power. The linear [C IT];58,m

luminosity bias can be written as

. f ded_]\Tj[LCH(Mu Z)b<M7 Z)

<bCH(2)> fdM;TZLCH(]\L Z) 7

4.7)

with b(M, z) being the halo bias. When there is a non-uniform scatter, the binned average luminosity
has stochastic fluctuations across halo-mass bins and does not follow any correlation function tightly
(see appendix A). It can thus introduce an overall decorrelation between the luminosity and the halo
bias across the halo-mass bins and, therefore, decrease the luminosity-weighted halo bias slightly. The

luminosity bias is estimated using the relation

Ps 5. (k,2) = b2(k, 2)Pss(k, 2), (4.8)

PL6PL(
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Figure 4.7: Top panel: Dark matter and luminosity fluctuations are shown for z = 6. Bottom panel:
The estimated luminosity bias is shown.

to test this. Here, the J,, represents fluctuations in the luminosity density defined as p;, = p;(1+6,, ).
Fs, s,, and Pss represent the power spectrum for the fluctuations corresponding to luminosity and dark
matter. by is the luminosity bias. Figure 4.7 shows the power spectrum for dark matter and luminosity
fluctuations, corresponding to the scatter and no-scatter case. The corresponding bias is shown in the
bottom panel, and a change of around ~ 16 — 11 percent is seen. Although this is not a very large
and statistically significant change, it remains a possibility. Further studies are required to confirm this
effect. When this is reconciled with the power spectrum, it matches the enhancement factor within
2.3 —2.1.

4.5 Summary

The impact of line luminosity scatter on the [C 1I];53,m LIM power spectrum has been revisited in

this study. line luminosity scatter from a hydrodynamic simulation is considered, which differs from
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a simple semi-analytic one in its non-uniform nature (variation of statistical properties across halo-
mass bins). Under this scenario, the robustness of various correlation fits has been tested, which can
meaningfully interpret the impact of line luminosity scatter. A simple power law model has been
used to fit the [C I1]55,m line luminosity scatter. The mean intensity for the all-sample fit differs from
the scatter case by 52 percent. However, the fit obtained is not expected to be versatile and reliable,
since it lacks a meaningful statistical interpretation. It is found that the mean correlation fit produces
a mean intensity, which deviates from the scatter one by a large margin (48 percent), although this
should not be the case if one deals with semi-analytic scatter (see appendix A). Therefore, modeling the
power spectrum with this fit becomes unreliable under non-uniform scatter. However, it is found that
the approach presented by (Moradinezhad Dizgah and Keating 2019b) (recognized here as the most-
probable fit) provides a robust interpretation of the mean intensity (Equation 4.4) and power spectrum,
even under the generalized and realistic non-uniform line luminosity scatter. This work demonstrates
one example that the most-probable fit might be the most reliable way to interpret the impact of line
luminosity scatter on the LIM signal statistics (e.g., mean intensity and power spectrum) compared to

the other correlation fits considered.
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Chapter 5

Impact of astrophysical scatter on the Epoch

of Reionization HI 21c¢m bispectrum

This chapter has been adapted from: Murmu, C. S., Datta, K. K., Majumdar, S., & Greve, T. R.
(2024). Impact of astrophysical scatter on the epoch of reionization [H I] 21cm bispectrum. Journal of
Cosmology and Astroparticle Physics, 2024(08), 032, DOI: 10.1088/1475-7516/2024/08/032, arXiv:
2311.17062

5.1 Introduction

Modeling observable summary statistics for line-intensity mapping (LIM) signal is one of the key steps
to understand the poorly constrained epoch of reionization (EoR). Line emissions from either the IGM
or the galaxies provide us the opportunity to map the Universe and its cosmic evolution. The LIM
signal corresponding to the redshifted [H 1], emissions from the diffuse IGM (Wouthuysen 1952;
Field 1958; Madau, Meiksin, and Rees 1997) has been proposed as an excellent probe to track the epoch
of reionization. On the other hand, independent and complementary probes using bright line emissions
from the galaxies such as [C II]53,m (Gong, Cooray, M. Silva, et al. 2012; M. Silva et al. 2015;
Padmanabhan 2019; Yue and Ferrara 2019; Murmu, Majumdar, and Datta 2021; Murmu, Raghunath
Ghara, et al. 2022; Karoumpis et al. 2022), CO (Lidz, Furlanetto, et al. 2011; T. Y. Li et al. 2016;
Yang et al. 2022; Moradinezhad Dizgah, Bellini, and Keating 2024; Roy et al. 2023), Ly-« (Peterson
and Suarez 2012; M. B. Silva et al. 2013; Pullen, Dor¢, and J. Bock 2014; Mas-Ribas and Tzu-Ching
Chang 2020), [O 1I]gs,m (Padmanabhan 2023) etc. have also been proposed for studying the EoR.
In that process, one can use suitable summary statistics to infer useful astrophysical and cosmological
information from these LIM probes. Fourier-based statistics, such as the power spectrum, provide

information on signal fluctuations at different length scales. Higher-order statistics, such as the [H
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1]21em bispectrum, can reveal non-Gaussian features present in the signal at multiple length scales.

These statistics are sensitive to various phenomena such as source properties, star formation rate,
line-of-sight effects, astrophysical processes of line emissions, etc. Appropriate inferences of various
information require these signal statistics to be modeled accurately. One of the usual approaches in
this modeling is to connect the galaxy line emissions to their host halo mass using various scaling
relations and predict LIM signals. This approach offers flexibility in simulating LIM signals at large
(cosmological) scales relatively quickly, as opposed to more accurate hydro-simulations. Normally,
these models assume a one-to-one correspondence between the host halo mass and the line luminosity
of interest (Gong, X. Chen, et al. 2011; Lidz, Furlanetto, et al. 2011; M. B. Silva et al. 2013; Breysse,
E. D. Kovetz, and Kamionkowski 2014; Pullen, Dor¢, and J. Bock 2014). However, in reality, the line
luminosity from galaxies can vary due to various astrophysical reasons even if the host halo mass is
similar. This affects the summary statistics. The effect of this astrophysical scatter has been explored in
the context of galaxy LIM signals, which is shown to enhance the power spectrum at small scales (T. Y.
Li et al. 2016; Schaan and White 2021; Yang et al. 2022). A more generalized non-uniform line
luminosity scatter affects the large-scale power spectrum as well (Moradinezhad Dizgah, Nikakhtar,
et al. 2022; Murmu, Olsen, et al. 2023).

A similar effect of astrophysical scatter can also be present in the star-formation rates (SFR) of
reionizing galaxies. There can be variations in the SFR, even if the host halo mass of a given galaxy is
similar. Assuming that the emission rate of ionizing photons from the galaxies is correlated with their
SFR, the halo-to-halo scatter in the SFR will affect the number distribution of UV ionizing photons
emitted. These photons, in turn, ionize the neutral IGM, and therefore, the scatter would leave imprints
on the ionization fluctuations. Consequently, it will affect the cosmological [H 1],y signal emerging
from the IGM during the EoR. A study by Hassan et al. 2022 explored the role of this astrophysical
scatter for the first time in the context of cosmic reionization, using the ionization power spectrum. It
was found that the ionization power spectra are mostly unaffected by the presence of scatter. How-
ever, the role of this scatter is not well investigated in the context of the observable [H 1],y signal
from the EoR. This signal is known to have non-Gaussian features, and the astrophysical scatter might
introduce additional non-Gaussianity, which the power spectrum might not capture adequately. On
the other hand, one-point statistics such as skewness and kurtosis can capture non-Gaussian signatures
in the [H I]5;cm signal at a particular length scale (Harker et al. 2009; Shimabukuro et al. 2015; C. A.
Watkinson and J. R. Pritchard 2014; C. A. Watkinson and J. R. Pritchard 2015; Kubota et al. 2016;
Ross et al. 2021). However, these one-point statistics cannot capture the correlation between multiple-
length scales. To characterize the presence of non-Gaussianity in the correlation between different

length scales, one needs to resort to higher-order Fourier statistics, such as the bispectrum.

The bispectrum is the 3-pt correlation function in Fourier space and correlates three different k
vectors, which form a closed loop in the Fourier domain. Therefore, different triangle configurations

of the k vectors can capture the correlation between different length scales, which the power spectrum
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fails to do. The [H 1]pim signal bispectrum is sensitive to non-Gaussian features in the signal and,
suitable for analyzing features. Studies by Majumdar, Jonathan R. Pritchard, et al. 2018; Majumdar,
Kamran, et al. 2020; Hutter, Catherine A. Watkinson, et al. 2020; Gill et al. 2024; Raste et al. 2024
have demonstrated that the [H 1],;.,signal bispectrum can characterize the features of non-Gaussianity
and topology, which otherwise would be difficult to do with the power spectrum.

In this work, the impact of the astrophysical scatter on the [H 1], bispectrum is investigated. Since
the variation in the SFR for a given host halo mass is stochastic, multiple independent realizations of
the [H I],1.n maps are simulated, at a fixed neutral fraction, by varying the seed of the randomness for
the scatter. This is useful in quantifying the statistical significance of the changes in the bispectrum
when astrophysical scatter is taken into account. The bispectrum for all unique triangle configurations
is estimated and for an extensive range of length scales (k; values). The length scales and regions
of the [H 1],y bispectrum configuration space that are sensitive to the changes introduced by the as-
trophysical scatter are investigated. These changes are also compared with the changes in the power
spectrum, which is also computed for the [H 1],;.,, maps with scatter. Finally, the possibility of de-
tecting the bispectrum, at length scales where the changes due to astrophysical scatter are found to be
significant is explored, considering the planned SKA1-Low baseline configurations and for various
observational scenarios. Throughout this work, the cosmological parameters that have been adopted
are 0, = 0.3183,Q, = 0.6817, h = 0.6704, Qh? = 0.022032, 05 = 0.8347, ng = 0.9619, consistent
with Planck+WP best-fit values (Planck Collaboration, Ade, P. A. R., et al. 2014).

5.2 Astrophysical scatter

The typical approach for modeling ionizing-photon emission from the galaxies is to model their star-
formation rates. This is a reasonable approach because star-forming galaxies mainly drive the reion-
ization process. A simple way to model the galaxy SFR is to relate it to the host halo mass. It has
been used primarily in the [H ],y literature to model the reionization process. If we assume V., to be
the total number of ionizing photons deposited in the IGM from the instantaneous star formation in a
galaxy, then a common model is to assume N, oc M{*. Here, the star formation rate is modeled as a
power law of the halo mass, with « being the power law index. Other variants of this model can be a
complicated function of the halo mass, usually with different power laws at different mass ranges with
multiple parameters. We have used one such model in this work, given in Equation 2.1.

However, the stochasticity in these SFR models is usually left out while modeling the cosmic
reionization of the IGM and the emanating [H 1],;.signal. Observationally, it is found that the SFR of
galaxies obeys a tight correlation with the stellar mass. Speagle et al. 2014 compile data from earlier
works (Daddi, Dickinson, et al. 2007; Noeske et al. 2007; G. E. Magdis et al. 2010; Whitaker et al.
2012), which used different methods to determine the main-sequence (MS) relation and its dispersion.

These were brought to a standard calibration by Speagle et al. 2014 to obtain the relation between
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log v — log M, and the dispersion around it, with 1 being the SFR and M, being the stellar mass of
the galaxy. For details, interested readers are referred to Speagle et al. 2014. They find that the true
intrinsic scatter is around 0.2 dexes, with 0.3 dexes being the upper limit considering observational

uncertainties.

Various analytical modeling and numerical simulations have studied the origin of this dispersion
in the relation. It is understood that the main driver for this scatter is the varying mass accretion
history over time (Dutton, van den Bosch, and Dekel 2010; Peng and Maiolino 2014; Matthee and
Schaye 2019; Blank et al. 2021), which occurs over longer time scales. Shorter time-scale variabilities,
such as short time-scale variabilities in the gas accretion rate, and different feedback mechanisms also
contribute and are essential for lower-mass galaxies. Various numerical simulations have reproduced
the dispersion in the main sequence within a similar range of 0.2—0.3 dexes (Lagos et al. 2018; Matthee
and Schaye 2019; Blank et al. 2021). Therefore, the fiducial value of 0 = 0.3 is adopted, as described
in Section 5.4. It is assumed that this scatter also applies to the high-redshift Universe and that the

stellar mass follows a tight correlation with the underlying dark-matter (DM) halo mass.

5.3 The HI 21cm bispectrum

The redshifted [H 1], signal arises from the neutral hydrogen atoms (HI) of the Universe via a hyper-
fine spin-flip transition. It is a promising probe of the IGM and the reionization process as it allows us
to track the evolution of the Universe through cosmic time. One of the primary goals is to measure the
power spectrum corresponding to the fluctuations in the [H 1,1 signal. However, it fails to capture
all the information in the signal, specifically if the fluctuations in the signal are not Gaussian-random.
The reionization process is non-linear, and the nature of the corresponding fluctuations it introduces in
the surroundings will be non-Gaussian (Somnath Bharadwaj and Pandey 2005; 1. T. Iliev et al. 2006;
Mellema, Ilian T. Iliev, Pen, et al. 2006; Rajesh Mondal, Somnath Bharadwaj, Majumdar, et al. 2015).
As demonstrated by Mellema, Leon Koopmans, et al. 2015, if we consider a realistic [H I];;c, map
derived from a numerical simulation and an artificial [H 1],y map with Gaussian-random fluctuations,

the power spectrum might fail to distinguish between these two scenarios.

Given a fixed halo mass, there will be a log-normal distribution in the number of ionizing photons
contributed from those haloes of identical masses. This additional source of non-Gaussianity in the
number distribution of ionizing photons is expected to affect the spatial distribution of the hydrogen
neutral fraction, zy(x, z). Keeping the underlying gas density fixed, these induced non-Gaussian
fluctuations in xy;(x, z) will reflect in the differential brightness temperature of the [H 1], signal,
0Ty (x, 2), since zy(x, 2) x 0Ty(x,z). Therefore, in such a scenario, the power spectrum is not
expected to completely capture the impact of scatter on the [H 1], signal, and the bispectrum can be

a much more suitable statistic.
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5.4 Simulating the HI 21cm maps

A combination of N-body dark-matter only simulation (Somnath Bharadwaj and Ali 2004) and a semi-
numerical prescription to model reionization (Tirthankar Roy Choudhury, Haehnelt, and Regan 2009;
Majumdar, Mellema, et al. 2014; Rajesh Mondal, Somnath Bharadwaj, and Majumdar 2017) has been
used here. The side length of the DM simulation box is 215 Mpc in size, with a total grid number
of 3072 and a particle number of 15363. A FoF algorithm (Rajesh Mondal, Somnath Bharadwaj,
Majumdar, et al. 2015) is run to identify collapsed haloes from the dark-matter distribution snapshots,
which are assumed to be the sources of ionizing photons. The emission of ionizing photons is modeled
as being proportional to the SFR for a given halo. To introduce scatter, a log-normal distribution for

the SFR is assumed and implemented as follows:
—— 1
log SFR*" = (log SFR — 502 1n(10)> + N(0,0?), (5.1

with A/(0,0?) being the normal distribution with zero mean and standard deviation . Therefore
SFRgcatter has a spread of o dex across the halo mass range. The value of ¢ is fixed to 0.3 dex for
the entire exercise. The number of ionizing photons emitted in the scatter scenario from a given halo
IS then NSCattCI‘ o< SFRSCatter

5 .

The reionization process is simulated over a coarse-gridded box of 3842 grids, resulting in a grid
resolution of 0.56 Mpc. [H I],;.m maps are generated using excursion set formalism (Furlanetto, Zal-
darriaga, and Hernquist 2004), and as described in Section 2.2. This semi-numerical approach of
simulating the reionization does not consider density-dependent recombination and we also note that
this model is not photon conserving (Tirthankar Roy Choudhury and Paranjape 2018). The impact of
photon conservation on the [H 1], bispectrum has not been studied. However, it has been shown that
photon conservation boosts the [H 1],;., power spectrum in all scales (without significant change in
its shape) and results in a comparatively rapid reionization (Tirthankar Roy Choudhury and Paranjape
2018). The density-dependent recombination is expected to introduce an additional scatter in the [H
I]21cmSignal topology. Both of these may have a significant impact on the [H I],;., bispectrum but their
study is beyond the scope of this work. This investigation can be followed up in future work.

The [H 1]y;.n maps are generated across an extensive neutral fraction range of (xy;) = [0.53, 0.62,
0.72,0.81, 0.9, 0.95] at z = 7.4. As argued by Hassan et al. 2022, the presence of ionized bubbles of
sufficient size and a significant number will wash away any signatures of scatter. Therefore at high
neutral fractions, any signatures of the scatter are investigated as captured by the bispectrum. Since
scatter will impact only the (2, 2) field and non-Gaussianity contributions come from dy(z, 2) as
well, we fix the redshift for all the neutral fractions to exclusively study the impact of scatter on the
bispectrum by removing the contribution of dy(x, z) to non-Gaussian features. We have simulated ~

50 statistically independent realizations of [H 1], maps by using ~ 50 different seeds of randomness
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for the scatter at z = 7.4 for each of the six neutral fractions to estimate the bispectrum. According to
the latest results of Planck 2018 Planck Collaboration, Aghanim, Akrami, Ashdown, et al. 2020, the
constraint on the mid-point of reionization 1S 2jon = 7.68+0.79 (Equation 18 of Planck Collaboration,
Aghanim, Akrami, Ashdown, et al. 2020) under the assumption of a reionization history that follows a
tanh model. Given the uncertainty on the value 2o, it may be possible to have large neutral fraction
values at z = 7.4, as explored in this study. Nevertheless, a different scenario is also considered
where the neutral fraction is (zy;) ~ 0.8 at a higher redshift of z = 10, which can be safely regarded as
consistent with the Planck 2018 constraints. In this case, we also use the same set of ~ 50 random seeds
to generate multiple realizations of the scatter scenario and estimate the impact of the astrophysical
scatter and its corresponding statistical significance. Therefore a total of ~ 350 simulations of the [H
I]21cmmaps combining all scenarios were done, which consumed a significant amount of computational
time. It will affect how much ionizing flux a given halo will generate under this stochastic model from
realization to realization. It helps to asses any given statistic’s variance under the scatter model across

the realizations.

5.5 Results

A direct estimator of the bispectrum has been used here as described in Rajesh Mondal, Mellema,
et al. 2021. The bispectrum is estimated at a fixed neutral fraction for each realization and then av-
eraged over all realizations. This exercise is repeated for all the neutral fractions considered in this
study. (Bscaner) represents the mean bispectrum estimated from all realizations of [H 1], maps with
astrophysical scatter, for a given neutral fraction. The impact of astrophysical scatter is quantified by
calculating (AB) = (Bgcatter) — Bro—scatter and the modulus of the ratio between (AB) and By, _scatter»
i.e. |(AB)/Bno—scatter|, Where Bio_scarter 18 the bispectrum of the [H 1]y, map without any scatter. This
tells how much the bispectrum, averaged over multiple realizations of astrophysical scatter, deviates
from the original bispectrum without the impact of scatter. In figure 5.1, the averaged bispectrum (av-
eraged over 50 statistically independent realizations of the scatter at each neutral fraction) is shown
for the [H 1],y maps with scatter. The mean neutral fraction is fixed along the row (labeled on the
left), and the k; value (mentioned on the top) is fixed along the column. Since the k; value changes
along the row, plots along a row reflect the effect due to the changing size of the bispectrum triangle
configuration. The shape of the configuration is parametrized by cos 6 and k/k; ratio for a given ;.
Therefore, k; represents the overall length scales over which the correlation occurs between the differ-
ent k vectors. The results on the impact of scatter on the bispectrum are presented in Subsection 5.5.1.
In Subsection 5.5.2, it is discussed on what scales the impact on the [H I],;., bispectrum is sufficiently
high in magnitude and statistically significant. In subsection 5.5.4, the impact of scatter on the power
spectrum, which is a more common statistic, is compared to that on the [H I],;., bispectrum. Finally,

various scenarios are explored for detecting the equilateral [H I];.y, bispectrum, which is one of the
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Figure 5.1: This figure shows the [H I];., auto-bispectrum for all unique triangle configurations and
averaged over all realizations of astrophysical scatter at z = 7.4. This is shown for the full set of
neutral fraction range that has been considered here.

triangle configurations expected to capture the signatures of scatter, with the planned SKA1-Low, in

subsection 5.5.5.

5.5.1 Impact of scatter on the bispectrum for all unique triangles

The results on the impact of scatter on the [H 1]y, bispectrum are presented in figure 5.2. The la-
bels in figure 5.2 are identical to those of figure 5.1. The quantity plotted in figure 5.2 is the ratio,
|{AB) / Bno—scatter|, which quantifies the deviation in bispectrum arising from the astrophysical scatter
being taken into account in our reionization model. It is seen that across the extensive range of length

scales investigated (k; values), the impact due to the scatter varies within a large dynamic range of
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magnitude. The regions of the bispectrum configuration space where the impact is seen to be high in

! without any consistent pattern. Here, one can

magnitude are randomly spread for &y < 1.5 Mpc™
suspect that these random patterns arise mostly due to the statistical variance of the astrophysical scat-
ter in the bispectrum. The magnitude of the impact can be more than a factor of 10 as well for some
of the bispectrum triangle configurations. However, as quantified in the following subsection, most of
the changes are not statistically significant for k; modes up to 1.5 Mpc~! and can vary substantially
from realizations to realizations.

At scales ky ~ 2.55 Mpc™!, it is seen that most of the cos 6 - k»/k; bispectrum configuration space
is sensitive to the astrophysical scatter, and these additional changes follow a consistent pattern across
all the neutral fractions, unlike the intermediate and large scales. The ratio [(AB)/Bno—scatter| 18 ~ 0.2
at (xy;) ~ 0.53, for a significant region of the bispectrum configuration space. At (zy;) ~ 0.81, the
ratio goes up to ~ 1, which then declines to 0.2 < [(AB)/Bno_scatter] < 1.0 again at (xy;) ~ 0.95.
The region of the cos 6 - ks /ky configuration space sensitive to the signatures of astrophysical scatter
gradually grows, as we go to higher neutral fractions, and saturation appears at the highest neutral
fraction, where the magnitude of the impact is more uniform. In this case, at (zy;) > 0.8, enough
number of ionized bubbles might not have been formed in the [H 1],y maps that would reflect the
signatures of astrophysical scatter. In the next subsection (subsection 5.5.2) and figure 5.6, it is argued
that the signatures of astrophysical scatter stem from the variations in sizes of small ionized bubbles
across the multiple realizations. At higher neutral fractions, a lack of sufficient ionized bubbles will
reduce the signatures of astrophysical scatter as compared to the lower neutral fractions. Therefore,
the impact is seen to peak somewhere at an intermediate neutral fraction.

The impact of the scatter at z = 10 is also estimated assuming (zy;) ~ 0.8, which is shown in
figure 5.3. Similar to the case at z = 7.4, it is found that the impact of scatter is significantly high at
ky ~ 2.55 Mpc~!. At z = 10, the magnitude of the impact is much higher compared to that at z = 7.4
for the same neutral fraction. At higher redshifts, one should expect the number of ionizing sources
to be lesser than that at lower redshifts. This means that the number of ionized bubbles will also be
less at higher redshifts, and therefore slightly larger than at lower redshifts when compared at the same

neutral fraction. This causes the impact of scatter to be more prominent at higher redshifts.

5.5.2 Statistical significance

Since the astrophysical scatter is a stochastic phenomenon, any statistic used to quantify the impact
due to scatter will have an associated variance arising from the stochasticity. Thus, it is important to
investigate the statistical significance of the impact of the astrophysical scatter discussed in the previous
subsection 5.5.1 and figure 5.2. The realization-to-realization variance arising from the astrophysical
scatter is estimated for the bispectrum as o35 = Y (ABr — (AB))?/N, with N = 50 being the

number of independent realizations of the scatter. ABr = Bg— Buo_scatter Fepresents the deviation in the
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Figure 5.2: Impact on bispectrum due to the astrophysical scatter is shown here at z = 7.4. The rows
represent the average neutral fractions for a given averaged realization. The columns represent k;
modes for the bispectrum. The color bar scale represent the change ((B)) compared to the bispectrum
for the no-scatter case (Bno_scatter)-
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Figure 5.3: This figure shows the impact of astrophysical scatter for the case at z = 10 and (xyy;) = 0.8.



bispectrum for a single realization, arising from the astrophysical scatter, compared to the bispectrum
without the impact of the scatter, at a fixed neutral fraction. The quantity |(AB)/oag| is used to
estimate the statistical significance of the impact of the scatter.

In figure 5.4, it is seen that at large and intermediate scales up to k1 < 1 Mpc™?, [(AB) /oap| ~ 1,
meaning that the impact is not statistically significant. At these scales, there are occasional occurrences
of 20 statistical significance at (zy;) = 0.81. These results suggest that the changes in the bispectrum
due to astrophysical scatter are not statistically significant at large and intermediate scales. However,
at k; > 2.55 Mpc !, one can see that the changes arising from the astrophysical scatter are statistically
significant with more than 3o significance at (zy;) &~ 0.53, for almost all cos - ky/k; bispectrum
configurations. The statistical significance becomes = 50 for (xy;) 2 0.81, and increases further for
higher neutral fractions. We notice that at (xy;) ~ 0.7, a comparatively smaller area in the bispectrum
configuration space is statistically significant; however, the exact reason for this behavior is not clearly

known. More detailed investigation is required on this, which is deferred for future work.

The impact of the astrophysical scatter that is dominant at the small scales compared to the large
scales, can be visually understood. It is found that large ionized bubbles remain very similar in differ-
ent realizations of astrophysical scatter. This can be seen in figure 5.5, which shows [H 1], maps for
10 different realizations of the scatter, whereas the underlying dark-matter field and halo list are fixed.
One can see that the largest ionized bubble in different maps remains largely unaffected. However, the
sizes of small ionized bubbles vary considerably in different realizations. This is clearer in figure 5.6,
which shows a zoomed-in version of a particular region of figure 5.5, focusing on a small ionized bub-
ble. Small ionized bubbles encompass a few low-mass dark-matter halos, and the number of ionizing
photons emitted by them varies in different realizations due to the astrophysical scatter. This results
in the size of small ionized bubbles to vary considerably across realizations. This is not the case for
larger bubbles, which encompass many more dark-matter halos, and the collective number of ionizing
photons contributed by many reionizing sources does not vary much across realizations. Therefore,
the impact of scatter is more prominent in the small ionized bubble size distribution, whereas it is
largely negligible and washed away in large ionized bubbles. In the absence of large ionized bubbles
in a highly neutral IGM, at the early stages of reionization, the signatures of astrophysical scatter are
retained and captured in the [H 1],y bispectrum at the small scales, with high statistical significance.
In contrast, the signatures of astrophysical scatter are not visible at comparatively larger scales, at the

later stages of EoR.

The statistical significance for the impact of astrophysical scatter for = = 10 and (zy;) ~ 0.8 is
shown in figure 5.7. At k; ~ 2.55 Mpc~!, where the impact is found to be high, the statistical signif-
icance of the impact is around ~ 3o. This is lesser than that found at z = 7.4, where the statistical
significance was around 5¢ at the same neutral fraction of (zy;) =~ 0.8. It is noted that since the num-
ber of ionized bubbles is lower at higher redshifts, this might somewhat reduce the overall statistical

significance of the impact. However, this impact is still statistically significant at a level of 3.
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Figure 5.4: Statistical significance of the impact of scatter on the bispectrum is shown here at z =
7.4, with rows representing average neutral fraction (xy;) and columns representing k; mode of the
bispectrum.

5.5.3 Sign flip of the HI 21cm bispectrum

The possibility of a sign flip in the bispectrum induced by the impact of astrophysical scatter is dis-
cussed here. Whether the condition Bcager/ Bno—scater < 0 18 satisfied in each cell of the &y /ky — cos 6
space is examined to check the occurrence of sign flip in the bispectrum. It is repeated for all 50 re-
alizations of the astrophysical scatter for the multiple neutral fractions at z = 7.4 and (zy;) ~ 0.8 at
z = 10. The occurrence of the sign flip in the [H ], bispectrum is counted in all ~50 realizations
and the total number of occurrences of this sign flip in each cell of the k; /ks — cos 6 space is estimated
as a percentage. Therefore, a 100 percent would mean that sign flips in [H 1],;cm bispectrum occur

in a particular cell in k1 /ks — cos @ space in every realization of astrophysical scatter. In figure 5.8,
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Figure 5.6: Realization to Realization fluctuation of a particular ionized bubble is shown here on a

scale of &~ 10 Mpc x 10 Mpc for z = 7.4 at a fixed neutral fraction of () ~ 0.81.
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the sign flip due to scatter for z = 7.4 is shown for multiple neutral fractions and length scales. It is
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Figure 5.8: This figure shows the sign flip induced by astrophysical scatter at = = 7.4 for multiple
neutral fractions.

found that for z = 7.4 at specific triangle configurations, the frequency of sign flip occurrence is much
less than 50 percent in the [H I]51c, bispectrum, across multiple neutral fractions and for length scales
k1 < 1.5 Mpc~L. It means that for most of the scenarios, there is no sign-flip in the bispectrum, and the
fiducial no-scatter model falls in the majority category. For z = 10 at (xy;) ~ 0.8, a significant area
in the bispectrum triangle configuration space at k; ~ 2.55 Mpc~! shows sign flip occurrence with
frequency significantly greater than 50 percent as can be seen in figure 5.9. Therefore, in this case, for
most scenarios, the [H I],1cm, bispectrum can change sign and the fiducial no-scatter model falls in the

minority category.
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Figure 5.9: This figure shows the frequency of occurrence of sign flip in the [H I],;cy, bispectrum for
z =10 at (xy;) ~ 0.8 arising from astrophysical scatter.

5.5.4 Comparison with the power spectrum

In this section, a similar analysis of the impact of astrophysical scatter on the power spectrum is done,
as is done with the bispectrum (as described in previous sections), and compared with the latter to
understand how the bispectrum can capture information that the power spectrum might fail to do. The
power spectrum for the no-scatter scenario and all of the ~ 300 realizations of astrophysical scatter is
estimated, with ~ 50 realizations for each neutral fraction at z = 7.4. In figure 5.10, top panel, the
power spectrum for the scenario with astrophysical scatter, averaged over all realizations (red-dashed

line) is compared with that when the scatter is not taken into account (black-solid line). It is noted
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Figure 5.10: Impact on the power spectrum due to the astrophysical scatter is shown here, along with
the statistical significance for multiple neutral fractions at z = 7.4.

that at (xy;) ~ 0.8 the large-scale power spectra exhibit a dip compared to the other neutral fractions.

Although the density fluctuations are constant (since the redshift is kept fixed), the cross-correlation
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between the density of the neutral hydrogen and the total overdensity will vary with different neu-
tral fractions. The cross-power spectrum of these two fields is negative when reionization is in its
early stage since the overdense regions (preferred location of ionizing sources) get ionized first in our
inside-out reionization model. This cross-term contributes to the [H 1]}, Signal power spectrum and
suppresses it at large scales compared to the higher neutral fractions. However, when the ionized
bubbles are sufficiently large and numerous at a particular reionization stage, this cross-correlation
becomes weaker, and its contribution to the [H 1], power spectrum goes down. However, the con-
tribution of the neutral hydrogen power spectra to [H I],;cm, signal power spectra will dominate over
this cross-correlation. It will cause the large-scale power spectra to increase. Therefore, at a particular
neutral fraction stage, the large-scale power spectra shows a dip. This phenomenon is consistent with
several earlier studies of reionization with radiative transfer and semi-numerical simulations (Lidz,
Zahn, et al. 2007; Mao, Shapiro, et al. 2012; Majumdar, Somnath Bharadwaj, and T. Roy Choudhury
2013; Majumdar, Jensen, et al. 2016). In the middle panel, we present the percentage change in the
power spectrum due to scatter and the corresponding statistical significance of the impact in the bottom

panel.

For the neutral fractions, (xy;) = 0.53 — 0.81, the magnitude of the impact ranges from 5 — 15
percent, with statistical significance ranging from 40 — 50. At (xy;) = 0.90 and (xy;) = 0.95, the
statistical significance is very high (100 and 140 respectively), where the magnitude of the impact of
astrophysical scatter reaches its peak. However, the magnitude of this impact is less (~ 10 percent
and ~ 5 percent respectively) compared to the magnitude of the impact at (zy;) = 0.81. Unlike the
bispectrum, the impact on the power spectrum is at a single-length scale, with the maximum magnitude
of the impact at k ~ 0.2 Mpc~! being < 15 percent for (zy;) = 0.81. The maximum magnitude of the
impact declines and shifts to smaller scales for the higher neutral fractions. The maximum magnitude of
the impact we find for the neutral fractions considered is broadly consistent with the findings of Hassan
et al. 2022. However, they present their results based on the ionization power spectrum (which is
different from the power spectrum of the brightness temperature fluctuations). They also do not include
a corresponding statistical significance of the changes in the power spectrum that they find, arising from
the astrophysical scatter.

On the other hand, the bispectrum, being a 3-pt Fourier statistic, captures the impact of scatter on
the correlations between different length scales. This impact consistently exceeds 20 percent across
all neutral fractions ({xy) = 0.53) at k ~ 2.55 Mpc~!, with statistical significance consistently equal
to or higher than 30, at those scales. At (xy;) = 0.81, the impact of astrophysical scatter reaches
~ 100 percent for a significant region of the bispectrum triangle configuration space at 5o statistical
significance. It suggests that the impact of the astrophysical scatter on the [H I],;c, signal is captured
and characterized in a more detailed manner with the bispectrum as opposed to the power spectrum,
which misses out on the signatures of the impact of scatter at the relevant neutral fractions and length-

scales, with sufficient magnitude.
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5.5.5 Detectability of the HI 21cm auto-bispectrum

Here, the possibility of detecting the impact of the scatter on the [H 1]y bispectrum considering ob-
servations with the planned SKA1-Low is considered. As a test case, the current analysis is limited to
only the equilateral triangle configurations of the bispectrum, which correspond to the top-left corner
of the bispectrum configuration space shown in the previous figures. The equilateral bispectrum is
expected to be most affected by system noise. Although it has been shown in previous studies (Ra-
jesh Mondal, Mellema, et al. 2021), that the squeezed limit bispectrum has the best signal-to-noise
ratio for detection, it is found that this bispectrum triangle configuration is not likely to be affected by
astrophysical scatter. The bispectrum for the equilateral triangle configuration is found to be signifi-
cantly affected by scatter. Therefore, we focus on the prospects for the detectability of the equilateral
bispectrum. In figure 5.11, the equilateral bispectrum is shown without (dashed lines) and with (solid
lines) the astrophysical scatter, along with the corresponding impact and the statistical significance of
the impact, for various neutral fractions at z = 7.4. It is seen that, except for (xy;) ~ 0.5, the impact

on the equilateral bispectrum is statistically significant with |(AB) /oap| = 30 for ky ~ 2.55 Mpc ™.
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Figure 5.11: Left panel: The equilateral bispectrum without (dashed lines) and with (solid lines) the
astrophysical scatter is shown here for multiple neutral fractions at z = 7.4. Middle panel: The impact
due to scatter on the equilateral bispectrum is shown here. Right panel: The corresponding statistical
significance of the impact of scatter is shown here.

The variance in the bispectrum (o3 (B)) due to system noise is computed following (Scoccimarro,
Sefusatti, and Zaldarriaga 2004; Liguori et al. 2010):

;
0% (B) ~ sBV—;PNm 2) P(ka, 2) P(ks, 2) (5.2)

Here, V; = (27)?/V is the volume of the fundamental cell in the Fourier domain, with V; being the
survey volume, and Py(k, 2) is the noise power spectrum contributed by the system noise. In equation
5.2, sp = 6 for equilateral triangles, and Vp =~ 872k koksAk;AkoAks. The noise power spectrum
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due to the system noise in radio interferometric experiment is given by (Bull et al. 2015; Obuljen et al.
2018):

P = BEREERENE)

= —3 .
Aefftobsnpoln(ua z) 21em

(5.3)

x(z) is the comoving distance to redshift z, and 7, = (¢/H(2))(1 + 2)% A(z) = 21 x (1 + 2) cm and
Vslem = 1420 MHz are the redshifted wavelength and the rest frame frequency of the [H 1], emission,
respectively. The number of polarization (n,.) is assumed to be 2 and n(u, z) = N2/(27u?,,) is the
baseline density which is assumed to be constant within the core radius. /N, is the total number of
antennae in the experiment and t,y,, is the maximum baseline in units of A(z). The system temperature
Tiys is modeled as Tyys () = 100 + 300(150 MHz/v)*°° K following Mellema, Léon V. E. Koopmans,
etal. 2013. A is the effective collecting area of each antenna which is modeled as, Aesr = Aegr(Verit) X
¢(v) (Bull et al. 2015), where €(v) is defined as

() = { (Verit/V)?, V> Verit (5.4)

19 v S Verit-

Aei(Verit) 18 taken to be 962 m? at vy = 110 MHz (Sambit K. Giri, Mellema, and Raghunath Ghara
2018). We take N, = 296 within a core radius of R,x = 2 Km (Mazumder et al. 2022). The relative
k-bin size is taken as Ak/k ~ 1. Different scenarios are assumed, where the bandwidth is kept fixed
at 16 MHz and the observational duration ¢, is varied, to estimate the detectability of the equilateral
bispectrum for the signal model considered here. Three scenarios are considered, with the first being to
observe for a total of 1000 hours. In the other two scenarios, we assume that the observation takes 1000
hours per year after SKA1-Low is operational, and the observational campaign is carried out for the next
couple of years. It is assumed that this campaign lasts five and ten years, with the total observational
time accumulated to 5000 and 10000 hours, respectively. This exercise is restricted to only the scales
of our interest, where the impact of the scatter is statistically significant and of sufficient magnitude,
i.e., ki ~ 2.55 Mpc™!. In figure 5.12, the resulting signal-to-noise ratio is shown, considering these
three scenarios of observational duration for various neutral fractions that have been explored in this
study.

In the first scenario, it is seen that with a total of 1000 hours of observation (grey-dashed line), the
equilateral bispectrum is not detectable with a sufficient signal-to-noise ratio. In the case, where the
observational campaign lasts for five years with 1000 hours per year (orange-dotted line), the signal-
to-noise ratio cross the 1o detection limit at (zy;) ~ 0.8 and it reaches 3o for (xy;) ~ 0.9. However,
if we adopt a more optimistic case, where the campaign lasts ten years with 1000 hours of observation
time per year (blue-solid line), then the equilateral bispectrum is above the 1o detection limit for all

1

the neutral fractions at k; ~ 2.55 Mpc™*, starting from ~ 20 detection significance at (xy;) ~ 0.5.

However, at (xy;) ~ 0.8 and 0.9, the detection significance is ~ 30 and ~ 50 respectively.

The results for the detectability that have been presented here are for a single redshift (z = 7.4).
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Figure 5.12: The signal-to-noise ratio of the detection of the equilateral bispectrum at z = 7.4 is
shown, for the scales where the impact of scatter is expected to be significant (k; ~ 2.55 Mpc~—1) and
considering observations with SKA 1-Low for various durations of observational time. The horizontal
solid black and solid green line denotes the threshold for 30 and 5o detection significance, respectively.

However, at higher redshifts, one can expect that the signal-to-noise ratio will be further degraded, due
to increased system noise temperature Ty,,. We estimated the signal-to-noise ratio of the detectability
of the bispectrum for z = 10 at (xy;) ~ 0.8, which was done for the triangle configurations near the
vicinity of the equilateral triangles, where statistical significance is high. The signal-to-noise ratio is

far below the unity even for ¢,,s = 10000 hours.

For higher-order Fourier statistics such as bispectrum, the contributions of cosmic variance to the
total bispectrum uncertainty can be significant at large scales. In Rajesh Mondal, Mellema, et al. 2021,
the contribution of the cosmic variance to the total bispectrum uncertainty budget has been studied
thoroughly for a range of length scales. The uncertainty contributed by cosmic variance decreases
with decreasing length-scale and this is true for the equilateral bispectrum as well, as found by Ra-
jesh Mondal, Mellema, et al. 2021. They studied a case with roughly 1000 hours of observation with
SKA1-Low. They found that the contribution from the cosmic variance to the total uncertainty budget
dominated at k; < 0.5 Mpc~! in this case. However, one might expect that cosmic variance in the
bispectrum can still contribute to the total signal-to-noise ratio budget down to the scales at k; ~ 2.55
Mpc~! to some extent, and affect the signal-to-noise ratio of the detection at those scales. Also, the
estimation of the signal-to-noise ratio of the detection of the equilateral bispectrum, presented here, is
analytic, and a full numerical approach (Rajesh Mondal, Mellema, et al. 2021) is needed for a more

thorough investigation. Therefore, one needs to simulate multiple independent realizations of the un-
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derlying dark-matter distribution to estimate the uncertainty contribution from cosmic variance in the
bispectrum and multiple realizations of [H 1],1.m noise maps (telescope noise) for a full numerical ap-
proach. This thorough approach is a more computationally challenging task and is beyond the scope

of the current article. This exercise can be taken up in future follow-up work.

5.6 Summary

The [H I]y1cm signal is a promising probe of the Universe during the EoR and can be used to track
the evolution of the early IGM and the reionization process. Although the power spectrum can shed
light on many important issues, it cannot capture the entire information content in the [H 1], ., signal
because it is highly non-Gaussian. The variation in the ionizing photon emission rates for host halos of
a given mass which is referred to as astrophysical scatter, can introduce an additional non-Gaussianity
into the [H 1], signal. In Hassan et al. 2022, the effects of this astrophysical scatter had been studied
in the context of cosmic reionization of the IGM, using power spectra of the ionization field. They
found that the power spectra are mostly unaffected by the presence of astrophysical scatter. However,
the statistical significance of the impact of astrophysical scatter on the power spectrum has not been
thoroughly studied, and the ionization field is not observable, unlike the [H I],;cm signal. However,
bispectra can capture some aspects of the non-Gaussian [H 1]y signal. In this work, the impact of the
astrophysical scatter on the [H 1], bispectra during the EoR has been investigated. [H 1];.,,maps had
been simulated using a semi-numerical prescription that also incorporates astrophysical scatter and then
estimated the fractional change in the bispectra |(AB) /Bpo—scatter| Of the maps due to the scatter. 50
independent realizations of the astrophysical scatter were generated for each of the six neutral fractions
that were considered to quantify the statistical significance of the impact of scatter. The statistical
significance of the impact is quantified by |(AB)/oag|, where 0% 5 is the variance in AB, arising
from the independent realizations of the astrophysical scatter, for each of the neutral fractions. Here,
the analysis is presented for all unique triangle configurations of the bispectrum, for a range of neutral
fractions, at a fixed redshift of = = 7.4 and for z = 10 at (xy;) ~ 0.8. The equilateral bispectrum is
one of the triangle configurations, where a significant impact of the scatter is expected. The prospects
of detecting the small-scale (k; ~ 2.55) Mpc~! bispectrum with the planned SKA1-Low were also
explored. The key findings of this work are:

« The large and intermediate scales in the [H 1],;.ymaps (k; < 1.5 Mpc™!) are largely unaffected
due to astrophysical scatter, as captured by the bispectrum. Although, the magnitude of the
fractional change in the bispectrum, [(AB)/Byo_scatter|» 1 more than a factor of ~ 10 in some
regions of the cos  — ky/k; configuration space of the bispectrum for these length scales, this

impact is found to be non-significant, and are a result of statistical noise.
* Atthe smallscales (k; ~ 2.55 Mpc 1), we find that the impact of astrophysical scatter on the bis-
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pectrum is significant. We find that |(AB) / Byo—scatter| 2 20 percent at neutral fractions (zy) 2
0.81 atz = 7.4 and a significant region of the cos 6 — k5, / k1 configuration space of the bispectrum,
the impact of the astrophysical scatter is maximum, where |(AB) / Bno—scatter|] ~ 100 percent. For
z = 10 at (zy;) ~ 0.8, the impact due to scatter is more prominent (|{(AB)/Buo_scatter| =, 10),
although the statistical significance is somewhat less (~ 30) as compared to the same neutral

fraction at z = 7.4.

The presence of astrophysical scatter primarily affects the small ionized regions of the IGM the
most. On the other hand, large ionized bubbles would be formed due to ionization from the cu-
mulative photon from multiple sources, thus averaging out the signatures of astrophysical scatter,
as similarly argued in Hassan et al. 2022. Therefore large-length scales would be primarily un-
affected by the presence of scatter in the number distribution of the ionizing photons. At higher
redshifts, we expect fewer ionizing sources, and hence fewer ionized bubbles, which would be
larger compared to the case at lower redshifts at the same neutral fraction. This might result
in the impact of scatter being more prominent, however, due to the lower number of ionized
bubbles, the statistical significance of the impact of scatter can be reduced compared to lower
redshifts.

The astrophysical scatter is not found to induce any significant sign flip occurrence in the [H
I1cm bispectrum at z = 7.4. For z = 10 at (zy;) ~ 0.8, the bispectrum is seen to have a
significant occurrence of sign flip for a few specific triangle configurations at k; ~ 2.55 Mpc ™.

However, most of the triangle configurations do not show a significant occurrence of sign flip.

In the case of the power spectrum, the magnitude of the impact of scatter is not high enough
(< 10 percent) for most of the neutral fractions and length scales. Occasionally, the magnitude
of the impact is high (= 15 percent), however, this is not statistically significant. On the other
hand, wherever the impact is statistically significant, the magnitude of the impact is not suffi-
cient enough (< 15 percent). Therefore, the power spectrum does not capture the signatures of

astrophysical scatter adequately at the small scales, unlike the bispectrum.

The equilateral bispectra for z = 7.4 at the small scales could be detected with ~ 30/50 detection
significance at (xy;) ~ 0.8/0.9 if we consider a very optimistic scenario of observing for 1000
hours per year with the SKA1-Low and this observational campaign lasts for ten years. However,
at high redshifts, such as z = 10, the signal-to-noise ratio for the detectability of the [H I],icm
bispectrum for triangle configurations in the vicinity of the equilateral triangle is far below unity,
at k; ~ 2.55 Mpc~!. The increased system temperature (T) of the interferometer at higher
redshifts can be a contributing factor for the low signal-to-noise ratio. One might note that
cosmic variance can significantly contribute to the total uncertainty budget of the bispectrum at

large scales, as investigated in Rajesh Mondal, Mellema, et al. 2021. However, it remains to
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be seen how much it might contribute to the total uncertainty budget and affect the detection
significance at the small scales (k; ~ 2.55 Mpc~!), where the impact of astrophysical scatter is

found to be significant. This exercise is left to future work.
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Chapter 6

Forecasting the CO-21cm cross-power
spectrum from the EoR with line-intensity

mapping surveys

6.1 Introduction

One of the essential tracers of the molecular gas in galaxies is the emission of the CO line, which
is predominantly excited by collisional excitation from the gas (Draine 2011). Therefore, the far-
infrared surveys at the millimeter wavelengths are suitable probes for the molecular gas content in these
galaxies. On the other hand, star formation in galaxies is known to follow a strong correlation with the
gas content in galaxies, including H,, via the well-known Schmidt-Kennicut relation (Kennicutt 1998).
Understanding how star formation is related to the molecular gas content of galaxies is essential since
this is related to the efficiency with which gas is depleted to form stars, which can ultimately affect
galaxy formation and evolution (Carilli and F. Walter 2013). Usually, this is studied through the proxies
of molecular gas content and star formation. One of the proxies used for molecular gas content and star
formation is the CO line luminosity (L) and infrared luminosity (Lgr) of the galaxies. Therefore,
the correlation in the Lpr — L relation can be used as an observable to understand the relationship

between gas depletion in galaxies and the SFR.

As discussed earlier, these galaxy surveys are typically limited by the number of samples detected
and the redshifts out to which they are detected. These limitations are complemented by LIM surveys,
which detect integrated flux of numerous line-emitting sources (E. D. Kovetz et al. 2017; E. Kovetz
et al. 2019; Bernal and E. D. Kovetz 2022) from a large survey volume. Typically, bright-line emis-
sions such as [C II]i58,m , Ly-c, [O 1] from the galaxies are expected to be good tracers for LIM,
along with the CO line emission, out to the EoR era. CO intensity mapping was proposed by Carilli
2011 to probe the EoR and one of the early attempts for intensity mapping with the CO line emission
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was done using the CO Power Spectrum Survey (COPSS, Keating, Bower, et al. 2015; Keating, Mar-
rone, Bower, Leitch, et al. 2016) at around z ~ 3. Using theoretical estimates, they constrained the
molecular gas density py, ~ 1.1707 x 108M, Mpc~3. Later, interferometric CO intensity mapping
experiment with a pair of 3 mm data sets, from the ALMA Spectroscopic Survey in the Hubble Ultra
Deep Field (ASPECS), and the series of Atacama Compact Array (ACA) observations conducted
between 2016 and 2018, targeting the COSMOS field were considered by Keating, Marrone, Bower,
and Keenan 2020. The inferred molecular gas density at = = 1 — 3 was consistent with the COPSS
results. In addition, CO intensity mapping was performed with the Millimetre-wave Intensity Mapping
Experiment (mmIME, Breysse, Yang, et al. 2022), which suggested that careful modeling efforts are
required while using semi-analytic approaches. The latest endeavor in CO intensity mapping is taken
up by the CO Mapping Array Project (COMAP, Breysse, Dongwoo T. Chung, et al. 2022; Dongwoo
T. Chung et al. 2022; Cleary et al. 2022; Hévard T. Ihle et al. 2022; Lamb et al. 2022; D. T. Chung
et al. 2024; Stutzer et al. 2024). Given the multiple CO line transitions, the COMAP-pathfinder with
its 30 GHz dishes and the COMAP-EoR with its 16 GHz dish can target CO emission from the epoch
of stellar build-up (z ~ 3) up to the EoR (z 2 6).

However, the LIM surveys are expected to be challenged because the presence of the instrumental
noise will contaminate the observed signal. This will bias any observable summary statistics, partic-
ularly the auto-correlation signal. One of the ways to tackle this challenge is to cross-correlate the
targeted signal with other line-emission probes of the Universe originating from similar cosmic time
or redshift. In the context of COMAP, this has been discussed by Breysse, Dongwoo T. Chung, et al.
2022 and Dongwoo T. Chung 2023, where the cross-correlation between the 16 GHz and 30 GHz bands
were considered, essentially cross-correlating the CO(1 — 0) and CO(2 — 1) LIM signals, both of them
originating from the EoR (z 2 6). One can also consider cross-correlations of the CO LIM signal with
a different tracer such as the [H I],;cy, signal from the neutral IGM during EoR. In the context of CO
emission, cross-correlation with [H 1]y, signal was earlier proposed by Gong, Cooray, M. B. Silva,
et al. 2011; Lidz, Furlanetto, et al. 2011, where Lidz, Furlanetto, et al. 2011 consider cross-correlation
between early generation MWA (J. D. Bowman, Morales, and Hewitt 2006) and a hypothetical CO

LIM experiment to forecast the detectability of the cross-power spectrum.

In this work, the possibility of cross-correlating observations from COMAP has been considered
with that of the observations from AARTFAAC (P. Prasad et al. 2016; Kuiack et al. 2019). AART-
FAAC is an all-sky radio survey that utilizes data from the LOFAR antennae but post-processes them
independently. It has a moderate resolution and sensitivity, but a much wider field-of-view (typically
all-sky), high availability, and autonomous calibration and imaging in near real-time (P. Prasad et al.
2016). The other notable examples of this class of telescopes are the Long Wavelength Array (LWA,
Ellingson et al. 2013) and the MWA (Tingay et al. 2013). Therefore, the AARTFAAC can conduct a
pilot survey for cross-correlation with COMAP observations, having a good possibility of overlap in

the survey areas.
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The outputs from a large-scale N-body simulation have been considered here, and the identified
halos were post-processed to produce the mock CO(2 — 1) and CO(1 — 0) signal. The density fields
and halos were also used to develop the mock [H 1],;., signal to cross-correlate with the CO signals.
The CO signals were generated by considering different correlation parameters of the Lpr — L
relation. In earlier works, Breysse, Dongwoo T. Chung, et al. 2022 consider a set of CO models from
various references which are related to the host halo mass via a set of parametric relations to forecast
cross-correlation of the CO(2 — 1) and CO(1 — 0) signals from the EoR. The approach undertaken
by Dongwoo T. Chung 2023 tries to motivate their models using more detailed physical factors such
as the CO column density and the temperature of the ISM in one of their semi-analytic models. In the
other model, they employed the non-LTE radiative transfer code Radex (van der Tak et al. 2007), that
self-consistently models the CO spectral line energy distributions (SLEDs), which is used to predict
the CO luminosities, assuming some scaling relations for the CO column density and molecular gas
density as inputs to Radex. Using this, cross-correlation between the CO(1 — 0), CO(2 — 1) and the
CO(3 — 2) signals were predicted. Here, a somewhat different approach to modeling the CO signals
have been followed for cross-correlation in the sense that it deals only with the Lgr — L correlation,
which is of the form log Lpr = alog Lo + . According to T. R. Greve, Leonidaki, et al. 2014,
the slope a of this correlation provides insights into how molecular gas plays a role in star formation.
The super-linear relationship between Lpr and L luminosities suggests that dense molecular gas
acts as the primary fuel for star formation across all galaxies, maintaining a consistent star-forming
efficiency. The ratio fiensex = Maense/ Mx varies within galaxy samples, where X might represent
the total H, gas mass indicated by CO J = 1-0 and J = 2-1 lines, with d( fgense)/dLpr > 0. This
phenomenon is linked to mergers and starbursts, which dominate the high- Lgr spectrum and exhibit a
higher dense-to-total fraction of gas mass when compared to isolated disks with lower-Lgr (e.g., Gao
and Philip M. Solomon 2004; Garcia-Burillo et al. 2012). The d( fgense)/dLrir value is higher when
the gas phase X is further away from the dense, star-forming phase in terms of physical conditions and
relevance to star formation. It will result in a super-linear slope of Lgr — L correlation. Additionally,
the normalization factor 5 may provide information about the regulation of star formation through
feedback from radiation pressure due to dust grains, which absorb and scatter FUV light (T. R. Greve,
Leonidaki, et al. 2014). Here, a few such combinations of the Lrgr — L, correlation parameters, « and
£ have been considered as reported in observations, as well as a continuously varying set of a values
(which is related to the variation in /3), to predict various CO emission models and their detectability
in the cross-correlation signal. Throughout, the work, flat ACDM cosmology has been assumed, with
cosmological parameters: €2, = 0.27, ), = 0.044, h = 0.7, ny = 0.96, 0 = 0.8 which is consistent
with the WMAP (Hinshaw et al. 2013) and Planck observations (Planck Collaboration, Ade, P. A. R.,
et al. 2014), have been adopted.
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6.2 Modeling mock observation

6.2.1 Mock signals

The mock [H I],;.mand CO signals are based on the outputs of large-scale N-body simulations. We used
the pre-simulated density field outputs of the V-body code CUBEP3M (Harnois-Déraps et al. 2013), with
a grid size of 138243, resulting in a simulation box size of ~ 714 Mpc on one side, and the number of
particles is 69123, The halos were identified with a spherical overdensity halo-finder algorithm (Watson
et al. 2013), with at least 25 particles, resulting in a minimum halo mass of ~ 109 M. These outputs
were post-processed using the radiative transfer code C2-RAY (Mellema, Ilian T. Iliev, Alvarez, et al.
2006) to assign ionizing luminosity to host halos and simulate the ionization maps of IGM (Sambit K.
Giri, Mellema, Aldheimer, et al. 2019; Rajesh Mondal, Shaw, et al. 2020), on a gridded box of 300?
cells. These simulations were performed as part of the PRACE (Partnership for Advanced Computing
in Europe) project, PRACE4LOFAR.

For the radiative transfer simulations, the ionizing luminosity of the haloes was assigned based on
their masses. The total ionizing photon production rate within the volume was determined by multiply-
ing the halo growth rate by a constant ionizing efficiency (, then distributing it across individual haloes,
under the assumption that between the halo mass and the ionizing luminosity a linear relationship ex-
ists. In this source model, up to a specific redshift, the total number of ionizing photons generated is
proportional to the fraction of matter that is bound in dark-matter haloes at that redshift. More details
on this approach are available in Sambit K. Giri and Mellema 2021. For our purpose, we chose an
output of the simulation available at a redshift of z ~ 7.2.

To develop the CO LIM maps, we follow the prescription as mentioned in Equation 1.10, to relate
the CO luminosity to the FIR luminosity of that halo. We follow Kennicutt 1998, to obtain the relation
SFR(My, z) = dyr X 1071° L. The value of dyy is set to 1, as in Behroozi, Wechsler, and Conroy
2013; T. Y. Lietal. 2016. The halo mass is connected to the SFR using Equation 2.1 from M. B. Silva
et al. 2013. Four different models for a;_g and 31_q are chosen that relate Lézo(1—o) to Lgr follow-
ing Carilli and F. Walter 2013; Sargent et al. 2014; T. R. Greve, Leonidaki, et al. 2014; Kamenetzky
et al. 2016. Carilli and F. Walter 2013 derived the values of a1 _¢ and 3;_( based on a sample of low,
intermediate (0.2 < z < 1) and high-redshift galaxies (z > 1), which comprised of spirals, quasi-
stellar objects (QSOs), ultra-luminous infrared galaxies (ULIRGs), sub-millimitre galaxies (SMGs),
galaxies selected in the 24-um band, Lyman-break galaxies (LBGs), color-selected galaxies (CSGs),
star-forming radio galaxies (SFRGs) and radio galaxies (RG). They find that for the entire distribution,
a1_o = 1.374+0.04 and 51_o = —1.74 £ 0.40, where the slope is consistent with the power law found
for nearby galaxies only, considering integrated properties (including ULIRGs, Kennicutt 1998).

On the other hand, Sargent et al. 2014 chose a sample of 131 main-sequence (MS) galaxies with

CO detections and a particular cut-off stellar mass (M, > 10'9M), of which 46 percent were low-

100



Model a1_0 61_0
Carilli and F. Walter 2013 1.37+0.04 | —1.744+0.40
Sargent et al. 2014 1.23£0.05 | —=0.67 £ 0.05
T. R. Greve, Leonidaki, et al. 2014 | 0.99 +0.04 | 1.90 £+ 0.40
Kamenetzky et al. 2016 1.274+0.04 | —1.00 £ 0.40

Table 6.1: The correlation parameters «; g and 3, for Lgr — L/coafo) are tabulated here for various
models.

redshift systems (z < 0.1) and the remaining 54 percent had redshifts within 0.1 < z < 3.2. Low
redshift samples were detected in the HERA CO Line Extragalactic Survey (HERACLES, Leroy,
Fabian Walter, Brinks, et al. 2008; Leroy, Fabian Walter, Bigiel, et al. 2009; Leroy, Fabian Walter,
Sandstrom, et al. 2013), targeted by the IRAM 30m telescope, which was also augmented by the COLD
GASS survey (Saintonge et al. 2011). Galaxies beyond z > 0.1, were compiled from Geach et al.
2011 (z ~ 0.4), Daddi, Elbaz, et al. 2010 (z ~ 0.5 and 1.5), the PHIBSS survey (Tacconi et al. 2013,
z ~ 1.2 and 2.3), Georgios E. Magdis et al. 2012 (z ~ 3), where all have used the IRAM Plateau de
Bure interferometer—and from the EGNoG survey (Bauermeister et al. 2013, 0.06 < z < 0.3). Except
for Geach et al. 2011 and Bauermeister et al. 2013, the other detections were done using the higher CO
transitions, where suitable excitation corrections/line-ratios were used to estimate the CO(1 — 0) line
luminosity. They were able to obtain fitted values of oy = 1.23 + 0.05 and ;¢ = —0.67 £ 0.05.

Further, T. R. Greve, Leonidaki, et al. 2014 present a set of local ULIRGs (z < 0.1) and both lensed
(0 > 1) and un-lensed high-redshift (1.0 < z < 6.3) dusty star-forming galaxies (DSFGs), detected in
CO emission and derive the correlation between Lgg and Lco. The ULIRG data were compiled from
the Herschel Comprehensive (U)LIRG Emission Survey (HerCULES, van der Werf et al. 2010) and
from Papadopoulos et al. 2010. The DSFGs were taken from studies by P. M. Solomon and Vanden
Bout 2005; Carilli and F. Walter 2013 and the published CO detections of large-sample DSFGs (T. R.
Greve, Bertoldi, et al. 2005; Bothwell et al. 2013). From these samples, T. R. Greve, Leonidaki, et al.
2014 were able to derive a;_g = 0.99 + 0.04 and 51_¢ = 1.90 4 0.40.

Finally, Kamenetzky et al. 2016 analysed a combination of galaxies detected from earlier literature
such as T. R. Greve, Leonidaki, et al. 2014; Lu et al. 2014; D. Liu et al. 2015 and also used measure-
ments from the Arizona Radio Observatory' (ARO) and obtain fitted values of ;o = 1.274-0.04 and
B1_o = —1.0 & 0.4. The values of all sets of parameters o1 _o and 3;_g considered here, are presented
in Table 6.1.

"https://aro.as.arizona.edu/
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6.2.2 Noise

The variance in the cross-correlation signal is given as

var [PX (k?)] _ % P>2< (k) + (Pco(k) + Pyiii)()]{()lecm(k) + PN§210m(k)) ’ (61)

where we have not taken into account the foregrounds and interlopers for the CO and [H 1]y LIM
signals. Py (k) is the COX[H 1]y cmcross-power spectrum and Peo(k) and Py (k) represent the auto-
power spectrum for the CO and the [H I]yiem signal. Py.co(k) and Pyaiem(k) are the corresponding
noise power spectrum for the CO and the [H I]pcm Survey. The noise power spectrum Py.aiem(k), for
the [H 1]y;¢m Observation with AARTFAAC is obtained using the tool ps_eor? (Florent G. Mertens,
Bobin, and Carucci 2024). It is assumed that for the COMAP survey a total of 12 deg? of sky patch will
be observed (Breysse, Dongwoo T. Chung, et al. 2022), and for the same area, overlap with the AART-
FAAC survey is assumed. For the same survey area, and within the frequency band of 169 — 175 MHz
the [H 1], noise power spectrum is simulated assuming a system equivalent flux density (SEFD) of
72 kJy. The ty;, and uy,y are kept at 5 and 160 respectively, where u = b/ A\ and b is the length of the
baseline. The number of k-modes Nyodes (k) is also obtained from the ps_eor. The mock observation
is assumed to happen for 6 hours per night, continuing for 200 days in the first scenario accumulating
a total of 1200 hours of observation time on AARTFAAC. In the second scenario, this is extended to
a total of 400 days, thus accumulating a total of 2400 hours with AARTFAAC.

The noise power spectrum for the COMAP signal is given as

PN;CO = U]%I%OX) (6.2)

where oy is the noise level in a voxel given as oy = Tyys/ \/ NreedsTpot0Vtpix. Tiys is the system temper-
ature for COMAP, Ny is the number of feeds for the dish under consideration. v and t, are the
frequency channel width and the effective time per sky pixel, respectively. As described in Breysse,
Dongwoo T. Chung, et al. 2022, there is expected to be three dishes in the 30 GHz band, one being
the pathfinder dish, and the other two will be deployed later. The pathfinder dish is assumed to have a
T4y of 44 K, while the newer 30 GHz dishes are expected to have Ty, = 34 K. The improved Ty is
reconciled in terms of an effective observing time, ¢, by noting that on o< Tyys/+/Tobs. Therefore, if

> Yobs?

tPF and %Y are the observation time allocated to the pathfinder and the new 30 GHz dishes, then the

effective observation time, 2, can be written as (Breysse, Dongwoo T. Chung, et al. 2022)

e 44K ? new
tofbfs = tgll):s +2 (?A—K) tobs : (63)

’https://gitlab.com/flomertens/ps_eor
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The contribution from ¢y is rescaled according to the improved 7y of 34 K, according to Equation 6.3.

obs
(02, /Qfierd), where

Given this, the observation time per sky pixel, Z,i, can be written as £ = geff £ sam

obs
ageam = Orwnm/ v/81n 2 is the beam size of the instrument and Qfelq 18 the area of the survey which is
observed with duration, ¢S V,,, is the volume of a voxel, which is assumed to be of width opeyn On
one side and with a depth of a single frequency channel, dv.

Following Breysse, Dongwoo T. Chung, et al. 2022, we assume that in the first scenario, the
pathfinder campaign accumulates 12000 hours on the old pathfinder dish and 5000 hours on each of the
newer 30 GHz dishes, giving approximately tg{,fs ~ 29000 hours, per field, where each field is g 1q = 4
deg? with a total of 3 fields. The CO(2 — 1) signal has a rest frequency of = 230.5 GHz, which can be
observed in the 28 GHz band at z ~ 7.2. At this frequency, the beam width Ogwy 1s assumed to be 4.5
arcmin. Ty, = 44 K for this case, since the contribution of the improved system temperature is already

taken into account in ¢

obs: Nieeas = 19 and np, = 1 is the number of polarizations for the pathfinder

instrument. In the second scenario (COMAP-EoR campaign), we also consider the 16 GHz dish, which
will detect the CO(1 — 0) signal from z ~ 7.2 in the 14 GHz band. It has a much lower system temper-
ature of Ty, = 20 K and dual polarization feeds, with Ngeqs = 19 and ny, = 2. The COMAP-EoR
campaign is assumed to accumulate a total of 7000 dish hours. The frequency channel width is set to
0v = 2 MHz, in both the COMAP-pathfinder and the COMAP-EoR campaigns.

6.3 Results

This section discusses the mock auto and cross-power spectrum for the CO and [H 1], LIM signals. In
figure 6.1, we show the simulated [H 1], signal at 2 ~ 7.2 and xy; ~ 0.3, and also the corresponding
signal-to-noise ratio (SNR) with AARTFAAC for the two scenarios of 1200 hours (solid) and 2400
hours (dotted) of observation time. It is noted that within the &k range of 0.12 — 0.62 Mpc ™!, the
maximum SNR is achieved at & ~ 0.12 Mpc~! for both scenarios. While at k& ~ 0.12 Mpc~!, an
SNR of ~ 3.5¢ is achieved with 1200 hours of observation time, this is improved to ~ 60 when the
integration time is doubled to 2400 hours. In figure 6.2, the CO(2 — 1) auto-power spectrum and
the CO(2 — 1)X[H I]yjem cross-power spectrum are shown along with their corresponding SNR, for
various Lpr — L/CO(I—O) correlation models, assuming observation with the COMAP 30 GHz dishes.
In all these models, a constant value of excitation correction (r2; = Lco—1)/Lco(1—0)) is used with
ro1 = 0.76 (Daddi, Dannerbauer, et al. 2015). We see that for the Sargent et al. 2014; Kamenetzky
et al. 2016 models, the SNR is ~ 40 at k ~ 0.12 Mpc~!, while it is around ~ 2.5¢ for Carilli and F.
Walter 2013. However, the weakest power spectrum comes from the T. R. Greve, Leonidaki, etal. 2014
model, where the signal has an SNR < 1 and is therefore not detectable in the £ ranges considered here.
In the cross-power spectrum considering the scenario with 1200 hours of AARTFAAC observation
time, the SNR for the Sargent et al. 2014; Kamenetzky et al. 2016 models diminishes slightly to ~ 3.50
at k ~ 0.12 Mpc~!, while for Carilli and F. Walter 2013, it is slightly improved to ~ 30. However,
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Figure 6.1: Left panel: The [H I],;.m power spectrum is shown at z ~ 7.2 and zy; ~ 0.3. Right panel:
The signal-to-noise ratio (SNR) is shown for 1200 hours (solid) and 2400 hours (dotted) of observation
time with AARTFAAC.

the notable fact here is that the T. R. Greve, Leonidaki, et al. 2014 model is now detectable with a
~ 1.50 significance in cross-correlation, which is only barely detectable and an improvement over the
previous case. This scenario improves further when the T. R. Greve, Leonidaki, et al. 2014 model is
detectable with ~ 20 significance when cross-correlation is considered with 2400 hrs of AARTFAAC
observation time. The rest of the models are detectable within ~ 4¢ significance for this scenario,
for the same £ value. This suggests that, for some models, cross-correlation can improve detectability

against contamination from instrumental noise.

In figure 6.3 the observation of the CO(1 — 0) signal is considered with the COMAP 16 GHz
dishes (COMAP-EoR). The scenario for the CO(1 — 0) auto-power spectrum is somewhat similar
to that of the CO(2 — 1) in the aspect, that the T. R. Greve, Leonidaki, et al. 2014 model is barely
detectable with SNR ~ 1¢. The Carilli and F. Walter 2013 model is detectable with a SNR of 2 40,
while Sargent et al. 2014; Kamenetzky et al. 2016 models are detectable with ~ 6o significance. In
the cross-power spectrum, the T. R. Greve, Leonidaki, et al. 2014 model is detectable with at least
~ 20 significance for cross-correlation with 1200 hours of AARTFAAC observation and is improved
to ~ 2.50 with 2400 hours of AARTFAAC observation time at k& ~ 0.12 Mpc~!. The Carilli and F.
Walter 2013 and the Sargent et al. 2014; Kamenetzky et al. 2016 models are detectable with ~ 4 —4.50
significance for 1200 hours of AARTFAAC observation time, while it improves to ~ 50 for 2400 hours
with AARTFAAC at k ~ 0.12 Mpc L.

It is noted that the COMAP-EoR scenario yields better prospects for detecting the CO signal over
the COMAP-pathfinder. Overall, the cross-correlation scenario with 2400 hours of observation time
with AARTFAAC, slightly improves the detectability in most cases over the 1200 hours of observation
time with AARTFAAC. In cross-correlation, the weakest model, which is the T. R. Greve, Leonidaki,

et al. 2014 scenario, is significantly improved over the auto-correlation scenario, where it is barely
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Figure 6.2: Top panel: The CO(2 — 1) auto-power spectrum is shown with the corresponding SNR on
the right for various Lgg — L/co(1—o) correlation models. Bottom panel: The CO(2— 1) X [H I]yj¢mcCross-
power spectrum is shown along with the corresponding SNR on the right. The solid and dotted lines
on the bottom right panel correspond to the SNR for 1200 hours and 2400 hours of the AARTFAAC
observation time.

detectable. It is also noted that the various parameter values for a;;_( and 3, _( considered here are not
completely independent of each other. As explained in T. R. Greve, Leonidaki, et al. 2014, both the
correlation parameters, oy _g and (3;_g are related to fyense. FOr aq_g, this has been discussed earlier. In
the case of 5;_g, the faense plays a role by setting the factor by which 5;_¢ is lower than its Eddington
limit set value, in normal star-forming spirals. They argue that the offset A3, in the Lgr — L (1—0) COI-
relation roughly follows, AS ~ 10g( fuense2/ [aense.1 ), for two different population of galaxies which has
varying faense, fdense,1 and fgense 2. Therefore, the super-linear slopes of the Lpr — L/CO(I—O) correlation
due to increasing fgense(Lir) function, is actually a varying 5(Lir) function, and there is an anticorre-
lation between these parameters. In figure 6.4, it is seen that these parameters are anticorrelated with
each other. To obtain a correlation fit between these parameters, the scipy.odr tool is used from the
SciPy python package, which deals with uncertainties in both «;_¢ and 3;_¢. Assuming a correlation
fit of the form 3,_¢ = ma;_¢ + ¢, the values obtained for the fit parameters are m = —9.85 4+ 0.64 and

105



101
Y
=
< 1 o
~ pd
CI’ n
N§ —— @=0.99,8= +1.90
< — a=123,8=-0.67
0.1 DA A
: 1 : :
— 101 — AaRTFAAC 1200 hrs
1000- /—\ ----- AARTFAAC 2400 hrs
f\% 1001
= 10; T
~ %)
N<X
| 17
01
-11 O\
, , , , , 1 ." ‘. “. , , ,
0.2 0.5 0.2 0.5
k [Mpc™1] k [Mpc™1]

Figure 6.3: Top panel: The CO(1 — 0) auto-power spectrum is shown with the corresponding SNR
on the right for various Lgr — L/co(1—o) correlation models. Bottom panel: The CO(1 — 0)x[H I]s1em
cross-power spectrum is shown along with the corresponding SNR on the right. The solid and dotted
lines on the bottom right panel correspond to the SNR for 1200 and 2400 hours of the AARTFAAC
observation time.

¢ = 11.58 £ 0.78. Using this relation, we vary «;_o within the range 0.90 — 1.37 and obtain the cor-
responding values of 3,_y. The goal is to obtain a set of cross-power spectrum for the CO(1 — 0) x[H
1]»1em signal, and to estimate the SNR at k ~ 0.12 Mpc~! with varying values of a;_. It will give an
idea of the observation scenarios that can rule out certain models of the Lgr — L’CO(H)) correlation.
The value of k is fixed at 0.12 Mpc ™!, as within the & range 0.12 — 0.62 Mpc ™!, the maximum SNR is

obtained in this £ mode.

In figure 6.5, the variation of the SNR for the CO(1 — 0) power spectrum and the CO(1 — 0)x[H
1]21cmCross power spectrum, with continuous variation in o is shown. The variation in SNR vs. «_
is much steeper in the case of CO(1 — 0) power spectrum than the cross-power power spectrum. They
intersect at SNR ~ 30 for the CO(1 — 0) power spectrum and the CO(1 — 0)x[H I]p;cm Cross-power
spectrum with 1200 hours of AARTFAAC observation, which occurs at a a;_¢ value of ~ 1.12.
Above the 30 level, the CO(1 — 0) power spectrum has better SNR, than the CO(1 — 0)X[H I]piem
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Figure 6.4: The Lgr — LEO( 1-0) correlation parameters, a;_o and (3;_( are shown here for the various
models that have been considered here, along with their uncertainties. The gray line is the correlation
fit obtained for these parameters.

1 O 1 --- CcO(1-0)xHI21cm (AARTFAAC 2400 hrs)
—— CO(1 —0) x HI 21cm (AARTFAAC 1200 hrs)
—— CO(1 — 0) power spectrum

SNR

/ 30

k~ 0.12 Mpc™1

1 1.05 1.1 1.15 1.2 125 1.3 1.35
a

Figure 6.5: This plot shows the SNR of CO(1 — 0) auto-power and cross-power spectrum at k ~ 0.12
Mpc~! for continuously varying slope (c;_g) of the L — L/CO(I—O) correlation.
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cross-power spectrum with 1200 hours of AARTFAAC observation. Therefore, both can rule out the
Ler — LEO(]—O) correlation models for a;_¢ < 1.2 at SNR 2 30. The CO(1 — 0)x[H 1]pjcm cross-
power spectrum with 2400 hours of AARTFAAC observation is much more sensitive for the lower
a1_o values. Therefore, at similar sensitivities of 3o, it can detect a wider set of Ly — LEO(FO)
correlations, and it can rule out models with a;_ < 0.99 at SNR 2> 30. Above the 4.50 significance,
the CO(1 — 0) power spectrum becomes more sensitive than the CO(1 — 0)x[H 1]5;cm cross-power
spectrum with 2400 hours of AARTFAAC observation and at 2> 5o significance, the power spectrum

can rule out models with oy o < 1.24.

6.4 Discussion & Conclusion

In the post-EoR era, galaxy surveys detected CO emitters and characterized the correlation of the Lg
and L,. LIM surveys can complement the galaxy surveys in probing the high redshift Universe out
to the EoR. With COMAP, one can expect the detection of the CO signal in the EoR to shed light
on the properties of the early galaxies. However, instrumental noise will challenge the detection of
the LIM signal up to EoR. One possible way of tackling this is cross-correlation with another signal,
such as the redshift [H 1],;cm signal, originating from a similar cosmic time or redshift. The noise from
different instruments is expected to not correlate with each other and, therefore, be subdominant to the
cross-correlation signal. A pilot survey with AARTFAAC has been considered, which has a wide field
of view suitable for cross-correlation with other LIM signals, such as the COMAP survey. The de-
tectability of the COx[H 1]y signal is analyzed for different scenarios of AARTFAAC and COMAP
observation, assuming an overlap of 12 deg?. It is found that for k range 0.12 — 0.62 Mpc !, the high-
est SNR occurs at k ~ 0.12 Mpc ™! for both auto-power and cross-power spectrum for the CO signals.
For the Sargent et al. 2014; Kamenetzky et al. 2016 models, the detectability of the CO(2 — 1) signal
diminishes slightly from ~ 40 to ~ 3.50 significance when considering the cross-power spectrum
over the auto-power spectrum with 1200 hours of AARTFAAC observation, while the detectability
for the Carilli and F. Walter 2013 model slightly improved from ~ 2.50 to ~ 30. With 2400 hours
of AARTFAAC observation, these three models are detectable with ~ 4o significance in the cross-
power spectrum for k ~ 0.12 Mpc~!. The prospects for detectability for the CO(1 — 0) signal are
better than for the CO(2 — 1) signal. The Carilli and F. Walter 2013 model is detectable at ~ 4o
while the Sargent et al. 2014; Kamenetzky et al. 2016 models are detectable at ~ 60 in the auto-power
spectrum at & ~ 0.12 Mpc~!. In cross-correlation, these three models are detectable at ~ 40 and ~ 50
significance for 1200 and 2400 hours of AARTFAAC observation.

However, for the weakest model, T. R. Greve, Leonidaki, et al. 2014, the auto power spectrum is not
detectable for the CO(2 — 1) and barely detectable for CO(1 — 0) signal. This scenario is significantly
improved with cross-correlation with AARTFAAC, where the CO(2 — 1) signal is detectable at ~ 20
for 2400 hours of AARTFAAC observation. For the CO(1 — 0) signal, one might achieve ~ 20
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and ~ 2.50 detection significance at k& ~ 0.12 Mpc™!, for 1200 and 2400 hours of AARTFAAC
observation respectively. It shows that in the worst-case scenario, cross-correlation can increase the
detectability of CO LIM signals for the COMAP survey.

The ;¢ and /3, are not independent of each other, but rather anticorrelated. A correlation fit is
obtained between them, and using this fit, SNR values are obtained for the CO(1 — 0) power spectrum
and cross-power spectrum at & ~ 0.12 Mpc~! by continuously varying the a;_o parameter. The
CO(1 — 0) cross-power spectrum has better sensitivity than the power spectrum towards the lower
values of a;_g for the Lir and L¢, correlation models. At 2> 3o significance, both the CO(1 — 0)
power spectrum and cross-power spectrum with 1200 hours of AARTFAAC observation can rule
models with a;_¢ < 1.2. The CO(1 — 0) cross-power spectrum with 2400 hours of AARTFAAC
observation is more sensitive than the power spectrum below 4.50 detection significance, and above
3o significance can detect wider range of Lir and L, correlation models, with « 2 0.99. However,
at 2> 5o significance, the power spectrum has the best sensitivity and can rule out models with oy _¢ <
1.24.
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Chapter 7
Summary

The EoR is one of the most poorly understood epochs of the cosmic evolutionary history. During this
epoch, the luminous sources such as galaxies that began to form in the Universe for the first time be-
gan to emit copious amounts of Lyman continuum photons, capable of ionizing the neutral hydrogen
in the IGM. Understanding the nature of these ionizing sources and the process of cosmic reionization
is crucial so that this mysterious epoch can be better comprehended. The earliest probes of cosmic
reionization include the measurement of the optical depth of Thomson scattering of the CMB pho-
tons, which comes from the scattering of CMB photons from the free electrons released during cosmic
reionization. However, the Thomson scattering optical depth is an integrated quantity and does not
give an idea about the precise history of reionization. Similarly, analysis of the high redshift quasar
absorption spectra and the measurement of the Gunn-Peterson trough have placed constraints on the
timing of the end stages of reionization. However, these observations do not give a detailed idea about
the EoR, such as the nature of the reionizing sources. Recently, observations with galaxy surveys such
as ALMA and JWST have been able to peer into these early galaxies that drove the cosmic reioniza-
tion. They have been able to put constraints on quantities like the star-formation rate of these galaxies
from a limited number of galaxy samples. However, owing to the small field of view and limited sen-
sitivity thresholds, these surveys are not suitable for probing the large-scale structures of the Universe
during the EoR and, therefore, can not provide a complete picture of the EoR.

The LIM is a novel technique that can measure the cumulative flux of the bright spectral line
emissions from the individually unresolved galaxies and the diffuse IGM. Therefore, compared to
galaxy surveys, it can probe the EoR at large scales with much less observational time, thereby com-
plementing the galaxy surveys. Ongoing/Upcoming LIM experiments, such as CONCERTO, FYST,
and COMAP, will essentially map the fluctuations in these spectral line emissions, such as CO and [C
1T]158,m , Over the sky, originating from the galaxies. In addition, ongoing/upcoming LIM experiments
atradio wavelengths such as MWA, HERA, and SKA will probe the fluctuations in the diffuse [H 1],;cm
emission from the EoR originating from the IGM. It is expected to capture astrophysical information

about the reionizing sources and the IGM during the EoR and how cosmic reionization has progressed
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over cosmic time. The multi-phase state of the ISM will introduce scatter in the line luminosity of
the emission lines from the galaxies. It can affect the large-scale power spectrum of the LIM signal.
Also, varying star-formation histories across the halos will introduce variability in the star-formation
rate and halo mass relationship, which can affect the ionizing luminosity of the galaxies. It can leave
imprints in the IGM and consequently on the observable [H I],;.,signal, which might not be adequately
probed by the power spectrum but can be probed with the [H 1];1cm bispectrum and is a higher-order
statistic. Further, the correlation between far-infrared luminosity and the CO line luminosity in the
galaxies, which serves as a good proxy for astrophysical phenomena such as the correlation between
the SFR and gas depletion in galaxies, can be probed with CO LIM signals. This is not well explored
in the EoR regime. It is also not well explored whether the summary statistic can distinguish between
a wide range of far-infrared luminosity and the CO line luminosity correlation models. Therefore, to
understand and interpret the LIM observations, one has to forward model the observable LIM summary
statistics, which will also be affected by LoS anisotropies and needs to be incorporated in the forward

models of the summary statistics, such as the light-cone effect.

Here, an investigation has been done on how the light-cone effect can bias the LIM power spectrum
of [C 11]158,m line emission from the EoR and also impact the [C 11]158,m X [H I]21cm Cross-power spec-
trum. It is found from the numerical simulations that for a specific redshift, the [C 1I];55,m power spec-
trum can be significantly affected (2 15 percent) by the light-cone effect at the large scales (k ~ 0.1
Mpc~1). For the cross-power spectrum of the [C 11]158,,mand [H 111 LIM signal, the light-cone effect
can also significantly bias the summary statistic on similar length scales, reaching up to 20 percent.
It 1s also seen that this impact on the cross-power spectrum changes among the different reionization
histories. However, in the [C II];53,m emission model employed here, it is assumed that galaxies hosted
in every halo can efficiently emit the [C 11];55,m line, whereas one can adopt a more realistic model for
the population abundance of galaxies emitting the [C II];58,m line. Although this can cause the esti-
mation of the power spectrum of [C II];53,m emission to be different in comparison to M. Silva et al.
2015, this should negligibly affect the results presented here. There is no redshift dependence in the
relation between the [C 11];55,m luminosity and the SFR (Equation 1.9) from the M. Silva et al. 2015
model. If this model has a redshift dependence, then the bias introduced on the observed [C I1]158,m
summary statistics from the light-cone effect can change. In general, the light-cone effect should be

incorporated in the forward models of summary statistics.

The [C 11]i58,m power spectrum can also capture the imprints of line luminosity scatter, which
originates from various astrophysical conditions in the ISM. Using results from a pre-simulated hydro-
dynamical simulation SIMBA, which was post-processed with SIGAME, it is found that the halo-mass de-
pendent non-uniform scatter in the [C 1I];53,m luminosity can significantly affect the large-scale power
spectrum of [C IT];58,m line emission. Using the most probable fit, the large-scale power spectrum can
be robustly interpreted, where the scatter has a significant impact. This does not hold for the case using

other correlation fits such as the mean fit and the all-sample fit. In this study, the number of galaxy sam-
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ples from which the line luminosity scatter in the [C 1I];53,m €mission is derived is limited to ~10,000
however for improved statistical significance of the correlation fits and the conclusions drawn here, a
higher sample number is required. Emulation techniques can play a key role in reproducing the line
emissions from the galaxies using accurate ISM conditions. It can reduce computational costs to re-
produce line emissions for a higher number of galaxy samples. This analysis is also restricted to a
single redshift of 2 = 6. The LIM observations might constrain aspects such as the slope of SFR -
M, and Ly - SFR relations (Karoumpis et al. 2022), using the power spectrum. However, it can be
seen from Equation 4.4 that there can arise degeneracy in the power spectrum resulting from different
combinations of the Lcy-Mya, relation with varying amplitudes and the value of 0. Therefore, the
power spectrum itself might not be enough to infer the magnitude of the scatter, and the bispectrum,
a higher-order statistic, might be used to analyze the LIM signal better and constrain the astrophysics
underlying it.

Further, it is found that the signatures induced on the [H ], signal from the EoR by the astro-
physical scatter in the SFR of galaxies can be captured using the bispectrum, which is a higher-order
Fourier statistic. In this study, a semi-numerical prescription has been used to simulate cosmic reion-
ization and the corresponding [H I],;.y maps, while taking into account astrophysical scatter in the
SFR. Multiple realizations of the scatter are also considered for each neutral fraction in order to eval-
uate the statistical significance of the impact of this phenomenon, on the summary statistic. The large
and intermediate-scale (k1 < 1 Mpc™) [H 1]p1em bispectrum is found to be mostly unaffected by the
scatter and the impact seen to be present mostly arises from statistical noise in the [H 1], bispec-
trum. However, at k; ~ 2.55 Mpc ™, the signatures of variability in the SFR are seen to be significant
statistically (|AB/oag| = 50 at (xg) ~ 0.8) and of high magnitude 0.2 < |AB/Buo—scatier] < 1
for most of the bispectrum triangle configurations at z = 7. It can be seen visually, that the impact
at the small scales stems from the variation in the ionized bubbles at those scales among the multiple
realizations of the scatter. At earlier epochs (z = 10), the magnitude of the impact becomes more pro-
nounced |AB/Buo_scatter| 2 10, although less significant statistically (|[AB/oap| ~ 30) for most of
the bispectrum triangle configurations at k; ~ 2.55 Mpc~! for the same neutral fraction of (zy;) ~ 0.8.
This is due to the lower number of ionizing sources at the higher redshifts compared to the lower red-
shifts, which can reduce the statistical significance of the astrophysical scatter. However, the size of
the ionized bubbles at higher redshifts for similar neutral fractions is expected to be larger than at the
lower redshifts, which can cause the imprints from the astrophysical scatter on the IGM to be more
pronounced. It is also found that the imprints from the astrophysical scatter do not cause sign flip in
the bispectrum to significantly occur at 2 = 7, except for z = 10 at k; ~ 2.55 Mpc~!, for a substantial
part of the triangle configuration space of the bispectrum. At z = 7, the prospects of detecting the
imprints of astrophysical scatter using the SKA1-Low might be possible with good statistical signifi-
cance (30 — 5o for (zy) ~ 0.8 — 0.9), if one assumes a scenario to observe for 1000 hours per year

and continue the campaign for 10 years, accumulating a total of 10000 observing hours, which is very
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optimistic.

However, detection of the lower order statistics such as the COx[H 11 LIM cross-power spec-
trum from the EoR can be more promising. Considering the COMAP survey for both the Pathfinder
and the EoR campaign, the prospects for cross-correlation with a pilot survey by AARTFAAC can be
useful in detecting the various Lgr — LE}O(I—O) correlation models for CO emission signal. Using a
combination of radiative transfer output for the [H 1], signal and a semi-analytic prescription for the
CO signal, the cross-power spectrum is estimated, and its detectability is calculated for 1200 and 2400
hours of AARTFAAC observing time, with the standard COMAP campaigns. It is found that given the
standard COMAP campaigns, the weakest signal in the set of CO emission models considered here
can be detected in the cross-correlation signal, which improves on the auto-correlation scenario for
both 1200 and 2400 hours of AARTFAAC observing time. The CO(1 — 0) signal has better detection
prospects using COMAP-EoR campaign than the CO(2 — 1) signal using the COMAP-Pathfinder
campaign for the cross-correlation signal. For the CO(1 — 0) signal, the cross-power spectrum can be
detected at > 30 significance at k ~ 0.12 Mpc~! for a large range of Lyr — L/CO(lfo) correlation models
for CO emission signal using 2400 hours of AARTFAAC observing time. However, for models with
aj_o 2 1.24, the CO(1 — 0) auto-power spectrum has the better prospects for detection, with 2 50
significance at k ~ 0.12 Mpc ™.

Overall, the LIM surveys can probe the EoR and help us comprehend the reionizing sources, and the
IGM, and how reionization had progressed. To interpret the observable summary statistics, one should
consider the LoS anisotropies, such as the light-cone effect, which can significantly impact the cross-
power spectrum of [C 1]y 58,mand [H I]»;.m LIM signal and vary with reionization history. The summary
statistics like the power spectrum, can be sensitive to the imprints of the line luminosity scatter, as was
found in the case of the LIM signal of [C 1I];55,m emission. On the other hand, the cosmic [H I]3iem
signal originating from the EoR, which originates from the IGM, is a complementary probe of the EoR
in addition to the galaxy LIM surveys and can capture signatures of the astrophysical scatter in the
SFR. The detection of the cross-correlation signal in the CO X [H ], cross-power spectrum case looks
promising, considering the pilot survey with AARTFAAC and the planned survey with COMAP. It
is expected to improve in future [H I],1cm surveys with the SKA. Therefore, LIM surveys will address

critical questions about EoR in the upcoming years.
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Chapter 8
Future scope

The studies presented in this thesis are not entirely complete, and further scope exists to extend them in
various ways. The models of reionization that have been considered in the investigation of the impact
of light-cone on the power spectrum of [C IT];55,m LIM signal and the cross-power spectrum of the [C
]158,mand [H I]51.m LIM signals do not incorporate the effects of density-dependent recombination of
ionized hydrogen. When included properly, it will impact the [H 1], morphology and reionization
history. It can subsequently affect the light-cone effect on the cross-power spectrum of [C 11];55,m and
[H 1]51cmLIM signal. For the [C I1];53,,m LIM signal, the systematics (impact of the interlopers, modeling
the foregrounds, and instrumental effects) had not been considered in this study. The emission of the
CO line originating from the comparatively low-redshift galaxies (Gong, Cooray, M. Silva, et al. 2012;
M. Silva et al. 2015; G. Sun, Moncelsi, et al. 2018) will contaminate the [C II];58,m line emission as
interlopers. Similarly, the [H 1], signal will be contaminated by the foregrounds. It has been assumed
in this study that the foreground and interloper emissions had been eliminated perfectly from the [H
I]1cm and the [C 11];55,m data. However, to achieve this in reality can be a difficult goal. This will
contribute to the uncertainties in estimating the observable summary statistics. Finally, the box size
of the simulation is restricted to 215 Mpc. The impact of light-cone mostly affects large-scale that

has been demonstrated here. For & < 0.1 Mpc~!

, investigating the light-cone effect with improved
statistical significance will need a simulation box, with a volume larger than what has been used in the
current study. Thus, investigating this for large k-modes with improved statistical significance can be
worthwhile. Modeling the light-cone effect analytically is also important, leading to faster evaluation
of the impact. These issues can be followed up in future work.

Although the power spectrum of the [C 11];55,m LIM signal has been primarily investigated for the
impact of non-uniform line luminosity scatter here, using the other line emissions like the [O III]gg,m
, Lyman-«, and CO, a similar analysis can be done. The halo-mass dependence of scatter and how
it evolves with redshift would be of interest to study for these line emissions. In this study, the duty
cycle of the galaxies has not been considered; the inclusion of which will affect the power spectrum

scaling, and the conclusions given here overall will not be affected. The duty cycle is more useful in
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investigating variation in the scatter, which is time-based. These aspects can be potentially investigated

in future follow-up work.

In the analysis of the imprints of variability in the SFR of galaxies on the [H I];cn, signal, it is
assumed that the spin temperature of the neutral hydrogen in the IGM has surpassed the CMB tem-
perature and therefore the term (1 — 77,(z) /T(x, 2)) (Somnath Bharadwaj and Ali 2005) has achieved
saturation. However, as investigated by Fialkov, Barkana, and Visbal 2014, the §7T; fluctuations can
be affected by fluctuations in Ty(x, z), due to late heating of the IGM by X-ray photons from X-ray
binaries. Further, these fluctuations can be influenced by the coupling of Lyman-« photons and subse-
quent heating of the IGM. Ionizing photons from the uniform ionizing background (UIB) contributed by
mini-QSOs, or X-ray binaries or AGNs McQuinn 2012; Mesinger, Andrea Ferrara, and Spiegel 2013;
Majumdar, Jensen, et al. 2016 can also be incorporated here, besides the ionizing radiation from star-
forming galaxies, which is expected to drive the reionization process primarily. In ionized hydrogen,
the process of density-dependent recombination can impact the morphology of the cosmic reionization;
this has not been taken into account here. Under this collective scenario of all possible ionizing-photon
sources, the impact of the astrophysical scatter on the IGM might change in nature. On the other hand,
the value of the width of scatter, o, has been reckoned to be a fixed value throughout the study. The
scatter is not well constrained at the EoR redshifts, although here in this study, scatter from the main
sequence SFR (Speagle et al. 2014) has been considered. A different value of the width of the scatter,
o, is possible than what has been used in this study if the presence of bursty SFR is considered during
the EoR, as suggested by recent simulations and observations (Guochao Sun, Mas-Ribas, et al. 2023).
Therefore, one can also study how the [H I],;.,bispectrum can be impacted by astrophysical scatter by
using different values of o, which can also change the nature of the impact. Simulations of [H 1], Sig-
nal with different o values and many realizations, that are statistically independent, would be required
to understand how varying o can change this scenario. Furthermore, the inherent LoS anisotropies in
the observations, like the light-cone effect and the RSD, have not been incorporated in this particular
analysis but can be important for understanding how variability in the SFR can affect the IGM. In the
case of [H I]1cm bispectrum, the impact of light-cone had been analyzed independently (Rajesh Mon-
dal, Mellema, et al. 2021); however, this would be interesting for this analysis as well. The imprints of
scatter can affect the small-scale ionized bubbles significantly, and the RSD can distort these ionized
bubbles and change the nature of the impact of scatter. As an example, the RSD is known to affect the
[H 1]51cm power spectrum significantly (2 40 percent), when the neutral fraction is high ({(xy;) 2 0.8),
as depicted in figure 2 of Mao, Shapiro, et al. 2012. The [H 1], bispectrum is also significantly im-
pacted by RSD (~ 200 percent) at k; ~ 2.37 Mpc~!, as shown by Majumdar, Kamran, et al. 2020.
Therefore, the modulation of the imprints of astrophysical scatter by the LoS anisotropies needs to be

investigated further.

The caveats in the detectability analysis of the CO(1 — 0) x[H 1]y cross-power spectrum is that

the foreground and interlopers have not been considered for the [H 1],;.nand CO signal. Recently, Fro-
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nenberg and A. Liu 2024 have analyzed the detectability of the [C II]158,m X [H I]21cm Signal consider-
ing FYST and HERA considering both instrumental noise and foreground and interlopers. In the case
of'the [H 1], signal, it is expected that the foregrounds will dominate by orders of magnitude. For CO
emission, the CO(2—1) signal will have the CO(1—0) signal from low redshifts (z ~ 3) as an interloper,
which is expected to dominate the EoR CO(2 — 1) signal. However, for the COMAP-EoR scenario,
we can expect the impact of the interlopers to be less severe than that of the COMAP-pathfinder,
since for the CO(1 — 0) signal no other CO lines fall in the 14 GHz band. In cross-correlation, it is
expected that the low redshift foregrounds for the [H 1], ., signal will not be correlated with the high
redshift CO signal, thus not significantly affecting the cross-correlation signal; however, this should
be thoroughly analyzed. It is assumed that the [H 1]y, signal is fixed at a particular neutral fraction
for a given redshift. However, uncertainty is expected in the neutral fraction since the reionization
history is not well constrained. Therefore, any model variations in the [H 1],y signal will also corre-
spondingly affect the cross-power spectrum with the CO signal. In turn, it will affect the detectability
of the cross-power spectrum for the various correlation models. Here, we have used the pre-simulated
mock signal from the radiative transfer output for the [H I],;.y, signal, which has a fixed reionization
history. Radiative transfer simulations are generally expensive to run, making it difficult to vary the
reionization history and source models. However, this can be achieved comparatively less computa-
tionally expensively using semi-numerical simulations for the mock [H 1], signal. It can allow us to
investigate how different reionization scenarios might affect the COX[H I],;cm cross-power spectrum
and its detectability for a given survey scenario, which remains to be seen. Also, the underlying star
formation model is assumed to be known and fixed at this high redshift, which is an assumption that
can deviate from a more realistic scenario. On the contrary, earlier work such as Breysse, E. D. Kovetz,
and Kamionkowski 2016 have considered quite the opposite, where they fix the correlation of the Lg
and L, to a known value to derive joint constraints on the (7o) and the SFRD. In principle, one
can jointly vary the star formation model and the Lgr and L correlation, to investigate the broader
prospects of the detectability of the CO LIM signal. Inputs from other independent observations of the
high redshift galaxies with ALMA and JWST might also be valuable to mitigate degeneracies between
the star formation models and the Lpr and L¢, correlation in this regard. It will be interesting to see
the constraining power of the pilot survey with AARTFAAC and the COMAP survey with respect
to the correlation parameters. As seen from the previous discussion, the correlation parameters can
depend on the different types of population of CO emitters (normal galaxies, ULIRGs, etc.) consid-
ered. It can be approached with the current survey scenarios using a Fisher analysis. It will provide
perspective for future extensions of COMAP surveys, such as COMAP-ERA (Breysse, Dongwoo T.
Chung, et al. 2022), where more dishes will be used for improved detectability. It can be considered in
conjunction with future [H 1],;cm surveys, such as the SKA, where it can be expected that the models

for CO emission at EoR can be much better constrained.
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Appendix A

Implementation of semi-analytic scatter

This section has been adapted from: Murmu, C. S., Olsen, K. P., Greve, T. R., Majumdar, S., Datta,
K. K., Scott, B. R., Leung, T. K. D., Davé¢, R., Popping, G., Ochoa, R. O., Vizgan, D., & Narayanan,
D. (2022). Revisiting the [C IT]158um line-intensity mapping power spectrum from the EoR us-
ing non-uniform line-luminosity scatter. Monthly Notices of the Royal Astronomical Society, 518(2),
3074-3082, DOI: 10.1093/mnras/stac3304, arXiv: 2110.10687

Here, the comparison between the semi-analytic scatter to that obtained from hydrodynamic simula-
tion is discussed for galaxy LIM. If it is assumed that L, ()M, z) is any correlation function between

halo-mass and luminosity (corresponding to mode), then the log scatter can be reproduced by
log L = log Ly, + N(0,0?), (A.1)

where A (0, 0?) represents normal distribution with zero mean and o2 variance. The corresponding

mean correlation function is then related to L, by
1,
log(L) = log L, + 30 In(10) (A.2)

(Guochao Sun, Hensley, et al. 2019; Yang et al. 2022). In this semi-analytic approach, since we use
L., as a base for generating scatter, the binned values of modes will lie very close to the correlation
function. This is illustrated in figure A.1, using the model from M. Silva et al. 2015 m4 (light-grey
curve in figure A.1) as the L,,. Equation A.1 is used to generate scatter and estimate the binned values
of modes (light-blue points in figure A.1), and it is seen that the correlation function almost passes
through all the mode values. The same is true for the mean correlation function as well. So when
scatter is introduced in this fashion, the binned values will tightly follow the corresponding correlation

function. However, the scatter drawn from the hydrodynamic simulation described is different. The

117


https://doi.org/10.1093/mnras/stac3304
https://arxiv.org/abs/2110.10687

9 = = =
o
8- W
s
—_ y,
s B
- ,’
261 #
= ’
- I/ _
5 y e T
4' Silva+2015 m4

9 10 11 12 13
logM[Myg ]

Figure A.1: The solid grey line represents the m4 model (M. Silva et al. 2015) as the most probable
fit. The corresponding mean correlation fit is shown in the dashed grey line. The mean fit is obtained
by shifting the most probable fit using equation (A.2). The corresponding points are the binned values
(modes and arithmetic mean) for the correlation fits derived from the implemented line-luminosity
scatter. It is noted that the points tightly follow the respective correlation fits.

origin of this is the more accurate astrophysics implemented in the simulation. The result is that the
binned values of modes (or the mean, for that matter) do not follow the correlation function tightly.
They fluctuate stochastically, which makes some aspects different. The relation A.2 does not hold
necessarily, i.e., if 0, is the average value of the scatter parameter, then it is possible that

log(L) # log Ly, + 102 In(10). (A.3)

2 avg

If log Ly, is shifted by afvg In(10)/2, it no longer corresponds to the mean correlation function. This
is demonstrated by showing that an independently obtained mean correlation function doesn’t keep
the mean intensity invariant. From this perspective, the most-probable fit is a more robust approach
to interpret the mean intensity and power spectrum of the LIM signal, even under non-uniform line-

luminosity scatter.
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